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ABSTRACT 

+ + 

The k i n e t i c s of the Na -K -ATPase w i t h respect to ouabain 

i n h i b i t i o n , potassium a c t i v a t i o n and the e f f e c t of temperature on 

i t s c a t a l y t i c a c t i v i t y has been s t u d i e d , and attempts were made t o 

def i n e these k i n e t i c parameters using computer assisted procedures. 

The p a t t e r n of ouabain i n h i b i t i o n of the enzyme was described w i t h i n 

the context of the enzyme being a cooperative k i n e t i c dimer. The 

t h e o r e t i c a l basis f o r the non-ideal Arrhenius temperature k i n e t i c s 

of t h i s enzyme was also studied and i t s behaviour was described i n 

terms of a thermodynamic e q u i l i b r i u m between a high temperature 

a c t i v e s t a t e and a low temperature i n a c t i v e s t a t e . The sigmoidal 

response of the enzyme to in c r e a s i n g potassium i o n concentrations 

was q u a n t i f i e d i n terms of i t s s toichiometric requirement f o r two 

moles of potassium i on per mole of ATP hydrolysed. 

The e f f e c t s of l i p i d targeted and p r o t e i n targeted modulators on 

the k i n e t i c p r o p e r t i e s of the Na+-K+-ATPase were studied. The k i n e t i c 

p r o p e r t i e s of the enzyme was i n s e n s i t i v e to the p e r t u r b a t i o n s i n the 

membrane brought about by p e r o x i d i s a t i o n of membrane l i p i d s , and the 

detergent e x t r a c t i o n procedures used f o r p a r t i a l p u r i f i c a t i o n of 

the enzyme provided t h a t the f i n a l p r e p a r a t i o n was not l a b i l e . 

Those k i n e t i c p r o p e r t i e s were also i n s e n s i t i v e to the membrane l i p i d 

changes coincident w i t h the adaptation of a given species t o d i f f e r e n t 

temperatures. The k i n e t i c p r o p e r t i e s of the Na+-K+-ATPase (or i t s 

K +-phosphatase a c t i v i t y ) were found to be s e n s i t i v e to a g l y c o p r o t e i n 

aimed modulator (Concanavalin A ), and a su l p h y d r y l b l o c k i n g reagent 
+ + 

( t h i m e r o s a l ) . A p a r t i a l thermal i n a c t i v a t i o n of the Na -K -ATPase 

was also found to r e s u l t i n s i g n i f i c a n t changes i n i t s k i n e t i c 

p r o p e r t i e s . 



( x i i i ) 

Studies on the thermal i n a c t i v a t i o n of the Na -K -ATPase 

revealed a biphasic decay p a t t e r n which was i n t e r p r e t e d i n terms of 

a sequential decay by a dimeric species. A comparative study of 

the thermal i n a c t i v a t i o n of the enzyme showed t h a t Na+-K+-ATPases 

prepared from animals t h a t were n a t u r a l l y adapted to f u n c t i o n a t 

'high' temperatures were of greater thermal s t a b i l i t y than those 

prepared from animals t h a t normally f u n c t i o n a t low temperatures. 

However, the thermal s t a b i l i t y of the enzyme was not a f f e c t e d by 

ac c l i m a t i o n of a species to d i f f e r e n t temperature c o n d i t i o n s . The 

k i n e t i c s t a b i l i t y of the enzyme was not a f f e c t e d by a p a r t i a l 

p u r i f i c a t i o n by sodium dodeeylsulphate e x t r a c t i o n , but was s i g n i f i c a n t 

reduced on incubation w i t h o c t a n o l . 

I t i s proposed t h a t membrane l i p i d s play l i t t l e ( i f any) 

r o l e i n the f i n e c o n t r o l of the Na+-K+-ATPase, and t h a t t h e i r primary 

r o l e i s t h a t of r e s t r i c t i n g the Na+-K+-ATPase t o i t s b i o l o g i c a l l y 

a c t i v e conformational s t a t e s . I t i s also proposed t h a t f i n e 

c o n t r o l of the Na+-K+-ATPase can be brought about by a v a r i e t y 

of mechanisms aimed at the p r o t e i n - p r o t e i n i n t e r a c t i o n s as w e l l 

as a l l o s t e r i c modulations by r e g u l a t o r y l i g a n d binding s i t e s . 



- 1 -

CHAPTER 1 

GENERAL INTRODUCTION 

The a c t i v e coupled t r a n s p o r t of sodium and potassium ions 

has been shown to be a property c h a r a c t e r i s t i c of the plasma membranes 

of animal c e l l s . T h i s has been l i n k e d to the a c t i v i t y of an ATPase 

which i s s y n e r g e s t i c a l l y a c t i v a t e d by sodium and potassium i o n s . 

The r e l e v a n t enzyme, the Na +-K +-ATPase (ATP phosphohydrolase EC 

3.6.1.3), was f i r s t r eported by Skou (1957), and a r o l e f o r t h i s 

enzyme i n the d i r e c t or i n d i r e c t r e g u l a t i o n and c o n t r o l of c e l l u l a r 

f u n c t i o n has been recognised (see Baker, 1972). Such has 

i n e v i t a b l y r e s u l t e d i n a great d e a l of r e s e a r c h aimed a t the t o t a l 

c h a r a c t e r i s a t i o n of t h i s enzyme system. These s t u d i e s have 

advanced mainly along s t r u c t u r a l and k i n e t i c / m e c h a n i s t i c l i n e s of 

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

(a) S t r u c t u r a l s t u d i e s of the Na +-K +-ATPase. 

An e a r l y i n s i g h t i n t o the s t r u c t u r e of the Na +-K +*-ATPase 

was given by the demonstration t h a t a se v e r e d e l i p i d a t i o n of membranes 

c o n t a i n i n g the enzyme r e s u l t e d i n a l o s s of Na +-K +-ATPase a c t i v i t y 

(Schatzmann, 1962). T h i s suggested t h a t a f i r m a s s o c i a t i o n w i t h 

membrane l i p i d was nec e s s a r y f o r the r e t e n t i o n of b i o l o g i c a l a c t i v i t y 

( i . e . the Na +-K +-ATPase i s a f u n c t i o n a l l i p o p r o t e i n ) . T h i s has been 

supported by d e l i p i d a t i o n and l i p i d r e c o n s t i t u t i o n s t u d i e s (Tanaka 

& S t r i c k l a n d , 1965), and by the apparent i n a b i l i t y to o b t a i n pure 

b i o l o g i c a l l y a c t i v e Na +-K +-ATPase p r e p a r a t i o n s t h a t i s f r e e of membrane 

l i p i d . However, the c o n t r o l l e d use of s u r f a c e a c t i v e agents and 

high i o n i c s t r e n g t h has been used to d i f f e r e n t i a l l y e x t r a c t p r o t e i n s 
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that are l e s s f i r m l y membrane bound than the Na -K -ATPase, and 

so o b t a i n Na +-K +-ATPase p r e p a r a t i o n s of high s p e c i f i c a c t i v i t y (see 

Hokin & Dahl, 1972; Schwartz, Lindenmayer & A l l e n , 1975; Jorgensen, 

1 9 7 4 ( c ) ; Kyte, 1971; Nakao, Nakao, Hara, Nagai, Y a g a s a k i , K o i , 

Nakagawa & Kawai, 1974). F u r t h e r a n a l y s e s of such p r e p a r a t i o n s 

have shown t h a t they c o n t a i n two polypeptide s p e c i e s t h a t are 

a s s o c i a t e d w i t h a v a r i e t y of l i p i d components (see Jorgensen, 1974(b); 

Kawai, Nakao, Nakao & F u j i a t a , 1973; DePont, Van Prooijen-Van Eeden 

& Ba n t i n g 5 1978)= 

The p r o t e i n components i s o l a t e d from 'highly p u r i f i e d ' 

Na +-K +-ATPase p r e p a r a t i o n s have a l l been shown to c o n t a i n a l a r g e 

polypeptide (M.W.- 95,000-100,000) and a s m a l l e r s i a l o g l y c o p r o t e i n 

(M.W. - 45,000-55,000), However, th e r e i s some u n c e r t a i n t y as regards 

the r e l a t i v e molar p r o p r t i o n s of these s p e c i e s present i n such 

p r e p a r a t i o n s . Some workers r e p o r t evidence supporting a 1:1 molar 

r a t i o (Jorgensen, 1974(b); Lane, Copenhaver & Schwartz, 1973), 

w h i l e o t h e r s have reported evidence supporting a 2:1 molar r a t i o 

of l a r g e polypeptide to s m a l l polypeptide (Perrone, Hackney, Dixon 

& Hokin, 1975; Hopkins, Wagner & Smith, 1976). These two 

polypeptides are found even a f t e r molecular e x c l u s i o n chromatography 

of h i g h l y a c t i v e p r e p a r a t i o n s and t h e i r s e p a r a t i o n has been achieved 

only by methods which r e s u l t i n a l o s s of b i o l o g i c a l a c t i v i t y 

(Kyte, 1971; L e w i s , 1974). T h i s has suggested t h a t the f u n c t i o n a l 

Na +-K +-ATPase i s an aggregate of these two p o l y p e p t i d e s . C r o s s -

l i n k i n g s t u d i e s (Kyte, 1972; Lewis, 1974; Sweadner, 1977) have supported 

such suggestions by p r o v i d i n g evidence t h a t the two polypeptides 

a r e c l o s e l y a l i g n e d i n the membrane ma t r i x , and r e c e n t e l e c t r o n 
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m i c r o s c o p i c s t u d i e s on h i g h l y p u r i f i e d p r e p a r a t i o n s have a l s o 

provided f u r t h e r support f o r such an assumption (Vogel, Meyer, 

Grosse & Repke, 1977). 

Some s t u d i e s p e r t i n e n t to the s t r u c t u r e of the Na +-K +-ATPase 

have i n d i c a t e d t h a t the polypeptide c o n s t i t u e n t s of h i g h l y a c t i v e 

p r e p a r a t i o n s of t h i s enzyme c o n t a i n a r e l a t i v e l y high p r o p o r t i o n of 

'hydrophobic' amino a c i d r e s i d u e s (Kyte, 1972; Hokin, 1974; Hopkins, 

Wagner & Smith, 1976). I n t h i s r e s p e c t , these polypeptides a r e 

s i m i l a r to those of other t i g h t l y bound membrane p r o t e i n s (see 

G u i d o t t i , 1972), and are of the form p r e d i c t e d f o r such p r o t e i n s 

( F i s c h e r , 1964). Those r e p o r t s a r e t h e r e f o r e c o n s i s t e n t w i t h the 

s t r u c t u r a l i n f o r m a t i o n which can be i n f e r r e d from some k i n e t i c 

s t u d i e s ( i . e . the Na +-K +-ATPase p r o t e i n spans the membrane - see 

Whittam, 1962; B o l s t e i n & Chu, 1977), and r e c e n t e l e c t r o n m i c r o s c o p i c 

s t u d i e s (Van-Winkle, Lane & Schwartz, 1976; Deguchi, Jorgensen & 

Maunsbach, 1977; Vogel, Meyer, Grosse & Repke, 1977). These, 

i n t u r n , suggested t h a t a s i g n i f i c a n t p a r t of the Na +-K +-ATPase 

p r o t e i n i s 'buried' i n the hydrophobic i n t e r i o r of the biomembrane. 

Recent r e p o r t s of i n f r a red s p e c t r o s c o p i c s t u d i e s (Brazhnikov, 

C h e t v e r i n & Chirgadze, 1978) have provided evidence t h a t t h i s may 

i n v o l v e some 45% of the amino a c i d r e s i d u e s of the l a r g e p olypeptide. 

F i n a l l y , o t h e r s t r u c t u r a l s t u d i e s have presented strong 

evidence t h a t the f u n c t i o n a l Na +-K +-ATPase i s o l i g o m e r i c . The 

v a r i o u s r e p o r t s of molecular weight e s t i m a t i o n s (Nakao, Nakao, Nagai, 

Kawai, F u j i h a r a , & F u j i a t a , 1972; Kyte, 1972; Atkinson, Gatenby & 

Lowe, 1971), a l l d e f i n e a v a l u e f o r the molecular weight of the 



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

the minimum molecular weight of 140,000 (1 l a r g e polypeptide + 1 

smal l p o l y p e p t i d e ) . Other workers have shown th a t i t i s p o s s i b l e 

to c r o s s l i n k two l a r g e polypeptides and t h a t the k i n e t i c s of such 

c r o s s l i n k i n g i s c o n s i s t e n t w i t h an i n t r a - m o l e c u l a r process (see 

Kyte, 1975; G i o t t a , 1976, 1977; L i a n g & Winter, 1977). Although 

there i s some u n c e r t a i n t y as regards the i n t e r p r e t a t i o n of the 

l a t t e r r e p o r t s (Huang & A s k a r i , 1978), the evidence provided by 

those s t u d i e s and the molecular weight e s t i m a t i o n s ; c l e a r l y suggest 

t h a t the f u n c t i o n a l Na -K -ATPase i s an oligomer of s m a l l e r 

c a t a l y t i c u n i t s . The r e l e v a n c e of such a s t r u c t u r e to the 

me c h a n i s t i c a s p e c t s of t h i s enzyme w i l l be d i s c u s s e d l a t e r . 

(b) K i n e t i c and m e c h a n i s t i c s t u d i e s on the Na*-K +-ATPase. 

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

Na +-K +-ATPase provided strong evidence t h a t i t i s the molecular s p e c i e s 

r e s p o n s i b l e f o r the a c t i v e coupled t r a n s p o r t of sodium and potassium 

ions a c r o s s animal c e l l membranes (see Skou, 1965). Such was i n f e r r e d 

from the matching of the l i g a n d requirements of the enzyme and 

the sodium pump i n i n t a c t c e l l s . Those s t u d i e s showed th a t the 

h y d r o l y s i s of ATP by t h i s enzyme has an ab s o l u t e requirement f o r 

sodium and magnesium i o n s , and tha t the requirement f o r potassium i o n 

i s r e l a t i v e r a t h e r than s p e c i f i c s i n c e a v a r i e t y of monovalent c a t i o n s 

(except sodium) could be s u b s t i t u t e d f o r potassium i o n (Skou, 1960). 

The drawn from those s t u d i e s ( i . e . the Na -K -ATPase i s the 

Na- pump) was c o n s i s t e n t w i t h the demonstration of a s p e c i f i c 

i n h i b i t i o n of the enzyme by c a r d i a c g l y c o s i d e s (Dunham & Glynn, 1961), 
+ + 

and the demonstration t h a t the sodium pump and the Na -K -ATPase 

had s i m i l a r c a t i o n a c t i v a t i o n p r o f i l e s ( P o s t , M e r r i t , K i n s o l v i n g & 

A l b r i g h t , 1960). 
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The c h a r a c t e r i s a t i o n of the a c t i v a t i o n of the Na +-K +-ATPase 

by i t s e s s e n t i a l l i g a n d s ( i . e . Na +, K +, Mg-ATP) provided strong 

evidence of a complex r e a c t i o n mechanism. Experiments u s i n g 

r e s e a l e d e r y t h r o c y t e ghosts and other unbroken membrane systems 

(e.g. the profused squid g i a n t axon) i n d i c a t e d that a t r a n s 

membrane assymetry i s c h a r a c t e r i s t i c of i t s l i g a n d requirements 

and i n h i b i t i o n by c a r d i a c g l y c o s i d e s ( C a l d w e l l & Keynes, 1959; 

Whittam, 1962; Whittam & Ager, 1964; Hoffman, 1966), These 

s t u d i e s showed th a t the binding s i t e s f o r sodium i o n and the 

phorphorylating l i g a n d ( i . e . Mg-ATP - see Whittam & C h i p p e r f i e l d , 

1975) occur on the inn e r s u r f a c e of the c e l l membrane w h i l e those 

f o r potassium ion and the c a r d i a c g l y c o s i d e s occur on the outer 

membrane s u r f a c e . Other s t u d i e s u s i n g s i m i l a r membrane sources 

i n d i c a t e d t h a t the h y d r o l y s i s of each mole of ATP i s accompanied 

by the t r a n s l o c a t i o n of three moles of sodium and two moles of 

potassium (Garraham & Glynn, 1967; Sen & Post, 1964). As i s 

c o n s i s t e n t w i t h such a sf o ichiometry, the li g a n d a c t i v a t i o n k i n e t i c s 

of the enzyme shows a sigmoidal c o n c e n t r a t i o n dependence w i t h r e s p e c t 

to sodium and potassium ions (Garray & Garrahan» 1973; Robinson, 

1967), and a h y p e r b o l i c c o n c e n t r a t i o n dependence w i t h r e s p e c t to the 

phosphorylating l i g a n d (Hexum, Samson & Himes, 1970; Peter & Wolf, 

1972). There i s k i n e t i c evidence supporting the e x i s t e n c e of two 

potassium s i t e s and three sodium s i t e s (Lindenmayer, Schwartz & 

Thompson, 1974; Robinson, 1975; Fukishima & Tonomura, 1975), however, 

there i s some u n c e r t a i n t y as to whether the r e s p e c t i v e monovalent 

c a t i o n s i t e s a r e k i n e t i c a l l y e q u i v a l e n t or non-equivalent (see 

Schwartz, Lindenmayer & A l l e n , 1975). 
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Other m e c h a n i s t i c s t u d i e s i d e n t i f i e d a 'high energy' 

phosphoprotein as an intermediate i n the o v e r a l l r e a c t i o n mechanism 

(Charnock, Rosenthal & Post, 1963; B o l s t e i n , 1966). The 

interme d i a t e has been i d e n t i f i e d as an a c y l phosphate bound to the 

3-carboxyl group of an a s p a r t a t e r e s i d u e (Post & Kume, 1973; 

N i s h i g a k i , Chen & Hokin, 1974) which was shown to be p a r t of the 

l a r g e polypeptide i d e n t i f i e d i n h i g h l y a c t i v e Na +-K +-ATPase 

p r e p a r a t i o n s (Kyte, 1971a). I n the presence of s a t u r a t i n g 
+ 2+ 

co n c e n t r a t i o n s of Na , Mg and ATP, the formation of the i n t e r 

mediate i s g e n e r a l l y found to be quick and q u a n t i t a t i v e (Hokin, 

S a s t r y , Galsworthy & Yoda, 1965; Post, Sen & Rosenthal, 1965). 

Although ATP was found to be the only n u c l e o t i d e capable of 

i n i t i a t i n g s i g n i f i c a n t a c t i v a t i o n of the Na +-K +-ATPase (see Skou, 

1965) , i t was found t h a t the enzyme could be phosphorylated by a 

v a r i e t y of non-nucleotide high energy o r g a n i c phosphates (see 

Rega & Garrahan, 1976; Gache, R o s s i & Lazdunski, 1977), and even 

i n o r g a n i c phosphate (Post, Toda & Rogers, 1975). However, u n l i k e 

the a b s o l u t e sodium i o n requirement f o r the ATP dependent phosphorylation 

of the enzyme ( A l b e r s , Fahan & Koval, 1963; Rodnight, Hems & L a v i n , 

1966) , the phosphorylation of the enzyme by the other phosphate 

donors does not r e q u i r e sodium i o n , and i n some cases phosphorylation 

may be i n h i b i t e d by sodium i o n (Post, Toda & Rogers, 1975). 

The phosphorylated i n t e r m e d i a t e has been i d e n t i f i e d as the 

ta r g e t of a potassium dependent dephosphorylation r e a c t i o n (see 

Charnock & P o t t e r , 1969). S i n c e the phosphorylation r e a c t i o n s have 

been shown to be quick and q u a n t i t a t i v e even a t low temperatures 

( 0°C - I s r a e l & T i t u s , 1967; Bond, Bader & Post, 1971), w h i l e 
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Na +-K +-ATPase a c t i v i t y proceeds v e r y slowly a t low temperatures 

(Charnock, Cook & Casey, 1971), the r e a c t i o n s i n v olved i n the 

dephosphorylation of the int e r m e d i a t e and the r e g e n e r a t i o n of the 

' f r e e ' enzyme a re g e n e r a l l y assumed to be i n c l u s i v e of the r a t e 

l i m i t i n g step i n the o v e r a l l r e a c t i o n mechanism. The potassium 

dependent dephosphorylation r e a c t i o n s when coupled to the 

phosphorylation of the Na +-K +-ATPase by high energy phosphate 

donors other than ATP, i s thought to comprise the ouabain 

i n h i b i t a b l e potassium dependent phosphatase a c t i v i t y (K +-Phosphatase) 

f i r s t reported by Judah, Ahmed & McLean (1962). T h i s a c t i v i t y 
+ + 

i s always found i n a s s o c i a t i o n w i t h the Na -K -ATPase and there 

i s v e r y strong evidence t h a t i t comprises a ' p a r t i a l ' r e a c t i o n 

sequence of the Na +-K +-ATPase r e a c t i o n mechanism (see Rega & 

Garrahan, 1976). The phosphorylated i n t e r m e d i a t e i s a l s o assumed 

to be the s p e c i f i c t a r g e t of c a r d i a c g l y c o s i d e binding r e a c t i o n s . 

T h i s has been i n f e r r e d from the ob s e r v a t i o n t h a t the optimal 

c o n d i t i o n s f o r c a r d i a c g l y c o s i d e binding a r e the same as those f o r 

the formation of the phosphorylated i n t e r m e d i a t e (Skou, B u t l e r 

& Hansen, 1971). P h o t o - a f f i n i t y l a b e l l i n g s t u d i e s have provided 

strong evidence t h a t the c a r d i a c g l y c o s i d e b i n d i n g s i t e i s a l s o 

l o c a t e d on the l a r g e polypeptide i d e n t i f i e d i n ' p u r i f i e d ' Na +-K +-

ATPase p r e p a r a t i o n s (Ruoho & Kyte, 1974). 

Other l i n e s of k i n e t i c i n v e s t i g a t i o n a r e u s u a l l y aimed 

at the d e f i n i t i o n of the v a r i o u s i n t e r m e d i a t e s t a t e s i n the r e a c t i o n 

mechanism of the sodium pump. Such s t u d i e s provided evidence t h a t 

i n the absence of potassium i o n , the enzyme i s capable of c a t a l y s i n g 

a sodium dependent ATP-ADP exchange, and a l s o suggested t h a t the 
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phosphorylated intermediate e x i s t s i n two forms (Fahn, Koval & 

Albers, 1966). The existence of two forms of the phosphorylated 

enzyme has been supported i n l a t e r studies (Mardhfi Z e t t e r q v i s t , 1 9 7 4 ; 

Mardh, 1975(a), 1975(b); K u r i k i & Racker, 1976). Other studies 

using r a p i d mixing techniques i n d i c a t e d t h a t the k i n e t i c s of 

dephosphorylation of the potassium s e n s i t i v e phosphorylated 

intermediate i s biphasic (Mardh, 1975(a), 1975(b); F r o e h l i c h , A l b e r s , 

Koval, Goebel & Berman, 1976; Lowe & Smart, 1977; Mardh & L i n d h a l l , 

19/7), c o n s i s t i n g of a r a p i d phase of inorganic phosphate release 

followed by a slower 'steady s t a t e ' release of inorganic phosphate. 

These observations were i n t e r p r e t e d as being suggestive of the 

existence of a dephosphorylated form of the enzyme d i s t i n c t from 

the ' f r e e ' form which i s involved i n the sodium dependent phosphorylation 

r e a c t i o n s . The probable existence of m u l t i p l e phosphorylated and 

non-phosphorylated forms of the enzyme suggests t h a t s i g n i f i c a n t 

conformational changes are involved i n the normal f u n c t i o n i n g of 

the Na+-K+-ATPase. Such i s compatible w i t h r e p o r t s t h a t t r y p s i n o l y s i s 

of ' p u r i f i e d ' Na+-K+-ATPase preparations i n the presence of d i f f e r e n t 

l i g a n d a c t i v a t i n g c o n d i t i o n s ( i . e . Na +, K +, Mg^+, ATP), r e s u l t e d i n 

the f o r m a t i o n of d i f f e r e n t peptides (Jorgensen, 1975, 1977; 

Jorgensen & Klodos, 1978; Lo & T i t u s , 1978). A recent r e p o r t of the 

k i n e t i c d e t e c t i o n of a substrate induced conformational change i n 

the Na+-K+-ATPase (Gr i s a r , Frere, G r i s a r - C h a r l i e r , Franck & 

S c h o f f e n i e l s , 1978) has also supported the view t h a t s i g n i f i c a n t 

conformational changes are involved i n the f u n c t i o n i n g of t h i s enzyme, 
+ + 

and provided some evidence that the Na -K -ATPase may be a h y s t e r e t i c 

enzyme, 
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F i n a l l y , the other major l i n e of k i n e t i c i n v e s t i g a t i o n 

has been aimed at the c h a r a c t e r i s a t i o n of the ' a c t i v e s i t e ( s ) ' 

of the enzyme. Reports of such work have provided evidence 

supporting the involvement of a v a r i e t y of amino aci d residues 

i n the ' a c t i v e centre' of the enzyme. I n a d d i t i o n t o the a s p a r t i c 

acid residue i d e n t i f i e d as the phosphorylation s i t e Post & Kume, 

1973; N i s h i g a k i , Chen & Hokin, 1974), such amino aci d residues 

are thought to include c y s t i n e (Hart & T i t u s , 1973; P a t z e l t -

Wenczler, Pauls, Erdmann & Schoner, 1975; Schoot, DePont & 

Bonting, 1978), a r g i n i n e (DePont, Schoot, Van Prooijen-VanEeden 

& Bonting, 1977) and t y r o s i n e (Cantley, Cells & Josephson, 1978). 

Although the c o n f i g u r a t i o n of such residues at the ' a c t i v e centre' 

and the parts they play i n the r e a c t i o n mechanism are not yet 

e s t a b l i s h e d , the evidence presented by the above authors suggest 

tha t the mentioned amino acid residues are involved i n the binding 

of ATP t o the enzyme. Other r e p o r t s have presented evidence of 

two ATP b i n d i n g s i t e s on the Na+-K+-ATPase, and suggest t h a t s u l p h y d r y l 

c o n t a i n i n g amino acid residue may be involved i n the binding of ATP 

to a high a f f i n i t y non-phosphorylating s i t e on the enzyme (Henderson & 

A s k a r i , 1976, 1977). 

I n s p i t e of the advances i n the c h a r a c t e r i s a t i o n of several 

aspects of the s t r u c t u r e and mechanism of the Na+-K+-ATPase, i t 

i s apparent from the above summary of the main l i n e s of experimental 

i n v e s t i g a t i o n i n t o t h i s enzyme system, t h a t there are large areas 

of u n c e r t a i n t y concerning the mechanism by which t h i s c a t i o n i c pump 

works. As a r e s u l t , there tends to be a considerable speculative 



component i n most of the molecular and mechanistic models of 

t h i s enzyme system. Some of the proposals described the system 

i n a manner which required some gross r o t a t i o n of a s i g n i f i c a n t 

p a r t of the enzyme r e l a t i v e t o the plane of the biomembrane (Opit & 

Charnock, 1965; S t e i n , Lieb, K a r l i s h & Eilam, 1973). However, 

the demonstration t h a t some antibodies can bind to the enzyme and 

not a f f e c t c a t a l y t i c e f f i c i e n c y (Kyte, 1974) has r a i s e d doubts 

as t o the v a l i d i t y of those and other ' r o t a t i n g b a l l ' type models 

(see Albers, 1967), since gross r o t a t i o n of the Na+-K+-ATPase 

r e l a t i v e to the plane of the biomembrane would be u n l i k e l y i f an 

antibody i s bound t o the enzyme. Furthermore, such a r o t a t i o n of an 

i n t e g r a l membrane p r o t e i n l i k e the Na+-K+-ATPase would be e n e r g e t i c a l l y 

unfavourable w i t h i n the context of current views on the s t r u c t u r e 

of biomembranes (see Singer & Nicholson, 1972). An a l t e r n a t i v e model 

pos t u l a t e d t h a t the i o n t r a n s p o r t process takes place by the passage 

of ions through the p r o t e i n moiety of the enzyme (Skou, 1975). I t 

was assumed t h a t the passage of the ions was induced by a r e v e r s a l 

i n the a f f i n i t y of the sodium and potassium s i t e s f o r the r e s p e c t i v e 

ions. Such a model i s compatible w i t h an e a r l i e r a l l o s t e r i c model 

f o r membrane pumps (Jardetzky, 1966), and suggested t h a t the 

Na+-K+-ATPase contains a g r a m i c i d i n - l i k e ionophore, f o r which some 

evidence has been reported (Shamoo, 1974; Shamoo & Meyers, 1974). 

This model has been questioned (Yager, 1977) since i t would r e q u i r e 

some 35-42 p r e c i s e l y arranged ligands t o be p a r t of the s t r u c t u r e 

of the pump, and t h a t there be some r e s t r i c t i o n of d i f f u s i o n between 

the bulk aqueous media and the c a t i o n i c s i t e s w h i l e the t r a n s l o c a t i o n 

takes place. Kyte (1975) has suggested the so-called 'rocker model' 

i n which i o n t r a n s p o r t takes place by the a l t e r n a t i o n s of the enzyme 
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between two major conformational s t a t e s . The model suggests 

t h a t there i s only one c a t i o n i c s i t e a t any one time, and postulates 

t h a t the ions migrate across the membrane through channels between 

subunits on an oligomeric enzyme. Thus the minimal s t r u c t u r e f o r 

the Na+-K+-ATPase demanded by t h i s model i s t h a t of a dimeric enzyme 

e x h i b i t i n g ' h a l f - t h e - s i t e s - r e a c t i v i t y 1 . This model i s thus 

compatible w i t h the p r e v i o u s l y described s t r u c t u r a l evidence and 
+ + 

r e c e n t l y reported k i n e t i c evidence supporting a dimeric Na -K -ATPase 

w i t h ' h a l f - t h e - s i t e s - r e a c t i v i t y ' (Grisham & Mildvan, 1975). However, 

t h i s model has also been questioned (Yager, 1977) since i t r e q u i r e s 

the 'rocking' of the enzyme to take place f a s t e r than the r e h y d r a t i o n 

of the c a t i o n ( s ) as the c a t i o n i c s i t e i s a l t e r e d during the 

conformational 'rocking' changes. 

Yager (1977) has proposed a novel mechanism f o r the 

Na+-K+-ATPase. This model postulates t h a t the p a r t s of the enzyme 

which span the membrane e x i s t i n an ordered h e l i c a l form, and 

t h a t the passage of ions through the h e l i x i s induced by a -»• II or 

H -»• a h e l i c a l t r a n s i t i o n s over short sections of the h e l i x (= two t u r n s ) . 

The energetic push r e q u i r e d t o s t a r t the process would be supplied 

by the phosphorylation/dephosphorylation r e a c t i o n s , and the peptide 

oxygens of the d i s t o r t e d regions of the h e l i x would replace the 

h y d r a t i o n s h e l l s of the respective ions. I t was f u r t h e r proposed t h a t 

once the t r a n s l o c a t i o n process was s t a r t e d , the ions would serve as 

c a t a l y s t s f o r the a/11 h e l i c a l t r a n s i t i o n s . While there i s some 

evidence t h a t a s i g n i f i c a n t p a r t of the Na+-K+-ATPase i s a h i g h l y 

ordered s t r u c t u r e and probably 'buried' i n the hydrophobic p a r t of 

the biomembrane (Brazhnikov, Chetverin & Chirgazade, 1978), t h i s model 
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and a l l the others so f a r presented can be subjected to two 

important c r i t i c i s m s . F i r s t , the models do not describe the 

enzyme such t h a t i t would account f o r the absolute d i s c r i m i n a t i o n 

between sodium and potassium ions. The r e s u l t s of some t h e o r e t i c a l 

c a l c u l a t i o n s have suggested t h a t there may be a thermodynamic 

basis f o r such a d i s c r i m i n a t i o n only i f the process involves a 

replacement of the primary h y d r a t i o n s h e l l of the ions (Talekar, 

1975), however, none of the models so f a r presented have overcome 

t h i s problem. Secondly, there has not been a serious attempt 

to account f o r the stochiometry of the sodium pump (i«e. 3 moles 

Na + and 2 moles K + per mole of ATP) i n any of the models so f a r 

proposed. 

The involvement of the sodium pump C d i r e c t l y or i n d i r e c t l y ) 

i n a wide range of c e l l u l a r f u n c t i o n s Csee Baker, 1972) has i n e v i t a b l y 

led t o c o n s i d e r a t i o n of the f a c t o r s involved i n the f i n e c o n t r o l 

of t h i s enzyme system. Given the f i r m a s s o c i a t i o n between the 

enzyme and membrane l i p i d and the c u r r e n t ideas p e r t i n e n t t o the 

probable r e g u l a t i o n of membrane bound enzymes by membrane l i p i d 

Csee review by Gazzoti & Peterson, 1977; Sandermann, 1978), a r o l e 

f o r membrane l i p i d i n the f i n e c o n t r o l of the Na+-K+-ATPase seems 

probable. Such ideas have been r e i n f o r c e d by the observed d e v i a t i o n 

of the temperature dependence of the enzyme from i d e a l Arrhenius 

temperature k i n e t i c s and the i n t e r p r e t a t i o n of these observations 

w i t h i n the context of phase changes i n biomembrane l i p i d s Csee 

Barnett & Parlazzoto, 1974). Such an i n t e r p r e t a t i o n i s compatible 

w i t h the r e p o r t s t h a t the temperature dependence of the Na+-K+~ATPase 

was responsive t o changes i n membrane l i p i d s CCharnock, Cook, 

Almeida & To, 1973; Tanaka & Teruya, 1973). However, the 
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evidence supporting a r o l e f o r membrane l i p i d i n the f i n e c o n t r o l 

of t h i s enzyme has been obtained, only a f t e r a severe d i s r u p t i o n 

of the biomembranes by the use of phospholipases (Charnock, 

Cook, Almeida & To, 1973), detergents (Tanaka & Teruya, 1973) 

or enzymic l i p i d p e r o x i d a t i o n (Sun, 1971). Since the e f f e c t s 

of such experimental procedures are considerably greater than t h a t 

l i k e l y i n the i n - v i v o s i t u a t i o n , the i n t e r p r e t a t i o n of such data 

w i t h i n the context of l i p i d involvement i n the f i n e c o n t r o l of the 

Na+-K+-ATPase can be questioned. 

I t has been suggested t h a t the Na+-K+-ATPase i s an enzyme 

subject to a l l o s t e r i c modulation (Robinson, 1972, 1973; Tobin, 

Banergee & Sen, 1970; Cavieres & E l l o r y , 1975). This may be of 

p a r t i c u l a r relevance t o the co n s i d e r a t i o n of the f i n e c o n t r o l 
+ + 

of the Na -K -ATPase, e s p e c i a l l y since, as p r e v i o u s l y shown, 

there i s evidence supporting an oligomeric s t r u c t u r e f o r the 

Na+-K+-ATPase, and such a s t r u c t u r e i s the type which, i s susceptible 

t o a l l o s t e r i c modulation of i t s k i n e t i c p r o p e r t i e s . Given the 

weight of the evidence t h a t the k i n e t i c p r o p e r t i e s of the Na +-K +-

ATPase i s responsive t o a v a r i e t y of p r o t e i n t a r g e t e d m o d i f i e r s (see 

Schwartz, Lindenmayer & A l l e n , 1975), the p r o t e i n component of the 

enzyme as the prime f a c t o r i n the f i n e c o n t r o l of the enzyme system 

cannot be discounted. The work presented i n t h i s t h e s i s involves 

a study of some of the k i n e t i c p r o p e r t i e s of the Na+-K+-ATPase, 

and t h e i r responsiveness t o some l i p i d and p r o t e i n targeted procedures 

w i t h the aim of e v a l u a t i n g the r o l e of i t s p r o t e i n and l i p i d 

components i n the f i n e c o n t r o l of t h i s enzyme system. 

The experimental approach to the o b j e c t i v e o u t l i n e d above 

was designed t o t e s t whether the f i n e c o n t r o l of the Na+-K+-ATPase 
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can be mediated v i a m i l d changes i n the p r o t e i n or l i p i d components 

of the enzyme. This r e q u i r e d a c a r e f u l choice of some of the 

k i n e t i c parameters so as t o monitor any such e f f e c t s , and the 

choice of modulating procedures which would produce changes 

comparable t o those probable i n v i v o . The main k i n e t i c p r o p e r t i e s 

chosen f o r such studies were those of potassium a c t i v a t i o n , ouabain 

i n h i b i t i o n and temperature dependence. Temperature dependence was 

s p e c i a l l y chosen f o r such studies since i t was l i k e l y t o give some 

in f o r m a t i o n p e r t i n e n t to the energetics of the r a t e l i m i t i n g step(s) 

i n the r e a c t i o n mechanism, and on account of e a r l i e r evidence 

of i t s responsiveness t o l i p i d changes. The other two parameters were 

considered since they were i n e f f e c t the. p r o p e r t i e s of the phosphorylated 

intermediate. Given t h a t the r e a c t i o n s involved i n the formation 

of the phosphorylated intermediate have been shown not t o be r a t e 

l i m i t i n g , the phosphorylated intermediate was considered t o be the 

most l i k e l y t a r g e t f o r any fi n e - c o n t r o l - m o d u l a t o r y changes. However, 

a survey of the l i t e r a t u r e revealed t h a t there are considerable 

areas of u n c e r t a i n t y concerning the d e f i n i t i o n of the three k i n e t i c 

parameters chosen. Consequently, an attempt was made t o study 

these p r o p e r t i e s and t o define the framework w i t h i n which the re l e v a n t 

data w i l l be i n t e r p r e t e d . 

The experimental modulatory procedures adopted were chosen since, 

i n general, these were expected to exert t h e i r e f f e c t s w i t h o u t gross 

i n h i b i t i o n of enzymic a c t i v i t y under optimal c o n d i t i o n s . Both 

p r o t e i n targeted and l i p i d targeted procedures were s t u d i e d . The 

l a t t e r included both i n - v i v o l i p i d t a r g eted modulators, and the i n -

v i v o modulation of membrane l i p i d s as a r e s u l t of environmental 

temperature changes. The e f f e c t s of these on the chosen k i n e t i c 



-15-

p r o p e r t i e s of the enzyme were stu d i e d , so as t o enable an 

ev a l u a t i o n of the s e n s i t i v i t y of the enzyme t o such changes. 
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CHAPTER 2 

MATERIALS AND METHODS 

General 

(1) T i s s u e sources; 

The f o l l o w i n g animals were used as sources of membranes c o n t a i n i n g 

Na +-K +-ATPase a c t i v i t y . 

Rat ( R a t t u s n o r v e g i c u s ) - remote w i s t a r s t r a i n CFHB 

Mouse (Mus domesticus) 

Hamster (Mesocricetus a u r a t u s ) 

Guinea p i g ( C a v i a p o r c e l l u s ) 

Rabbit (Oryctolagus c u n i c u l u s ) 

Hedgehog ( E r i n a c e u s europaeus) 

Pigeon (Columba l i v i a ) 

S t a r l i n g (Sturnus v u l g a r i s ) 

Frog (Rana temporaria) 

A f r i c a n clawed toad (Xenopus l a e v i s ) 

Rainbow t r o u t (Salmo g a i r d n e r i ) 

Carp (Cyprinus c a r p i o ) 

Perch ( P e r c a f l u v i a t a l i s ) 

Notothenia (Notothenia n e g l e c t a ) - an a n t a r c t i c f i s h 

Cockroach ( P e r i p l a n e t a americana) 

L o c u s t ( L o c u s t a m i g r a t o r i a ) 

(2) Reagents 

A l l reagents were of a n a l y t i c a l grade and purchased from the 

f o l l o w i n g s o u r c e s : 

Sigma Chemical Co. 

Adenosine triphosphate (Sigma grade) disodium s a l t used f o r ass a y of 

Na +-K +-ATPase a c t i v i t y (see Appendix I I I ) . 
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Adenosine triphosphate (Grade 1) disodium s a l t used f o r washing 
membranes during detergent e x t r a c t i o n . 
L - A s c o r b i c a c i d 

Bovine serum albumin - f r a c t i o n V 

C h o l e s t e r o l - Sigma grade 

E t h y l m e r c u r i - t h i o s a l i c y l a t e ( t h i m e r o s a l ) sodium s a l t 

L - H i s t i d i n e - f r e e base 

Imidazole - grade 1 

8-mercaptoethanol - type I 

p-nitrophenol 

p-nitrophenol. phosphate (Sigma 104 phosphatase s u b s t r a t e ) - disodium s a l t . 

L - a - phosphatidyl c h o l i n e , p a l m i t o y l 

Tris(hydroxymethyl)-amino methane ( t r i s ) - Trizma base, 

p - n i t r o p h e n y l hydrazine 

Serva 

Comassie b r i l l i a n t b l u e G250 

Concanavalin - A 

Sphingosine 

Supelco 

F a t t y a c i d methyl e s t e r s ( s t a n d a r d s f o r gas l i q u i d chromatography) 

Hexadecanal 

Phospholipid standards (standards f o r t h i n l a y e r chromatography) 

Eastman Kodak 

8 - a n i l i n o , 1-napthalene sulphonic a c i d (sodium s a l t ) 

2,5-dimethyl benzene sulphonic a c i d . 
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Pye-Unicam 

pol y - e t h y l e n e g l y c o l adipate 

Applied S c i e n c e L a b o r a t o r i e s 

Gaschrom Q 

The Radiochemical Centre, Amersham 
14 

2- C- A c e t i c a c i d (sodium s a l t ) 

A l l other reagents were a n a l y t i c a l grade or s p e c i a l l y p u r i f i e d 

and s u p p l i e d by the B r i t i s h Drug Houses. 

Cirrasol-ALN-WF was a g i f t from I . C . I . D y e s t u f f s D i v i s i o n . 

(3) Assay of sodium-potassium-aderibsine t r i p h o s p h a t a s e a c t i v i t y (Na -K -ATPase) 

The standard assay of Na +-K +-ATPase a c t i v i t y was done by the 

determination of the ouabain i n h i b i t able enzymic r e l e a s e of i n o r g a n i c 

phosphate from adenosine t r i p h o s p h a t e a t 37°C, a pH of 7.5 and a t the 

fo l l o w i n g l i g a n d c o n c e n t r a t i o n s : 

Adenosine tr i p h o s p h a t e ( d i sodium s a l t ) 3mM 

Magnesium c h l o r i d e 3mM 

Potassium c h l o r i d e 20mM 

Sodium c h l o r i d e 130mM 

H i s t i d i n e 30mM 
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Prepared s o l u t i o n s : 

( i ) Adenosine t r i p h o s p h a t e ( d i sodium s a l t ) 4.4 x 3mM 

The s o l u t i o n of the reagent was buf f e r e d a t pH 7.5 at room 

temperature w i t h T r i s . I t was store d i n a l i q u o t s a t -20°C u n t i l 

r e q u i r e d . 

( i i ) B uffered i o n i c medium pH 7.5 a t 37°C 

H i s t i d i n e 2.2 x 30mM 

Sodium c h l o r i d e 2.2 x 124mM 

Potassium c h l o r i d e 2.2 x 20mM 

Magnesium c h l o r i d e 2.2 x 3mM 

( i i i ) Ouabain 4.4 x ImM 

In o r g a n i c phosphate was determined by the method d e s c r i b e d by Atkinson, 

Gatenby & Lowe (1973). 

Prepared m i x t u r e s : 

( i ) C i r r a s o l ALN-WF s o l u t i o n 1% (w/v) i n d i s t i l l e d water 

( i i ) Acid molybdate s o l u t i o n 1% (w/v) i n 0.9M s u l p h u r i c a c i d . 

The chromogenic s o l u t i o n was made by mixing equal volumes of a c i d 

molybdate and f r e s h l y prepared c i r r a s o l s o l u t i o n . 
3 

R e a c t i o n mixtures (2.0 cm ) 

( i ) T o t a l ATPase mixture 
3 

1.0 cm Buffered i o n i c medium 
3 

0.5 cm Adenosine triphosphate 
3 

0.5 cm d i s t i l l e d water 
( i i ) Ouabain i n s e n s i t i v e ATPase mixture. 

T h i s was s i m i l a r to that prepared f o r the t o t a l ATPase except 
3 

t h a t 0.5 cm of ouabain was s u b s t i t u t e d f o r the d i s t i l l e d water. 
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3 . . 
0.2 cm of an enzyme p r e p a r a t i o n was added to the r e a c t i o n mixtures 

( t h e r m o e q u i l i b r i a t e d at 37°C) so as to o b t a i n a f i n a l volume of 
3 

2.2 cm . The r e a c t i o n was quenched a f t e r a s u i t a b l e run time by the 
3 . . . 

a d d i t i o n of 4 cm of the chromogemc s o l u t i o n . The mixture was allowed 

to stand a t room temperature f o r 5 minutes and the e x t i n c t i o n of the 

yellow colour formed determined at 390nm. The e x t i n c t i o n a t 390nm 

was i n t e r p r e t e d i n terms of r e l e a s e d i n o r g a n i c phosphates by c a l i b r a t i n g 

the same w i t h potassium di-hydrogen orthophosphate under the same l i g a n d 

c o n c e n t r a t i o n s . The c a l i b r a t i o n graph was found to be l i n e a r f o r 
3 

i n o r g a n i c phosphate c o n c e n t r a t i o n s i n the range 0 - 0 . 6 umoles per cm 

of f i n a l assay mixture (see f i g u r e 2*1), Na +-K +-ATPase a c t i v i t y was 

taken as the d i f f e r e n c e between the r e l e a s e d i n o r g a n i c phosphate i n 

the t o t a l and ouabain i n s e n s i t i v e ATPase m i x t u r e s . 

(4) Assay of P r o t e i n ; 

The p r o t e i n a s s a y procedure adopted was adapted from t h a t 

d e s c r i b e d by McGrath (1972) - see Appendix I . 

Prepared s o l u t i o n s and reagents 

( i ) A cetate b u f f e r w i t h cyanide pH 4.6-4.7 a t room temperature. 

1.32M Sodium cyanide 

1.54M A c e t i c a c i d 
-4 

1x10 M Sodium cyanide 

( i i ) Ninhydrin s o l u t i o n - 0.5% (w/v) i n 2-methoxyethanol 

( i i i ) Barium hydroxide octahydrate - ground - 100-120 mesh. 
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IGOmg .<?amp3.os o f ground Barium h y d r o x i d e were weighed out: i n t o 

two c l e a n , t h i n t a l l t e s t t u b e s , and 0,2 cm3 o f the assay sample was 

added t o each t u b e . One .sample was steamed i n a p r e s s u r e cooker 

a t 120°C (15 l b tb ^) Cor t w e n t y minutes. A f t e r twenty minutes, the 

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

m inuteso A f t e r t he sample was c o o l e d , 2 enf 1 o f the. a c e t a t e b u f f e r 

was added t o both, samples, and t h o r o u g h l y mixed so as t o d i s s o l v e 

t h e Barium h y d r o x i d e . 3 cm o f n m h y d n n s o l u t i o n was t h e n added 

t o both tubes vbir.h were t h o r o u g h l y mixed and r e t u r n e d to the p r e s s u r e 

cooker where they were steamed a t 120°C f o r f i f t e e n m i n u t e s , A f t e r 

t h e samples had c o o l e d , t h e y were then d i l u t e d t o 25 cm" w i t h 60:40 

(v:v) 2 -me t h o x y ~e t h an o 1 !• xta. I. o r . The e x t i n c t i o n o f t h e samp l e y were 

then determined, a t fi/Orsc, The d i f f e r e n c e i n t h e abcorb&ncc a t 570nu; 

was a t t r i b u t e d t o t h e amino a c i d s r e l e a s e d by t h e a l k a l i n e h y d r o l y s i s 

of the p r o t e i n in. t h e sample. T h i s was i n t e r p r e t e d .'- terms o f 

p r o t e i n c o n c e n t r a t i o n by c a l i b r a t i n g t h e s-'f-.me w i t h Bovine serum a l b u m i n 

s u b j e c t e d t o t h e above p r o c e d u r e s . The c a l i b r a t i o n g r a p h (pee f i g u r e 

2,.?) was f o u n d t o be l i n e a r i n t h e p r o t e i n c o n c e n t r a t i o n r:\r;go 0-400 pg 

era ' . T h i s a d a p t a t i o n o f t h e assay procedure, v.-ns for. no t o t o l e r a t e 

low c o n c e n t r a t i o n ; ; o f I m i d a z o l e (20ntH) v E.D.T.A. (5«M> and E.G.T.A. 

(5m!.-I}„ However, t h e assay sample was r e q u i r e d t o be f r e e c f any 

' p r o t e i n f r e e ' an:! l a t e n t ataino group i? e 

('),» A*;~i»y °': po I. at.fi u-.rr. detsendevrt ouabn.in rtc--ivj.it; ^ •;: p< •.-v-;!?' {•'*,o~nhc.uol 

id'Or-ph/-.-;". •• a c t i v i t y (!'. •: .'.T-r;- ) : 

The stavul-.-tvcl a.cna> o f K'-i''.aye a c t i v . l t '/ >>?;-. dc-v; by L i e d-M ^ r i a i n av. i o 

ox t h e o-'.i.il:,:- I n i n i i i b i t a b I e ; er./.ywi.c •.- • - o f > . . ; ; ; ; : ; : o ; : : > . \ ' I O J /r^/:-

i'JTjv-;.; t , •,.<:;.:n." .'• ; '•- : :-V-\ •/ a t l ; ' . ' 0 ' . . : , , a p!-- of / '.- "-'-d a t : >.-. o'i low; r.;-

3 ;.;-..:'•.-! ?:;;;c.';;i.;'; :.:;.<_•;:::, 

http://at.fi
http://rtc--ivj.it
http://activ.lt
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p a r a - n i t r o - p h e n o l phosphate 5mM 

Magnesium c h l o r i d e 5mM 

Potassium c h l o r i d e 20mM 

T r i s 50mM 

Prepared s o l u t i o n s : 

( i ) Para-nitro-phenol-phosphate 4.4x5mM 

The s o l u t i o n s of the reagent was buf f e r e d a t pH 7.5 

at room temperature w i t h lOmM t r i s / H C l . I t was stored i n a l i q u o t s 

a t -20°C u n t i l r e q u i r e d . 

( i i ) B u f f ered i o n i c medium pH 7.5 at 37°C. 

T r i s 2.2 x 50mM 

Magnesium c h l o r i d e 2.2 x 5mM 

Potassium c h l o r i d e 2.2 x 20mM 

( i i i ) Ouabain 4.4 x ImM 

3 
Reaction mixtures (2.0 cm ) 

( i ) T o t a l K +-PNPase mixture 
3 

1.0 cm Buffered i o n i c medium 
3 

0.5 cm par a - n i t r o - p h e n o l phosphate 
3 

0.5 cm d i s t i l l e d water 

( i i ) Ouabain i n s e n s i t i v e K +-PNPase mixture 
+ 

T h i s was s i m i l a r to t h a t prepared f o r the t o t a l K -PNPase 3 3 except t h a t 0.5 cm of ouabain was s u b s t i t u t e d f o r the 0.5 cm of 
d i s t i l l e d water. 

3 

0.2 cm of an enzyme p r e p a r a t i o n was added to the r e a c t i o n mixtures 

( t h e r m o e q u i l i b r i a t e d a t 37°C) so as to o b t a i n a f i n a l volume of 2.2 cm"*. 

The r e a c t i o n was quenched a f t e r a s u i t a b l e run time by the a d d i t i o n of a 
3 3 

s u i t a b l e volume of 1% sodium dodecylsulphate ( u s u a l l y 2 cm or 4 cm ) , 

and the e x t i n c t i o n of the y e l l o w p a r a - n i t r o - p h e n o l determined a t 410nm. 
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The e x t i n c t i o n a t 410nm was i n t e r p r e t e d i n terms of r e l e a s e d 

p-nitrophenol by c a l i b r a t i n g the same w i t h a u t h e n t i c p - n i t r o -

phenol under the same l i g a n d c o n c e n t r a t i o n s . The c a l i b r a t i o n 

graph was found to be l i n e a r f o r p-nitro-phenol c o n c e n t r a t i o n s 

i n the range 0.15 umoles cm of f i n a l assay mixture (see 

f i g u r e 2.3). K +-PNPase a c t i v i t y was taken as the d i f f e r e n c e 

between the p-nitro-phenol r e l e a s e d i n the t o t a l and ouabain 

i n s e n s i t i v e K +-PNPase mix t u r e s . 

(6) P r e p a r a t i o n of s y n a p t i c membranes 

(1) Rat b r a i n s y n a p t i c membranes 

A l l operations were c a r r i e d out a t 0-4°C, 

The animals were stunned and k i l l e d by c e r v i c a l d i s l o c a t i o n and 

t h e i r b r a i n s q u i c k l y e x c i s e d out i n t o i c e cold e x t r a c t i o n medium 

(320mM Sucrose, 30mM Imidazole, 2mM E.D.T.A. pH 7.2 a t room 

temperature). The c e r e b r a l hemispheres were d i s s e c t e d f r e e of 

blood v e s s e l s and u n d e r l y i n g t i s s u e , and then homogenised i n i c e 

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

t i s s u e c o n c e n t r a t i o n of 5-10%. The horoogenate was then c e n t r i f u g e d 

at 900g (MSE M i s t r a l 2L r e f r i g e r a t e d c e n t r i f u g e ) f o r 10 minutes. 

The p e l l e t was d i s c a r d e d , and the synaptosomal/mitochondrial f r a c t i o n 

sedimented from the supernatant by c e n t r i f u g i n g a t 20,000g (MSE 

High Speed 18 r e f r i g e r a t e d c e n t r i f u g e ) f o r 30 minutes. The 

synaptosomes were then l y s e d by osmotic shock, by being homogenised 

i n a low i o n i c s t r e n g t h b u f f e r (lOmM Imidazole, ImM E.D.T.A, pH 7.2 

at room temperature) and the membranes and mitochondria sedimented 

from the homogenate by c e n t r i f u g i n g a t 20,000g f o r 30 minutes. 
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The f r a c t i o n a t i o n of the s y n a p t i c membranes from the p e l l e t 

then proceeded according to the q u a n t i t y of m a t e r i a l being prepared. 

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

The p e l l e t was resuspended i n the e x t r a c t i o n medium and 

l a i d on a discontinuous sucrose d e n s i t y g r a d i e n t (0.8M, 0.9M, 1.0M, 

1.2M - buffered a t pH 7.2 (room temperature) w i t h lOmM Im i d a z o l e / H C l ) . 

The g r a d i e n t was then c e n t r i f u g e d a t 100,000g f o r 2 hours (MSE 

Prep s p i n 50 u l t r a c e n t r i f u g e ) . The m a t e r i a l f l o a t i n g a t the i n t e r 

phase of the 1.0-1.2M sucrose l a y e r s was harvested, and the sucrose 

s o l u t i o n d i l u t e d with low i o n i c s t r e n g t h b u f f e r to a sucrose 

c o n c e n t r a t i o n of l e s s than 0.8M. The s y n a p t i c membranes were then 

sedimented from the s o l u t i o n by c e n t r i f u g i n g a t 100,000g f o r one hour. 

The p e l l e t e d membranes were resuspended i n low i o n i c s t r e n g t h b u f f e r 
-3 

to a convenient p r o t e i n c o n c e n t r a t i o n (= 1 mg cm ) and st o r e d on 

i c e a t 0-4°C u n t i l r e q u i r e d . 

(b) Large s c a l e p r e p a r a t i o n 

The p e l l e t from the 20,000g s p i n was resuspended i n 1.2M 

Sucrose, lOmM Imidazole (pH 7.2 a t room temperature) and c e n t r i f u g e d 

a t 100,000g f o r two hours. The supernatant was c a r e f u l l y decanted 

from the r e s u l t i n g p e l l e t and the l i g h t membranous m a t e r i a l f l o a t i n g 

on the s u r f a c e . The supernatant was then d i l u t e d w i t h h a l f i t s 

volume of low i o n i c s t r e n g t h b u f f e r , and the s y n a p t i c membranes sedimented 

by c e n t r i f u g i n g a t 100,000g f o r one hour. The p e l l e t e d membranes were 

resuspended i n low i o n i c s t r e n g t h b u f f e r to a p r o t e i n c o n c e n t r a t i o n of 

2-5 mg.cm ^, and store d on i c e at 0-4°C u n t i l r e q u i r e d . 
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(2) Rainbow t r o u t b r a i n s y n a p t i c membranes 

A l l operations were c a r r i e d out a t 0-4°C. 

The animals were k i l l e d by d e c a p i t a t i o n and t h e i r b r a i n s q u i c k l y 

d i s s e c t e d out i n t o i c e cold e x t r a c t i o n medium. A f t e r d i s s e c t i n g 

the b r a i n t i s s u e f r e e of blood v e s s e l s and connective t i s s u e s , the 

synaptosomal/mitochondrial f r a c t i o n was prepared and l y s e d as 

des c r i b e d f o r the r a t b r a i n above. The membranous m a t e r i a l was 

then sedimented by c e n t r i f u g i n g a t 20,000g f o r 30 minutes and the 

s y n a p t i c membranes were f r a c t i o n a t e d from the p e l l e t by a procedure 

depending on the q u a n t i t y of m a t e r i a l being prepared. 

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

T h i s was done u s i n g the same system of disc o n t i n u o u s 

sucrose d e n s i t y g r a d i e n t s d e s c r i b e d f o r the r a t b r a i n above. However, 

the m a t e r i a l was harv e s t e d from the i n t e r p h a s e of the 0.9-1.0M sucrose 

l a y e r s s i n c e the membranes f l o a t i n g a t the 1.0-1.2M i n t e r p h a s e were 

found to be h e a v i l y contaminated w i t h mitochondria. The suspension 

h a r v e s t e d , was d i l u t e d to a sucrose c o n c e n t r a t i o n of l e s s than 0.6M, 

and the membranes sedimented by c e n t r i f u g i n g a t 100,000g f o r 1 hour. 

The f i n a l p e l l e t was resuspended i n the low i o n i c s t r e n g t h b u f f e r 
-3 

to a convenient p r o t e i n c o n c e n t r a t i o n (= 1 mg.cm ) and st o r e d on 

i c e a t 0-4°C u n t i l needed. 

(b) Large s c a l e p r e p a r a t i o n 

The l a r g e s c a l e f r a c t i o n a t i o n of these membranes was 

done by a procedure s i m i l a r to that d e s c r i b e d f o r the r a t b r a i n above. 

However, the membranous f r a c t i o n sedimented from the l y s e d 

synaptosomal/mitochondrial f r a c t i o n was resuspended i n 1.0M sucr o s e , 

lOmM Imidazole (pH 7.2 a t room temperature). The membranes were 
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sedimented by c e n t r i f u g a t i o n at 100,000g, and resuspended i n low 
i o n i c s t r e n g t h b u f f e r to a p r o t e i n c o n c e n t r a t i o n of 2-5 mg.cm and 
s t o r e d on i c e at 0-4°C u n t i l r e q u i r e d . 

NOTE; The p r e p a r a t i o n of b r a i n s y n a p t i c membranes from sources 

other than the r a t and the t r o u t was done by one of the above mentioned 

procedures; as r e f e r r e d to i n the t e x t . Unless otherwise s t a t e d , 

l a r g e s c a l e p r e p a r a t i v e procedures were only used f o r p r e p a r a t i o n s 

from r a t s , nn.ce> hamsters and rainbow t r o u t . 

http://nn.ce
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CHAPTER 3 

Ouabain I n h i b i t i o n of the Na +-K +-ATPase 

INTRODUCTION 

The f i r s t r e p o r t s of i n h i b i t i o n of coupled N a + - K + - t r a n s p o r t 

by ouabain (Schatzmann, 1953) suggested that the c a r d i a c g l y c o s i d e 

acted a t a s i t e remote from the energy source. T h i s was l a t e r 

confirmed a f t e r the d i s c o v e r y of the Na +-K +-ATPase (Skou, 1957), 

and the demonstration of a s p e c i f i c i n h i b i t i o n of i t s c a t a l y t i c 

a c t i v i t y by the c a r d i a c g l y c o s i d e (Dunham & Glynn, 1961). The 

i d e n t i f i c a t i o n of the Na +-K +-ATPase as the t a r g e t of the s p e c i f i c 

a c t i o n of ouabain and other c a r d i a c g l y c o s i d e s , has thus enabled 

the use of these reagents i n the c h a r a c t e r i s a t i o n of Na +-K +-ATPase 

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

The use of ouabain as a probe i n m e c h a n i s t i c s t u d i e s on the 

Na +-K +-ATPase has been v e r y e x t e n s i v e . These s t u d i e s have i n d i c a t e d 

t h a t the optimal c o n d i t i o n s f o r ouabain binding a re the same as those 

f o r the formation of the phosphorylated i n t e r m e d i a t e i n the o v e r a l l 

r e a c t i o n mechanism (Skou, B u t l e r & Hansen, 1971); an o b s e r v a t i o n 

which suggested t h a t the a c t i o n of the c a r d i a c g l y c o s i d e proceeded 

v i a the phospho-protein i n t e r m e d i a t e . T h i s i n t u r n suggested t h a t 

the i n h i b i t i o n of the enzyme by ouabain would be uncompetitive w i t h 

r e s p e c t to ATP a c t i v a t i o n k i n e t i c s . T h i s suggestion was l a t e r 

supported by experiment (Wolf & P e t e r , 1972). Other s t u d i e s 

i n d i c a t e d that the k i n e t i c s of ouabain binding to the Na +-K +-ATPase 

are slow, and impeded by potassium i o n (Akera, 1971), and i n a d d i t i o n 
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the binding of ouabain to the enzyme was c h a r a c t e r i s e d by n o n - l i n e a r 

Scatchard p l o t s (Taniguchi & I i d a , 1972a;Hansen, 1976). On account 

of these o b s e r v a t i o n s , the ouabain i n h i b i t i o n of the Na +-K +-ATPase 

was expected to d e s c r i b e a complex c o n c e n t r a t i o n dependence. The 

e a r l y observations of t h i s p r o j e c t were i n accord w i t h these 

e x p e c t a t i o n s , a f a c t which made the comparison of d i f f e r e n t Na +-K +-

ATPase p r e p a r a t i o n s v e r y d i f f i c u l t . The r e s o l u t i o n of tha t problem 
+ + 

re q u i r e d an attempt to r a t i o n a l i s e the behaviour of the Na -K -ATPase 

i n a d e s c r i p t i o n which would account f o r the o b s e r v a t i o n s . Such 

a d e s c r i p t i o n has been attempted i n t h i s study. 

MATERIALS AND METHODS 

+ + 

(1) P r e p a r a t i o n of membranes co n t a i n i n g Na -K -ATPase a c t i v i t y 

(a) B r a i n s y n a p t i c membranes from mammals. 

These were prepared as d e s c r i b e d f o r r a t b r a i n (Chapter 2 ) . The 

b r a i n s of r a t s , mice, hamsters and hedgehogs were used as sources of 

s y n a p t i c membranes. 

(b) B r a i n s y n a p t i c membranes from non-mammalian v e r t e b r a t e s . 

The b r a i n s of carp, rainbow t r o u t , f r o g s , Jfenopjus, pigeons and s t a r l i n g s 

were used as sources of these membranes, which were a l l prepared as 

des c r i b e d f o r the rainbow t r o u t i n Chapter 2. 

(c ) Microsomal membranes from the c e r e b r a l g a n g l i a of the l o c u s t 

and the cockroach. 

A l l operations were c a r r i e d out at 0°C - 4°C. 

The animals were a n a e s t h e t i s e d w i t h carbon d i o x i d e , and the c e r e b r a l 

g a n g l i a were q u i c k l y d i s s e c t e d out i n t o an i c e cold e x t r a c t i o n medium 

(320mM suc r o s e , 30mM Imidazole, 2mM E.D.T.A, pH 7.2 a t room temperature). 
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The t i s s u e was then homogenised and c e n t r i f u g e d i n e x t r a c t i o n 

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

a t lOOOg (MSE 2L r e f r i g e r a t e d c e n t r i f u g e ) f o r 10 minutes. The 

p e l l e t was d i s c a r d e d and the supernatant c e n t r i f u g e d a t 20,000g 

(MSE High Speed 18 r e f r i g e r a t e d c e n t r i f u g e ) f o r 30 minutes. The 

p e l l e t was d i s c a r d e d and the supernatant r e c e n t r i f u g e d f o r 30 

minutes at 20,000g. A f t e r c a r e f u l l y removing the supernatant 

from the p e l l e t , the microsomes were sedimented from the supernatant 

by c e n t r i f u g i n g a t 100,000g fo r one hour (MSE Prepspin 50 u l t r a -

c e n t r i f u g e ) . The f i n a l p e l l e t was then resuspended to a convenient 

p r o t e i n c o n c e n t r a t i o n i n a low i o n i c s t r e n g t h b u f f e r (lOniM Imidazole, 

ImM E.D.T.A. pH 7.2 a t room temperature), and s t o r e d on i c e a t 

0° - 4°C u n t i l r e q u i r e d . 

(2) Assay of Na +-K +-ATPase a c t i v i t y a t n o n - s a t u r a t i n g ouabain c o n c e n t r a t i o n s . 

The assay c o n d i t i o n s w i t h r e s p e c t to temperature, pH and 

c o n c e n t r a t i o n of e s s e n t i a l l i g a n d s were as d e s c r i b e d f o r the standard 

assay c o n d i t i o n s (Chapter 2 ) . Since i t had been reported t h a t the 

e q u i l i b r i a t i o n of ouabain w i t h the enzyme i s a slow process t h a t i s 

f u r t h e r impeded by potassium ion (Akera, 1971), the assay procedure 

was s u i t a b l y modified to a l l o w p r e - e q u i l i b r i a t i o n of the enzyme w i t h 

the c a r d i a c g l y c o s i d e i n a potassium f r e e assay medium. C a t a l y t i c 

a c t i v i t y was subsequently s t a r t e d by the a d d i t i o n of potassium i o n . 

Prepared s o l u t i o n s 

( i ) S u b s t r a t e - 4.4 x 3mM di-sodium ATP; pH 7.5 ( T r i s ) . 

T h i s was s t o r e d at -20°C when not i n use. 

( i i ) Buffered i o n i c medium. 

4.4 x 30mM H i s t i d i n e ; pH 7.5 a t 37°C 

4.4 x 124mM Sodium c h l o r i d e 

4.4 x 3mM Magnesium c h l o r i d e 
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( i i i ) Ouabain 

17 s o l u t i o n s were prepared c o n t a i n i n g ouabain a t 

c o n c e n t r a t i o n s 3.4 x r e q u i r e d c o n c e n t r a t i o n s , so as to 

give a f i n a l c o n c e n t r a t i o n range of 10 - 10 "*M. 

( i v ) Potassium Chloride/Ouabain 

17 s o l u t i o n s were prepared c o n t a i n i n g 4.4 x 20mM 

potassium c h l o r i d e and ouabain a t the f i n a l c o n c e n t r a t i o n 
—9 -3 

i n the range 10 M - 10 M. Each potassium c h l o r i d e / 

ouabain s o l u t i o n was matched w i t h a ouabain s o l u t i o n from 

( i i i ) . 
3 

The e q u i l i b r i a t i o n mixture (1.5 cm ) was prepared thus 
3 

0.5 cm S u b s t r a t e 
3 

0.5 cm buffered i o n i c medium 
3 

0.5 cm Ouabain 

+ + 

The a s s a y of Na -K -ATPase proceeded as f o l l o w s : 
3 

0.2 cm of an enzyme p r e p a r a t i o n was added to the pre-warmed 

e q u i l i b r i a t i o n mixture and the e q u i l i b r i a t i o n was allowed to proceed 

f o r 12 minutes. T h i s p r e i n c u b a t i o n time was used mainly f o r convenience 

s i n c e , from previous s t u d i e s ( W a l l i c k & Schwartz, 1974), a p r e i n c u b a t i o n 

period of 5-8 minutes was expected to be adequate f o r the e q u i l i b r i a t i o n 

of the enzyme w i t h ouabain at 37°C, even a t the lowest c o n c e n t r a t i o n 
+ + 

used m t h i s study. Na -K -ATPase a c t i v i t y was s t a r t e d by the a d d i t i o n 
3 

of 0.5 cm of a pre-warmed matched s o l u t i o n of potassium c h l o r i d e / 

ouabain. The r e a c t i o n was quenched a f t e r a s u i t a b l e run-time and 

the l i b e r a t e d i n o r g a n i c phosphate determined as p r e v i o u s l y d e s c r i b e d 

(Chapter 2.) The ouabain i n s e n s i t i v e ATPase a c t i v i t y was determined 

by the enzymic r e l e a s e of i n o r g a n i c phosphate under the same c o n d i t i o n s 
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-3 i n the presence of 10 M ouabain. Other s t u d i e s showed th a t the 
enzyme was s t a b l e under the p r e - i n c u b a t i o n and ass a y c o n d i t i o n s 
(see Chapter 4 ) . 

(3) Assay of K*-PNPase a c t i v i t y a t n o n - s a t u r a t i n g ouabain c o n c e n t r a t i o n s 

The assay c o n d i t i o n s w i t h r e s p e c t to temperature, pH and 

c o n c e n t r a t i o n of e s s e n t i a l l i g a n d s were as p r e v i o u s l y d e s c r i b e d f o r 

the standard a s s a y c o n d i t i o n s i n Chapter 2. The procedure was 

modified i n a manner d e s c r i b e d f o r the Na +-K +-ATPase so as to 

circumvent the problems of slow e q u i l i b r i a t i o n w i t h ouabain and 

the e f f e c t of potassium i o n on the k i n e t i c s of ouabain bin d i n g . 

Prepared s o l u t i o n s . 

( i ) S u b s t r a t e - 4.4 x 5mM p-nitrophenol phosphate; pH 7.5 

( T r i s / H C l ) . 

( i i ) B uffered magnesium s o l u t i o n 

4.4 x 50mM T r i s , pH 7.5 at 37°C 

4.4 x 5mM Magnesium c h l o r i d e 

( i i i ) Ouabain. As d e s c r i b e d f o r the Na +-K +-ATPase. 

( i v ) Potassium chloride/Ouabain. As d e s c r i b e d f o r the Na +-K +-

ATPase. 
3 

The e q u i l i b r i a t i o n mixture (1.5 cm ) was prepared thus 
3 

0.5 cm S u b s t r a t e 
3 

0.5 cm Buffered magnesium s o l u t i o n 
3 

0.5 cm Ouabain 

The execution of the p r e i n c u b a t i o n and assay was s i m i l a r to t h a t 

d e s c r i b e d f o r the Na +-K +-ATPase above. The p r e i n c u b a t i o n period was 

12 minutes and the K +-PNPase a c t i v i t y was s t a r t e d by the a d d i t i o n of 
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0.5 cm of potassium c h l o r i d e / o u a b a i n . The r e a c t i o n was quenched 

a f t e r a s u i t a b l e run time and the r e l e a s e d p - n i t r o p h e n o l determined 

as p r e v i o u s l y d e s c r i b e d (Chapter 2 ) . The ouabain i n s e n s i t i v e 

PNPase a c t i v i t y was determined by the enzymic r e l e a s e of p - n i t r o -
—3 

phenol under the same c o n d i t i o n s and i n the presence of 10 M ouabain. 

RESULTS 

The i n i t i a l experiments were aimed a t d e f i n i n g the dose response 
+ + . s e n s i t i v i t y of the r a t b r a i n Na -K -ATPase a c t i v i t y to ouabain. 

As shown i n f i g u r e 3.1 ( t y p i c a l data s e t ) , the decay of enzymic 

a c t i v i t y w i t h i n c r e a s i n g ouabain c o n c e n t r a t i o n appeared to d e s c r i b e 

a b i p h a s i c curve of apparent P ^ ^ q 6.9. At the low c o n c e n t r a t i o n s 

of the c a r d i a c g l y c o s i d e (10 ^ - 10 ^M), enzyme a c t i v i t y decayed 

w i t h i n c r e a s i n g c o n c e n t r a t i o n , to a ' p l a t e a u ' a t 65% (- 3%) of 

maximal a c t i v i t y i n the c o n c e n t r a t i o n range 10 ^ - 10 M̂. The 

r e s i d u a l a c t i v i t y (30% V ) was a b o l i s h e d a t the higher c o n c e n t r a t i o n s J max 
- 5 _ 3 

of ouabain (10 - 10 M). Since ouabain i n h i b i t i o n of the 

Na +-K +-ATPase has been shown to be uncompetitive w i t h r e s p e c t to 

ATP (Wolf & P e t e r , 1972), the r a t e equation d e s c r i b i n g the 

dependence of enzyme a c t i v i t y on ouabain c o n c e n t r a t i o n ( a t s a t u r a t i n g 

c o n c e n t r a t i o n s of a l l e s s e n t i a l l i g a n d s ) was expected to be of the form 

l max (3a) 
1 + ( I / K . ) 

V observed r a t e 
l 

V . . . maximal r a t e max 

I . . . . I n h i b i t i o n c o n c e n t r a t i o n 

, . . . Constant - c o n c e n t r a t i o n of i n h i b i t o r r e q u i r e d 

to produce h a l f maximal a c t i v i t y . 
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The decay curves d e s c r i b e d by t h i s equation (3a) are monophasic 

and the decay from 95% a c t i v i t y to 5% a c t i v i t y spans j u s t over two 

orders of magnitude of i n h i b i t o r c o n c e n t r a t i o n . These curves 

converge at the e x t r e m i t i e s of i n h i b i t o r c o n c e n t r a t i o n and d i l u t i o n , 

and do not i n t e r s e c t ( see f i g u r e 3 . 2 ) . The decay curve d e s c r i b e d 

by the r a t b r a i n p r e p a r a t i o n deviated from the form p r e d i c t e d by 

the equation ( 3 a ) , e s p e c i a l l y a t thehigher c o n c e n t r a t i o n s of ouabain. 

E a r l i e r r e p o r t s (Tobin & Brody, 1972; Akera, Brody, So, Tobin & 

B a s k i n , 1974) have d e s c r i b e d Na T-K^-ATPase p r e p a r a t i o n s obtained 

from r a t t i s s u e s as being r e l a t i v e l y i n s e n s i t i v e to ouabain. 

Thus the i n i t i a l experiments suggested t h a t the reported 'ouabain 

i n s e n s i t i v i t y ' of Na + -K +-ATPase p r e p a r a t i o n s obtained from r a t 

t i s s u e s may be the r e s u l t of the apparent 'anomalous' behaviour a t 

the higher ouabain c o n c e n t r a t i o n s . T h i s c o n s i d e r a t i o n was approached 

ex p e r i m e n t a l l y by measuring the dose response s e n s i t i v i t y of 
+ + 

Na -K -ATPase p r e p a r a t i o n s from a v a r i e t y of s o u r c e s . 

F i g u r e 3 .3 shows the ouabain dose response curves d e s c r i b e d 

by the Na +-K +-ATPase p r e p a r a t i o n s obtained from the four mammals 

used i n t h i s study. These curves a l l tend towards convergence 
~9 

at i n f i n i t e d i l u t i o n ( 10 M) and are a l l c h a r a c t e r i s e d by an 

obvious i n f l e c t i o n which g i v e s the appearance of a r e l a t i v e i n s e n s i t i v i t y 

to ouabain at c o n c e n t r a t i o n s near 10 (10 ^ - 10 "*M). The 
f i n a l decay towards zero a c t i v i t y a t c o n c e n t r a t i o n s approaching 

- 3 

10 M ouabain. The d e v i a t i o n from the form expected of a simple 

uncompetitive i n h i b i t i o n system (as evidenced by the i n f l e c t i o n i n 

the curves) i s most pronounced i n the r a t b r a i n p r e p a r a t i o n s and i s 

c o n s i d e r a b l y l e s s obvious i n the hedgehog p r e p a r a t i o n s . T h i s , 

however, i s not r e f l e c t e d i n the apparent pI^Q v a l u e s (see Table 3*1) 

which suggest that the mouse p r e p a r a t i o n (apparent p l r n 7.29) i s the 
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TABLE 3.1 

Apparent plgg v a l u e s d e f i n i n g the ouabain i n h i b i t i o n 

of the Na +-K +-ATPase 

T i s s u e Source Apparent p I 5 Q 

Rat B r a i n 6.95 

Hamster B r a i n 6.80 

Mouse B r a i n 7.29 

Hedgehog B r a i n 6.99 

Frog B r a i n 7.34 

Xenopus B r a i n 7.62 

Carp B r a i n 7.79 

Trout B r a i n 7.75 

S t a r l i n g B r a i n 7.58 

Pigeon B r a i n 7.40 

Lo c u s t ' B r a i n ' 5.79 

Cockroach ' B r a i n ' 6.49 
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most ouabain s e n s i t i v e of the mammalian p r e p a r a t i o n s studied w i t h the 

l e a s t ouabain s e n s i t i v e of these being the hamster p r e p a r a t i o n 

(apparent pltjQ 6.8). 

The ouabain i n h i b i t i o n of the Na +-K +-ATPase from non-

mammalian v e r t e b r a t e s appeared to d e s c r i b e monophasic decay curves 

(See f i g u r e s 3.A - 3.8). A c l o s e r i n s p e c t i o n of these c u r v e s , 

showed t h a t the enzyme a c t i v i t y range of 5% V - 95% V spanned 

n e a r l y four orders of magnitude of ouabain c o n c e n t r a t i o n , as opposed 

to the two orders of magnitude expected of the simple uncompetitive 

i n h i b i t i o n system. I n these c a s e s , the curves d e s c r i b e d a sharp 

decay of a c t i v i t y to 10 - 20% V f o r ouabain c o n c e n t r a t i o n s up to J J max v 

- 7 . . 

10 M. The r e s i d u a l 10% a c t i v i t y appeared to be r e l a t i v e l y ouabain 

i n s e n s i t i v e decaying f i n a l l y to zero a t ouabain c o n c e n t r a t i o n s near 
-A + + 10 M. I n g e n e r a l , the Na -K -ATPase p r e p a r a t i o n s from these 

non-mammalian v e r t e b r a t e s were more s e n s i t i v e to ouabain than those 

from the mammals, w i t h the decay of a c t i v i t y of the former o c c u r r i n g 

a t lower ouabain c o n c e n t r a t i o n s . T h i s was r e f l e c t e d i n the l a r g e r 

v a l u e s f o r the apparent p l ^ ' s (see Table 3.1) obtained f o r these 

p r e p a r a t i o n s (apparent pl^Q 7.3 - 7.8). 

The ouabain i n h i b i t i o n of the Na +-K +-ATPase p r e p a r a t i o n s from 

the two i n s e c t s s tudied d e s c r i b e d simple monophasic decay curves which 

appeared to show l i t t l e , or no, d e v i a t i o n from the form expected of 

simple uncompetitive i n h i b i t i o n (see f i g u r e 3 . 8 ) . T h i s was 

suggested by the observed decay from 95% V - 5% V over a ouabain 
J max max 

c o n c e n t r a t i o n range of approximately two orders of magnitude. The 

apparent pI^Q v a l u e s obtained f o r these p r e p a r a t i o n s (Table 3 . 1 ) , 

i n d i c a t e d a r e l a t i v e l y low s e n s i t i v i t y to ouabain w i t h the l o c u s t 
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F i g u r e 3 o 8 

Dose response k i n e t i c s as d e s c r i b e d by t h e two 
p o p u l a t i o n and k i n e t i c dimer models <> 

a Decay p a t t e r n e x p e c t e d f o r t h e two p o p u l a t i o n model 
o f t h e f o l l o w i n g p a r a m e t e r s : 

K £ - 3 o 0 x 1 0 ~ 7 

3 - 8 5 0 

<j> - 0 . . 6 5 

- 0 „ 4 5 

• Decay p a t t e r n e x p e c t e d f o r t h e c o - o p e r a t i v e k i n e t i c . dim<v 

model of t h e f o l l o w i n g p a r a m e t e r s : 

K. - 2 „ 0 x 1 0 ~ 7 

x 

3 - 5 5 0 

4> - 0 „ 4 5 
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p r e p a r a t i o n (apparent pI^Q 5.79) being the l e a s t ouabain s e n s i t i v e 
of a l l the p r e p a r a t i o n s s t u d i e d . 

The above measurements suggested t h a t the apparent 'anomalous' 

ouabain dose response curves i n i t i a l l y observed f o r the r a t b r a i n 
+ + • 

Na -K -ATPase p r e p a r a t i o n , w h i l e probably c o n t r i b u t i n g to the reported 

ouabain s e n s i t i v i t y of these p r e p a r a t i o n s , were not unique to 

Na +-K +-ATPase p r e p a r a t i o n s from t h i s source. S i m i l a r s e t s of 

o b s e r v a t i o n s have a l s o been reported f o r the Na +-K +-ATPases from 

murine plasmocytoma c e l l s ( L e L i e v r e , Charlemagne, P a r a f , Jonkman-

Bark & Z i l b e r f a r b , 1976; L e L i e v r e , Charlemagne & P a r a f , 1976; 

Zachowski, L e L i e v r e , Aubry, Charlemagne & P a r a f , 1977), Hela c e l l s 

(Robbins & Baker, 1977) and p i g h e a r t (Schwartz, Lindenmayer & A l l e n , 

1975). These measurements a l s o suggested t h a t the dose response sensitivity 

of the Na +-K +-ATPase i s a very complex f u n c t i o n of ouabain c o n c e n t r a t i o n . 

T h i s had been p r e v i o u s l y suggested by r e p o r t s of ouabain binding 

to the enzyme being d e s c r i b e d by n o n - l i n e a r Scatchard p l o t s (Taniguchi 

& I i d a , 1972a;Hansen, 1976) i n which the o b s e r v a t i o n s were i n t e r p r e t e d 

to be i n d i c a t i v e of two types of ouabain binding s i t e s on the 

Na +-K +-ATPase. The observed b i p h a s i c decay curves d e s c r i b e d by 

the mammalian p r e p a r a t i o n s i n t h i s study were c o n s i s t e n t w i t h the 

above i n t e r p r e t a t i o n . However, the o b s e r v a t i o n t h a t the behaviour 

of Na +-K +-ATPase p r e p a r a t i o n s ranged from an apparent agreement w i t h 

simple uncompetitive i n h i b i t i o n , to the 'anomalous' form d e s c r i b e d 

by the r a t b r a i n p r e p a r a t i o n , suggested t h a t the o b s e r v a t i o n s may 

a l l be r e s o l v e d i n a g e n e r a l d e s c r i p t i o n of which the behaviour 

d e s c r i b e d by p r e p a r a t i o n s l i k e the r a t and the i n s e c t s are near to the 

l i m i t i n g extremes. These ideas were developed along two l i n e s : 
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(a) The membrane p r e p a r a t i o n s contained two independent 

s i g n i f i c a n t populations of Na -K -ATPase enzymes. 

(b) The f u n c t i o n a l Na +-K +-ATPase i s a k i n e t i c dimer with 

c o - o p e r a t i v i t y between the subumts . 

The f i r s t of these has been suggested as p o s s i b l e reasons 

f o r n on-ideal Scatchard binding of ouabain to the Na +-K +-ATPase 

(Taniguchi & I i d a , 1972 a;Hansen, 1976). T h i s model d e s c r i b e s 

a system i n which the t o t a l enzyme assayed (Eo) i s a mixture of 

two independent populations (A q and B q ) . The r a t e equation 

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

would be given by the equations: 

V. = ctA + 0B l 
V = aA + 0B max o o 

A + B . . . f r e e forms of the enzymes 

a . . . Rate constant f o r the s p e c i e s A 

G . . . Rate constant f o r the s p e c i e s B 

V . . . Maximal a c t i v i t y max J 

The subunit i n t h i s d i s c u s s i o n i s defined as the minimum 

assemblage of p r o t e i n s p e c i e s r e q u i r e d f o r the h y d r o l y s i s 

of one molecule of ATP under s a t u r a t i o n c o n c e n t r a t i o n s of 

e s s e n t i a l l i g a n d s . 



- 4 9 -

Since i t must be assumed th a t the a f f i n i t i e s f o r the c a r d i a c 
g l y c o s i d e a r e d i f f e r e n t , then the e q u i l i b r i u m between the f r e e 
s p e c i e s (A and B) and the bound s p e c i e s (A^ and B^) i n the presence 
of a given c o n c e n t r a t i o n of the i n h i b i t o r ( I ) can be w r i t t e n 

K = A. I 
1 

K a . . . i n h i b i t o r e q u i l i b r i u m constant f o r A 

= B. I 
B. 

l 

. . . i n h i b i t o r e q u i l i b r i u m constant f o r B 

The e s s e n t i a l c o n s e r v a t i o n equations d e s c r i b i n g the above e q u i l i b r i a 

are given by 

A = A + A. o 1 

B = B + B. o 1 

E = A + B o o o 
Given t h a t the absolute r a t e c o n s t a n t s a and 6 are not e x p e r i m e n t a l l y 

a c c e s s i b l e , a parameter <f> can be defi n e d such that <j>= 6 / a . 

I f , i n a d d i t i o n , ¥ r e p r e s e n t s the f r a c t i o n of the s p e c i e s B i n the 

sample ( i . e . ¥ = B 0 / E
0 ) then the observed r a t e (V^) can be shown 

to be giv e n by the equation: 

(1 - y) + (fry 
(1 + I/K ) (1 + I/K.) 

V. = V * _ (3b) 
l max 

(1 - Y ) + $V 

The a l t e r n a t i v e l i n e d e s c r i b e s the Na +-K +-ATPase as a d i m e r i c s p e c i e s 

(E~E) w i t h c o - o p e r a t i v i t y between the s u b u n i t s . The enzyme i s 
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considered to be a symmetrical dimer such t h a t c a t a l y t i c a c t i v i t y 

of the f r e e s p e c i e s ( E _ E ) can be d e s c r i b e d i n terms of a mean s i t e 

r a t e constant ( K r ) . Thus at s a t u r a t i n g c o n c e n t r a t i o n s of e s s e n t i a l 

l i g a n d s , the maximal a c t i v i t y ( ^ m a x ) c a n ^ e g i v e n i n terms of the 

t o t a l enzyme c o n c e n t r a t i o n ( E Q ) 

i . e . V = 2K E 
max r o 

As d e s c r i b e d , t h e r e would be an equal p r o b a b i l i t y of the i n h i b i t o r 

(ouabain) binding to any one s i t e on the f r e e enzyme. However, the 

binding of ouabain to any one s i t e , a b o l i s h e s the c a t a l y t i c a c t i v i t y 

of t h a t s i t e and by c o - o p e r a t i v i t y e f f e c t s , a l t e r s the c a t a l y t i c 

e f f i c i e n c y of the other s i t e by a f a c t o r and a l s o a l t e r s the 

apparent ouabain e q u i l i b r i u m constant of the other s i t e by a f a c t o r 3. 

Thus the e q u i l i b r i a and c o n s e r v a t i o n equations d e s c r i b i n g the system 

can be w r i t t e n thus: 

K i = E„E . I . . . i n h i b i t o r a f f i n i t y constant f o r the 
E„E£ f r e e dimer 

E.E^ . . s p e c i e s w i t h one s i t e blocked w i t h 
i n h i b i t o r 

I . . . c o n c e n t r a t i o n of i n h i b i t o r 

f5K^= E„E^ . 1 E.„E. . s p e c i e s w i t h both s i t e s blocked w i t h 
— — i n h i b i t o r 

l l 

E = E„E + E...E. + E.„E o 1 1 1 

V i = 2K rE>E + <(iK rE i.E 

From these equations, an equation d e s c r i b i n g the observed r a t e as a 

f u n c t i o n of the c o n c e n t r a t i o n of the i n h i b i t o r can be d e r i v e d . 
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l . e. V. max 2 + 

i + C 1 7 ^ ) + ( ^ / 3 K T ) 

(3c) 

The dose response curves d e s c r i b e d by the equations (3b) and (3c) 

are both b i p h a s i c i n the manner suggested by the experiments (see 

f i g u r e 3 . 8 ) . T h i s a r i s e s because both models p o s t u l a t e the 

e x i s t e n c e of two c a t a l y t i c a l l y a c t i v e s p e c i e s a t n o n - s a t u r a t i n g 

c o n c e n t r a t i o n s of the i n h i b i t o r (ouabain)= As a r e s u l t , the models 

can not be d i s t i n g u i s h e d by the type of dose-response measurements 

p r e v i o u s l y d e s c r i b e d . A p o s s i b l e approach to t h i s problem was 

suggested by the r e s u l t s of the thermal i n a c t i v a t i o n of t h i s enzyme 

(see Chapter 1 ). 

A study of the k i n e t i c s of i s o t h e r m a l d e n a t u r a t i o n of the 
+ + -7 

Na -K -ATPase (Chapter ' ) r e v e a l e d a complex decay process which 

could be d e s c r i b e d by any one of two schemes: 

Scheme A 

Scheme B 

a c t i v e 
K, denatured enzyme 

K 2—»• denaturated enzyme a c t i v e 

& . . . decay c o n s t a n t s K ^ ^ , 

K l B a c t i v e a c t i v e denatured enzyme 

& K2 . . . decay constants K ^ I L , 

As d e s c r i b e d i n Chapter 7, the scheme A i s compatible w i t h the 

+ „+ d e s c r i p t i o n of the Na -K -ATPase d e f i n i n g two independent p o p u l a t i o n s , 
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w h i l e the l a t t e r decay scheme i s c o n s i s t e n t w i t h the d e s c r i p t i o n of 

the Na +-K +-ATPase as a d i m e r i c enzyme. S i n c e both schemes d e s c r i b e d 

the i s o t h e r m a l d e n a t u r a t i o n i n terms of two s p e c i e s (A & B) with 

the s p e c i e s B being of g r e a t e r thermal s t a b i l i t y ( i . e . K ^ K p 

i t was, i n p r i n c i p l e , p o s s i b l e to prepare a sample i n which a l l 

s i g n i f i c a n t Na +-K +-ATPase a c t i v i t y was a t t r i b u t a b l e to the more 

thermo-stable s p e c i e s . T h i s was achieved by h e a t i n g a normal 

p r e p a r a t i o n at a temperature and f o r a period of time such that the 

thermal i n a c t i v a t i o n p r o c e s s proceeded f o r ten h a l f l i v e s of the 

' t h e r m o - l a b i l e ' s p e c i e s and two h a l f l i v e s of the ? t h e r m o - s t a b l e ' 

s p e c i e s ( e x a c t c o n d i t i o n s d e s c r i b e d i n Chapter 9 ) . The p r e p a r a t i o n 

so obtained (heat t r e a t e d p r e p a r a t i o n ) could then be used f o r the 

c h a r a c t e r i s a t i o n of i t s dose response s e n s i t i v i t y to ouabain. 

F i g u r e 3.9 shows the ouabain dose response curves d e s c r i b e d 

by c o n t r o l and h e a t - t r e a t e d p r e p a r a t i o n s from r a t b r a i n and t r o u t 

b r a i n . The curves d e s c r i b e d by both heat t r e a t e d p r e p a r a t i o n s are 

monophasic and the decay from 95% V to 5% V spans two orders 
max max 

of magnitude of ouabain c o n c e n t r a t i o n . When compared w i t h the 

c o n t r o l p r e p a r a t i o n s , there was a w e l l defined change i n the shape 

of the decay curves and a s i g n i f i c a n t change i n t h e i r apparent ouabain 

s e n s i t i v i t i e s as estimated from the apparent pI^Q v a l u e s (Table 3.2). 

I n both c a s e s , there was a decrease i n the apparent ouabain s e n s i t i v i t y 

of the heat t r e a t e d p r e p a r a t i o n s . However, the change i n the 

apparent ouabain s e n s i t i v i t y a f t e r heat treatment was c o n s i d e r a b l y 

g r e a t e r i n the case of the r a t b r a i n p r e p a r a t i o n . 
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TABLE 3.2 

E f f e c t of heat treatment on the ouabain pI^Q v a l u e s 

of the Na +-K +-ATPase 

T i s s u e Source * 
Apparent pl,.„ Values T i s s u e Source 

,A Co n t r o l Heat T r e a t e d * 

Rat B r a i n 

Trout B r a i n 

6.95^0.003 

7.75-0.008 

4.04^0.008 

7.29-0.007 

* Values mean of 4 p r e p a r a t i o n s - 1 Standard d e v i a t i o n 

A Values estimated by i n t e r p o l a t i o n 

A Values estimated by f i t t i n g an uncompetitive i n h i b i t i o n curve 
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The above o b s e r v a t i o n , t h a t the ouabain dose response 

s e n s i t i v i t i e s of the heat t r e a t e d p r e p a r a t i o n s d e s c r i b e d mono-

p h a s i c decay c u r v e s , t h a t were d e f i n a b l e i n terms of simple 

uncompetitive i n h i b i t i o n , i s c o n s i s t e n t w i t h both the thermal 

i n a c t i v a t i o n schemes p r e v i o u s l y d e s c r i b e d . Both schemes p r e d i c t e d 

t h a t the heat treatment procedure employed should produce a sample 

i n which a l l the s i g n i f i c a n t Na +-K f-ATPase a c t i v i t y was a t t r i b u t a b l e 

to a s i n g l e o n e - s i t e s p e c i e s , and f o r such a s p e c i e s , the d e s c r i p t i o n 

of a simple uncompetitive i n h i b i t i o n i s i n e v i t a b l e . S i n c e the 

thermal i n a c t i v a t i o n scheme A p r e d i c t e d t h a t the p r o p e r t i e s of the 

heat t r e a t e d p r e p a r a t i o n should be i d e n t i c a l to those of one of the 

populations i n the p o s t u l a t e d mixture, i t was p o s s i b l e to t e s t the. 

f e a s i b i l i t y of t h i s d e s c r i p t i o n by comparing the ouabain s e n s i t i v e 

p r o p e r t i e s of the heat t r e a t e d samples with those t h a t would be 

d e f i n e d i f the system were t r e a t e d as a mixture of two independent 

p o p u l a t i o n s . 

I f the 'anomalous' dose response s e n s i t i v i t y of the Na^-K"*"ATPase 

were taken to be the r e s u l t of the presence of two independent p o p u l a t i o 

of the enzyme i n the membrane p r e p a r a t i o n s , then the dose response 

curves d e s c r i b e d would be the summation of two uncompetitive i n h i b i t i o n 

dose response curves,, S i n c e the s i g n i f i c a n t p a r t s of such c u r v e s a r e 

d e s c r i b e d over two orders c f magnitude of i n h i b i t o r c o n c e n t r a t i o n s , 

i t f o l l o w s t h a t , as i l l u s t r a t e d i n f i g u r e 3 «10» the composite curve 

can be r e s o l v e d i n t o i t s two component curves from which e s t i m a t e s 

of the apparent i n h i b i t o r e q u i l i b r i u m c o n s t a n t s (and consequently 

t h e i r apparent v a l u e s ) can be obtained. Table 3.3 l i s t s the 

.apparent p l c ^ v a l u e s f o r the heat t r e a t e d r a t b r a i n and t r o u t b r a i n 

p r e p a r a t i o n s , and those v a l u e s obtained by r e s o l v i n g the curves 
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TABLE 3.3 

Comparison of ouabain P^^Q v a l u e s w i t h those c a l c u l a t e d 

f o r the two populations of Na +-K +-ATPase enzymes 

* 
Apparent pI^Q v a l u e s 

T i s s u e source Heat t r e a t e d A 
membrane 

High a f f i n i t y A 
pop u l a t i o n 

Low a f f i n i t y A 
population 

Rat B r a i n 4.04^0.008 7.70^.01 4.96^0.03 

Trout B r a i n 7.29^0.007 8.06^0.02 5.88^0.04 

* Values mean of 3 p r e p a r a t i o n s - 1 standard d e v i a t i o n 

A Values estimated by f i t t i n g an uncompetitive i n h i b i t i o n 
curve. 

A Values estimated by i n t e r p o l a t i o n on the uncompetitive 
i n h i b i t i o n curves r e s o l v e d from the c o n t r o l c u r v e s . 
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d e s c r i b e d by the r e l e v a n t c o n t r o l p r e p a r a t i o n s , i n the manner 

i l l u s t r a t e d i n f i g u r e 3.10. I n both c a s e s , the apparent pI^Q 

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

from those obtained by the r e s o l u t i o n of the c o n t r o l curves i n t o 

two uncompetitive i n h i b i t i o n c u r v e s . The heat t r e a t e d r a t b r a i n 

p r e p a r a t i o n was found to be l e s s ouabain s e n s i t i v e (P^^Q 4.04) 

than any of the p o s t u l a t e d populations ( p ^ g v a l u e s 7.7 and 4.96). 

I n the case of the t r o u t 5 the ouabain s e n s i t i v i t y of the heat t r e a t e d 

p r e p a r a t i o n (plcjg 7.33) was g r e a t e r than t h a t of the 'low a f f i n i t y 1 

population ( P ^ Q 5.89), but s i g n i f i c a n t l y l e s s than that of the 

'high a f f i n i t y 1 population (pI^Q 8.06). 

The f a i l u r e to match the ouabain s e n s i t i v e p r o p e r t i e s of the 

heat t r e a t e d p r e p a r a t i o n w i t h any of those t h a t would be d e s c r i b e d 

f o r a mixture of two Na +-K +-ATPase enzymes, argued a g a i n s t the presence 

of such a mixture. Although such a mixture has been proposed to account 

f o r the 'anomalous' ouabain binding to the Na +-K +-ATPase (Taniguchi 

& I i d a , 1972a;Hansen, 1976), r e c e n t r e p o r t s have presented evidence i n 

favour of a d i m e r i c s t r u c t u r e f o r the Na +-K +-ATPase (Kyte, 1975; 

Grisham & Mildvan, 1975; L i a n g & Winter., 1977). The evidence 
+ + 

presented i n these r e p o r t s , favoured the f u n c t i o n a l Na -K -ATPase 

as being made up of two subunits each of which i s an assembly of one 

l a r g e polypeptide (M.W.21 95,000-100,000) and one s i a l o - g l y c o p r o t e i n 

(M.W.= 45,000-55,000). Since i t has been demonstrated t h a t the l a r g e 

polypeptide c o n t a i n s the ATP phosphorylation s i t e (Kyte, 1971a) and the 

ouabain binding s i t e (Ruoho & Kyte, 1974), the s t r u c t u r a l dimer 

de s c r i b e d i n these r e p o r t s , i s compatible w i t h the k i n e t i c dimer 

d e s c r i b e d i n the model (b) above. Consequently t h i s d e s c r i p t i o n 

was implemented as the framework f o r i n t e r p r e t i n g the ouabain dose 
+ + 

response s e n s i t i v i t y of the Na -K -ATPase. 
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Equation (3c) d e s c r i b e s the dose response k i n e t i c s i n 

terms of the four d e f i n i n g parameters V , <|>, 0 and K.. Under 
max I 

c o n d i t i o n s of s a t u r a t i o n c o n c e n t r a t i o n s of e s s e n t i a l l i g a n d s , V 
max 

d e f i n e s the maximal a c t i v i t y ( i . e . observed a c t i v i t y i n the absence 

of i n h i b i t o r ) , K. d e f i n e s the c o n c e n t r a t i o n of i n h i b i t o r needed to 

h a l f - s a t u r a t e the ' f i r s t ' s i t e on the dimer, <}> d e f i n e s the extent 

to which the c a t a l y t i c e f f i c i e n c y of the second s i t e i s a l t e r e d 

( r e l a t i v e to the mean s i t e a c t i v i t y d e f i n i n g V c o n d i t i o n s ) by 
•J **» m a x ' j 

ouabain binding to the f i r s t s i t e , and 3 d e f i n e s the extent to which 

i n h i b i t o r binding to the f i r s t s i t e a l t e r s the a f f i n i t y of the second 

s i t e f o r the i n h i b i t o r , such t h a t f5K^ r e p r e s e n t s the c o n c e n t r a t i o n 

of i n h i b i t o r needed to h a l f s a t u r a t e the second s i t e on the dimer. 

T h i s equation can be t r e a t e d as a numerical problem i n v o l v i n g a 

dependent v a r i a b l e ( V ^ ) , an independent v a r i a b l e ( I ) and four 

a d j u s t a b l e parameters, and as such i t can be solved n u m e r i c a l l y 

by a computer a s s i s t e d n o n - l i n e a r l e a s t squares m i n i m i s a t i o n 

procedure (see Appendix I I ) . Table 3.4 l i s t s the v a l u e s of the 

d e f i n i n g parameters returned f o r the v a r i o u s p r e p a r a t i o n s (except 

those obtained from the i n s e c t s ) by a computer programme employing 

such a procedure. These r e s u l t s show very small d i f f e r e n c e s among 

the v a r i o u s p r e p a r a t i o n s w i t h r e s p e c t to the parameter (ouabain 

c o n c e n t r a t i o n needed f o r h a l f s a t u r a t i o n of the f i r s t s i t e ) . A l l 
—8 

the v a l u e s returned f o r t h i s parameter were i n the range 1 x 10 -8 
6 x 10 M. The v a l u e s r e t u r n e d f o r the mammalian p r e p a r a t i o n s (2.3 x 

pr e p a r a t i o n s from the non mammalian v e r t e b r a t e s (1 x 10 - 3.5 x 10 M). 

The v a l u e s returned f o r the <j> parameter ( f a c t o r by which the c a t a l y t i c 

e f f i c i e n c y of the second s i t e i s a l t e r e d by ouabain binding to the 

f i r s t s i t e ) , are a l l l e s s than u n i t y , w i t h those f o r the mammalian 

8 6 x 10 - 8M) 10 were g e n e r a l l y higher than those returned f o r the 
-8 -8, 
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TABLE 3.4 

L i s t of parameters d e f i n i n g the ouabain i n h i b i t i o n 

of the Na +-K +-ATPase from d i f f e r e n t s o u r c e s . 

T i s s u e Source n ^ D e f i n i n g Parameters T i s s u e Source n 
K i e 

Rat B r a i n 4 0.799 ±0.031 2.32xlO~ 8-3.5xlO~ 9 866^25 

Hamster B r a i n 4 0.675 ±0.027 5.25xlO~ 8 ±1.0xlO~ 9 399 !12 

Mouse B r a i n 4 0.555-0.061 2.30xlO~ 8 ±9.8xlO~- L° 1154-170 

Hedgehog B r a i n 2 0.619 ±0.026 4 . 1 1 x l 0 " 8 ± 8 . 0 x l 0 " 1 0 153^16 

Frog B r a i n 2 0.355^0.022 2.99xlO~ 8 ±1.4xlO~ 9 90*11 

Xenopus B r a i n 2 0.293-0.021 1 . 7 1 x l 0 " 8 ± 8 . 3 x l 0 " " 1 0 282-40 

Carp B r a i n 2 0.207*0.019 1 . 3 3 x l 0 ~ 8 ± 9 . 5 x l 0 " 1 0 163-23 

Trout B r a i n 4 0.336^0.08 1 . 1 9 x l 0 ~ 8 ± 6 . O x l o " 1 0 157*43 

S t a r l i n g B r a i n 3 0.117-0.05 2 . 3 4 x l 0 " 8 ± 4 . 3 x l 0 " 9 181*51 

Pigeon B r a i n 2 0.173-0.02 3 . 3 1 x l 0 " 8 ± 9 . 9 x l 0 " 1 0 101*14 

Values mean of n p r e p a r a t i o n s - 1 standard d e v i a t i o n 
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p r e p a r a t i o n s (0.5 - 0.8) being g r e a t e r than those returned f o r the 

non-mammalian v e r t e b r a t e s (0.1 0 . 4 ) . These v a l u e s d e s c r i b e a 

system i n which the binding of ouabain to the f i r s t s i t e , r e s u l t s 

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

I n a l l c a s e s the v a l u e s f o r the 3 parameter ( f a c t o r by which the 

apparent ouabain e q u i l i b r i u m constant of the second s i t e i s a l t e r e d 

by ouabain binding to the f i r s t s i t e ) were v e r y much g r e a t e r than 

u n i t y , w i t h the v a l u e s returned f o r the mammalian p r e p a r a t i o n s 

(150-1200) being g e n e r a l l y g r e a t e r than those returned f o r the 

non mammalian v e r t e b r a t e s (80 - 300). The v a l u e s d e s c r i b e d a 

system i n which the binding of ouabain to one of the s i t e s on the 

dimer, r e s u l t e d i n a r e d u c t i o n i n the ouabain s e n s i t i v i t y of the 

other s i t e . 

The data obtained from the i n s e c t p r e p a r a t i o n s was not optimised 

by the computer a s s i s t e d procedure used. These p r e p a r a t i o n s 

appeared to be b e t t e r d e s c r i b e d by simple uncompetitive i n h i b i t i o n 

c u r v e s . I n p r i n c i p l e these o b s e r v a t i o n s can be accommodated w i t h i n 

the model d e s c r i b e d by assuming that one or both of the c o - o p e r a t i v i t y 

parameters (<|> and (3) i s very s m a l l . However, d i r e c t experimental 

support f o r such a s u p p o s i t i o n was precluded by the n e c e s s i t y f o r 

having to ass a y v e r y low l e v e l s of enzyme a c t i v i t y , and by the 

u n a v a i l a b i l i t y of the i n s e c t p r e p a r a t i o n s i n the q u a n t i t i e s needed 

f o r thermal i n a c t i v a t i o n s t u d i e s . A p o s s i b l e approach to t h i s 

problem was suggested by the o b s e r v a t i o n t h a t the ouabain dose response 

s e n s i t i v i t i e s of the Na +-K +-ATPase and K +-PNPase from heat t r e a t e d 

r a t b r a i n p r e p a r a t i o n s were not s i g n i f i c a n t l y d i f f e r e n t from each 

other (see Chapter 9 ) . Given that the c a r d i a c g l y c o s i d e i n t e r a c t s 

w i t h the phosphorylated i n t e r m e d i a t e , and s i n c e the p r o p e r t i e s of t h a t 
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intermediate must be independent of the method i f i t s formation, 

the above o b s e r v a t i o n i s c o n s i s t e n t w i t h the presence of a s i n g l e 

o n e - s i t e ouabain s e n s i t i v e s p e c i e s i n the heat t r e a t e d p r e p a r a t i o n . 

Thus, i f the i n s e c t p r e p a r a t i o n s are genuinely d e s c r i b e d by a simple 

uncompetitive i n h i b i t i o n system, no d i f f e r e n c e would be expected 

between the dose response s e n s i t i v i t y curves of the Na +-K +-ATPase 

and K +-PNPase a c t i v i t i e s of such p r e p a r a t i o n s . F i g u r e 3 .11 

shows the ouabain dose response curves f o r the Na +-K +-ATPase 

and K +-PNPase from the l o c u s t ' b r a i n ' p r e p a r a t i o n . T h i s d e s c r i b e s 

the K +-PNPase curve as being a monophasic decay curve, and l i k e 

the Na +-K +-ATPase i t can be i n terms of simple uncompetitive i n h i b i t i o n 

s i n c e the s i g n i f i c a n t p a r t of the curve (95% V - 5% V ) spans 
max max 

two orders of magnitude of ouabain c o n c e n t r a t i o n . However, the 

apparent ouabain s e n s i t i v i t y of the Na +-K +-ATPase (apparent P^^Q 

5.79) was s i g n i f i c a n t l y g r e a t e r than t h a t of the K +-PNPase (apparent 

p I ^ Q 4.76). T h i s r e s u l t w h i l s t not d i r e c t l y supporting the 

s u p p o s i t i o n t h a t the ouabain dose response s e n s i t i v i t i e s of the 

i n s e c t p r e p a r a t i o n s were d e f i n a b l e as l i m i t i n g c ases of the model 

implemented, suggested t h a t t h e i r observed c o n s i s t e n c y w i t h simple 

uncompetitive i n h i b i t i o n k i n e t i c s , was probably b e t t e r defined as 

the l i m i t i n g extreme of a more complex system. 

DISCUSSION 

The r e s u l t s of t h i s study suggest a d e s c r i p t i o n of the ouabain 

i n h i b i t i o n of the Na +-K +-ATPase i n which the dose response s e n s i t i v i t y 

i s a complex f u n c t i o n of ouabain c o n c e n t r a t i o n . Such a d e s c r i p t i o n i s 

supported by the o b s e r v a t i o n t h a t most of the p r e p a r a t i o n s studied 
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are c h a r a c t e r i s e d by a r e l a t i v e i n s e n s i t i v i t y to ouabain at 

c o n c e n t r a t i o n s near 10 M̂. I n the cases where the dose response 

s e n s i t i v i t i e s are d e f i n a b l e i n terms of simple uncompetitive 

i n h i b i t i o n k i n e t i c s (e.g. the i n s e c t p r e p a r a t i o n s ) , the comparison 
+ + + of the Na -K -ATPase and K -PNPase a c t i v i t i e s w i t h r e s p e c t to 

t h e i r ouabain s e n s i t i v i t i e s suggest t h a t the apparent c o n s i s t e n c y 

w i t h the simple system i s probably b e t t e r d e s c r i b e d as the 

l i m i t i n g case of a more complex system, s i n c e the apparent ouabain 

s e n s i t i v i t y v a r i e s w i t h the phoephorylating l i g a n d used* Therefore 

the r e s u l t s of t h i s study compare favourably w i t h the reported 

n o n - l i n e a r Scatchard p l o t s d e s c r i b e d by ouabain binding to the 

Na +-K +-ATPase (Taniguchi & I i d a , 1972 a;Hansen, 1976), and the 

complex system suggested by the observed v a r i a t i o n of the ouabain 

s e n s i t i v i t y w i t h the nature of the phosphorylating l i g a n d used 

(Chapter 10; Bond & Post, 1971; I s r a e l & T i t u s , 1967; Yoshida, 

Izumi & Nagai, 1966). 

The apparent ouabain s e n s i t i v i t y of the v a r i o u s p r e p a r a t i o n s 

as would be estimated from the pI^Q v a l u e s , was found to be g r e a t e r 

than those v a l u e s of s i m i l a r p r e p a r a t i o n s p r e v i o u s l y reported (Grasso, 

1967; Bonting, 1966; Tobin & Brody, 1972). However, t h i s was 

expected s i n c e , w i t h few e x c e p t i o n s , most of the P I ^ Q v a l u e s 

reported i n the l i t e r a t u r e were not determined by a s i m i l a r p r e 

i n c u b a t i o n assay procedure designed to circumvent the problems of 

slow e q u i l i b r i a t i o n w i t h ouabain and the e f f e c t s of potassium i o n . 

Previous r e p o r t s (Akera, 1971; Tobin & Brody, 1972) have shown th a t 

i n the absence of such a p r e i n c u b a t i o n s t e p , the apparent pI^Q 

v a l u e s were found to be s m a l l e r , and i n a d d i t i o n the v a l u e s so obtained 

were dependent upon the a s s a y time ( A l l e n & Schwartz, 1970). However, 

i n cases where comparable v a l u e s are a v a i l a b l e (Akera, 1971; Tobin 

& Brody, 1972), the v a l u e s reported compared favourably w i t h those 
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found i n t h i s study. I n s p i t e of t h i s agreement, the complexity 

of the c o n c e n t r a t i o n dependence of the ouabain i n h i b i t i o n of the 

enzyme suggests t h a t some c a u t i o n must be e x e r c i s e d i n the use of 

the PIIJQ v a l u e s as an index of the ouabain s e n s i t i v i t y of the Na +-

K +-ATPase. 

The model adopted f o r the d e s c r i p t i o n of the ouabain i n h i b i t i o n 

of the enzyme, d e s c r i b e s a k i n e t i c dimer with c o - o p e r a t i v i t y between 

the s u b u n i t s . Whilst the a v a i l a b l e evidence does not support t h i s 

model to the e x c l u s i o n of a l t e r n a t i v e d e s c r i p t i o n s , the model 

adopted i s c o n s i s t e n t w i t h the r e c e n t l y reported s t r u c t u r a l evidence 

(Kyte, 1975; Grishan & Mildvan, 1975; L i a n g & Winter, 1977), 

d e s c r i b i n g the f u n c t i o n a l enzyme as an 0282 dimer. Once t h i s 

d e s c r i p t i o n i s assumed, the c o - o p e r a t i v i t y parameters (<J> and 8) 

c a l c u l a t e d d e s c r i b e a system of n e g a t i v e c o - o p e r a t i v i t y between the 

s u b u n i t s , a f f e c t i n g both c a t a l y t i c e f f i c i e n c y and ouabain binding 

a f f i n i t y . T h i s i s suggested by the o b s e r v a t i o n t h a t the <f> 

v a l u e s c a l c u l a t e d were a l l l e s s than u n i t y , i n d i c a t i n g a reduced 

c a t a l y t i c e f f i c i e n c y a t the second s i t e by ouabain binding to the 

f i r s t s i t e . Negative c o - o p e r a t i v i t y w i t h r e s p e c t to ouabain 

binding a f f i n i t y i s supported by the v a l u e s returned f o r the 8 

parameter ( a l l >>1). S i n c e s m a l l d i f f e r e n c e s are found between 

the v a l u e s returned f o r the v a r i o u s p r e p a r a t i o n s , the r e s u l t s 

suggested that the major d i f f e r e n c e s i n the apparent s e n s i t i v i t y to 

ouabain were almost e n t i r e l y the r e s u l t of c o - o p e r a t i v e e f f e c t s . 

Thus the r e l a t i v e l y 'ouabain i n s e n s i t i v e ' p r e p a r a t i o n s (e.g. r a t 

b r a i n ) were c h a r a c t e r i s e d by $ v a l u e s which approach u n i t y (0.8 f o r 

r a t ) , and l a r g e v a l u e s f o r 8 (866 f o r the r a t ) , when compared w i t h 



-66-

the smaller c o - o p e r a t i v i t y parameters f o r the more 'ouabain 
s e n s i t i v e ' preparations (e.g. f o r t r o u t b r a i n <j> = 0.34 and g 
- 157). Recent mechanistic models ( S t e i n , Lieb, K a r l i s h & 
Eilam, 1973; Kyte, 1975), have described the Na+-K+-ATPase as 
a dimeric enzyme w i t h ' h a l f - t h e - s i t e s - r e a c t i v i t y ' . Given t h a t 
' h a l f - t h e - s i t e s - r e a c t i v i t y ' i s the l i m i t i n g case of negative 
c o - o p e r a t i v i t y , and given t h a t the r e s u l t s provide evidence f o r 
large co-operative e f f e c t s (e.g. f o r s t a r l i n g b r a i n <f> = 0.12) 
the mechanistic models reported and the model developed i n t h i s 
study are comparable. 

The data obtained i n t h i s study argues s t r o n g l y against a 

simple d e s c r i p t i o n of the concentration dependence of the ouabain dose 

response s e n s i t i v i t y of the Na+-K+-ATPase. The 'anomalous' 

behaviour found can be accommodated w i t h i n a model d e s c r i b i n g the 

enzyme as a k i n e t i c dimer w i t h negative c o - o p e r a t i v i t y between the 

subunits. Although the experimental evidence does not support 

t h i s model to the e x c l u s i o n of a l l o t h e r s , the model described appears 

to accommodate most of the c u r r e n t l y held views of the s t r u c t u r e 
+ + 

and mechanism of the Na -K -ATPase, and as a r e s u l t , t h i s model 

has been used f o r the i n t e r p r e t a t i o n of the ouabain i n h i b i t i o n of 

the Na+-K+-ATPase. 

I n the model implemented, ' h a l f - t h e - s i t e s - r e a c t i v i t y ' would be 

defined by small values of <J>. I n p r a c t i c e , h a l f - t h e - s i t e s - r e a c t i v i t y 

i s k i n e t i c a l l y i n d i s t i n g u i s h a b l e from negative c o - o p e r a t i v i t y f o r 

(|> values less than 0.1. 
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CHAPTER 4 

The temperature dependence of the Na+-K+-ATPase 

INTRODUCTION 

A study of the temperature dependence of the a c t i v i t y of an enzyme 

forms an i n t e g r a l p a r t i n i t s c h a r a c t e r i s a t i o n and consequently i s an 

important step i n the e l u c i d a t i o n of an enzyme's c a t a l y t i c mechanism. 

Such temperature studies are u s u a l l y resolved according to the r a t e 

theory of ARRHENIUS (Arrhenius, 1889). W i t h i n t h i s d e s c r i p t i o n ^ 

the r a t e of a r e a c t i o n i s r e l a t e d t o temperature by the equation: 

_ u 
RT 

Rate = Ae A P r o p o r t i o n a l i t y constant 

u Apparent a c t i v a t i o n energy 

R Gas constant 

T Absolute temperature 

Thus a graph of l o g g ( R a t e ) p l o t t e d against */T should be l i n e a r w i t h 

a slope - u/^, and a value f o r 'u' can be experimentally obtained. 

I d e a l l y , such a treatment should only be applied t o simple, one step 

r e a c t i o n s , i n which case, the measured Arrhenius 'u' would approximate 

t o the a c t i v a t i o n energy of the r e a c t i o n . This approach, however, 

has also been applied t o the complex, m u l t i - s t e p r e a c t i o n mechanisms, 

t h a t are t y p i c a l of enzyme catalysed r e a c t i o n s . I n such cases, the 

apparent Arrhenius 'u' value obtained, can be taken only as a rough measure 

of the energy d i f f e r e n c e between the i n i t i a l s t a t e of the system, and the 

' t r a n s i t i o n s t a t e ' of the r a t e l i m i t i n g step of the o v e r a l l r e a c t i o n 

mechanism. 

The e a r l y attempts a t the c h a r a c t e r i s a t i o n of the temperature 

k i n e t i c s of the Na+-K+-ATPase (Gruener & Avi-Dor, 1966), were done on 

r a t b r a i n p reparations. Those r e s u l t s suggested t h a t the temperature 
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k i n e t i c s of the Na -K -ATPase could not be described by an Arrhenius 

s t r a i g h t l i n e . This suggestion was l a t e r supported by observations 

from g o l d f i s h preparations (Smith, 1967), though the d e v i a t i o n from 

i d e a l Arrhenius behaviour was less pronounced. On r e f l e c t i o n , such 

observations may have been expected since non-linear Arrhenius p l o t s 

had already been observed i n other b i o l o g i c a l systems (Kistiakovusky 

& Lumry, 1949; Levey, Sharon & Koshland, 1959), and more p e r t i n e n t l y , 

low temperature i n a c t i v a t i o n of potassium l i n k e d sodium t r a n s p o r t had 

been p r e v i o u s l y reported (Whittarn & Davies, 1953; Page, Grove & Storm, 

1964 ) . Those e a r l y observations have since been 

confirmed i n other l a b o r a t o r i e s using a range of d i f f e r e n t t i s s u e 

sources, p r e p a r a t i v e techniques, assay conditions and methods. I t 

i s now g e n e r a l l y accepted t h a t the temperature dependence of the Na +-K +-

ATPase a c t i v i t y , cannot be described by simple Arrhenius temperature 

k i n e t i c s . 

I n e v i t a b l y , the d e v i a t i o n of the temperature k i n e t i c s of the 

Na+-K+-ATPase, and other enzyme systems, from the form p r e d i c t e d by 

the Arrhenius equation, has made the i n t e r p r e t a t i o n of such data 

pr o b l e m a t i c a l . This u n c e r t a i n t y has been augmented by the absence of 

agreement on a comprehensive p r i n c i p l e , a set of p r i n c i p l e s , w i t h i n 

which the observed behaviour could be d e f i n e d . Proposals meant to 

account f o r the non-ideal Arrhenius behaviour observed i n many b i o l o g i c a l 

systems are v a r i e d . They i n c l u d e : 

(a) A temperature induced change from one r a t e l i m i t i n g r e a c t i o n 

to another (Cr o z i e r , 1924). 

(b) The temperature dependence of thermodynamic interconversions 

between high and low temperature s t a b l e states (Kavanau, 1950). 

(c) The occurrence of thermal phase t r a n s i t i o n s and, or conformational 

changes, which d i r e c t l y or i n d i r e c t l y modify the c a t a l y t i c p r o p e r t i e s of 
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the enzyme (Massey, C u r t i & Ganther, 1966; Kumamoto, Raison & Lyons, 

1971; Wynn-Williams, 1976). 

(d) The e f f e c t s of temperature on the substrate b i n d i n g a f f i n i t y 

of the enzyme ( S i l v i u s , Read & McElhaney, 1978). 

These and other proposals, have been the subject of some extensive 

t h e o r e t i c a l c a l c u l a t i o n s (Han, 1972), from which i t was concluded t h a t 

non-ideal Arrhenius k i n e t i c s can be the r e s u l t of a v a r i e t y of k i n e t i c 

and thermodynamic f a c t o r s . T his, along w i t h the accumulation of 

evidence i n the l i t e r a t u r e , t h a t there may be d i f f e r e n t f a c t o r s governing 

the n o n - l i n e a r i t y of the Arrhenius p l o t s of d i f f e r e n t enzyme systems 

(Massey e t a i , 1966; Lyons & Raison, 1970a, b; Charnock, Cook & O p i t , 

1971) have suggested t h a t one, a l l embracing, p r i n c i p l e w i t h i n which 

a l l cases of non-ideal Arrhenius temperature k i n e t i c s can be d e f i n e d , 

i s u n l i k e l y . Consequently i t may be necessary to d e f i n e the temperature 

k i n e t i c s of a given enzyme system w i t h i n the t h e o r e t i c a l framework which 

seems most a p p l i c a b l e to i t . 

Apart from d e f i n i n g a non-linear Arrhenius graph, any mechanism 
+ + 

attempting t o de f i n e the temperature k i n e t i c s of the Na -K -ATPase 

should account f o r the sharp d e c l i n e i n the observed c a t a l y t i c a c t i v i t y 

at temperatures near 4°C (Charnock, Cook & Casey, 1971), as w e l l as the 

smaller d e v i a t i o n from i d e a l Arrhenius behaviour reported f o r f i s h 

preparations (Smith, 1967), when compared w i t h mammalian preparations 

(Gruener & Avi-Dor, 1966; Charnock, Cook & O p i t , 1971). Attempts a t 

so doing have defined two approaches t o t h i s problem: 

(a) A d e s c r i p t i o n w i t h i n which the Arrhenius graph of the 

Na+-K+-ATPase would appear as a catenary curve (Neufeld & Levey, 1970; 

Russel & Peach, 1974). 

(b) A d e s c r i p t i o n w i t h i n which the Arrhenius graph of the 

Na+-K+-ATPase would be i n t e r p r e t e d as two Arrhenius s t r a i g h t l i n e s 

(Chamock, Cook & O p i t , 1971). 
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Since, i n p r i n c i p l e , non-ideal Arrhenius temperature k i n e t i c s 
of the form observed i n the Na+-K+-ATPase system, can be accounted f o r 
by any one of a v a r i e t y of proposals, an e v a l u a t i o n of the a p p l i c a b i l i t y 
of these and other suggestions (Han, 1972), t o the p a r t i c u l a r case of 
the Na+-K+-ATPase should be h e l p f u l . Such has been the obje c t of 
t h i s study, w i t h the eventual aim of implementing the mechanistic 
framework which appears to be the most a p p l i c a b l e . 

MATERIALS AND METHODS 

(a) Preparation of e x t e r n a l synaptic membranes. These were 

prepared from the brains of r a t s , mice, hamsters and rainbow t r o u t 

as has been p r e v i o u s l y described i n Chapter 3. 

(b) Assay of Na+-K+-ATPase a c t i v i t y . This enzyme was assayed 

as p r e v i o u s l y described f o r the standard assay co n d i t i o n s (see Chapter 

2 ) . I n a d d i t i o n , i t was necessary to r e s t r i c t the temperature 

dependent change i n the pH of the b u f f e r system (Hist i d i n e / H C l ) t o 
+ 

- 0.05 pH u n i t s from the set value. This was achieved by the 

prep a r a t i o n of fo u r otherwise i d e n t i c a l s o l u t i o n s t h a t were set at 

pH 7.5 at d i f f e r e n t temperatures. The temperature ranges chosen 

were: 

Assays at 4°C - 11°C pH 7.5 at 7°C 

Assays at 12°C - 21°C pH 7.5 a t 15°C 

Assays at 22°C - 29°C pH 7.5 at 25°C 

Assays at 30°C - 38°C pH 7.5 at 35°C 

Preli m i n a r y experiments showed t h a t the b u f f e r systems maintained 

t h e i r pH w i t h i n - 0.05 pH u n i t s of the set value under the experimental 

c o n d i t i o n s . 
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RESULTS AND DISCUSSION 

The temperature dependence of the Na+-K+-ATPase from the 

b r a i n synaptic membranes of r a t s , mice, hamsters and rainbow t r o u t are 

shown i n Arrhenius form i n f i g u r e s 4.1 - 4.4- ( t y p i c a l data s e t s ) . 

Although no attempt was made t o d e f i n e the observations by any curve, 

l i n e or set of l i n e s , i t i s clear t h a t the data sets are consistent 

w i t h the observations of several workers i n t h a t they do not de f i n e 

Arrhenius s t r a i g h t l i n e s . As mentioned p r e v i o u s l y , non-ideal 

Arrhenius behaviour can be the r e s u l t of a v a r i e t y of causative 

f a c t o r s . These i n c l u d e : 

(a) K i n e t i c f a c t o r s r e l a t e d t o the enthalpy of formation of the 

enzyme-substrate complex. 

(b) Thermodynamic f a c t o r s associated w i t h the interconversions 

between d i f f e r e n t s t a ble states of the enzyme. 

(c) Thermal phase t r a n s i t i o n s which d i r e c t l y or i n d i r e c t l y 

a f f e c t c a t a l y t i c e f f i c i e n c y . 

(d) Thermal i n a c t i v a t i o n processes. 

The t h e o r e t i c a l basis of the above w i l l be examined w i t h i n the 

context of the Na+-K+-ATPase, w i t h the aim of e s t a b l i s h i n g which .provides 

the most l i k e l y e xplanation f o r the behaviour p a t t e r n s seen i n f i g u r e s 

4 . 1 - L.4. 

( i ) K i n e t i c considerations r e l a t e d to the heat of dissociation of the 

enzyme-substrate complex. 

The k i n e t i c f a c t o r s t h a t can give r i s e to non-ideal Arrhenius 

behaviour have been discussed i n general terms (Han, 1972; S i l v i u s et a l 

1978), and w i t h s p e c i a l reference t o the Na+-K+-ATPase (Russel & Peach, 

1974). The e f f e c t a rises d i r e c t l y as a r e s u l t of the a p p l i c a t i o n of 

Arrhenius k i n e t i c s to the complex r e a c t i o n mechanisms t y p i c a l of enzyme 
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catalysed r e a c t i o n s (Gibson, 1953). This e f f e c t can be q u a n t i f i e d 

f o r a simple Michaelis-Menten mechanism, w i t h i n which the enzyme (E) 

enters i n t o a r a p i d e q u i l i b r i u m w i t h i t s substrate (S), to form an 

enzyme-substrate complex (Es), followed by a r a t e l i m i t i n g t r a n s f o r m a t i o n 

of t h i s complex along the pathway r e s u l t i n g i n product formation. The 

e s s e n t i a l r a t e equations are: 

E + S v- K
 N Es K i , K 

Kr 
Es Products 

Rate constants f o r the 
e q u i l i b r i a t i o n of the enzyme 
w i t h the enzyme-substrate complex 

K ... Rate constant f o r the 
format i o n of the products. 

For such a system ope r a t i n g under steady s t a t e c o n d i t i o n s , a 

Michaelis-Menten constant (K ) can be defined thus: 
m 

m 
K-i + Kr 

Ki Es 

I f i t i s assumed t h a t the sum of a l l the enzyme molecules i n the 

system (Eo) e x i s t s e i t h e r i n the f r e e s t a t e (E) or as the enzyme-

substrate complex (Es), 

i . e . Eo = E + Es 

then the r e a c t i o n r a t e equation (Rate = KrEs) can be described i n terms 

of the t o t a l enzyme present i n the system thus: 

Rate = Kr Eo 

Hence, an enzyme concentration independent parameter, s p e c i f i c a c t i v i t y 



-77-

(V = t e ) can be defined by Eo ' 

V - — ^ — (4a) 

Since Kr i s a r a t e constant, i t s temperature dependence can be defined 

by the Arrhenius equation, thus a f t e r s u b s t i t u t i o n f o r Kr the equation 

(4a) becomes: 

u 
Ae -RT (4b) 

Thus, equation (4b) can be expressed i n the form accessible t o an 

Arrhenius graph by t a k i n g logarithms of i t s c o n s t i t u e n t terms. 

i . e . l o g e V = l o g e A - H_ - l o g e (1 + | S ) ( 4 c ) 

From the equation ( 4 c ) , i t i s obvious t h a t a s t r a i g h t l i n e would 
Km 

describe the r e s u l t a n t p l o t only i f the r a t i o — j r does not vary 

w i t h temperature. By d e f i n i t i o n the Michaelis-Menten constant (Km) 

i s given by: 

„ K-! + Kr Km = ^ 

Since i t i s assumed (as p a r t of the mechanism) t h a t the r a t e constant 

Kr i s much smaller than e i t h e r Ki or K_ , then a reasonable approximation 

f o r Km i s the d i s s o c i a t i o n constant of the enzyme-substrate complex. 

This being a thermodynamic parameter, can be defined i n terms of a 

Gibbs f r e e energy (AG) 

i . e . AG = -RT l o g Km 



Since the f r e e energy can be expressed i n terms of i t s enthalpy (AH) 

and entropy (AS) components, the constant Km can be given by the 

equation: 

AS _ AH 
Km = e x e 

Thus the equation (4c) can be r e w r i t t e n i n terms of i t s f u l l temperature 

dependence thus: 

AS _ AH 
l o g e V = l o g e A - ^ - l o g e (1 + e R e R T (4d) 

The equation (4d) p r e d i c t s t h a t , f o r experiments at constant substrate 

c o n c e n t r a t i o n , the Arrhenius p l o t would be non-linear and defined by 

a catenary curve. The slope of the curve at any temperature can be 

obtained by d i f f e r e n t i a t i n g the equation (4d) w i t h respect to the 

r e c i p r o c a l of the absolute temperature. The expression obtained 

defines the slope of the l i n e as: 

u AH , 1 . 
Slope = - R - t - R ( ' 1 + _ S ; 

Km 

Thus the apparent Arrhenius 'u' ( U a p p ) a t any temperature would be given 

by the equation: 

U a P P - U "
 AH(7J—T} (4e) 

Km 

The equation (4e) p r e d i c t s t h a t : 

(a) The curvature of the Arrhenius p l o t obtained would depend 

on the magnitude of the enthalpy of formation of the enzyme substrate 

complex, and the r a t i o of substrate concentration w i t h respect t o the 

Michaelis-Menten constant at any given temperature, 

and 

(b) The curve should approach a s t r a i g h t l i n e when the substrate 
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concentration i s i n large excess over the Km, i n which case the 

apparent Arrhenius 'u' (U f lpp) approaches the a c t i v a t i o n energy (u) 

of the r e a c t i o n . At the other extreme, when the substrate concentration 

i s much smaller than Km, the curve should also approach l i n e a r i t y of 

apparent a c t i v a t i o n energy (U app) would be given by 

U « u - AH app 

The above considerations are too simple f o r an u n q u a l i f i e d 

a p p l i c a t i o n to the Na+-K+-ATPase. However, the f a c t t h a t the substrate 

(or l i g a n d ) a c t i v a t i o n k i n e t i c s of t h i s enzyme do at l e a s t approximate 

to s a t u r a t i o n k i n e t i c s (Bakkeren & Bonting, 1968; Robinson, 1974a; 

Gache, Rossi & Lazdunski, 1977), suggests t h a t the a p p l i c a t i o n of the 

above p r i n c i p l e s , though not s t r i c t l y c o r r e c t , should be s u f f i c i e n t l y 

accurate to enable the p r e d i c t i o n of at l e a s t the order of magnitude 

of the d e v i a t i o n from i d e a l Arrhenius behaviour, t h a t i s a t t r i b u t a b l e 
+ + 

t o such considerations i n the case of the Na -K -ATPase. The 

c a l c u l a t i o n of the magnitude of such e f f e c t s r e q u i r e s an estimate of 

the enthalpy of formation of the enzyme-substrate complex as w e l l as an 

estimate of the change i n the substrate c o n c e n t r a t i o n to Km r a t i o f o r 

a l l the e s s e n t i a l ligands over the temperature range i n v e s t i g a t e d . 

The former i s accessible v i a a study of the temperature dependence 

of the a c t i v a t i o n k i n e t i c s of the enzyme w i t h respect to i t s e s s e n t i a l 

l i g a n d s . This aspect of the c h a r a c t e r i s a t i o n of the Na+-K+-ATPase 

has not been e x t e n s i v e l y s t u d i e d , but, of those ligands s t u d i e d , the 

a c t i v a t i o n k i n e t i c s w i t h respect t o A.T.P. has been found t o be the most 

temperature s e n s i t i v e (Neufeld & Levy, 1970). These authors 

reported an apparent Km f o r A.T.P. at 43°C of 2 x 10~4M, w h i l e at 1°C 

i t was 5 x 10 M̂. From these f i g u r e s , a value f o r the enthalpy 

of formation of the enzyme -ATP complex (63.23 K.J.mol was c a l c u l a t e d 

using the van't Hoff isotherm. Since, of a l l the l i g a n d s , the b i n d i n g 

of ATP was reported to be the most temperature s e n s i t i v e , i t f o l l o w s 
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t h a t the value c a l c u l a t e d f o r ATP would be greater than t h a t of 

any other l i g a n d . Thus a l l o w i n g f o r e r r o r s i n the e s t i m a t i o n and 

possible species v a r i a t i o n s , the value of 90 K.J.mol ^ was taken as 

the maximum t h a t could be expected f o r the enthalpy of bi n d i n g of 

the Na+-K+-ATPase to any of i t s e s s e n t i a l l i g a n d s . 

The assumed maximum value f o r the heat of substrate b i n d i n g , 

was used t o c a l c u l a t e the maximum change i n apparent Arrhenius 'u' 

between 37°C and 1°C, using l i t e r a t u r e values f o r the apparent Km 

f o r the various l i g a n d s , and the concentration of the ligands used 

f o r assay (see Chapter 2 ) . Table 4.1 l i s t s the r e s u l t s of the 

c a l c u l a t i o n s . This shows t h a t i n s p i t e of the overestimation 

involved i n the assumption of 90 K.J.mol ^ f o r the AH value, the 

maximum change i n the apparent Arrhenius 'u' between 1°C and 37°C 

p r e d i c t a b l e by the above mechanism, i s around 19 K.J.mol On 

comparing these value s wxth those a c t u a l l y observed (Table 4.2), 

i t becomes obvious t h a t they are too small to account f o r the observed 

values, and t h a t i t i s very u n l i k e l y t h a t t h i s mechanism describes 
+ + 

the observed temperature k i n e t i c s of the Na -K -ATPase. 

( i i ) The e f f e c t s of phase changes 

Phase changes are considered to be of some relevance t o the 

Na+-K+-ATPase, and other membrane bound enzymes, on account of the 

close a s s o c i a t i o n of the enzyme w i t h the phospholipid c o n s t i t u e n t 

of the membrane, i n which i t s i t s . Sharp thermal t r a n s i t i o n s have 

been detected i n model membranes made from pure phospholipids by a 

v a r i e t y of p h y s i c a l techniques (Ladbroke & Chapman, 1969; Hubbell 

& McConnell, 1969; Veatch & S t y r e r , 1977), and these are believed to be 
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TABLE 4.2 

V a r i a t i o n s i n apparent Arrhenius 'u' w i t h temperature 

T i s s u e Source 
^Apparent Arr h e n i u s ' u ' 

( K . J . M o l - 1 ) AU 
app T i s s u e Source 

30°C - 37°C 4°C - 11°C K.J.Mol" 1 

Rat b r a i n 

Mouse b r a i n 

Hamster b r a i n 

Rainbow t r o u t 
b r a i n 

67.51*2.43 

62.68-4.90 

31.65*3.41 

208.54*12.49 

213.26*15.54 

197.41*12.97 

74.49*2.95 

= 157 

= 146 

= 135 

= 4 3 

Mean of 4 p r e p a r a t i o n s - 1 standard d e v i a t i o n 
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the r e s u l t of a phase change i n the l i p i d b i l a y e r s . Given that 

thermal events, a t t r i b u t e d to l i p i d phase changes, have been detected 

i n biomembranes ( R i e n e r t & Steim, 1970; Chapman & Urbina, 1971; 

E l e t r & I n e s i , 1972), and t h a t non-ideal Arrhenius behaviour i s more 

f r e q u e n t l y observed i n membrane bound enzymes, as compared w i t h 

s o l u b l e enzymes, some workers have suggested a p o s s i b l e r o l e f o r l i p i d 

phase changes i n the temperature k i n e t i c s of the Na +-K +-ATPase 

(Charnock, Cook & Opit, 1971; B a r n e t t & P a r l a z z o t t o , 1974; Boldyrev, 

Ruuge, Smirnova & Tabak, 1977), and other membrane bound enzymes 

(Kumamoto, Raison & Lyons, 1971; Wynn-Williams, 1976). 

The thermodynamic p r i n c i p l e u n d e r l y i n g the phase change 

e f f e c t i s t h a t the chemical p o t e n t i a l of a pure system i s independent 

of the amount of that system under c o n s i d e r a t i o n . Thus i t s chemical 

p o t e n t i a l can be defined by the equation: 

U = U - RTlog 0 o °e 

U.... chemical p o t e n t i a l of the system 

U Q .. standard chemical p o t e n t i a l of the system 

R ... gas constant 

T ... absolute temperature 

0 ... constant independent of the magnitude 

of the system but unique to i t . 

Consequently, an e q u i l i b r i u m between two such systems i s d e f i n e d by 

the e q u a l i t y of t h e i r chemical p o t e n t i a l s . S i n c e a phase change i s 

e f f e c t i v e l y the c o n v e r s i o n of one pure system to another, and given 

t h a t the equations d e f i n i n g the chemical p o t e n t i a l s of such s t a t e s 

c o n t a i n only one system independent v a r i a b l e , temperature, i t f o l l o w s 

that an e q u i l i b r i u m would e x i s t between the two s t a t e s on e i t h e r s i d e of 

a phase change, only a t some c r i t i c a l temperature a t which t h e i r chemical 

p o t e n t i a l s are equal. Consequently, at a l l temperatures except t h i s 
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c r i t i c a l temperature, there would be a complete s e p a r a t i o n i n t o 

macroscopic domains, w i t h the s t a t e of lower energy e x i s t i n g to the 

e x c l u s i o n of the o t h e r . Furthermore, the f a c t o r s governing the change 

from one phase to another, are e x t e r n a l to any one phase, and as a 

r e s u l t , abrupt changes i n the temperature dependent p r o p e r t i e s of the 

system would take p l a c e a t the phase t r a n s i t i o n temperature, and 

n e i t h e r the change i n p r o p e r t i e s , nor the temperature a t which the 

change takes p l a c e would be governed by the law (or laws) d e s c r i b i n g 

the temperature dependence of the p r o p e r t i e s under o b s e r v a t i o n . 

The i n t e r p r e t a t i o n of b i o l o g i c a l data w i t h i n the framework 

provided by p h a s e - t r a n s i t i o n theory, must be tempered by the knowledge 

tha t b i o l o g i c a l systems are f a r removed from the pure systems to which 

the above d i s c u s s i o n a p p l i e s . I n the case of membrane bound enzymes 

i n g e n e r a l , and the Na +-K +-ATPase i n p a r t i c u l a r , where the proposed 

phase t r a n s i t i o n s are b e l i e v e d to be l i p i d dependent, the f a c t t h a t 

the biomembrane i s a v e r y complex mixture of l i p i d s and p r o t e i n s 

must be considered. The e f f e c t of l i p i d h e t e r o g e n e i t y , and the 

presence of p r o t e i n i n biomembranes on the thermal p r o p e r t i e s of such 

membranes have been s t u d i e d (Pagano, Cherry & Chapman, 1973; De-Kruyff, 

Demel, Slotboom, Van Deenen & Rosenthal, 1973; F i e n s t e i n , Fernandez 

& Sha'Afi, 1975), and the r e s u l t s suggested t h a t the sharp thermal 

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

r e a l biomembranes where much broader t r a n s i t i o n s are expected. 

I n s p i t e of such c o n s i d e r a t i o n s , the phase change e f f e c t has 

been suggested as the dominant f a c t o r c o n t r i b u t i n g to the non-ideal 

Arrhenius temperature k i n e t i c s observed i n many enzyme c a t a l y s e d r e a c t i o n s 

(Kumamoto j»t a l 1971), and has s i n c e been used as a framework f o r the 
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i n t e r p r e t a t i o n of the temperature k i n e t i c s of the Na -K -ATPase 

(Charnock, Cook & Opit, 1971; B a r n e t t & P a r l a z z o t t o , 1974). Within 

t h i s d e s c r i p t i o n , the enzyme i s assumed to e x i s t i n a system w i t h i n 

which the phase change takes p l a c e . I n each phase, the temperature 

dependence of i t s c a t a l y t i c a c t i v i t y i s d e f i n e d by the Arrhenius 

equation, and at some c r i t i c a l temperature (when the two phases are i n 

e q u i l i b r i u m ) , there i s an abrupt change i n the d e f i n i n g Arrhenius 

parameters. As d e s c r i b e d , the data would d e s c r i b e the two Arrhenius 

s t r a i g h t l i n e s w i t h a m a r k e d - d i s c o n t i n u i t y a t the so c a l l e d c r i t i c a l 

temperature, at which the l i n e s may or may not i n t e r s e c t . I n most 

cases where t h i s mechanism has been implemented, the data have been 

i n t e r p r e t e d as two A r r h e n i u s 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 the 

' c r i t i c a l ' t e m p e r a t u r e have a l s o been reported (Lyons & Raison, 1970a, 

b; Grinna, 1975). 

Since the system under study, the Na +-K +-ATPase, i s not i d e a l 

(as d e f i n e d by the phase change e f f e c t ) , the data obtained from t h i s 

system should r e f l e c t the h e t e r o g e n e i t y of the biomembrane l i p i d s 

and the presence of p r o t e i n i n i t s s t r u c t u r e , by a p e r t u r b a t i o n of 

the i d e a l d e s c r i p t i o n near the phase t r a n s i t i o n temperature. Thus the 

best t h a t could be expected of the Na +-K +-ATPase, i s a tendency f o r 

the data to f i t an A r r h e n i u s r e l a t i o n s h i p a t temperatures remote from 

the t r a n s i t i o n temperature, w i t h some c u r v a t u r e of the l i n e s as 

the experimental temperature approaches the phase t r a n s i t i o n temperature. 

One added c o m p l i c a t i o n i s that the e f f e c t i v e temperature range w i t h i n 

which i t i s f e a s i b l e to measure the c a t a l y t i c a c t i v i t y of the 

Na +-K +-ATPase i s l i m i t e d . T h i s i s because the enzyme a c t i v i t y q u i c k l y 
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approaches zero a t temperatures near 4 C (Charnock, Cook & Casey, 

1971), and thermal d e n a t u r a t i o n becomes s i g n i f i c a n t a t temperatures 

above 41°C (see Chapter 7 ) . These l i m i t a t i o n s , along w i t h the 

i n e v i t a b l e e r r o r s i n measurement, must r e s t r i c t the degree of compliance 

of the study system w i t h the behaviour p r e d i c t e d by the phase change 

e f f e c t . I n an e f f o r t to r a t i o n a l i s e these problems, a computer 

a s s i s t e d procedure based on a published r e s o l u t i o n method (Bogartz, 

1968), has been used (Charnock, Cook & Opit, 1971). By t h i s method, 

the authors were ab l e to r e s o l v e the data i n t o two A r r h e n i u s s t r a i g h t 

l i n e segments, and to o b t a i n the d e f i n i n g parameters which were then 

compared by a students ' t ' t e s t . The o b j e c t i v i t y provided by t h i s 

procedure g i v e s a u s e f u l a i d to the i n t e r p r e t a t i o n of such d a t a . 

However, i t i s based on the assumption t h a t the temperature k i n e t i c s 

of the Na +-K +-ATPase are d e f i n e d by the phase change e f f e c t , and thus 

does not e v a l u a t e the a p p l i c a b i l i t y of t h i s process to the enzyme under 

study. 

I f the-non i d e a l A r r h e n i u s behaviour i s b e s t d e s c r i b e d by the phase 

change e f f e c t , then a graph of apparent Arrhenius 'u' a g a i n s t 

temperature should g i v e a p l o t of the form shown i n f i g u r e 4.5. 

T h i s shows two l i n e a r segments p a r a l l e l to the temperature a x i s , 

separated by an undefined s e c t i o n i n the r e g i o n of the t r a n s i t i o n 

temperature, where the apparent Arrhenius changes r a p i d l y w i t h temperature. 

The data obtained from the r a t b r a i n and t r o u t b r a i n p r e p a r a t i o n s have 

been s u b j e c t e d to t h i s t e s t . C a l c u l a t i o n of apparent Arrhenius 'u' 

v a l u e s (U Qpp) f o r each data point shows t h a t when these separate 

v a l u e s f o r U are p l o t t e d a g a i n s t temperature, a curved l i n e provides 

the best f i t (see f i g u r e 4 At 'high' temperatures, the observed 
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Fig.4.6 
EFFECT OF TEMPERATURE ON THE APPARENT 

ARRHENI U S 'IT OF THE N a + - K + - A T R a s e 

o r a t b r a i n N a + - K + - A T R a s e 

© t r o u t b r a i n N a + - K + - A T P . a s e 

error bars del imi t the s t a n d a r d 

d e v i a t i o n about the mean 

N = 4 

16 22 28 34 

TEMPERATURE ° C e n t . 
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U app tends towards the form p r e d i c t e d , but a t the lower temperatures 

there i s a marked i n c r e a s e i n the observed U as the temperature i s app 
lowered. These o b s e r v a t i o n s can be i n t e r p r e t e d by assuming t h a t 

e i t h e r 

(a) The phase change e f f e c t does not d e s c r i b e the temperature 

k i n e t i c s of the Na -K -ATPase, and t h a t an a l t e r n a t i v e 

d e s c r i p t i o n should be sought. 

or 

(b) The p e r t u r b a t i o n s caused by the h e t e r o g e n e i t y of the biomembrane 

l i p i d s , and the v a r i e t y of p r o t e i n s bound to them produce a 

t r a n s i t i o n t h a t i s broad enough to cover the e n t i r e temperature 

range a c c e s s i b l e f o r measurements. 

I f the l a t t e r assumption i s t r u e , then i t would be impossible 

to d e f i n e the Arrhenius parameters of any phase, s i n c e by the p r i n c i p l e 

of s e p a r a t i o n i n t o macroscopic domains, such parameters would be 

a c c e s s i b l e only when the phase change i s complete. Thus, w h i l e these 

obser v a t i o n s do not r u l e out the phase- change e f f e c t as a p l a u s i b l e 

mechanism f o r d e f i n i n g the temperature k i n e t i c s of the Na +-K +-ATPase, 

they suggest t h a t the procedure of r e s o l v i n g the data from t h i s enzyme 

i n t o two Arrhenius s t r a i g h t l i n e s , cannot be expected to r e t u r n 

meaningful parameters. 

( i i i ) The e f f e c t of thermal d e n a t u r a t i o n 

Since the measurement of the c a t a l y t i c a c t i v i t y of an enzyme 

assumes th a t the molecule i s s t a b l e under the a s s a y c o n d i t i o n s , the 

p o s s i b i l i t y t h a t the observed non-ideal A r r h e n i u s temperature k i n e t i c s 

of the Na +-K +-ATPase may i n p a r t be the r e s u l t of d e n a t u r a t i o n under the 

assay c o n d i t i o n s , must be considered. That t h i s may p l a y a r o l e depends 
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on the f a c t t h a t the conformational s t a t e s n e c e s s a r y f o r the 

b i o l o g i c a l a c t i v i t y of p r o t e i n s r e p r e s e n t a k i n e t i c s t a b i l i t y as 

opposed to a thermodynamic s t a b i l i t y , and th a t those s t a t e s a r e 

high energy s t a t e s , as evidenced by the ease w i t h which a c t i v e p r o t e i n s 

are denatured by changes i n temperature, pH, i o n i c s t r e n g t h e t c . 

Thus, a decay of the enzyme from i t s b i o l o g i c a l l y a c t i v e s t a t e i s 

to be expected, and the measured a c t i v i t y would i n consequence be 

a f f e c t e d by the r a t e a t which the decay proceeds under the assay 

c o n d i t i o n s . 

The r a t e of decay of b i o l o g i c a l a c t i v i t y , under any given 

c o n d i t i o n s , i s u s u a l l y d e s c r i b e d by a pseudo f i r s t order decay p r o c e s s 

( J o l y , 1965). Thus a t any time ( t ) , the number of b i o l o g i c a l l y 

a c t i v e molecules ( E t ) would be given by the equation: 

E t = E e E .. I n i t i a l number of a c t i v e o o 

molecules. 

K j . . pseudo f i r s t order decay constant 

I f i t i s assumed, t h a t the assayed enzyme a c t i v i t y i s p r o p o r t i o n a l to 

the number of b i o l o g i c a l l y a c t i v e molecules p r e s e n t , then a t any time 

the a c t i v i t y (W t) would be given by 

~ K d t 
W. = K E e K .. C a t a l y t i c r a t e constant t r o r 

Thus an enzyme c o n c e n t r a t i o n independent s p e c i f i c a c t i v i t y (V t=W t/E Q) 

can be defi n e d by the equation 

- K d t 
Vfc = K re ( 4 f ) 
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Since the parameters K and K, are both r a t e c o n s t a n t s , they 

are both expandable by the Arrhenius equation from which t h e i r 

temperature dependence can be expressed. 

U r 
i . e . K RT 

r 

K d 

U 
RT 

Hence the equation ( 4 f ) can be expanded so as to show the temperature 

dependence of V f c, and then expressed i n the form a c c e s s i b l e to an 

Arrhenius p l o t 

The equation (4g) d e s c r i b e s the observed s p e c i f i c a c t i v i t y as being 

time dependent, and p r e d i c t s a n o n - l i n e a r Arrhenius p l o t f o r such a 

system. The Ar r h e n i u s p l o t would d e s c r i b e a c a t e n a r y curve, the 

cur v a t u r e of which i s dependent on time, temperature and the magnitude 

of the energy term (U^) d e f i n i n g the k i n e t i c s of the denat u r a t i o n p r o c e s s . 

The slope of the Arrhenius p l o t i s defined by the d i f f e r e n t i a l of the 

equation (4g) w i t h r e s p e c t to the r e c i p r o c a l of the absolute temperature. 

Since i s a pseudo f i r s t order r a t e c onstant, i t can be expressed 

i n terms of a h a l f l i f e (<t>). 

U U 
tA,e " RT i . e . log V log„ A RT (4g) 

i . e . Slope = - _ r + 
R 

U K,t 
R 
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Ur ^< t i . e . Slope - •• 7- -!- v.0- — lop, 2 <(> - l o j j 2 ' K ii <j> e ^e _ 

The a p p a r e n t A r r h e n i u s 'u' ) can t h u s be g i v e n by t:he 

e x p r e s s i o n 

U a P P = " r " U d J l Q S e 2 ^ 

The a p p a r e n t A r r h e n i u s 'u' as d e s c r i b e d by t h e e q u a t i o n (Ah) i s 

dependent on t i m e and t e m p e r a t u r e , b u t i t s h o u l d be e s s e n t i a l l y 

i n d e p e n d e n t o f these i f t h e assay t i m e ( t ) i s s m a l l r e l a t i v e t o 

the h a l f l i f e (<))) o f t h e d e n a t u r a t i o n p r o c e s s c G i v en t h a t a f i n i t e t i m e 

i s r e q u i r e d f o r t h e assay o f t h e enzyme a c t i v i t y , t h e independence 

o f U f r o m t i m e and t e m p e r a t u r e would Most l i k e l y be o b s e r v e d a t app 1 

t h e l o w t e m p e r a t u r e s where t h e d e n a t u r a t i o n vr.V.a eoi.Ki r.nLs s h o u l d b<-

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

f r o m l i n e a r i t y , by an e x t e n t w h i c h , f o r any f i n i L e t i m e ( t ) depends 

on t h e magnitude o f t h e a c t i v a t i o n energy o f d e n a t u r a t i o n . 

An assessment o f t h e r e l e v a n c e o f - t h e s e c o n s i d e r a t i o n ; : , t o t h e 
+ + . . . . . 

Na -K -ATPase r e q u i r e s an e v a l u a t i o n o f t h e k i r . e t j . c s t a b i l i t y o f t h i s 

enzyme under t h e c o n d i t i o n s o f a s s a y i n g i t s c a t a l y t i c a c t i v i t y . Such 

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

th e enzyme, f r o m w h i c h e s t i m a t e s o f i t s h a l f l i f e , t h e tempera l i n e 

c o e f f i c i e n t o f i t s h a l f l i f e , and t h e a c t i v a t i o n e n o <;y o f dc-natuy.ation 

can be obtained*, A s t u d y o f t h e k i n e t i c r . o f t h e r m a l d r - n a i u r a t i o n 

o f t h i s enzyme (see Chapter 7 ) r e v e a l e d ll,:\r.: 

( a ) The k i n e t i c ; : o f 1 normal d e r r a t u r a t i o n o f i.hc Ka' K'-ATfc r,e 

c o u l d n o t be d e s c r i b e d by r. f . l v r l e f i r s t o v d e i decay pr«"or.or., and 

consequent J y e r t i m a i e ^ o f ? f s I n l f l i f t , •>.••>("• ( l i e i-.er.in-'j.r-ruro dei;endcn'.:e 

c f i t s he 1 r .i i f . " , '.-c-i..' <• .• '. c.v.l ': vc o\> {."•'•v. 
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(b) The temperature range a c c e s s i b l e f o r a c c u r a t e measurements 

of the r a t e of d e n a t u r a t i o n was s m a l l (approximately 6°C). ThiB 

suggested t h a t the a c t i v a t i o n energy of d e n a t u r a t i o n ( U j ) was very 

l a r g e . 

These o b s e r v a t i o n s s e v e r e l y r e s t r i c t e d the experimental methods of 

q u a n t i f y i n g the e f f e c t s a t t r i b u t a b l e to thermal d e n a t u r a t i o n p r o c e s s e s . 

The best that was p r a c t i c a l was to e v a l u a t e whether the r a t e of thermal 

d e n a t u r a t i o n a t the higher temperatures used (approx. 37°C - where 

the p r e d i c t e d v a r i a t i o n s should be g r e a t e s t ) , was s u f f i c i e n t to account 

f o r the o b s e r v a t i o n s . T h i s was pursued along two l i n e s of 

experimentation. 

F i r s t , a determination of the time dependence of the c a t a l y t i c 

a c t i v i t y of the enzyme was made a t 37°C. T h i s i n v o l v e d a monitoring 

of the ouabain i n h i b i t a b l e enzymic h y d r o l y s i s of ATP as a f u n c t i o n 

of time. The r e s u l t s ( f i g . 4 .7, t y p i c a l d a t a s e t ) d e s c r i b e d 

c u r v i l i n e a r p l o t s . I n i t i a l l y the r e l e a s e of i n o r g a n i c phosphate 

was l i n e a r i n the range 0-800 n.moles, but beyond t h a t the r a t e of 

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

experiments, the c o n c e n t r a t i o n of the enzyme p r e p a r a t i o n assayed was 

v a r i e d . The r e s u l t s of these ( f i g . 4 .8, t y p i c a l data s e t ) 

i n d i c a t e d t h a t the d e v i a t i o n from l i n e a r i t y was independent of time 

s i n c e i t was only apparent a f t e r 800 n.moles of i n o r g a n i c phosphate 

were r e l e a s e d , i r r e s p e c t i v e of the time taken f o r t h i s to occur. These 

r e s u l t s were not c o n s i s t e n t w i t h there being s i g n i f i c a n t thermal 

d e n a t u r a t i o n . More l i k e l y , they r e s u l t e d from s u b s t r a t e d e p l e t i o n or 

product i n h i b i t i o n . S i n c e the amount of s u b s t r a t e hydrolysed a t the 
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stage the n o n - l i n e a r i t y became apparent ( i . e . 800 n.moles) 

was only a small f r a c t i o n of the t o t a l amount added (6600 n.moles), 

product i n h i b i t i o n seemd to be the more l i k e l y cause. Such i s 

c o n s i s t e n t w i t h the r e p o r t s of i n o r g a n i c phosphate being an 

i n h i b i t o r of the Na +-K +-ATPase (Baskin & L e s l i e , 1968; Robinson, 

Hashner & Martin, 1978). 

I n the second s e t of experiments, the thermal s t a b i l i t y of 

the enzyme i n the absence of any c a t a l y s i s was i n v e s t i g a t e d . One 

approach i n v o l v e d an i n c u b a t i o n of the enzyme i n a low i o n i c s t r e n g t h 

b u f f e r a t pH 7.2, over a temperature range extending beyond the 

upper temperature l i m i t s used f o r the ass a y of i t s c a t a l y t i c a c t i v i t y . 

T h i s formed p a r t of a broader based study of the thermal s t a b i l i t y 

of Na +-K +-ATPase p r e p a r a t i o n s from s e v e r a l sources (see Chapter 7 ) . 

The r e s u l t s i n d i c a t e d thaU f o r i n c u b a t i o n p e r i o d s of f i f t e e n minutes, 

th e r e was no s i g n i f i c a n t l o s s of a c t i v i t y a t temperatures below 39°C 

( f i g . 7.1 ) , and were c o n s i s t e n t w i t h the p r e v i o u s l y reported 

s t a b i l i t y of Na +-K +-ATPase p r e p a r a t i o n s a t 37°C (Bask i n & L e s l i e , 

1968). I n the other approach, the thermal s t a b i l i t y of the enzyme 

under the c o n d i t i o n s of high i o n i c s t r e n g t h needed f o r the ass a y of 

i t s a c t i v i t y was i n v e s t i g a t e d . Thus the a c t i v i t y of the enzyme was 

determined by the standard assay procedure and by the p r e i n c u b a t i o n 

a s s a y procedure d e s c r i b e d i n Chapter 3. The. l a t t e r procedure i n v o l v e d 

the p r e i n c u b a t i o n of the enzyme i n a potassium f r e e a s s a y medium f o r 

f i f t e e n minutes a t 37°C, before s t a r t i n g the r e a c t i o n by the a d d i t i o n 

of potassium i o n . The r e s u l t s (Table 4.3) showed no s i g n i f i c a n t 

d i f f e r e n c e i n the measured a c t i v i t i e s , the ob s e r v a t i o n s being independent 

of the assay time as w e l l as the p r e i n c u b a t i o n p e r i o d a t 37°C. 
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TABLE 4.3 

E f f e c t o f assay p r o c e d u r e on t h e ob s e r v e d s p e c i f i c 

a c t i v i t y o f t h e Na +-K +-ATI'ase (lJ-moles P i . m y / p r o t c i n L\\r. L) 1, - 1 , 

Source. 

Rat B r a i n 

T r o u t b r a i n 

Hamster b r a i n 

Mouse b r a i n 

ANa +-K +-ATPase a c t i v i t y a t 37°C 

Assay Method I 

85.7- 9.3 

187.6^15.9 

109.3-11.0 

98.A- 7.3 

Assay Method I I 

83.3- 10.2 

189.2- 18.1 

105.8-14.2 

98, 8.5 

R e s u l t s mean o f 4 p r e p a r a t i o n s - 1 s t a n d a r d d e v i a t i o n 

Assay Method I - S t a n d a r d Assay Pr o c e d u r e 

Assay Method I I - P r e i n c u b a t i o n Assay P r o c e d u r e 
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The r e s u l t s of these t e s t i n g experiments supported the view 
t h a t the temperature range w i t h i n which the temperature k i n e t i c s of 
the Na +-K +-ATPase was s t u d i e d was too low f o r there to be s i g n i f i c a n t 
thermal d e n a t u r a t i o n of the enzyme. Consequently, thermal d e n a t u r a t i o n 
was not considered to be a s i g n i f i c a n t c o n t r i b u t o r y f a c t o r to the 
observed non-ideal Arrhenius temperature k i n e t i c s of the Na +-K +-ATPase. 

( i v ) The e f f e c t of thermodynamic i n t e r c o n v e r s i o n s between d i f f e r e n t 

s t a b l e s t a t e s of the enzyme. 

The i d e a t h a t the n o n - i d e a l A r r h e n i u s behaviour observed i n 

many b i o l o g i c a l systems, may be the r e s u l t of thermodynamic i n t e r -

conversions between d i f f e r e n t s t a b l e s t a t e s , was f i r s t c onsidered 

(Kisti a k o w s k y & Lumry, 1949), a f t e r these authors demonstrated t h a t 

the mechanism d e s c r i b i n g a change from one r a t e l i m i t i n g r e a c t i o n 

to another ( C r o z i e r , 1924), r e q u i r e d d i f f e r e n c e s i n a c t i v a t i o n energy 

too l a r g e to be b i o l o g i c a l l y f e a s i b l e . P r e v i o u s l y , there had been 

suggestions t h a t a thermodynamic e q u i l i b r i u m between a c t i v e and 

i n a c t i v e forms of c e r t a i n enzymes may e x i s t i n - v i v o (Johnson, E y r i n g 

& W i l l i a m s , 1942). T h i s i d e a was l a t e r shown to be a p l a u s i b l e 

mechanism f o r the i n t e r p r e t a t i o n of the observed non-ideal A r r h e n i u s 

temperature k i n e t i c s of many enzyme c a t a l y s e d r e a c t i o n s (Kavanau, 1950). 

The mechanism has been used to d e s c r i b e the behaviour of a l k a l i n e 

phosphatase and peroxidase (Maier, Tappel & Volman, 1955), and has been 

supported by a demonstration of a thermodynamic e q u i l i b r i u m between 

d i f f e r e n t s t a t e s of D-amino a c i d o x idase, w i t h i n the temperature range 

normally a c c e s s i b l e f o r k i n e t i c measurements (Massey, C u r t i & Ganther, 

1966). 

T h i s mechanism assumes t h a t an e q u i l i b r i u m e x i s t s between a 
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high temperature s t a b l e s t a t e ( A ) , and a low temperature s t a b l e 

s t a t e ( B ) . T h i s e q u i l i b r i u m i s d e f i n a b l e by an e q u i l i b r i u m 

constant (K ) such t h a t e 

f o r A ^ B 

K e = B / A 

The non-ideal A r r h e n i u s behaviour would then be d e s c r i b e d i n terms of 

the e f f e c t of temperature on the magnitude of the e q u i l i b r i u m constant 

( K £ ) . Once these assumptions are made, two v a r i a t i o n s must be considered 

(1) The observed c a t a l y t i c a c t i v i t y i s the sum of s i g n i f i c a n t 

c o n t r i b u t i o n s from both s t a b l e s t a t e s . 

(2) Only one s t a b l e s t a t e c o n t r i b u t e s s i g n i f i c a n t l y to the 

observed a c t i v i t y . 

An e q u i l i b r i u m between two a c t i v e s p e c i e s 

T h i s mechanism d e s c r i b e s the observed r a t e (V^) as the sum 

of the a c t i v i t i e s of the s p e c i e s A and B. 

i . e . V. = A + B ( 4 i ) 

K .. C a t a l y t i c r a t e constant of a 

s p e c i e s A. 

.. C a t a l y t i c r a t e constant of 

s p e c i e s B. 

The t o t a l amount of enzyme pr e s e n t (Eo) i s given by the c o n s e r v a t i o n 

equation 

Eo = A + B ( 4 j ) 

T h i s c o n s e r v a t i o n ( 4 j ) and the r a t e equation ( 4 i ) can be r e w r i t t e n 

i n terms of one of the s t a b l e s p e c i e s (e.g. s p e c i e s A) and the e q u i l i b r i u m 
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constant (K ) e 
i . e . E Q = A ( l + K E ) (4k) 

V i = ( K a + Ve)k (41) 

From these equations (4k) and ( 4 1 ) , an enzyme c o n c e n t r a t i o n 

independent s p e c i f i c a c t i v i t y ( i . e . s p e c i f i c a c t i v i t y = V = E Q ) 

can be d e f i n e d thus 

K ^ K, K 
V = + (4m) 

e 

The parameters K a and are r a t e constants d e f i n a b l e by the Arrhenius 

equation, w h i l e K g an e q u i l i b r i u m constant i s d e f i n a b l e i n terms of 

an enthalpy change (AH) and an entropy change (AS) 

U 

i . e . K = A e 
a a 

a 
RT 

U b 
«* . RT 

h = V 
AS AH 

v - R ~ R T K = e . e 

e 

Thus the r a t e equation d e s c r i b i n g the temperature dependence of V i s 

given by 
U a U b AS AH 
RT . RT R RT 

a." V = A„e + A^e e e 
AS AH 

i . R ~ RT 1 + e e 

The slope of the Arrhenius p l o t ( d ^ y T ^ l o g g V ) i s thus given by the 

equation 
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Slope - - ( K a ) _ U b + AH ( V e ) + AH , Ke 
R Kg+S^K R K

a
+ K b K

e R ( 1 + Ke^ ( 4 o ) 

The apparent Arrhenius ? u can thus be given by 

K K, K 
u a P P • U a « k ^ T > + ( U b + A H ) < r ^ > - AH(T^W <4*> 

The complexity of the equation (4p) d e s c r i b i n g the apparent Arrhenius *u' 

makes a p r e d i c t i o n of i t s behaviour over the e n t i r e temperature range 

d i f f i c u l t . However, i t s behaviour can be p r e d i c t e d f o r the l i m i t i n g 

c o n d i t i o n s of high and low temperature. By d e f i n i t i o n , the e q u i l i b r i u m 

constant (Ke) i s defined by 

£ e = Concentration of low temperature s t a b l e s p e c i e s B 
Concentration of high temperature s t a b l e s p e c i e s A 

i . e . Ke decreases w i t h i n c r e a s i n g temperatures. 
K K. K 

Thus, a t 'low' temperatures (Ke l a r g e , . > = 0 , ( K a + K b K e ) ' K a + K b K e 

K e - 1 ) , (1 + Ke) 

the apparent Arrhenius 'u' approaches t h a t of the low temperature 

s t a b l e s t a t e , 

i . e . U - U, (low temperatures) app b v ' 
S i m i l a r l y , a t 'high' temperatures (Ke s m a l l , .. - 1» 

a 1j e 

K Ke 
K a+K bK e 1 + Ke * 0 ) , 

the apparent Arrhenius 'u' approaches t h a t of the high temperature s t a b l e 

s t a t e 

i . e . U „ = U 
app a 

Consequently, the observed A r r h e n i u s p l o t should d e s c r i b e l i n e a r segments 

of slopes - ^ a and ^b a t the high and low temperature l i m i t s r e s p e c t i v e l y , 
R R 

and a smooth curve s h o u W ^ d f e ^ t i ; b ^ t j e t r a n s i t i o n between the l i n e a r 

1 FEB 1979 
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segments. As d e s c r i b e d , the d e f i n i n g parameters of l i m i t i n g 

l i n e a r segments, are expected to be independent of each other, 

and the enthalpy term (AH) which d e s c r i b e s the width of the t r a n s i t i o n 

between the l i n e a r segments. As a r e s u l t , v a l u e s f o r U and U, would 
a D 

be a c c e s s i b l e only by making measurements i n the r e l e v a n t temperature 

ranges. 

The equation (4p) p r e d i c t s t h a t , f o r any enzyme system d e s c r i b e d 

by t h i s mechanism, a graph of apparent Arrhenius 'u' p l o t t e d a g a i n s t 

temperature, should be d e s c r i b e d by h o r i z o n t a l segments a t the 

e x t r e m i t i e s of temperature, w i t h a smooth curve j o i n i n g these segments. 

As was p r e v i o u s l y demonstrated, f i g u r e 4 .6) t n e Na +-K +-ATPase 

p r e p a r a t i o n s s t u d i e d , showed a tendency towards the p r e d i c t e d behaviour 

a t high temperatures, w h i l e at low temperatures t h e r e was a steady 

i n c r e a s e i n the apparent Arrhenius 'up' as the temperature i s lowered. 

T h i s can be accommodated w i t h i n the model i f i t i s assumed t h a t the 

conversion to the low temperature s t a b l e s t a t e , i s not completed 

w i t h i n the temperature range of the experiments. Such an assumption 

i s incompatible w i t h the reported f a i l u r e to demonstrate s i g n i f i c a n t 

c a t a l y t i c a c t i v i t y by mammalian Na +-K +-ATPase p r e p a r a t i o n s at 

temperatures near 4°C (Charnock, Cook & Casey, 1971; Gruener & A v i -

Dor, 1966). Furthermore, t h i s model r e q u i r e s t h a t the low 
+ + 

temperature s t a t e of the Na -K -ATPase be d e s c r i b e d by an apparent 

a c t i v a t i o n energy of at l e a s t 100 K.J.Mol 1 (see f i g . 4 . 6 ) > v a l u e s 

which o u t s i d e the range expected of b i o l o g i c a l p r o c e s s e s (30-85 K.J. 

mol •*"). Thus the experimental o b s e r v a t i o n s w h i l e not r u l i n g out 

the p l a u s i b i l i t y of t h i s mechanism, w i t h r e s p e c t to the Na +-K +-ATPase, 

suggest i t to be u n l i k e l y , and t h a t i f the behaviour of t h i s enzyme 

i s d efined by t h i s model, meaningful parameters are i n a c c e s s i b l e . 
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An e q u i l i b r i u m between an a c t i v e and an i n a c t i v e s p e c i e s 

A d e s c r i p t i o n of the temperature k i n e t i c s of the Na +-K +-ATPase 

w i t h i n t h i s model r e q u i r e s the c o n s i d e r a t i o n of two p o s s i b i l i t i e s : 

(a) The low temperature s t a t e i s c a t a l y t i c a l l y a c t i v e . 

(b) The high temperature s t a t e i s c a t a l y t i c a l l y a c t i v e . 

The former d e s c r i b e s a system of r e v e r s i b l e thermal i n a c t i v a t i o n 

at the higher temperatures, i n which case the observed r a t e i s proportiona 

to the c o n c e n t r a t i o n of the low temperature s t a b l e s p e c i e s ( B ) . 

i . e . Rate = 1 ^ B (4q) 

The equation (4q) can be r e w r i t t e n i n terms of an enzyme c o n c e n t r a t i o n 

independent s p e c i f i c a c t i v i t y ( V ) , and the p r e v i o u s l y defined 

e q u i l i b r i u m constant (Ke) 

¥ e 
i . e . V = (1 + Ke) ( 4 r ) 

A f t e r r e d e f i n i n g equation ( 4 r ) i n terms of the temperature dependence 

of and Ke, i t can be shown th a t the slope of the Arr h e n i u s p l o t would 

be d e s c r i b e d by the equation 

slope « - "_b - 4H . Ke_ , ,, . 
R R ( 1 (1 + K B)' 

The equation ( 4 t ) d e s c r i b e s a non l i n e a r A rrhenius p l o t of apparent 

Arrhenius 'u' (^ Spp) given by the equation. 

IJ = U b + AH (-r^H ( 4 t ) app Vl+Ke 

Thus at low temperatures (Ke l a r g e , - j" - 0 ) , the apparent Arrhenius 
1 + Ke 

'u' should approach the a c t i v a t i o n energy of the low temperature s t a b l e 

s t a t e , w h i l e a t high temperatures (Ke s m a l l , ^ ^ ^ = 1 ) , the s p e c i f i c 
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a c t i v i t y should approach zero (see equation ( 4 r ) ) and the apparent 

Arrhenius ? u ' (^ app) should approach the l i m i t i n g v a l u e of (U^ + AH). 

S i n c e , by the d e f i n i t i o n of the e q u i l i b r i u m c onstant, the AH must be 

n e g a t i v e , the apparent Arrhenius 'u' i s thus expected to decrease w i t h 

i n c r e a s i n g temperature. 

The behaviour p r e d i c t e d by t h i s model does not match the 

o b s e r v a t i o n s made on the Na +-K +-ATPase p r e p a r a t i o n s s t u d i e d i n s e v e r a l 

important r e s p e c t s . F i r s t , the observed a c t i v i t y decays to zero at 

low temperatures, an o b s e r v a t i o n which can be accommodated w i t h i n the 

model only by the assumption t h a t the c a t a l y t i c a l l y a c t i v e s p e c i e s i s 

d e s c r i b e d by an unacceptably l a r g e apparent a c t i v a t i o n energy 

(>100 K.J.Mol 1 ) . Secondly, the apparent Arrhenius 'u' should be 

independent of temperature a t low temperatures. As p r e v i o u s l y 

shown i n f i g u r e 4 .6, t h i s i s not observed. F i n a l l y , the p r e d i c t e d 

time independent decay of a c t i v i t y to zero a t h i g h temperatures i s not 

observed i n p r a c t i c e . W h i l s t t h e r e i s a decay of a c t i v i t y a t high 

temperatures, such i s time dependent i n a manner c h a r a c t e r i s t i c of 

i r r e v e r s i b l e thermal d e n a t u r a t i o n , and as p r e v i o u s l y shown ( f i g . 7.1), 

t h i s occurs a t temperatures o u t s i d e the temperature range of the 

k i n e t i c measurements. S i n c e the behaviour p r e d i c t e d by t h i s model 

was found to be a t v a r i a n c e w i t h the experimental o b s e r v a t i o n s , i t 

was not considered p l a u s i b l e f o r the d e s c r i p t i o n of the temperature 

k i n e t i c s of the Na +-K +-ATPase. 

The a l t e r n a t i v e p o s s i b i l i t y , d e s c r i b e s an e q u i l i b r i u m between 

an a c t i v e high temperature s t a t e and an i n a c t i v e low temperature s t a b l e 

s t a t e . Thus the observed r a t e , i s p r o p o r t i o n a l to the c o n c e n t r a t i o n 

of the high temperature s t a b l e s p e c i e s ( A ) . 

i . e . Rate = K A (4u) 

On r e w r i t i n g the equation (4u) i n terms of the p r e v i o u s l y defined 

e q u i l i b r i u m constant ( K e ) , the enzyme c o n c e n t r a t i o n independent 
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s p e c i f i c a c t i v i t y (V) w i l l be given by the equation 

V = K a (4v) 
(1 + Ke) 

A f t e r expanding K and Ke i n terms of t h e i r temperature dependence, 
a. 

i t can be shown th a t the s l o p e of the Arrhenius p l o t would be given 

by the equation 

c , ^a AH Ke N (4w) Slope = -•=— + •=— ( - 7 — = - ) R k i + Ke 
1 Ke 

Thus a t low temperatures (Ke l a r g e , ^ + ^ g = 0, ^ + K e = 1 ) , 

the s p e c i f i c a c t i v i t y should approach zero (see equation ( 4 v ) ) , and the 

slope of the Arrhenius p l o t should approach the l i m i t i n g v a l u e of 

- ( U a ~ AH) (equation ( 4 w ) ) , w i t h an apparent Arrhenius 'u f of (U -AH). 
R 1 Ke At 'high' temperatures (Ke s m a l l , + K e = 1, ^ + R e - 0 ) , the 

apparent Arrhenius 'u' i s expected to approach the v a l u e U (equation 

( 4 w ) ) . S i n c e , by the d e f i n i t i o n of Ke, the AH must be n e g a t i v e , the 

apparent Arrhenius 'u' should i n c r e a s e from a l i m i t i n g h i gh temperature 

v a l u e (U ) to a l i m i t i n g low temperature v a l u e (U + abs (AH), as 

the temperature i s decreased. 

On comparing the behaviour p r e d i c t e d by t h i s d e s c r i p t i o n with 

the experimental o b s e r v a t i o n s on the Na +-K +-ATPase p r e p a r a t i o n s , 

c o n s i d e r a b l e areas of agreement are found. The apparent Arrhenius 

'u' when p l o t t e d as a f u n c t i o n of temperature (see f i g u r e 4,6), 

i n c r e a s e s from a high temperature asymptotic v a l u e as the temperature 

d e c r e a s e s . However, the approach to a low temperature asymptotic v a l u e 

was not observed. T h i s apparent d i s c r e p a n c y can be r a t i o n a l i s e d 

by n o t i n g that the low temperature l i m i t i n g c o n d i t i o n s are expected to 

occur as the s p e c i f i c a c t i v i t y approaches z e r o . Thus experimental 
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v e r i f i c a t i o n r e q u i r e s the measurement of a c t i v i t y l e v e l s t h a t may 

be below the s e n s i t i v i t y l i m i t s of the assay procedure. The p r e d i c t e d 

decay of a c t i v i t y to zero a t low temperatures (equation ( 4 v ) ) i s 

c o n s i s t e n t w i t h the o b s e r v a t i o n s of t h i s study as w e l l as the reported 

f a i l u r e to demonstrate s i g n i f i c a n t c a t a l y t i c a c t i v i t y a t temperatures 

near 4°C (Charnock, Cook & Casey, 1971). The extent of agreement 

between the p r e d i c t e d behaviour and the experimental o b s e r v a t i o n s 

suggested t h i s mechanism as a p l a u s i b l e framework f o r the d e s c r i p t i o n 

of the temperature k i n e t i c s of the Na +-K +-ATPase. 

CONCLUSIONS 

Of the mechanisms d i s c u s s e d above, there a r e th r e e which 

p r e d i c t e d e f f e c t s t h a t were approached by the o b s e r v a t i o n s on the 

Na +-K +-ATPase. 

(a) A phase change a f f e c t i n g the c a t a l y t i c p r o p e r t i e s of the 

enzyme. 

(b) A thermodynamic e q u i l i b r i u m between c a t a l y t i c a l l y a c t i v e 

h i g h and low temperature s t a b l e s t a t e s of the enzyme. 

(c) A thermodynamic e q u i l i b r ium between a c a t a l y t i c a l l y 

a c t i v e high temperature s t a b l e s t a t e and an i n a c t i v e 

low temperature s t a b l e s t a t e . 

The d e s c r i p t i o n provided by the mechanisms (a) and (b) above, 

show the l e s s e r agreement w i t h the experimental o b s e r v a t i o n s , i n t h a t 

they p r e d i c t Arrhenius p l o t s w i t h l i n e a r segments a t the temperature 

extremes which are not observed. Furthermore, they do not p r e d i c t the 

observed tendency towards zero a c t i v i t y a t low temperatures, without 

the assumption t h a t the apparent a c t i v a t i o n energy d e s c r i b i n g the low 

temperature forms of the enzyme are c o n s i d e r a b l y g r e a t e r than t h a t norma 

expected of b i o l o g i c a l systems. Some of t h i s disagreement may be 



-107-

r a t i o n a l i s e d by assuming that the temperature range over which the 

phase change or e q u i l i b r i u m conversion takes p l a c e i s too broad to 

be f i t t e d i n t o the range a c c e s s i b l e to k i n e t i c measurements on t h i s 

enzyme. Such would imply t h a t the a c c e s s i b l e measurements would 

only d e s c r i b e the undefined i n t e r p h a s e between the high and low 

temperature forms and t h a t meaningful d e f i n i n g parameters would be 

i n a c c e s s i b l e . 

I n c o n t r a s t , the d e s c r i p t i o n provided by the mechanism ( c ) 

d e f i n e s the behaviour of the Na +-K +-ATPase i n a manner t h a t agrees 

w i t h most of the experimental o b s e r v a t i o n s . The model p r e d i c t e d 

the observed low temperature decay to zero a c t i v i t y , as w e l l as the 

tendency towards a l i n e a r A rrhenius p l o t a t the higher temperature. 

I t a l s o p r e d i c t e d a s i m i l a r tendency a t the lower temperatures, but 

experimental v e r i f i c a t i o n was precluded by the n e c e s s i t y of having 

to make measurements a t a c t i v i t y l e v e l s near to or p o s s i b l y beyond 

the r e s o l u t i o n l i m i t s of the procedures used f o r assay of the Na +-K +-ATPase. 

I n s p i t e of t h i s , the d e f i n i n g parameters should be a c c e s s i b l e provided 

that the experimental measurements d e f i n e the approach to the l i m i t i n g 

c o n d i t i o n s and the phase between them. Si n c e the data suggested t h a t 

the experimental o b s e r v a t i o n s covered t h a t range, the mechanism ( c ) 

wa6 adopted as the framework f o r the i n t e r p r e t a t i o n of the temperature 

k i n e t i c s of the Na +-K +-ATPase. 

The r a t e equation taken to d e s c r i b e the temperature k i n e t i c s 
+ + . of the Na -K -ATPase i s given by 

A e 
U 
RT 

V = AS AH 
1 + e R e ~ F ? 

V... observed s p e c i f i c a c t i v i t y 
A... constant as defined by Arrhenius 

'A» 
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U ... apparent a c t i v a t i o n energy 

of the a c t i v e s p e c i e s . 

AS ... standard entropy change d e s c r i b i n g 

the change from the high temperature 

s t a t e to the low temperature s t a t e 

AH ... standard e n t h a l p y change d e s c r i b i n g 

the change from the high temperature 

s t a t e to the low temperature s t a t e . 

T h i s equation can be t r e a t e d as a numerical problem i n which the dependent 

v a r i a b l e (V) i s a f u n c t i o n of the independent v a r i a b l e (T) and the four 

a d j u s t a b l e parameters (A, U, AH, AS), and as such can be solved 

n u m e r i c a l l y by a computer a s s i s t e d non l i n e a r l e a s t squares m i n i m i s a t i o n 

procedure. F i g u r e s 4.9 - 4.12 ) are t y p i c a l s e t s of data to which 

non _ i d e a l Arrhenius c u r v e s , d e s c r i b e d by the above equation, have 

been f i t t e d , by a computer program u s i n g such a procedure. The 

Arrhenius p l o t s were a l l c u r v i l i n e a r , and the data p o i n t s were a l l 

w i t h i n the f i v e percent e r r o r range of the best f i t t h e o r e t i c a l p o i n t s . 

The v a l u e s f o r the d e f i n i n g parameters are l i s t e d i n Table 4.4. 

The apparent Arrhenius 'u' v a l u e s d e f i n i n g the high temperature 

s t a t e were somewhat lower than those reported elsewhere (Charnock, 

Cook & Opit, 1971; Charnock, Cook, Almeida & To, 1973; Boldyrev, 

Ruuge, Smirnova & Tabak, 1977). However t h i s was expected s i n c e 

the apparent Arrhenius 'u' v a l u e s returned by t h i s method, were 

c a l c u l a t e d from the l i m i t i n g h i gh temperature asymptotes, and not by 

i n t e r p o l a t i o n w i t h i n the range of the experimental measurements. The 

v a l u e s r e t u r n e d f o r the thermodynamic parameters AH and AS were l a r g e 

(see Table 4.4). I n the absence of r e p o r t s of other attempts at 

i n t e r p r e t i n g the behaviour of the Na +-K +-ATPase i n t h i s way, comparable 
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TABLE 4.4 

Non L i n e a r A r r h e n i u s p a r a m e t e r s d e s c r i b i n g t h e 
+ + 

t e m p e r a t u r e k i n e t i c s o f Na -K -ATPase 

Source 
A r r h e n i u s T u ' 
H i g h Temperature 
K.J.Mol"! 

E n t h a l p y o f 
T r a n s i t i o n 
K . J . M o l - 1 

E n t r o p y o f 
T r a n s i t i o n 
J . K . M o l - 1 

Rat b r a i n 67„7 - 4.4 -170.7 - 9.0 -593 - 32 

Mouse b r a i n 67.02- 7.3 -160,2 ±10.4 -551 - 38 

Hamster b r a i n 69.92^ 4.4 -150.09-10.1 -519 ~ 36 

Rainbow t r o u t 41.53- 4.0 - 74.31- 6,2 + 
" / . i j j — Z J. 

Values - mean o f 4 p r e p a r a t i o n s - 1 s t a n d a r d d e v i a t i o n 
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values are una v a i l a b l e . However i n a s i m i l a r treatment of the data 

from the soluble enzymes peroxidase and a l k a l i n e phosphatase (Maier 

et a l 1955), the values reported were i n the range 79-107 K.J.Mol 1 f o r 

AH and 310-410 Hfol 1 f o r AS. Those values are considerably 

smaller than those c a l c u l a t e d f o r the Na+-K+-ATPase, and have been 

a t t r i b u t e d t o the energy conversions involved i n the making and breaking 

of hydrogen bonds (Maier et a l 1955). Although such energy conversions 

are expected i n the case of the Na+-K+-ATPase, the magnitude of the 

parameters c a l c u l a t e d suggested another f a c t o r . This along w i t h the 

knowledge t h a t the Na+-K+-ATPase s i t s i n a h i g h l y ordered biomembrane, 

prompts the suggestion of a possible c o n t r i b u t i o n from the p r o t e i n -

l i p i d and l i p i d - l i p i d i n t e r a c t i o n s , i n the membrane fragments c o n t a i n i n g 

the enzyme. Given t h a t there i s experimental evidence f o r a greater 

s t r u c t u r a l r i g i d i t y of mammalian biomembranes i n comparison w i t h those 

of the gold f i s h (Cossins, 1977), such a suggestion would be compatible 

w i t h the observation t h a t the values returned f o r the f i s h preparations 

were c o n s i s t e n t l y lower than those of the mammalian pre p a r a t i o n s . 

Furthermore, the negative values returned f o r the AH and AS f o r the 

change from the high temperature t o low temperature s t a t e , were i n the 

same d i r e c t i o n as those of thermal events detected i n model membranes 

(Ladbroke & Chapman, 1969), and biomembranes (Rienert & Steim, 1970). 

I f such i s the case, the most probable p h y s i c a l event would be the 

postulated order-disorder s t r u c t u r a l change i n the l i p i d b i l a y e r s 

(Nagle, 1973; F i r p o , Durpin, A l b i n e t , Bois, Casalta & Baret, 1978). 

The c a l o r i m e t r i c e s t i m a t i o n of the AH values f o r such events were i n 

the range 25-45 K.J.Mol" 1 (Chapman, Peel, Kingston & L i l l e y , 1977). 

These values were too small t o account f o r the large AH values 

returned from the k i n e t i c measurements. A s i m i l a r discrepancy has also 

been reported f o r the observed ( c a l o r i m e t r i c ) , and c a l c u l a t e d (Van't 

Hoff isotherm) AH values f o r the biomembrane order-disorder changes 
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(Trauble, 1971). This discrepancy has been r a t i o n a l i s e d by the 

assumption t h a t the biomembrane i s organised i n co-operative u n i t s 

of 20-30 l i p i d molecules (Rothman, 1973; Y e l l i n & Levin, 1977). 

I f such i s the case, then the magnitude of the energy changes 

associated w i t h the l i p i d - l i p i d and p r o t e i n - l i p i d i n t e r a c t i o n s may 

be large enough to account f o r the large values c a l c u l a t e d from the 

k i n e t i c measurements on the Na+-K+-ATPase. 

As described the s i g n i f i c a n t determinants of the behaviour of 
+ T 

the Na -K -ATPase, as regards i t s temperature k i n e t i c s , are the apparent 

a c t i v a t i o n energy of the a c t i v e s t a t e , and the w i d t h of the conversion 

to the i n a c t i v e s t a t e (as defined by AH). Thus w i t h i n t h i s context, 

the d i f f e r e n c e i n the behaviour of the f i s h p r e p a r a t i o n and the 

mammalian p r e p a r a t i o n , are defined i n terms of a smaller a c t i v a t i o n 

energy and a broader thermal t r a n s i t i o n t o the low temperature s t a t e , 

d e f i n i n g the f i s h p r e p a r a t i o n . Furthermore, the smaller entropy 

c h a r a c t e r i s i n g the f i s h p r e p a r a t i o n , suggests t h a t the degree of 

r e o r g a n i s a t i o n c h a r a c t e r i s i n g the change t o the low temperature stable 

s t a t e i s considerably smaller i n the case of the f i s h . Thus the mechanism 

described enables a reasonable i n t e r p r e t a t i o n of the behaviour of the 

Na+-K+-ATPase. However, i t requires t h a t there be a thermally 

induced change of s t a t e t h a t i s characterised by l a r g e enthalpy and 

entropy changes, t o which no p h y s i c a l process has yet been assigned. 

Hence a f u l l understanding of the temperature k i n e t i c s of the Na+-K+-ATPase 

must await unambiguous studies of the thermal changes which occur i n 

t h i s enzyme system. 



CHAPTER 5 

Potassium a c t i v a t i o n of the Na+-K+-ATPase 

INTRODUCTION 

The mechanism of the Na+-K+-ATPase i s g e n e r a l l y envisaged t o 

invo l v e a sodium dependent phosphorylation of the enzyme followed by 

a potassium dependent discharge of the phosphorylated intermediate 

so formed. Under ' i d e a l ' phosphorylating c o n d i t i o n s , the formation 

of the phospho-protein intermediate takes place q u i c k l y and q u a n t i t a t i v e l y 

at 0°C (Fahn, Koval & Albers, 1968; Bond, Bader & Post, 1971), w h i l e 

under s i m i l a r temperature c o n d i t i o n s , the a c t i v i t y of the enzyme 

proceeds very slowly (Charnock, Cook & Casey, 1971). This suggested 

t h a t the r a t e l i m i t i n g step i n the o v e r a l l r e a c t i o n mechanism occurs 

somewhere i n the steps involved i n the dephosphorylation of the enzyme 

and the regeneration of the ' f r e e ' enzyme. Thus, the a c t i v a t i o n of 

the enzyme by potassium i on may be r e l e v a n t i n the study of the steps 

near to the r a t e l i m i t i n g step i n the r e a c t i o n mechanism. 

The e f f e c t of incre a s i n g potassium on the a c t i v i t y of the 

Na+-K+-ATPase ( a t s a t u r a t i n g concentrations of a l l other l i g a n d s ) , i s 

us u a l l y described i n terms of a sigmoid curve (Robinson, 1967; 

Lindenmayer, Schwartz & Thompson, 1974). Some workers have described 

the potassium a c t i v a t i o n k i n e t i c s of t h i s enzyme i n terms of a M i c h a e l i s -

Menten rectangular hyperbola (Bakkeren & Bonting, 1968). The l a t t e r 

work however was c a r r i e d out at r e l a t i v e l y h i gh concentration range 

(>0.4mM). I t has consequently been shown t h a t the response of the 

sodium pump deviates from an apparent compliance w i t h Michaelis-Menten 
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k i n e t i c s only at low potassium concentrations (Sjodin & Beauge, 1968). 

Thus the discrepancy between these data can be explained i f the 

potassium a c t i v a t i o n k i n e t i c s of the Na+-K+-ATPase i s sigmoidal 

but approximates t o a rectangular hyperbola at 'high' potassium 

concentrations. 

Although the sigmoidal nature of the potassium a c t i v a t i o n 

k i n e t i c s i s g e n e r a l l y accepted, there i s , as y e t , no agreed framework 

f o r the i n t e r p r e t a t i o n of the behaviour. The simplest and most 

widely used method (Robinson, 1967, 1969, 1970; Gache, Rossi & 

Lazdunski, 1977) i s based on the H i l l equation ( H i l l , 1910). 

A l t e r n a t i v e d e s c r i p t i o n s (Lindenmayer, Schwartz & Thompson, 1974; 

Fukushima & Tonomura, 1975) define the sigmoidal k i n e t i c s of the 

Na+-K+-ATPase i n terms of m u l t i p l e potassium s i t e s . I n both cases 

computer a s s i s t e d numerical methods have been used to o b t a i n accurate 

f i t s of experimental data to sigmoidal curves. However, the e m p i r i c a l 

nature of these approaches allows only a numerical d e f i n i t i o n o f the 
+ + 

f i t t e d curves. C l e a r l y , a d e s c r i p t i o n of the Na -K -ATPase such t h a t 

the sigmoidal potassium a c t i v a t i o n k i n e t i c s f o l l o w s n a t u r a l l y , could 

enable a mechanistic i n t e r p r e t a t i o n of the data. I n t h i s study, such 

d e s c r i p t i o n s w i l l be examined w i t h the eventual aim of implementing the 

one which accommodates most of the experimental observations. 

MATERIAL AND METHODS 

(1) Preparation of b r a i n synaptic membranes. 

These were prepared from the br a i n s of r a t s and 

rainbow t r o u t as p r e v i o u s l y described i n Chapter 2. 

(2) Assay of Na+-K+-ATPase at non-saturing potassium concentrations. 

The assay conditions w i t h respect to temperature, pH and 

concentrations of e s s e n t i a l ligands (except potassium) 

were as p r e v i o u s l y described i n Chapter 2. 
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Prepared s o l u t i o n s 

(a) Disodium A.T.P. 4.4 x 3mM . . pH 7.5 ( T r i s ) 

(b) Buffered i o n i c medium pH 7.5 at 37°C (Tris/HCl) 

4.4 x 124mM Sodium Chloride 

4.4 x 3mM Magnesium Chloride 

4.4 x 30mM H i s t i d i n e 

(c) Ouabain 4.4 x ImM 

(d) Potassium Chloride 4.4 x f i n a l concentration 

18 s o l u t i o n s were prepared so as t o o b t a i n potassium c h l o r i d e 

s o l u t i o n s of f i n a l concentrations i n the range 1.15 x 10 Si -

1.5 x 10 M w i t h a geometric separation of potassium 

concentrations. 

Reaction mixtures 

( i ) T o t a l ATPase a c t i v i t y 

0.5 cm - 3 ATP 
-3 

0.5 cm buffered i o n i c medium 
3 

0.5 cm d i s t i l l e d water 
3 

0.5 cm potassium c h l o r i d e 

( i i ) Ouabain i n s e n s i t i v e ATPase a c t i v i t y 

This was e s s e n t i a l l y the same as t h a t f o r the t o t a l ATPase 
3 

except t h a t 0.5 cm of ouabain was s u b s t i t u t e d f o r the d i s t i l l e d 

water. 

The r e a c t i o n mixtures were t h e r m o e q u i l i b r i a t e d at 37°C f o r a s u i t a b l e 

time ( u s u a l l y 20-30 minutes), and the r e a c t i o n s t a r t e d by the a d d i t i o n 

of 0.2 cm of an enzyme p r e p a r a t i o n . The r e a c t i o n was quenched a f t e r 

a s u i t a b l e run time and l i b e r a t e d i n o r g a n i c phosphate determined as 

pr e v i o u s l y described (Chapter 2 ) . The Na+-K+-ATPase a c t i v i t y was taken 

as the d i f f e r e n c e between the inorga n i c phosphate released i n the t o t a l 

ATPase mixture and tha t i n the ouabain i n s e n s i t i v e ATPase mix t u r e . 
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RESULTS AND DISCUSSION 

The potassium a c t i v a t i o n k i n e t i c s of the Na+-K+-ATPase from the 

r a t b r a i n and t r o u t b r a i n preparations are shown i n f i g u r e s 5.1 

and 5*2 ( t y p i c a l of 4 p r e p a r a t i o n s ) . I n these diagrams, the l i n e 

drawn i s a Michaelis-Menten rectangular hyperbola f i t t e d by a computer 

assisted l e a s t squares m i n i m i s a t i o n procedure (see Appendix I I ) 

I n both cases, the observed data p o i n t s appear t o f i t the rectangular 

hyperbola drawn at the higher potassium concentrations, but deviate 

downwards from the hyperbola at the low potassium concentrations 
—3 

(<10 M). This i s f u r t h e r emphasised i n the Lineweaver-Burk 

transformations of the data (see i n s e r t s i n f i g u r e s 5.1 and 5.2), 
—3 

m which, the data p o i n t s f o r potassium concentrations less than 10 M, 

a l l deviate upwards from the Lineweaver-Burk l i n e c a l c u l a t e d from the 

best f i t Michaelis-Menten hyperbola. These observations are thus 

s i m i l a r t o those p r e v i o u s l y reported (Robinson, 1967), and c l e a r l y 

i n d i c a t e t h a t the potassium a c t i v a t i o n of the Na+-K+-ATPase does not 

s a t i s f y Michaelis-Menten k i n e t i c s and may b e t t e r be described by a 

sigmoid curve. 

The f i t t i n g of a sigmoid curve t o t h i s type of data i s u s u a l l y 

done according to the H i l l equation (Robinson, 1967, 1969, 1970; Gache, 

Rossi & Lazdunski, 1977). This i s an e m p i r i c a l r e l a t i o n s h i p i n which the 

observed a c t i v i t y (v) i s given by the equation 

V S n V ... Maximal a c t i v i t y max max 
v = n ,n K, Substrate concentration r e q u i r e d +S 0.5 

f o r h a l f maximal a c t i v i t y 

S Substrate concentration 

n ... H i l l exponent 
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Figures 5.3 and 5.4 are t y p i c a l sets of data t o which sigmoid 

curves ( H i l l equation) have been f i t t e d , using a computer assisted 

l e a s t squares m i n i m i s a t i o n procedure (see Appendix I I ) . T h e values 

of the ' H i l l parameters' d e f i n i n g the f i t t e d sigmoid curves are l i s t e d 

i n Table 5.1. The value returned f o r the ^ f o r the r a t b r a i n 
- 3 

p r e p a r a t i o n (1.35 x 10 M) i s higher than t h a t p r e v i o u s l y reported 

f o r t h i s p r e p a r a t i o n (Robinson, 1967, 1970), but the value f o r the 

H i l l exponent (1.4) compares favourably w i t h the l i t e r a t u r e values 

f o r t h i s p r e p a r a t i o n (Robinson s 1967 5 1970)? The disagreement 

between the K _ obtained here and the a v a i l a b l e l i t e r a t u r e values 

can be accounted f o r by the higher sodium concentrations used i n 

t h i s study, since i t has been reported t h a t the potassium concentrations 

r e q u i r e d f o r h a l f maximal response of the sodium pump i s s e n s i t i v e 

to sodium i o n concentration (Lindenmayer, Schwartz & Thompson, 1974; 

Fukushima & Tonomura, 1975). I n s p i t e of the good f i t of the 

experimental data to the H i l l equation (see i n s e r t s i n f i g u r e s 5.3 

and 5 . 4 ) , the f a c t t h a t the equation i s e s s e n t i a l l y e m p i r i c a l , 

means t h a t any mechanistic i n t e r p r e t a t i o n of the r e s u l t s i s precluded. 

At best, the H i l l equation allows a numerical d e f i n i t i o n of the sigmoid 

curve, and as a consequence a numerical means of comparing d i f f e r e n t data 

sets. Thus the values quoted i n Table 5.1 suggest t h a t the t r o u t b r a i n 

p r e p a r a t i o n i s less potassium s e n s i t i v e than the r a t b r a i n p r e p a r a t i o n 

( t r o u t K n > r a t K _ ) , and t h a t the degree of d e v i a t i o n from a 

rectangular hyperbola i s smaller i n the case of the t r o u t (n f o r 

t r o u t i s closer to u n i t y than n f o r the r a t ) . 

The observation t h a t two moles of potassium i o n are 

t r a n s l o c a t e d across the e r y t h r o c y t e membrane f o r each mole of ATP 

hydrolysed by the sodium pump (Garraha n & Glynn, 1967; Sen & Post, 1964) 
+ + , 

suggested a d e s c r i p t i o n of the Na -K -ATPase d e f i n i n g two potassium 
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TABLE 5.1 

H i l l parameters d e f i n i n g the Sigmoid curves f i t t e d to the 

K + a c t i v a t i o n of the Na+-K+-ATPase 

Tissue source n K0.5 H i l l exponential 

Rat Brain 4 1.35xKf 3 ± 4 . 6 1 x l C ~ 5 1.41^0.055 

Trout b r a i n 4 2.95xlO _ 3 i1.55xlO~ 4 1.23-0.02 

Value means of n preparations - 1 standard d e v i a t i o n 
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G i t e s u This suggestion has been supported by recent k i n e t i c 
measurements (Lindenmayer, Schwartz & Thompson, 1974; Robinson, 
1975; Fukishima & Tonomura, 1975)» W i t h i n t h i s d e s c r i p t i o n , each 
c a t a l y t i c u n i t of the f u n c t i o n a l enzyme i s envisaged to contain two 
potassium s i t e s , both of which must be occupied f o r the completion of 
the enzyme cycle„ Thus assuming s a t u r a t i n g concentrations of a l l other 
e s s e n t i a l l i g a n d s , the potassium a c t i v a t i o n of the enzyme could be 
described by the f o l l o w i n g equations 0 

K a _ . „ E..S E +S E s j K a E s i 

K 
f 

ES2 Products 
K r o - . C a t a l y t i c r a t e constant 

S . „ Potassium i o n concentration 

E o o 'Free' potassium s e n s i t i v e species 

E s j o c Species w i t h one potassium s i t e 

occupied 

Eso»« r a t a l i m i t i n g species w i t h bath 

potassium s i t e s occupied. 

Using the above equations, the conservation equation (E, - E + Esj + ES2 

- Sum of a l l the species p r e s e n t ) , and the s a t u r a t i o n approximation 

( i . e . maximal a c t i v i t y = V + K E ) the observed a c t i v i t v (V) can be 
J max r o ' 

shown to be defined by the equation 

V 



The type of curve described by equation (5a) i s sigmoidal. At the 

higher potassium concentrations, the equation p r e d i c t s t h a t the curve 

should approach the form of a Michaelis-Menten rectangular hyperbola 

w i t h an apparent K m given by ( f o r S >> K g the term ^ ~ °)« 

Thus i n t h i s respect, the p r e d i c t e d behaviour agrees w i t h the observations 

shown i n f i g u r e s 5 ( i ) and 5 ( i i ) . Furthermore, the sigmoidal 

potassium a c t i v a t i o n k i n e t i c s a r i s e n a t u r a l l y out of the d e s c r i p t i o n 

and o f f e r a mechanistic i n t e r p r e t a t i o n of the data, since by d e f i n i t i o n 

the constants K and represent the potassium concentrations needed a D 

to s a turate the res p e c t i v e s i t e s on the enzyme. 

Figures 5.5 and 5.6 are t y p i c a l sets of data t o which 

sigmoid curves (as defined by equation (5a)) have been f i t t e d using a 

computer a s s i s t e d l e a s t squares m i n i m i s a t i o n procedure (see Appendix I I ) 

The d e f i n i n g parameters are l i s t e d i n Table 5.2. I n both cases 

( t r o u t and r a t ) the model i n t e r p r e t s the data as f o l l o w s : 

(a) There are two potassium s i t e s . 

(b) The f i r s t s i t e ( t h a t defined by K ) has a greater potassium 
3. 

s e n s i t i v i t y than the second s i t e ( t h a t defined by K^). This 

i s because higher potassium concentrations are required t o 

h a l f s a t u r a t e the second potassium s i t e . 

The d i f f e r e n c e s between the Na+-K+-ATPase preparations from the r a t and 

t r o u t can be i n t e r p r e t e d by the high a f f i n i t y s i t e of the t r o u t p r e p a r a t i o n 

having a greater potassium s e n s i t i v i t y than t h a t of the r a t p r e p a r a t i o n 

( t r o u t K < r a t K ) ; and the low a f f i n i t y s i t e of the r a t p r e p a r a t i o n 
3 Si 

having a greater potassium s e n s i t i v i t y than t h a t of the t r o u t p r e p a r a t i o n 

( r a t < t r o u t K^). Since the value f o r the t r o u t Kfl i s smaller than 
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TABLE 5.2 

Parameters d e f i n i n g the sigmoid curve drawn 

according to the stoichiometric model 

Tissue source n K 
a h 

Rat b r a i n 4 2.25xlO _ 4M ±6.67xlO~ 5M 1.26xlO~ 3Mi4.97xlO~ 5M 

Trout b r a i n 4 8.25xl0" 5M ±l.45xlO~ 5M 3 . i o x i ( f 3Miixio~ 4M 

Values - mean of n preparations - 1 standard d e v i a t i o n 
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t h a t of the r a t , the r e s u l t s suggest t h a t i f the potassium a c t i v a t i o n 

k i n e t i c s of these two preparations are compared over any given 

potassium c o n c e n t r a t i o n range, the data described by the t r o u t 

p r e p a r a t i o n would show a smaller d e v i a t i o n from a Michaelis-Menten 

rectangular hyperbola, since the degree of s a t u r a t i o n of the high 

a f f i n i t y potassium s i t e would be greater f o r the t r o u t p r e p a r a t i o n 

at any f i n i t e potassium concentration. Thus t h i s d e s c r i p t i o n suggests 

a possible explanation f o r the smaller d e v i a t i o n from the rectangular 

hyperbola observed f o r the t r o u t p r e p a r a t i o n (the H i l l exponent f o r the 

t r o u t was nearer t o u n i t y than t h a t of the r a t ) . Table 5.3 shows 

the values returned by both methods ( H i l l equation and stoichiometric 

model) f o r the potassium concentrations g i v i n g h a l f maximal response, 

and the maximal a c t i v i t i e s ( a l l maximal a c t i v i t i e s have been normalised 

against 100 f o r the H i l l V ) . This shows t h a t the values c a l c u l a t e d 
max 

are i n broad agreement w i t h each other though those returned by the 

stoichiometric d e s c r i p t i o n were c o n s i s t e n t l y greater than those c a l c u l a t e d 

by the H i l l equation (= 5-8%). 

CONCLUSIONS 

The experimental observations suggest t h a t the a c t i v a t i o n 

of the Na+-K+-ATPase by potassium i o n i s best described by sigmoid 

k i n e t i c s , and the accurate f i t s of the data to the two sigmoid curve 

types tested support t h i s suggestion. Although the comparable parameters 

c a l c u l a t e d by both methods ( H i l l equation and stoichiometric model), 

are i n general agreement w i t h each other, the stoichiometric model was 

pr e f e r r e d since, u n l i k e the H i l l equation, i t i s not e m p i r i c a l and the 

sigmoidal response t o incre a s i n g potassium concentration a r i s e s n a t u r a l l y 
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TABLE 5.3 

Comparison of appropriate parameters of the H i l l 

and stoichiometric sigmoid curves. 

Model Rat b r a i n p r e p a r a t i o n 

max K, 0.5 

Trout b r a i n p r e p a r a t i o n 

V K, 0.5 

H i l l 

St oichio
m e t r i c 

100 1.35x10 " ^ 4 . 6 1 x l 0 ~ 5 M 100 

106.8-0.99 1.45x10"^!, 13x10 5M 104.8-1.8 

2.95x10"^!. 55xl0 _ 4 M 

3.15YAO~3H-5X10~5M 

The V values are normalised against 100 f o r the H i l l equation V 
max n max 

K. •Q ̂  - Potassium concentration t h a t produces h a l f maximal a c t i v i t y . 

A l l values mean of 4 preparations - 1 standard d e v i a t i o n . 
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out of the d e s c r i p t i o n . As p r e v i o u s l y mentioned, t h i s stoichiometric 

d e s c r i p t i o n i s compatible w i t h the sfoichiometry of the sodium pump 

and recent k i n e t i c evidence. However, i n i t s present form, the 

d e s c r i p t i o n i s probably too simple to account f o r the complex 

a c t i v a t i o n of the Na+-K+-ATPase by monovalent c a t i o n s , and consequently, 

the i n t e r p r e t a t i o n of the behaviour according to t h i s model can only 

be taken as approximate. I n s p i t e of these l i m i t a t i o n s , the d e s c r i p t i o n 

allows a 'quasi-mechanistic' i n t e r p r e t a t i o n of the data, and as a 

r e s u l t i t was used as the framework f o r the i n t e r p r e t a t i o n of the 

potassium a c t i v a t i o n of the Na+-K+-ATPase. 
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CHAPTER 6 

The e f f e c t of some p a r t i a l p u r i f i c a t i o n procedures on the k i n e t i c 

p r o p e r t i e s of the Na+-K+-ATPase 

INTRODUCTION 

The b i o l o g i c a l a c t i v i t y of the Na+-K+-ATPase appears to be 

h e a v i l y dependent on a f i r m a s s o c i a t i o n between the c a t a l y t i c species 

(or assembly of species) and the l i p i d c o n s t i t u e n t of the biomembrane 

con t a i n i n g the enzyme. As a r e s u l t , a l l attempts t o prepare pure, 

b i o l o g i c a l l y a c t i v e samples of t h i s enzyme, f r e e of membrane l i p i d , 

have so f a r been unsuccessful. Thus the best t h a t has been achieved 

i s the p r e p a r a t i o n of membrane samples t h a t are enriched w i t h the 

enzyme by the removal of other p r o t e i n species. The procedures 

f o r so doing u s u a l l y e x p l o i t the f i r m a s s o c i a t i o n of t h i s enzyme w i t h the 

membrane, by the c o n t r o l l e d use of s u r f a c e - a c t i v e agents and high 

i o n i c s t r e n g t h under c o n d i t i o n s such t h a t the p r o t e i n species t h a t 

are less f i r m l y membrane bound than the Na+-K+-ATPase, are 

s e l e c t i v e l y removed. 

A v a r i e t y of procedures have been used i n the enrichment 
+ + 

of membrane fragments w i t h respect to the Na -K -ATPase. These 

are based on the use of surface a c t i v e agents and/or high i o n i c 

s t r e n g t h . I n the l a t t e r procedures, high concentrations (>1.6M) 

of sodium iodide (Nakao, Nakao, Mizuno, Komatsu & F u j i a t a , 1973), 

on ammonium sulphate (Uesugi, Dulak, Dixon, Hexum, Dahl, Perdue & 

Hokin, 1971) are used t o d i f f e r e n t i a l l y s o l u b i l i s e p r o t e i n species 

t h a t are less f i r m l y membrane bound than the Na+-K+-ATPase. These 

procedures u s u a l l y form p a r t of a more elaborate e x t r a c t i o n process 
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i n which a surface a c t i v e agent i s used. As a r e s u l t the e f f e c t s 

of these agents on the enzyme i s d i f f i c u l t t o evaluate. 

A v a r i e t y of surface-active agents have been used i n the 

enrichment of membrane f r a c t i o n s w i t h respect t o the Na+-K+-ATPase. 

These include non-ionic detergents l i k e l u b r o l (Uesegi, Durlak, 

Dixon, Hexum, Dahl, Perdue & Hokin, 1971; Nakao, Nakao, Hara, 

Nagai, Yagasaki, Koi, Nakagawa & Kawai, 1974) and T r i t o n X-100 

(Banerjee, Dowosh, Khanna & Sen, 1970), weakly anionic detergents 

l i k e deoxycholate (Kyte, 1971b),and s t r o n g l y anionic detergents 

l i k e dodecyl-sulphate (Jorgensen, 1974b). The ef f e c t i v e n e s s of these 

m a t e r i a l s i n the enrichment of biomembranes w i t h Na+-K+-ATPase 

appears to be the product of t h e i r i n t e r a c t i o n w i t h membrane l i p i d 

r a t h e r than membrane p r o t e i n , since they appear to exert optimal 

e f f e c t s a t concentrations near t h e i r c r i t i c a l m i c e l l a r concentrations 

(Jorgensen & Skou, 1971). Thus i n a l l cases where detergents 

have been used, the response of the enzyme was characterised by an apparent 

a c t i v a t i o n a t low detergent concentrations, followed by a sharp loss 

of a c t i v i t y a t the higher detergent concentrations. The i n i t i a l 

apparent a c t i v a t i o n of the enzyme has been a t t r i b u t e d t o the exposure 

of occluded enzyme s i t e s by the detergent since there was no 

s i g n i f i c a n t change i n the 'molecular a c t i v i t y ' of the enzyme (as 
3 

determined by H-ouabain binding) on treatment w i t h detergents 

(Jorgensen, 1974c). The loss of Na+-K+-ATPase a c t i v i t y a t the 

higher detergent concentrations i s g e n e r a l l y believed to be the 

r e s u l t of p r o t e i n d e n a turation and or membrane s o l u b i l i s a t i o n . 

Given th a t the b i o l o g i c a l a c t i v i t y of t h i s enzyme appears t o 

depend on the a s s o c i a t i o n of the c a t a l y t i c species w i t h membrane l i p i d , 

and since some p e r t u r b a t i o n of the membrane s t r u c t u r e must i n e v i t a b l y 

occur when biomembranes are enriched i n Na+-K+-ATPase by the use of 
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s u r f a c t a n t s , the p o s s i b i l i t y of the k i n e t i c p r o p e r t i e s of the 
Na+-K+-ATPase being a f f e c t e d by the detergent induced p e r t u r b a t i o n s 
of the membrane s t r u c t u r e during such enrichment procedures had t o 
considered. Thus the e f f e c t s of the enrichment procedures on some 
of the k i n e t i c p r o p e r t i e s of the Na+-K+-ATPase were i n v e s t i g a t e d 
w i t h the aim of determining whether the k i n e t i c p r o p e r t i e s of the 
enzyme were s i g n i f i c a n t l y a f f e c t e d by the enrichment procedures. 

MATERIALS AND METHODS 

(1) Preparation of membranes co n t a i n i n g Na+-K+-ATPase a c t i v i t y . 

(a) Synaptic membranes from the brains of mammals. 

These were prepared as described f o r the r a t b r a i n i n 

Chapter 2. The brains of r a t s , mice and hamsters were used as 

sources of synaptic membranes. 

(b) Microsomal membranes from r a t and t r o u t b r a i n . 

A l l operations were c a r r i e d out at 0-4°C. The animals were 

k i l l e d and t h e i r brains excised i n t o i c e cold e x t r a c t i o n medium 

(320mM Sucrose, 30mM Imidazole, 2mM EDTA, pH 7.2 at room temperature) 

as described i n Chapter 2. The cer e b r a l hemispheres were then 

dissected f r e e of blood vessels and und e r l y i n g t i s s u e and then 

homogenised (= 10% t i s s u e concentration) i n the e x t r a c t i o n medium 

w i t h a t e f l o n l i n e d glass homogeniser. The homogenate was c e n t r i f u g e d 

at 900g (MSE 2L r e f r i g e r a t e d c e n t r i f u g e ) f o r 10 minutes and the p e l l e t 

was discarded. The supernatant was then c e n t r i f u g e d a t 20,000g 

(MSE High speed 18 r e f r i g e r a t e d c e n t r i f u g e ) f o r 30 minutes. The 

p e l l e t was e i t h e r discarded or used f o r the pr e p a r a t i o n of synaptic 

membranes (see Chapter 2 ) , and the supernatant was r e c e n t r i f u g e d a t 
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20,000g f o r 30 minutes. The supernatant from t h i s spin was 

then c a r e f u l l y removed from the p e l l e t and c e n t r i f u g e d at 100,000g 

(MSE Prepspin 50 u l t r a c e n t r i f u g e ) f o r one hour. The supernatant 

was discarded and the surface of the p e l l e t was washed f r e e of 

loosely packed f a t t y m a t e r i a l by a gen t l e s w i r l i n g of low i o n i c 
• 

strength b u f f e r (lOmM Imidazole, lmM EDTA, pH 7.2 at room temperature). 

The f i n a l p e l l e t was then resuspended by homogenising i n low i o n i c 
-3 

s t r e n g t h b u f f e r a t a p r o t e i n concentration of 1-3 mg. cm and 

stored on i c e u n t i l r e q u i r e d . 

(c) Microsomal membranes from r a t submaxillary gland. 

A l l operations were c a r r i e d out a t 0 - A°C. The animals 

were stunned by a blow to the head and k i l l e d by c e r v i c a l d i s l o c a t i o n . 

The submaxillary glands were then q u i c k l y excised i n t o an i c e - c o l d 

e x t r a c t i o n medium (250mM Sucrose, 30mM Imidazole, 2mM EDTA, pH 7.2 

at room temperature). The submaxillary glands were then dissected 

f r e e of associated connective t i s s u e and blood vessels, and then 

minced thoroughly w i t h a p a i r of s c i s s o r s . The t i s s u e was then 

homogenised i n the e x t r a c t i o n medium (= 5% t i s s u e concentration) 

w i t h a t e f l o n l i n e d glass homogeniser, and the homogenate c e n t r i f u g e d 

at 900g (MSE 2L r e f r i g e r a t e d c e n t r i f u g e ) f o r 10 minutes. The p e l l e t 

^ Note: The washing of the surface of the p e l l e t (from 100,000g spin) 

was important e s p e c i a l l y i n the p r e p a r a t i o n of t r o u t b r a i n 

microsomes where the supernatant (from l00,000g spin) was found 

t o be a suspension of low d e n s i t y f a t t y m a t e r i a l c o n t a i n i n g 
+ + . 

l i t t l e or no Na -K -ATPase a c t i v i t y . 
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was discarded and the supernatant c e n t r i f u g e d a t 20,000g 

(MSE High speed 18 r e f r i g e r a t e d c e n t r i f u g e ) f o r 30 minutes. 

The supernatant from t h i s s pin was then c a r e f u l l y removed from the 

p e l l e t , and the microsomal membranes sedimented from the supernatant 

by c e n t r i f u g a t i o n a t 100,000g f o r one hour (MSE Prepspin 50 

u l t r a c e n t r i f u g e ) . The supernatant was discarded and the p e l l e t 

washed by resuspension i n a low i o n i c s t r e n g t h b u f f e r (lOmM 

Imidazole, ImM EDTA, pH 7.2 a t room temperature) and resedimented 

by c e n t r i f u g a t i o n at I00,000g f o r one hour. The f i n a l p e l l e t was 

resuspended i n the low i o n i c s t r e n g t h b u f f e r a t a p r o t e i n 
-3 

c o n c e n t r a t i o n of 0.8 - 1.2 mg.cm and stored on i c e u n t i l r e q u i r e d . 

(2) E x t r a c t i o n of membrane preparations w i t h detergents. 

(a) Determination of the optimal detergent concentration f o r the 

e x t r a c t i o n of membranes w i t h Sodium deoxycholate. The procedure 

adopted was adapted from t h a t described by Jorgensen (1974b), 

f o r r a b b i t kidney microsomes. 

Prepared s o l u t i o n s 

( i ) Buffered Medium . . . . pH 7.0 at 20°C (HC1) 

2 x 2mM E.D.T.A. 

2 x 88mM Sucrose 

1.5 x 50mM Imidazole 

( i i ) Buffered deoxycholate media . . . pH 7.0 a t 20°C (HC1) 

8 s o l u t i o n s were prepared c o n t a i n i n g 50mM Imidazole and sodium 

deoxycholate a t concentrations 4 x required c o n c e n t r a t i o n . The 

deoxycholate s o l u t i o n s were prepared f r e s h l y , so as t o span 
-3 

a f i n a l c o n c e ntration range of 0-800 ug.cm w i t h an even 

spacing of concentrations. 
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( i i i ) Membrane p r e p a r a t i o n . 

The stock membrane pre p a r a t i o n was d i l u t e d ( i f necessary) 
-3 

to a membrane p r o t e i n concentration of 4 x 200-300 ug.cm , 

w i t h the low i o n i c s t r e n g t h b u f f e r . 

Two volumes of the buffered medium were mixed w i t h one volume 

of the membrane p r e p a r a t i o n and the mixture t h e r m o - e q u i l i b r i a t e d a t 

20°C f o r 5-10 minutes. One volume of a pre-warmed bu f f e r e d deoxycholate 

medium was slowly added t o the above mixture ( w i t h s t i r r i n g ) and the 

f i n a l mixture incubated a t 20°C f o r 20 minutes. The. mixture was then 

d i l u t e d w i t h twice i t s volume of i c e cold low i o n i c s t r e n g t h b u f f e r . 

An a l i q u o t was stored on i c e f o r enzyme assay and the remainder 

subjected t o c e n t r i f u g a t i o n a t 100,000g (temperature = 0-4°C) 

f o r 45 minutes t o sediment the microsomes. The p e l l e t was then 

washed by two cycles of resuspension i n i c e col d low i o n i c s t r e n g t h 

b u f f e r and c e n t r i f u g a t i o n a t 100,000g. The f i n a l p e l l e t was 

resuspended i n the low i o n i c s t r e n g t h b u f f e r t o a p r o t e i n concentration 
_3 

of 0.8-1.2 mg.cm and stored on i c e u n t i l r e q u i r e d . 

(b) Determination of the optimal detergent concentration 

f o r the e x t r a c t i o n of membranes w i t h sodium dodecyl sulphate. The 

procedure adopted was adapted from t h a t described by Jorgensen (1974b) 

f o r r a b b i t kidney microsomes. 

Prepared s o l u t i o n s 

( i ) Buffered medium pH 7.5 at 20°C (HC1) 

4 x 2mM E.D.T.A. 

3 x 50mM Imidazole 

( i i ) Adenosine Triphosphate . . pH 7.5 a t 20°C ( T r i s ) 

4 x 3mM A.T.P. (Sigma Grade I - Cat. No. A2383) 

( i i i ) Buffered dodecyl sulphate media . . pH 7.5 at 20°C (HC1) 

8 s o l u t i o n s were prepared con t a i n i n g 50mM Imidazole and 
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sodium dodecyl sulphate a t concentrations 4 x required 

concentration. The dodecyl sulphate s o l u t i o n s were prepared 

f r e s h l y , so as t o span a f i n a l c o n c e ntration range of 
-3 

0 - 175 ug.cm w i t h an even spacing of concentrations, 

( i v ) Membrane p r e p a r a t i o n . 

This was prepared as described f o r the deoxycholate e x t r a c t i o n 

above. 

One volume of the b u f f e r e d medium was mixed w i t h one volume of 

ATP and one volume of the membrane pr e p a r a t i o n . The mixture was 

th e r m o e q u i l i b r i a t e d a t 20°C f o r 5-10 minutes. One volume of 

pre-warmed bu f f e r e d dodecyl sulphate medium was slowly added to the 

above mixture and the f i n a l mixture incubated a t 20°C f o r 45 minutes. 

The mixture was then d i l u t e d w i t h twice i t s volume of an i c e cold 

washing b u f f e r (50mM Imidazole, 2mM EDTA, 3mM ATP, pH 7.5 at 20°C). 

A sample was r e t a i n e d on i c e f o r enzyme assays and the r e s t of the 

membranes sedimented by c e n t r i f u g a t i o n a t 100,000g (temperature = 

0-4°C) f o r 45 minutes. The p e l l e t was then washed three times i n 

the washing b u f f e r and once i n the low i o n i c s t r e n g t h b u f f e r . The 

f i n a l p e l l e t was resuspended i n the low i o n i c s t r e n g t h b u f f e r to a 
-3 

p r o t e i n concentration of 0.8 - 1.2 mg.cm and stored on i c e u n t i l 

r e q u i r e d . 

(c) E x t r a c t i o n of membranes w i t h C i r r a s o l ALN-WF ( L u b r o l ) . 

The procedure adopted was adapted from t h a t described by Lewis (1974), 

f o r p i g b r a i n synaptic membranes. A l ] operations were c a r r i e d out 

at 0-4°C. 

Prepared s o l u t i o n s 

Iodide e x t r a c t i o n medium . . . . pH 8.1 at 20°C (HC1) 

3.2M Sodium i o d i d e 

lOOmM t r i s 

lmM E.D.T.A. 
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Adenosine Triphosphate . . . pH 7.5 at 20°C ( T r i s ) 

4 x 3mM A.T.P. (Sigma Grade I - Cat. no. A2383). 

Membrane pre p a r a t i o n . 

The stock membrane p r e p a r a t i o n was d i l u t e d w i t h low i o n i c 

s t r e n g t h b u f f e r ( i f necessary) to a membrane p r o t e i n concentration of 
-3 

5.5 - 6.5 mg.cm 

C i r r a s o l ALN-WF (Lubrol) 

A s o l u t i o n of the detergent was made up i n d i s t i l l e d water a t 
-3 

a detergent concentration of 4mg.cm . 

One volume of the membrane pre p a r a t i o n was mixed w i t h one volume of 

ATP. The mixture so formed was ge n t l y s t i r r e d w h i l e two volumes of 

the i o d i d e e x t r a c t i o n medium were slowly added. The mixture was then 

stood on i c e f o r 30 minutes, and then d i s t i l l e d water was added to 

d i l u t e the iodide concentration t o 0.6M. The membranes were then 

sedimented from the mixture by c e n t r i f u g a t i o n a t 100,000g f o r one 

hour. The p e l l e t was then washed once i n the low i o n i c s t r e n g t h 

b u f f e r and once i n d i s t i l l e d water, and was resuspended i n d i s t i l l e d 
-3 

water t o a p r o t e i n c o n centration of 4mg.cm . The suspension so 

obtained was then t r e a t e d w i t h an equal volume of l u b r o l s o l u t i o n 

( w i t h s t i r r i n g ) and the mixture g e n t l y homogenised i n a t e f l o n l i n e d 

glass homogeniser. I t was then stood on i c e f o r 15 minutes, and 

cen t r i f u g e d a t 100,000g f o r one hour. The supernatant was then care

f u l l y removed from the p e l l e t and c e n t r i f u g e d f o r 24 hours at 100,000g. 

The f i n a l gelatinous p e l l e t was resuspended i n d i s t i l l e d water to 
-3 

a p r o t e i n concentration of 1-1.5 mg.cm . 

(3) S.D.S. polyacrylamide g e l e l e c t r o p h o r e s i s . 

The procedure adopted was adapted from t h a t described by 

Weber & Osborn (1969). 
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Prepared s o l u t i o n s . 

Running b u f f e r . . . pH 7.0 at 20°C 

lOOmM phosphate b u f f e r (Nal^PO^, Na 2HP0 4) co n t a i n i n g 0.1% 

Sodium dodecyl sulphate. 

P r o t e i n s o l u b i l i s a t i o n medium . . . pH 7.0 at 20°C 

lOmM phosphate b u f f e r (Nal^PO^, Na2HP0^) c o n t a i n i n g 0.1% 

Sodium dodecyl sulphate and 1% (v/v)2-mercaptoethanol. 

Preparation of polyacrylamide g e l s . 

6.32g of acrylamide and 182ing of methylene b i s a cry 1 amide 
3 

were dissolved i n 95 cm of the running b u f f e r and the mixture was 
3 

degassed by a v/ater d r i v e n s u c t i o n pump. 5 cm of 5% (w/v) Ammonium 

persulphate were added to the degassed mixture. The gels were 

polymerised i n 15 cm long glass tubes (10mm I.D.). The tubes were 

secured i n the v e r t i c a l p o s i t i o n i n a j a c k e t thermostated at 20°C 
3 

w i t h t h e i r lower ends covered w i t h s e a l i n g f i l m . 0.05 cm of 
3 . . . 

were then added t o 100 cm of the acrylamide mixture which was 

q u i c k l y mixed and introduced i n t o the glass tubes, t o a l e v e l of 12 cm 

D i s t i l l e d water was then c a r e f u l l y layered on top of the acrylamide 

mixture i n the tubes so as t o o b t a i n a smooth h o r i z o n t a l i n t e r f a c e 

between the acrylamide and the water. The. system was then l e f t 

undisturbed at 20°C u n t i l the pol y m e r i s a t i o n was complete. 

Preparation and electrophoresing of p r o t e i n samples. 
-3 

Two volumes of a p r o t e i n sample (1.5-2mg cm ) were mixed w i t h 

one volume of the p r o t e i n s o l u b i l i s a t i o n medium and the mixture 

incubated at 37°C f o r two hours. The mixture was then mixed w i t h 
3 

one t e n t h i t s volume of g l y c e r o l and 0.05 cm of 1% Bromophenol blue 
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were added to the sample which was thoroughly mixed. The gels 

were then set up w i t h the running b u f f e r i n both electrode compartments. 
3 

A volume of sample ( 0.1 cm ) co n t a i n i n g approximately 100 yg 

of p r o t e i n was then layered on the surface of the g e l . The 

elec t r o p h o r e s i s was run at a current of 8mA per gel u n t i l the 

marker dye (Bromophenol blue) had t r a v e l l e d f o r 9 cm. The gels 

were then removed from the tubes and transected at the marker dye 

p o s i t i o n . The gels were then stained f o r t o t a l p r o t e i n i n a 

s t a i n i n g s o l u t i o n ( 0 . 1 % (w/v) Coomassic B r i l l i a n t Blue G250 

i n 50% Methanol ( v / v ) , 7% a c e t i c acid (v/v) f o r 12 hours. Excess 

s t a i n was removed by a continuous washing i n 10% Methanol ( v / v ) -

7% Ace t i c acid ( v / v ) . The gels were f i n a l l y stored i n 7% Acetic 

acid ( v / v ) . 

(4) Assay of Na+-K+-ATPase a c t i v i t y . 

(a) Standard assay 

The procedure has been described i n Chapter 2. 

(b) Assays a t v a r y i n g temperatures. 

The procedure has been described i n Chapter 4. 

(c) Assays at non-saturating ouabain concentrations. 

The procedure has been described i n Chapter 3. 

(d) Assays at non-saturating potassium concentrations. 

The procedure has been described i n Chapter 5. 

(5) Determination of p r o t e i n concentration. 

The procedure has been described i n Chapter 2. 
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RESULTS 

(a) The enrichment of membranes i n Na+-K+-ATPase by e x t r a c t i o n w i t h 

detergents. 

The e f f e c t s of sodium deoxycholate on the s p e c i f i c a c t i v i t y of 
+ + 

the Na -K -ATPase from r a t b r a i n synaptic membranes are shown i n 

f i g u r e 6.1. I t i s c l e a r t h a t , under the s t a t e d c o n d i t i o n s , the 

incubat i o n of the membranes w i t h deoxycholate a t concentrations 
—3 + + 

up to 400 ug cm r e s u l t s i n an increase i n t o t a l Na -K -ATPase 
a c t i v i t y which at the peak i s about 60% greater than the crude 

-3 

p r e p a r a t i o n . At higher detergent concentrations (>400 ug cm ~ ) , 

there i s a progressive decline i n t o t a l Na+-K+-ATPase a c t i v i t y . 

The s p e c i f i c a c t i v i t y of the enzyme i n membranes sedimented from 

the detergent i n c u b a t i o n medium was greater than the apparent s p e c i f i c 

a c t i v i t y of the enzyme, w h i l s t i n the i n c u b a t i o n medium, at a l l 

detergent concentrations i n v e s t i g a t e d . However, the response curve 

described by the membranes sedimented from the i n c u b a t i o n medium 

had a broader peak, showing v i r t u a l l y no change i n s p e c i f i c a c t i v i t y . 
-3 

f o r detergent concentrations i n the range 400-600 ug cm . At 
-3 

higher detergent concentrations (>600 ug cm ) , there was a sharp 

decline i n the s p e c i f i c a c t i v i t y of the membranes sedimented from the 

detergent i n c u b a t i o n medium. 

The response of the Na+-K+-ATPase from the r a t b r a i n synaptic 

membranes to i n c u b a t i o n w i t h sodium dodecyl sulphate i s shown i n 

f i g u r e 6.2. L i k e t h a t observed f o r the deoxycholate, there was an 

increase i n the t o t a l Na+-K+-ATPase a c t i v i t y a t low detergent 

concentrations, f o l l o w e d by a progressive d e c l i n e i n t o t a l a c t i v i t y 
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at the higher detergent concentrations. However the e f f e c t s of the 

detergent occurred at lower detergent concentrations (mass and 

molar) i n the case of the dodecylsulphate, and the peak increase i n 

t o t a l a c t i v i t y (=83%) was greater than t h a t observed f o r deoxycholate. 

The s p e c i f i c a c t i v i t i e s of the enzyme i n the membranes sedimented 

from the incub a t i o n media were also greater than t h e i r apparent 

s p e c i f i c a c t i v i t i e s w h i l s t i n the i n c u b a t i o n media, and t h e i r absolute 

peak values obtained, were about 50% greater than those obtained 

from s i m i l a r samples incubated i n deoxycholate. Unlike the deoxy

cholate incubated samples, the response p r o f i l e described by the 

samples sedimented from dodecyl sulphate had a narrow peak which 
-3 

occurred at a higher detergent concentration (75 ug.cm ) than 
-3 

th a t observed f o r the membranes i n the incub a t i o n medium (50 ug.cm ) . 

The above r e s u l t s are broadly s i m i l a r t o those p r e v i o u s l y 

reported f o r r a b b i t kidney microsomes (Jorgensen & Skou, 1971). 

Since i t has been shown t h a t detergent treatment s i m i l a r t o t h a t used 

here does not a f f e c t the 'molecular a c t i v i t y ' of the Na+-K+-ATPase 

(Jorgensen, 1974a), the increase i n t o t a l a c t i v i t y by in c u b a t i o n 

w i t h low detergent concentrations was a t t r i b u t e d t o the exposure of 

occluded Na+-K+-ATPase s i t e s by the i n t e r a c t i o n of the detergent w i t h 

the membranes, w h i l e the increased s p e c i f i c a c t i v i t y of the membrane 

preparations sedimented from the detergent was a t t r i b u t e d to the 

e x t r a c t i o n of ' i n a c t i v e ' p r o t e i n from the membrane pr e p a r a t i o n s . 

Thus the above r e s u l t s suggested t h a t deoxycholate concentrations of 400 

ug.cm and dodecylsulphate concentrations of 75 ug cm were optimal 

f o r the p r e p a r a t i o n of membranes enriched i n Na+-K+-ATPase under the 

given c o n d i t i o n s . However, since i t has been est a b l i s h e d t h a t the 
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detergent concentration producing optimal e f f e c t s i s dependent on 

the p r o t e i n concentration i n the i n c u b a t i o n medium, and other 

f a c t o r s (see Jorgensen &Skou, 1971), the above detergent concentrations 

were not considered s u i t a b l e f o r the r o u t i n e reproducible preparations 

of membrane samples enriched by these detergents, on account of the 

p r a c t i c a l problems of reproducing the exact i n c u b a t i o n c o n d i t i o n s . 

Thus the r o u t i n e e x t r a c t i o n of membranes was done a t detergent 

concentrations of 500 ug.cra f o r deoxycholate and 100 ug.cm f o r 

dodecylsulphate. 

The s p e c i f i c a c t i v i t i e s of crude and detergent e x t r a c t e d 

r a t b r a i n synaptic membrane preparations w i t h respect to Na+-K+-ATPase 

a c t i v i t y are given i n Table 6.1. This shows t h a t the deoxycholate 

e x t r a c t i o n procedure r e s u l t s i n a two f o l d increase i n s p e c i f i c 

Na+-K+-ATPase a c t i v i t y over t h a t of the c o n t r o l , w h i l e a three 

f o l d increase i n s p e c i f i c a c t i v i t y was observed on dodecylsulphate 

e x t r a c t i o n . The preparations y i e l d i n g the highest s p e c i f i c 

a c t i v i t y were the l u b r o l e x t r a c t e d preparations. However, u n l i k e 

the crude, deoxycholate e x t r a c t e d , and dodecylsulphate e x t r a c t e d 

p r e p a r a t i o n s , the l u b r o l e x t r a c t e d p r e p a r a t i o n was found to be l a b i l e 

( h a l f l i f e = 12 hours at 0-4°C). The other preparations were 

found t o be stable at 0-4°C f o r at l e a s t 25 days. The absolute 

s p e c i f i c a c t i v i t y values obtained a f t e r detergent e x t r a c t i o n of the 

r a t b r a i n synaptic membranes were considerably lower than those of 

some of the h i g h l y a c t i v e samples prepared i n other l a b o r a t o r i e s 

(Uesegi e t _ a l , 1971; Nakao e t ^ a l , 1974; Jorgensen, 1974b; Kyte, 197 l b . 

These other preparations have been made from other t i s s u e sources and 

by d i f f e r e n t methodology f o r detergent e x t r a c t i o n of the membranes, and 
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TABLE 6.1 

Absolute and r e l a t i v e s p e c i f i c a c t i v i t i e s of the 

Na+-K+-ATPase from r a t b r a i n synaptic membranes 

before and a f t e r m i l d e x t r a c t i o n w i t h detergents. 

SAMPLE A * SAMPLE SPECIFIC ACTIVITY RELATIVE ACTIVITY 

CRUDE 55 - 80 100 

D.O.C. ex t r a c t no - 130 200*12 

S.D.S. e x t r a c t 180 - 200 308*18 

Lubrol e x t r a c t t l 5 0 - 550 370*123 

A A c t i v i t y u n i t s ..uMoles P i mg.protein . hr at 37°C 

* R e l a t i v e a c t i v i t y . . . . values normalised against 100 

f o r the crude p r e p a r a t i o n , mean of 4 preps - 1 Standard 

d e v i a t i o n . 

t Samples were l a b i l e . . . a c t i v i t i e s were measured soon 

a f t e r p r e p a r a t i o n of the sample. 

Range of a c t i v i t y values established from a minimum of 4 observations. 
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i t i s g e n e r a l l y found t h a t the success of any given procedure i n 

producing a sample of high s p e c i f i c Na+-K+-ATPase a c t i v i t y i s 

d i f f i c u l t to reproduce i n other l a b o r a t o r i e s (see Schwartz, 

Lindenmayer & A l l e n , 1975). Furthermore, i t i s also g e n e r a l l y 

found t h a t the success of any given procedure i n ' p u r i f y i n g ' the 

Na+-K+-ATPase i s l a r g e l y dependent on the i n i t i a l t i s s u e source 

(see Schwartz, Lindenmayer & A l l e n , 1975). Thus the e f f e c t i v e n e s s 

of the detergent e x t r a c t i o n procedures used and the probable 

i n f l u e n c e of t i s s u e source were i n v e s t i g a t e d . 

The e f f e c t of e x t r a c t i n g various membrane preparations w i t h 
-3 

Sodium dodecylsulphate (100 ug.cm ) i s shown i n Table 6.2. I t i s 

c l e a r t h a t the increase i n t o t a l a c t i v i t y and the s p e c i f i c a c t i v i t y 

of the f i n a l washed membrane pre p a r a t i o n are dependent on the s p e c i f i c 

a c t i v i t y of the i n i t i a l p r e p a r a t i o n , since higher s p e c i f i c a c t i v i t y 

samples are obtained i f the i n i t i a l preparations are themselves r i c h 

i n Na+-K+-ATPase a c t i v i t y . Furthermore, the extent of enrichment 

of any given sample by the procedure adopted, v a r i e d from one sample 

to the next, as evidenced by the v a r y i n g r e l a t i v e increases i n 

the s p e c i f i c a c t i v i t y of the f i n a l preparations over t h a t of the 

membranes i n the detergent i n c u b a t i o n medium ( r a t submaxillary gland 

microsomes - x 1.4 vs_ hamster b r a i n synaptic membranes = x 2.5), 

The above r e s u l t s supported the view t h a t the source of any given 

membrane sample i s a b i g f a c t o r i n determining how e f f e c t i v e any 

' p u r i f i c a t i o n ' method can be as f a r as the Na+-K+-ATPase i s concerned. 

The e f f e c t i v e n e s s of the detergent e x t r a c t i o n procedures used i n 

' p u r i f y i n g ' the Na+-K+-ATPase from r a t b r a i n synaptic membranes was 
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TABLE 6.2 

Comparison of the s p e c i f i c a c t i v i t i e s of the Na+-K+-ATPases 

from crude and S.D.S. e x t r a c t s of membranes from d i f f e r e n t sources. 

CRUDE SAMPLE SAMPLE A SAMPLE B 

Membrane source Range n Range n Range n 

Rat b r a i n microsomes 18-25 8 60-80 4 160-180 4 

Rat b r a i n synaptic membranes 55-80 16 110-140 5 180-200 14 

Mouse b r a i n synaptic 
membranes 60-80 9 120-150 4 220-260 9 

Hamster b r a i n synaptic 
membranes 70-90 11 130-150 3 320-360 9 

Trout b r a i n synaptic 
membranes 160-210 7 300-400 3 600-800 7 

Trout b r a i n microsomes 60-80 6 180-210 3 300-350 3 

Rat submaxillary gland 
microsomes 20-25 4 50-60 3 70-80 3 

Range of s p e c i f i c a c t i v i t i e s e s t a b l i s h e d from n observations. 

S p e c i f i c a c t i v i t i e s were determined a t 37°C under standard 
assay c o n d i t i o n s . 

1 u n i t of s p e c i f i c a c t i v i t y = luMole P i . mg.protein \ hr \ 

SAMPLE A - Membranes i n S.D.S. in c u b a t i o n medium (see Text) 

SAMPLE B - Washed membranes sedimented from the S.D.S. inc u b a t i o n 
medium (see Text) 
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f u r t h e r i n v e s t i g a t e d by comparing the d i s t r i b u t i o n of p r o t e i n 

species i n the f i n a l membrane samples by S.D.S. polyacrylamide 

gel e l e c t r o p h o r e s i s (see Plate 6 ( 1 ) . The. r e s u l t s showed t h a t 

the e x t r a c t i o n of the membranes w i t h deoxycholate and dodecylsulphate 

di d not appear t o have had major e f f e c t s on the d i s t r i b u t i o n of 

polypeptide species i n the membrane pr e p a r a t i o n s , since most of the 

high and low molecular weight polypeptide species observed i n the 

crude sample were also present i n the detergent e x t r a c t e d p r e p a r a t i o n s . 

However, there was evidence t h a t the deoxycholate and dodecylsulphate 

e x t r a c t i o n procedures r e s u l t e d i n the removal of a few low molecular 

weight polypeptide species and t h a t deoxycholate was more e f f e c t i v e 

than dodecylsulphate i n t h i s respect. Furthermore, there was also 

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

polypeptide species i n the l u b r o l e x t r a c t e d sample since several 

high and low molecular weight species were absent from the l u b r o l 

e xtracted p r e p a r a t i o n when compared w i t h the crude membranes. 

(b) E f f e c t s of detergent e x t r a c t i o n on some of the k i n e t i c p r o p e r t i e s 

of the Na+-K+-ATPase. 

The k i n e t i c measurements were done on the enzyme found i n crude, 
-3 

deoxycholate e x t r a c t e d (@ 500 yg.cm ) and dodecylsulphate e x t r a c t e d 
—3 + + (@ 100 ug.cm ) r a t b r a i n synaptic membranes. The Na -K -ATPase 

a c t i v i t y from l u b r o l e x t r a c t s of these synaptic membranes were too 

l a b i l e f o r the t a k i n g of meaningful k i n e t i c measurements. The dose 

response ouabain s e n s i t i v i t i e s of the three preparations are shown 

i n f i g u r e 6.3. I t i s c l e a r t h a t the response of the preparations 

to i n c r e a s i n g ouabain concentrations i s b i p h a s i c , and t h a t the curves 
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PLATE 6(1) 

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

A Crude membranes 

B Dodccylsulphate e x t r a c t e d membranes 

C Deoxychoj.ated e x t r a c t e d membranes 

D L u b r o l e x t r a c t e d membranes 
Arrow shows the d i r e c t i o n of m i g r a t i o n of the p o l y p e p t i d e s . 
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tend to converge at low ouabain concentrations 0>10 and 
at the high (>10 Si). However the curves diverge s i g n i f i c a n t l y 
from each other at ouabain concentrations where the i n f l e c t i o n i n 
the curves i s obvious (10 - 10 The parameters d e f i n i n g 

these curves (see Table 6.3a) show the detergent e x t r a c t i o n has had 

very small e f f e c t s on the parameters (p>0.05), and t h a t the 

s i g n i f i c a n t e f f e c t s of the detergent treatments appear t o be on the 

c o - o p e r a t i v i t y parameters <f) and £5 (see Chapter 3 ) . The. deoxycholate 

p r e p a r a t i o n appeared t o be less modified than the dodecylsulphate 

e x t r a c t since smaller changes ( r e l a t i v e t o the crude pr e p a r a t i o n ) 

were observed. The r e s u l t s also suggested t h a t the apparent 

ouabain binding a f f i n i t i e s at both ouabain b i n d i n g s i t e s were 

unaffected by the detergent e x t r a c t i o n since a l l the values 

and the products 3K^ were not s i g n i f i c a n t l y d i f f e r e n t from each 

other (p>0.05). Thus the small but s i g n i f i c a n t d i f f e r e n c e s i n the 

apparent ouabain s e n s i t i v i t i e s of the samples (p>0.02) can be 

s o l e l y a t t r i b u t e d t o the e f f e c t s of the detergent e x t r a c t i o n on 

the c a t a l y t i c c o - o p e r a t i v i t y parameters <j>. 

Figure 6.4 shows the potassium a c t i v a t i o n k i n e t i c s of the 
+ + 

Na -K -ATPase from the crude and detergent e x t r a c t e d membranes. The 

p a t t e r n of a c t i v a t i o n described by these three samples was sigmoidal 

and the deoxycholate e x t r a c t appeared s l i g h t l y less potassium s e n s i t i v e 

than the others. The parameter l i t s d e f i n i n g the f i t t e d curves 

(see Table 6.3b) show t h a t the detergent e x t r a c t i o n had l i t t l e or no 

e f f e c t on the K values (potassium concentrations f o r h a l f — s a t u r a t i o n 

of the high a f f i n i t y s i t e s ) , since those of the detergent extracted 

samples were not s i g n i f i c a n t l y d i f f e r e n t from t h a t of the crude 

pr e p a r a t i o n (p>0.05). The K, values (potassium concentrations f o r 
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TABLE 6.3 

Ef f e c t s of detergent treatment on r a t b r a i n Na+-K+-ATPase 

A.OUABAIN INHIBITION 

Parameter Crude D.O.C. extracted S.D.S. extracted 

* K.(M) 
* 
3 

* 

apparent p I 5 Q 

2.32xlO~ 8*3.5xlo" 9 

866*25 

0.79*0.031 

6.95-0.003 

2.72xlO~ 8*2.07xlo"" 9 

632*78 

0.716-0.028 

7.03*0.007 

-8+ -9 2.76x10 -1.5x10 y 

1282*43 

0.601 *0.016 

7.16 *0.008 

* 
See Chapter 3 

B. POTASSIUM ACTIVATION 
Parameter Crude D.O.C. extr a c t e d S.D.S. extr a c t e d 

' K a(M) 

K 0 . 5 ( M ) 

2.25*10~ 4*6.67xlO~ 5 

1.26xlO~ 3*4.97xlO~ 5 

1.45xlO~ 3*1.13xlO~ 5 

2.19xlO~ 4*7.1xlO~ 5 

1.65xlO~ 3*1.35xlO~ 4 

1.85xlO~ 3*2.1xlO~ 4 

4.09xlO~ 4*1.34xlO~ 4 

1.16xlO~ 3*1.0xlO~ 4 

1.47xlO~ 3*5.65xlO~ 5 

See Chapter 5 

C. TEMPERATURE DEPENDENCE 

Parameter Crude D.O.C. extr a c t e d S.D.S. extr a c t e d 

+ y(K.J.mol - 1) 
+ AH(K.J.mol - 1) • 
+ AS(J.K. - 1mol - 1 

67.7*4.4 

-170.7*9.0 

1-593 *32 

65.6*2.4 

-142.2*6.4 

-491*12 

75.2*5.8 

-176 * 19 

-611 * 66 

See Chapter 4 

A l l values mean of 4 preparations - 1 standard d e v i a t i o n 
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h a l f s a t u r a t i o n of the low a f f i n i t y s i t e s ) showed t h a t dodecyl-

sulphate e x t r a c t i o n had no s i g n i f i c a n t e f f e c t on the potassium 

a c t i v a t i o n k i n e t i c s of the enzyme and a suggestion f u r t h e r underlined 

by the r e l e v a n t K n . values (potassium concentrations a t h a l f 

maximal a c t i v i t y ) which are almost i d e n t i c a l . I n the case of 

the deoxycholate e x t r a c t e d sample, f o r which the and KQ values 

were s l i g h t l y but s i g n i f i c a n t l y greater (p<0.02), the e x t r a c t i o n 

w i t h the detergent r e s u l t e d i n a decreased s e n s i t i v i t y t o potassium 

i o n . 

The temperature k i n e t i c s of the enzyme from the three membrane 

samples are shown as Arrhenius p l o t s i n f i g u r e 6.5. I t i s c l e a r t h a t 

the crude and detergent e x t r a c t e d samples a l l describe non-ideal 

Arrhenius p l o t s , and t h a t the curvature of the p l o t described by the 

deoxycholate p r e p a r a t i o n i s considerably less than t h a t described 

by the crude and dodecylsulphate e x t r a c t e d p reparations. The 

parameter l i s t s d e f i n i n g the curves drawn (see Table 6.3c) show t h a t 

dodecylsulphate treatment has not s i g n i f i c a n t l y a f f e c t e d the 

temperature k i n e t i c s of the enzyme since none of the d e f i n i n g 

parameters (u, AH, AS) were found to be s i g n i f i c a n t l y a l t e r e d ( r e l a t i v e 

t o the crude p r e p a r a t i o n ) by e x t r a c t i o n w i t h t h i s detergent. On 

comparing the d e f i n i n g parameters of the deoxycholate e x t r a c t e d 

sample w i t h those of the crude sample, no s i g n i f i c a n t d i f f e r e n c e was 

found between the apparent a c t i v a t i o n energies of t h e i r a c t i v e s t a t e s . 

However, the lower values returned f o r the AH and AS parameters of the 

deoxycholate extracted samples, suggested t h a t , the t r a n s i t i o n to the 

i n a c t i v e s t a t e was a f f e c t e d by e x t r a c t i o n w i t h t h i s detergent, being 

broader i n the case of the deoxycholate extracted sample. 
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DISCUSSION 

The above r e s u l t s underlined some important p o i n t s about 

the methodology of preparing membrane samples h i g h l y enriched i n 

Na+-K+-ATPase a c t i v i t y . F i r s t , the ef f e c t i v e n e s s of any enrichment 

procedure i s h e a v i l y dependent on the nature of the crude membrane 

source. This i s evident from the large d i f f e r e n c e s i n s p e c i f i c 

Na+-K+-ATPase a c t i v i t y recorded here f o r sodium dodecylsulphate 

e x t r a c t s of the various membrane sources. The absolute s p e c i f i c 

a c t i v i t y values measured here, f o r the S.D.S. e x t r a c t s of mammalian 

b r a i n are of the same order of magnitude as t h a t reported f o r 

SDS e x t r a c t s of canine b r a i n (Sweadner, 1978). These values, 

however, are considerably smaller than t h a t found when a s i m i l a r 

procedure was applied to r a b b i t kidney (Jorgensen, 1974b). 

Furthermore, the a p p l i c a t i o n of s i m i l a r e x t r a c t i o n procedures t o 

d i f f e r e n t mammalian kidney preparations produced samples of d i f f e r e n t 

s p e c i f i c Na+-K+-ATPase a c t i v i t i e s (Jorgensen, 1974 a). This 

dependence of the s p e c i f i c a c t i v i t y of the f i n a l p r e p a r a t i o n on 

the source of the crude membrane sample i s f u r t h e r emphasised by 

the observation t h a t h i g h l y ' p u r i f i e d ' samples have been s u c c e s s f u l l y 

prepared only from a narrow f u n c t i o n a l range of t i s s u e types 

(e.g. t i s s u e s s p e c i a l i s e d i n e l e c t r i c a l phenomena l i k e b r a i n (Nakao, 

et a l , 1974) and e l l e l e c t r i c organ (Dixon & Hokin, 1974) and tissues 

s p e c i a l i s e d i n osmoregulatory f u n c t i o n l i k e mammalian kidney 

(Jorgensen 1974b) and elasmobranch r e c t a l gland (Hokin, Dahl, Deupree, 

Dixon, Hackney & Perdue, 1973). 

Secondly, the extent of ' p u r i f i c a t i o n ' of the enzyme from a 

given membrane source v a r i e s considerably w i t h the detergent e x t r a c t i o n 
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proeeduro: used. T h i s i s s u g g e s t e d by t h e l a r g e d i f f e r e n c e 

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

e x t r a c t s o f r a t b r a i n s y n a p t i c membranes. S.D0S. p o l y a c r y l a m i d e 

g e l e l e c t r o p h o r e s i s a l s o showed t h a t t h e e x t e n t t o w h i c h membrane 

bound p r o t e i n war. e x t r a c t e d f r o m t h e membranes v a r i e d w i t h t h e n a t u r e 

o f t h e d e t e r g e n t used, s i n c e t h e r e were, f e w e r p o l y p e p t i d e s p e c i e s 

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

f o r t h e h i g h e r s p e c i f i c MnH-K" --ATPase a c t i v i t i e s r e c o r d e d f o r t h e 

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

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

s u r f a c e t e n s i o n e f f e c t s (see J o r g e n s e n & Skou, 1971) was n o t t h e 

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

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

e f f e c t i v e n e s s c f t h e g i v e n d e t e r g e n t i n t h e 1 p u r i . f i ; a u i o n ' procedure... 

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

t o t a l Ma'"•IC*-ATPr.se a c t i v i t y o b s e r v e d when r a t : b r a i n s y n a p t i c 

membrane samples were i n c u b a t e d w i t h - d o o x y c h o l a t e and d o d e c y l s u l p h a t e . 

Given t h a i ; such i n c r e a s e s i n t o t a l a c t i v i t y have been a t t r i b u t e d 

t o t h e ex p o s u r e o f o c c l u d e d enzyme s i t e s ( J o r g e n s e n , 1974c; Sweadner, 

1 9 7 8 ) , t h e r e s u l t s a p p a r e n t l y s u g g e s t t h a t sodium d o d e e y l s u l p h a t e 

exposed t h e o c c l u d e d Na +-K'-ATPasc s i t e s by a mechanism l e s s d e l e t e r i o u s 

t o Ka'-K*-ATPase a c t i v i t y t h a n t h a t o f sodium d e o x y c h o l a t e . Such 

would be c o m p a t i b l e w i t h t h e o b s e r v a t i o n t h a i a l t h o u g h t h e s p e c i f i c 
•i -I-
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The r e s u l t s a l s o suggested t h a t some a s p e c t s of the p r o p e r t i e s 

of the Na +-K +-ATPase may be s e n s i t i v e to the detergent e x t r a c t i o n 

procedure used. T h i s i s e s p e c i a l l y so i n the case of the k i n e t i c 

s t a b i l i t y of the enzyme to d e n a t u r a t i o n . I n t h i s c ase, l u b r o l 

e x t r a c t i o n s e v e r e l y a f f e c t e d the a b i l i t y of the enzyme to r e t a i n 

i t s b i o l o g i c a l l y a c t i v e conformational s t a t e s . S i n c e l u b r o l type 

detergents have been used to produce ' s o l u b l e ' membrane e x t r a c t s 

c o n t a i n i n g Na +-K +-ATPase a c t i v i t y ( L ewis, 1974; Nakao e£ a l , 1974; 

Uesegi _et a l , 1971) the t a r g e t of l u b r o l a c t i o n i s g e n e r a l l y b e l i e v e d 

to be the membrane l i p i d s and thus the i n s t a b i l i t y of the l u b r o l 

e x t r a c t s reported here, and elsewhere (Nakao _et al^, 1974; Atkinson, 

Gatenby & Lowe, 1971) can be e x p l a i n e d by the d e l i p i d a t i o n of the 

membranes by the detergent, to the extent t h a t the r e t e n t i o n of 

b i o l o g i c a l a c t i v i t y i s endangered. The r e l a t i v e s t a b i l i t y of the 

deoxycholate and dodecylsulphate e x t r a c t s thus suggested t h a t the 

c o n d i t i o n s under which these two detergents were used, d i d not r e s u l t 

i n a d e l i p i d a t i o n of the membrane s u f f i c i e n t to a f f e c t the s t a b i l i t y 

of the enzyme. 

The k i n e t i c measurements suggested that the deoxycholate 

and dodecylsulphate e x t r a c t i o n procedures used had v e r y small e f f e c t s 

on the observed k i n e t i c p r o p e r t i e s of the enzyme. Such e f f e c t s 

were a p p a r e n t l y s m a l l e r i n the case of the dodecylsulphate e x t r a c t 

where s i g n i f i c a n t e f f e c t s were only found i n the ouabain i n h i b i t i o n 

c o - o p e r a t i v i t y parameters. I n the case of the deoxycholate e x t r a c t , 

a l l the k i n e t i c p r o p e r t i e s measured were a f f e c t e d . T h i s supported 

the suggestion f o r a d i f f e r e n t mechanism of a c t i o n of the deoxycholate. 
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Given t h a t there i s evidence that sodium dodecyl s u l p h a t e i s 

p r i m a r i l y a p r o t e i n t a r g e t e d s u r f a c t a n t (Chan, 1967), deoxycholate can be 

assumed to be membrane l i p i d targeted l i k e l u b r o l , but milder than 

the l a t t e r under the c o n d i t i o n s used. I f such i s the ca s e , then 

the data can p o s s i b l y be i n t e r p r e t e d as i n d i c a t i n g a r o l e f o r the 

membrane i n the c o n t r o l of k i n e t i c p r o p e r t i e s . The above 

c o n s i d e r a t i o n s however, a re s u b j e c t to some ambiguity. Given 

that the s p e c i f i c a c t i v i t y of the deoxycholate e x t r a c t e d sample i s lower 

than t h a t of the dodecylsulphate e x t r a c t e d sample, i n s p i t e of the 

l a t t e r c o n t a i n i n g more polypeptide s p e c i e s than the deoxycholate 

e x t r a c t , i t seems probable that deoxycholate e x t r a c t i o n r e s u l t e d 

i n a p a r t i a l d e n a t u r a t i o n of the f u n c t i o n a l Na +-K +-ATPase. Since 
+ + 

as shown i n Chapter 9, a p a r t i a l d e n a t u r a t i o n of the Na -K -ATPase 

has s i g n i f i c a n t e f f e c t s on the k i n e t i c p r o p e r t i e s measured, the observed 

e f f e c t s of deoxycholate e x t r a c t i o n could be the product of such 

p a r t i a l d e n a t u r a t i o n and not be i n d i c a t i v e of a r o l e f o r the 

membrane i n the c o n t r o l of k i n e t i c p r o p e r t i e s . 

F i n a l l y , the s t a b i l i t y of the dodecylsulphate e x t r a c t and the 

absence of major e f f e c t s on i t s k i n e t i c p r o p e r t i e s as a r e s u l t of 

detergent e x t r a c t i o n , suggested t h a t the use of such p r e p a r a t i o n s i n 

f u r t h e r p r e p a r a t i o n s should not be s u b j e c t to any major a m b i g u i t i e s . 

The. p r o p e r t i e s of t h i s p r e p a r a t i o n a r e thus i n agreement w i t h the 

reported f a i l u r e to d e t e c t s i g n i f i c a n t changes i n the k i n e t i c p r o p e r t i e s 

of Na +-K +-ATPase a f t e r ' p u r i f i c a t i o n ' by e x t r a c t i o n w i t h detergents 

i n cases where s t a b l e detergent e x t r a c t s are obtained ( K l i n e , Hexum, 

Dahl & Hokin, 1971; Ratanabanangkoon, Dixon & Hokin, 1973) and as 

a r e s u l t t h i s procedure was adopted f o r the p r e p a r a t i o n of membrane 

samples f o r f u r t h e r s t u d i e s . 



-163-

CHAPTER 7 

A study of the thermal i n a c t i v a t i o n of the Na +-K +-ATPase 

INTRODUCTION 

A r o l e f o r membrane l i p i d i n the maintenance of the b i o l o g i c a l 

a c t i v i t y of the Na +-K +-ATPase was f i r s t i n d i c a t e d by the reported 

l o s s of a c t i v i t y from e r y t h r o c y t e ghosts a f t e r enzymic d e l i p i d a t i o n 

of those membranes (Schatzmann, 1962). T h i s was l a t e r supported 

by r e p o r t s t h a t Na +-K +-ATPase a c t i v i t y could be p a r t i a l l y r e s t o r e d 

to d e l i p i d a t e d biomembranes by i n c u b a t i o n w i t h phospholipids 

(Tanaka & S t r i c k l a n d , 1965; F e n s t e r & Copenhaver, 1967; Taniguchi & 

Tonomura, 1971). The i m p l i c i t suggestion of a s p e c i a l r o l e f o r 

phospholipids i n the f u n c t i o n i n g of t h i s enzyme, has been confirmed 

by a l a r g e number of workers using a v a r i e t y of t i s s u e sources and 

experimental techniques w i t h the r e s u l t t h a t the requirement f o r 

phospholipids i n the sustenance of the k i n e t i c s t a b i l i t y of the 

Na +-K +-ATPase i s g e n e r a l l y accepted. 

The experimental evidence supporting the r o l e of phospholipids 

i n m a i n t a i n i n g the b i o l o g i c a l a c t i v i t y of the Na +-K +-ATPase i s 

almost completely dependent on the use of potent membrane d i s r u p t i n g 

reagents or procedures. These procedures i n c l u d e : 

(a) The d e l i p i d a t i o n of membranes by the use of phospholipases 

(Schatzmann, 1962; Taniguchi & Tonomura, 1971; Sun, Sun & Samorajski, 

1971), and organic s o l v e n t s ( J a r n e f e l t , 1972; Noguchi & F r e e d , 1971). 

(b) The ' f l u i d i s i n g ' of membranes by the use of a l i p h a t i c a l c o h o l s 

(Sun & Samorajski, 1970; Grisham & B a r n e t t , 1972, 1973). 
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( c ) The ' s o l u b i l i s a t i o n ' of membranes w i t h high c o n c e n t r a t i o n s 

of l i p i d t a r g e t e d detergents (Tanaka & S t r i c k l a n d , 1965; F e n s t e r 

& Copenhaver, 1967; Atkinson, Gatenby & Lowe, 1971). 

Whenever such procedures were a p p l i e d , the membrane phospholipid 

dependence of the Na +-K +-ATPase, was made obvious by a l o s s of c a t a l y t i c 

a c t i v i t y or by the r e l a t i v e t h e r m o - l a b i l i t y of the r e s u l t a n t 

p r e p a r a t i o n , and by the p a r t i a l r e s t o r a t i o n or s t a b i l i s a t i o n of 

Na +-K +-ATPase a c t i v i t y by p o s t - i n c u b a t i o n of the t r e a t e d samples w i t h 

p h o s p h o l i p i d s . Thus, although the d i s r u p t i o n of the membrane by the 

above procedures i s too severe f o r a d i r e c t e x t r a p o l a t i o n to the 

i n - v i v o s i t u a t i o n , these r e p o r t s c l e a r l y l i n k the k i n e t i c s t a b i l i t y 

of the Na +-K +-ATPase to the l i p i d composition and p h y s i c a l p r o p e r t i e s 

of the membrane. 

I t i s g e n e r a l l y recognised t h a t the l i p i d composition of 

t i s s u e s of h i b e r n a t o r s and ectothermic animals i s re s p o n s i v e to the 

environmental temperatures experienced (see Hazel & P r o s s e r , 1974). 

The composition of membrane l i p i d s , and the p h y s i c a l p r o p e r t i e s of the 

membranes have been shown to be dependent on the thermal h i s t o r y of the 

i n d i v i d u a l (Johnson & Roots, 1964; Robb, Hammond & Bieber, 1972; 

Nozawa, I i d a , Fukushima, Ohki & O h n i s h i , 1974). I n more r e c e n t 

work, s i g n i f i c a n t v a r i a t i o n s i n the membrane l i p i d compositions of 

ectothermic animals l i v i n g i n d i v e r s thermal h a b i t a t s were observed. 

The membrane l i p i d s i s o l a t e d from the animals l i v i n g i n low temperature 

h a b i t a t s were found to c o n t a i n a higher p r o p o r t i o n of unsaturated 

f a t t y a c i d r e s i d u e s than those i s o l a t e d from animals t h a t l i v e a t 

higher temperatures ( C o s s i n s , 1977; C o s s i n s & P r o s s e r , 1978; C o s s i n s , 

C h r i s t i a n s e n & P r o s s e r , 1978). These v a r i a t i o n s i n membrane l i p i d s 

a r e considered to be adaptive a l l o w i n g the maintenance of a f u n c t i o n a l 
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membrane f l u i d i t y a t the given environmental temperature. 
Given t h a t there i s evidence t h a t the s p e c i e s v a r i a t i o n s i n the 
p r o t e i n component of the Na +-K +-ATPase enzyme system a r e v e r y small 
(Hokin, 1974; Hopkins, Wagner & Smith, 1976), i t seemed l i k e l y that 
a study of the k i n e t i c s t a b i l i t y of the Na +-K +-ATPase i n membranes 
from s p e c i e s of markedly d i f f e r e n t thermal h i s t o r i e s , might be a 
u s e f u l method of e v a l u a t i n g the s e n s i t i v i t y of the enzyme to 
v a r i a t i o n s i n the l i p i d composition and p h y s i c a l p r o p e r t i e s of the 
membrane. T h i s was approached by a comparative study of the k i n e t i c 
s t a b i l i t y of the Na +-K +-ATPase from v a r i o u s s o u r c e s , along w i t h a 
study of the changes i n the k i n e t i c s t a b i l i t y of the enzyme as a r e s u l t 
of p h y s i o l o g i c a l compensation to low temperatures by h i b e r n a t o r s and 
ectothermic animals. The sources were chosen so as to e x p l o i t the 
p r o p e r t i e s of membranes n a t u r a l l y adapted f o r f u n c t i o n i n g at 'high' 
temperatures (e.g. b i r d s = 41°C, non-hibernating mammals * 37°C), 
the 'low' temperatures (e.g. Notothenia - an a n t a r c t i c f i s h = 1°C), 
as w e l l as the changes i n the p r o p e r t i e s of membranes that can be 
induced by changes i n the environmental temperature (e.g. t r o u t 
a c c l i m a t e d a t 5°C and 20°C; h i b e r n a t i n g hamsters (-A°C) vs non-
h i b e r n a t i n g hamsters (~37°C)). These membrane sources were 
thus expected to hold the enzyme environments of d i f f e r e n t l i p i d 
composition w i t h r e s p e c t to the d i s t r i b u t i o n of l i p i d c l a s s e s and the 
degree of a c y l c h a i n u n s a t u r a t i o n , and consequently d i f f e r e n t micro-
v i s c o s i t i e s . Thus, i f membrane l i p i d s a r e r e s p o n s i b l e f o r d e f i n i n g 
the p o t e n t i a l energy w e l l w i t h i n which the Na +-K +-ATPase r e t a i n s 
b i o l o g i c a l a c t i v i t y , t h i s approach would i n e v i t a b l y probe the 
r e l a t i o n s h i p between the enzyme and i t s l i p i d environment. The 
k i n e t i c s t a b i l i t y of the Na +-K +-ATPase was st u d i e d i n such membranes 
and i n membranes s u b j e c t e d to mild l i p i d p e r t u r b a t i o n s . 
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MATERIALS AND METHODS 

( i ) P r e p a r a t i o n of b r a i n s y n a p t i c membranes, 

(a) B r a i n s y n a p t i c membranes from mammals: 

These were prepared from the b r a i n s of r a t s , mice, hamsters, 

guinea-pigs and r a b b i t s by the procedure d e s c r i b e d f o r r a t b r a i n i n 

Chapter 2. 

(b) B r a i n s y n a p t i c membranes from non mammalian v e r t e b r a t e s : 

These were prepared from the b r a i n s of s t a r l i n g s , pigeons, 

f r o g s , Xenopus, perch, Notothenia and rainbow t r o u t by a procedure 

s i m i l a r to that d e s c r i b e d f o r rainbow t r o u t i n Chapter 3. 

( i i ) Sodium dodecylsulphate e x t r a c t i o n of b r a i n s y n a p t i c membranes. 

The procedure adopted was th a t d e s c r i b e d i n Chapter 6. 

+ + 

( i i i ) Thermal i n a c t i v a t i o n of the Na -K -ATPase i n b r a i n s y n a p t i c 

membranes. 

Unless otherwise s t a t e d , the thermal i n a c t i v a t i o n was s t u d i e d 

i n a low i o n i c s t r e n g t h b u f f e r (lOmM Imidazole, ImM E.D.T.A. pH 7.2 

@ 20°C), and a t a membrane p r o t e i n c o n c e n t r a t i o n of between 50-lOOug.cm 

(a) Thermal i n a c t i v a t i o n a t v a r y i n g temperatures. 

These s t u d i e s were conducted a t a f i x e d i n c u b a t i o n p e r i o d of 

15 minutes, and i n a temperature range such t h a t the decay of Na +-K +-

ATPase a c t i v i t y should span the range 5%-95% completion f o r th a t given 

i n c u b a t i o n p e r i o d . The temperature range thus v a r i e d w i t h the source 

of s y n a p t i c membranes. The temperature ranges chosen were: 

Membrane source Temperature range 

Mammals and b i r d s 35°C - 50°C 

Non-mammalian v e r t e b r a t e s 
(except I b t o t h e n i a ) 30°C - 48°C 

Notothenia n e g l e c t a 18°C - 45°C 
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The thermal i n a c t i v a t i o n was c a r r i e d out i n c l e a n t h i n - w a l l e d 

g l a s s tubes which were thermo-equilibiat ed at the study temperature(s) 

(-0.1°C).0.5 cm^ of a s u i t a b l y d i l u t e d , c o l d enzyme p r e p a r a t i o n 

was q u i c k l y added to the t e s t tube and shaken. The i n a c t i v a t i o n 

was quenched a t the end of the i n c u b a t i o n period by q u i c k l y c o o l i n g 

the tubes to 0°C by immersing i n an i c e bath. The enzyme samples 

were then s t o r e d on i c e at 0-4°C u n t i l assayed. 

(b) Isothermal i n a c t i v a t i o n s t u d i e s 

These s t u d i e s were c a r r i e d out a t a temperature a t which the 
+ + 

apparent h a l f l i f e of the Na -K -ATPase a c t i v i t y was between 10-20 

minutes. The temperature ranges used were 46-47°C f o r r a t b r a i n and 

41-42°C fo r rainbow t r o u t b r a i n membranes. These s t u d i e s were 

done a t i n c u b a t i o n times v a r y i n g i n the range 1 min - 240 min, 

and the i n a c t i v a t i o n procedure was the same as t h a t d e s c r i b e d i n (a) 

above. 

( c ) Thermal i n a c t i v a t i o n i n the presence of ImM n-octanol 

A s t o c k enzyme p r e p a r a t i o n was d i l u t e d to a membrane p r o t e i n 
-3 

c o n c e n t r a t i o n of between 100-200ug cm , w i t h i c e c o l d low i o n i c 

s t r e n g t h b u f f e r . An equal volume of the low i o n i c s t r e n g t h b u f f e r 

c o n t a i n i n g 2mM octanol was then s l o w l y added to the enzyme p r e p a r a t i o n , 

and the f i n a l mixture s t o r e d on i c e f o r 30 minutes before use. These 

s t u d i e s were c a r r i e d out over the a p p r o p r i a t e temperature range as 

given i n (a) above. 

(d) Assay of Na +-K +-ATPase a c t i v i t y 

The a s s a y procedure adopted was the standard Na +-K +-ATPase 

d e s c r i b e d i n Chapter 2. Unless otherwise s t a t e d , a l l a s s a y s were done 

a t 37°C. 
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(e) A c c l i m a t i o n of rainbow t r o u t at 5 C and 20 C. 

The procedure adopted was the same as t h a t d e s c r i b e d 

i n Chapter 8. 

( f ) I n d u c t i o n of h i b e r n a t i o n i n hamsters 

The procedure adopted was the same as t h a t d e s c r i b e d i n 

Chapter 8. 

RESULTS 

The i n i t i a l measurements were aimed a t the d e f i n i n g of the 

temperature ranges a p p r o p r i a t e f o r t a k i n g measurements on the enzyme 

from the v a r i o u s membrane sources s t u d i e d . I n a c t i v a t i o n was allowed 

to proceed f o r a f i x e d p e r i o d of 15 minutes, a t v a r i o u s temperatures, 
+ + . . . o 

and the r e s i d u a l Na -K -ATPase a c t i v i t i e s were assayed at 37 C i n 

a l l cases except the a n t a r c t i c s p e c i e s (Notothenia) which was assayed 

a t 25°C. A summary of the r e s u l t s i s shown i n f i g u r e 7.1, from 

which i t was c l e a r t h a t the Na +-K +-ATPase from the endothermic s p e c i e s 

s t u d i e d ( b i r d s and mammals) were of g r e a t e r thermal s t a b i l i t y than those 

samples prepared from the ectothermic s p e c i e s . The most thermo-stable 

p r e p a r a t i o n s were obtained from the two b i r d s s t u d i e d , f o r which the 

decay from 90% V -10% V occurred i n the range 44°C - 50°C. The 
H13.X IQ3.X 

samples obtained from themammalian sources s t u d i e d were a l l s l i g h t l y 

more t h e r m o - l a b i l e than those of the b i r d s , and were g e n e r a l l y s i m i l a r 

to each other, decaying from 90% V -10 V x a t temperatures between 

42 C - 49 C. The most t h e r m o - l a b i l e p r e p a r a t i o n was obtained from 

the a n t a r c t i c s p e c i e s Notothenia, forwhich the decay from 90% V -10% V 
r ' J max max 

occurred i n the range 30°C - 44°C. The samples obtained from the other 

ectothermic s p e c i e s were of g r e a t e r thermal s t a b i l i t y than the a n t a r c t i c 
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s p e c i e s , but more th e r m o - l a b i l e than the endothermic s p e c i e s s t u d i e d . 

These samples were g e n e r a l l y s i m i l a r as regards t h e i r apparent thermal 

s t a b i l i t y s i n c e they a l l decayed from 90% V - 10% V i n the J J J max max 

temperature range between 38°C - 48°C. I t i s a l s o apparent from 

the data summarised i n f i g u r e 7.1 t h a t the i n a c t i v a t i o n p r o c e s s e s 

a l l occurred over a narrow range of temperature, and that the 

'temperature width' of the v a r i o u s i n a c t i v a t i o n s decreased as the 

thermal s t a b i l i t y of the samples i n c r e a s e d . Thus the broadest 

temperature range covering the decay from 90% V - 10% V was 

observed i n the case of the a n t a r c t i c f i s h (= 14°C) and the narrowest 

such range was observed i n the case of the b i r d s (= 6°C). 

The narrow temperature range spanned by the i n a c t i v a t i o n 

p r o c e s s e s , precluded the experimental approach of a p r e c i s e measurement 

of the e f f e c t of temperature on the k i n e t i c s of thermal i n a c t i v a t i o n 

of the enzyme, s i n c e there would be too few temperature p o i n t s f o r 

making r e l i a b l e measurements. However, such information was 

p o t e n t i a l l y e x t r a c t a b l e from the above data, i f the p a t t e r n of the decay 

k i n e t i c s of t h i s enzyme were known. Thus the next s e t of measurements 

were aimed at the d e f i n i n g of the k i n e t i c s of i n a c t i v a t i o n of the 

enzyme at constant temperature. 

The k i n e t i c s of i s o t h e r m a l i n a c t i v a t i o n of the Na +-K +-ATPase 

The i n a c t i v a t i o n of the samples from r a t b r a i n and t r o u t b r a i n 

was studied a t 46.7°C and 41.6°C r e s p e c t i v e l y . At these temperatures, 

the apparent h a l f - l i v e s of the r e s p e c t i v e samples was expected to be 

near 15 minutes (see f i g u r e 7 .1). The r e s u l t s of these experiments 

(see f i g u r e s 7.2 and 7.3, each t y p i c a l of t h r e e p r e p a r a t i o n s ) showed 

tha t the i s o t h e r m a l decay of Na +-K +-ATPase a c t i v i t y was not d e f i n a b l e 
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i n terms of the p s e u d o - f i r s t order decay k i n e t i c s normally expected 

of such processes (see J o l y , 1 9 6 5 ) . T h i s was e v i d e n t s i n c e a p l o t 

of the logarithm of r e s i d u a l a c t i v i t y (v) a g a i n s t time ( t ) was 

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

b i p h a s i c p a t t e r n with an i n i t i a l r a p i d phase followed by a slower 

phase. The l a t t e r phase i n the decay p r o c e s s , however, approached 

the form expected of f i r s t order decay k i n e t i c s ( i . e . the graph 

of l o g e ( v ) v s time was l i n e a r a t l a r g e t ) . The b i p h a s i c nature 

of the decay process and the approach to f i r s t order decay k i n e t i c s 

a t ' l a r g e ' t suggested t h a t there were two p r o c e s s e s t a k i n g p l a c e 

and as such the k i n e t i c s of the decay process might be d e s c r i b a b l e 

by one of the f o l l o w i n g decay schemes: 

(a) A s e q u e n t i a l decay scheme i n which a r e l a t i v e l y thermo-

l a b i l e a c t i v e s p e c i e s ( A ) , r a p i d l y decays to a r e l a t i v e l y thermo-stable 

a c t i v e s p e c i e s (B) which i s then more sl o w l y i n a c t i v a t e d . 

K l K 2 

i . e . A mm- B mm. I n a c t i v e s p e c i e s 

K i , K2 1s t order decay constants Ki>K 2 

(b) A p a r a l l e l decay scheme i n which the i n i t i a l sample i s a 

mixture of a r e l a t i v e l y t h e r m o - l a b i l e a c t i v e s p e c i e s ( A ) , and a r e l a t i v e l y 

thermo-stable a c t i v e s p e c i e s ( B ) , w i t h the components of the mixture 

being i n a c t i v a t e d at d i f f e r e n t r a t e s . 

Ki 
i . e . A ^ I n a c t i v e s p e c i e s 

K 2 

B • ^ I n a c t i v e s p e c i e s 

K i , K 2 1 s t order decay con s t a n t s Ki> K 2 
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I f i t i s assumed t h a t 

c o n c e n t r a t i o n s of a l l 

the measured a c t i v i t y 

enzymic a c t i v i t i e s were 

e s s e n t i a l l i g a n d s , then 

(v) can be given by the 

measured at s a t u r a t i n g 

i n both decay schemes, 

f o l l o w i n g equation: 

v = aA + BB (7a) 

a . . . C a t a l y t i c r a t e constant of s p e c i e s A 

g . . . C a t a l y t i c r a t e constant of s p e c i e s B 

A, B . . . Concentrations of the r e s p e c t i v e s p e c i e s 

Thus i f A and B r e p r e s e n t the i n i t i a l c o n c e n t r a t i o n s of the two s p e c i e s , o o r » 

then the i n i t i a l a c t i v i t y ( V f f l a x ) w i l l be given by the f o l l o w i n g equation: 

V = aA + 6B (7b) max o o v ' 

S i n c e the absolute v a l u e s of the c o n c e n t r a t i o n s of the defined s p e c i e s , 

and t h e i r c a t a l y t i c r a t e constants are not g e n e r a l l y a c c e s s i b l e , the 

r e l a t i v e parameters 0 and <)> a r e defined thus: 

0 = B 
o 

A 
o 

a 

Decay scheme (a) 

I n t h i s scheme the c o n c e n t r a t i o n of the s p e c i e s A at any time t 

i s o b tainable from the i n t e g r a l of the f o l l o w i n g equation 

_d (A) 
dt 

i . e . A 

= - KiA 

= A o e (7c) 

The c o n c e n t r a t i o n of the s p e c i e s B at any time t i s o b t a i n a b l e from 

the f o l l o w i n g : 
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- — (B) - Kik - K2B 

i . , e l 

B = A — & ( e " K l t - e - K 2 f c ) + B (7d) 
° (K! -K 2) 

The e x p r e s s i o n d e s c r i b i n g t h e observed a c t i v i t y ( v ) can t h u s be o b t a i n e d 

by s u b s t i t u t i n g t h e above v a l u e s f o r A and B (see e q u a t i o n 7c and 7d) 

i n t o e q u a t i o n ( 7 a ) . 

A f / i o K l >> " K i t « Kj B -Kot"* i . e . v = aA < ( 1 " 3. 1 ) e 1 + 8, _____ __ \ e 

° ( a Tq- K 2 a 1 Oq- K 2 ) + A ' 
(7e) 

E q u a t i o n (7e) can t h e n be s i m p l i f i e d by e x p r e s s i n g i t i n terms o f 

t h e i n i t i a l a c t i v i t y (V x ) and t h e p r e v i o u s l y d e f i n e d p a r a m e t e r s <j! and 0 

Decay scheme (b) 

I n t h i s scheme t h e c o n c e n t r a t i o n s c f t h e s p e c i e s A and B a t any tiir , . 

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

- i - (A) - - K_A d t 

(B) - - K 2B 

j . . e c. A ~ A e 
o 

13 _ r c 

a ~ i> a 
o 

TIV-JS t h e o b s e r v e d a c t i v i t y ( v ) can he g i v e n by t h e e q u a t i o n : 
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V = a A o e " K l t + B B o e " K 2 t (7g) 

Equation (7g) can then be expressed i n terms of the i n i t i a l 

a c t i v i t y ( V m a x ) and the p r e v i o u s l y defined parameters <f> and G. 

i . e . V = Vmax ( e " K l t + <t>0e~K2t ) (7h) 
1 + (})0 

The behaviour p r e d i c t e d by both decay schemes (see equations ( 7 f ) 

and (7h) i s s i m i l a r i n t h a t a graph of l o g e ( v ) v s time i s expected 

to be c u r v i - l i n e a r approaching the form of f i r s t order (or pseudc 

f i r s t order) decay k i n e t i c s at l a r g e t , when the observed decay constant 

would approach t h a t of the thermo-»stable s p e c i e s ( B ) . Since 

i n both decay schemes, the system i s mathematically d e s c r i b e d by the 

sum of two e x p o n e n t i a l terms, they are i n d i s t i n g u i s h a b l e by the decay 

k i n e t i c s experiments d e s c r i b e d above. However, the r e s u l t s of the 

combined thermal i n a c t i v a t i o n / o u a b a i n i n h i b i t i o n s t u d i e s (see Chapter 

3) argued a g a i n s t a d e s c r i p t i o n of the system as a mixture of two 

independent populations of Na +-K +-ATPase enzymes. Consequently, 

the p a r a l l e l decay scheme was considered u n l i k e l y and the s e q u e n t i a l 

decay scheme was adopted f o r d e s c r i b i n g the k i n e t i c s of i s o t h e r m a l 

i n a c t i v a t i o n of the enzyme. 

The t y p i c a l data s e t s shown i n f i g u r e s 7.2 and 7.3 have been 

f i t t e d to the s e q u e n t i a l r a t e equation ( 7 f ) by a computer a s s i s t e d non

l i n e a r l e a s t squares m i n i m i s a t i o n procedure. These show a good 

agreement between the experimental and f i t t e d p o i n t s . The d e f i n i n g 

parameters of the f i t t e d curves are l i s t e d i n Table 7,1. I t i s c l e a r 

t h a t the v a l u e s c a l c u l a t e d f o r the <(> and 0 parameters were reproducable 

w h i l e those c a l c u l a t e d f o r the f i r s t order r a t e c o n s t a n t s were s u b j e c t 

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

constants was a t t r i b u t e d to the p r a c t i c a l problems of reproducing the 
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TABLE 7.1 

Parameters d e s c r i b i n g the decay of Na+-K+-ATPase 

a c t i v i t y i n crude b r a i n synaptic membrane 

preparations from r a t and t r o u t . 

* 
Parameters Rat at 46.7°C Trout at 41.6°C 

1st decay constant 4 x l 0 ~ 2 - 7 x l 0 ~ 2 M i n ~ 1 3 x l 0 " 2 - 6 x l 0 ~ 2 M i n ~ 1 

1st h a l f l i f e 10 - 17 Min 12 - 23 Min 

2nd decay constant 5 x l 0 ~ 3 - 7 x l 0 " 3 M i n ~ 1 3. 5 x l 0 ~ 3 - 4 . S x lO^Min" 1 

2nd h a l f l i f e 100 - 135 Min 154 - 198 Min 

0.4 - 0.45 0.38 - 0.42 

e =0 =0 

Range above established from observations on 3 preparations 
* 
See Text 
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conditions under which the i n a c t i v a t i o n was studied. I n s p i t e of 

t h i s , i t i s cle a r t h a t the p a t t e r n of i n a c t i v a t i o n was reproducible 

and t h a t the respective 'thermo-stable' species was approximately ten 

times as stable as the 'th e r m o - l a b i l e ' species at the temperatures 
* • j t * h a l f l i f e of B 1 A . , ̂  , _ , ̂ , ^ studied ( i . e . , n c ,ic -r—r - 10). The r e s u l t s also suggested t h a t h a l f l i f e of A b " 

the c a t a l y t i c e f f i c i e n c y of the thermo-stable species was less than 

t h a t of the th e r m o - l a b i l e species (<j> = 0.4) and t h a t the c o n d i t i o n s 

under which the enzyme was stored r e s u l t e d i n l i t t l e i n a c t i v a t i o n of 

the enzyme ( 0 = 0 ) . 

The complexity of the k i n e t i c s of thermal i n a c t i v a t i o n of the 

Na -K -ATPase, precluded a r e l i a b l e e x t r a c t i o n of data p e r t i n e n t t o 

the temperature c o e f f i c i e n t s of the i n a c t i v a t i o n process(es), from the 

type of data summarised i n f i g u r e 7.1. Although such i n f o r m a t i o n was 

t h e o r e t i c a l l y accessible, i t r e q u i r e d the s o l u t i o n of a numerical 

problem of seven adjustable parameters, and given the aforementioned 

problems of reproducing experimental c o n d i t i o n s , and the narrow 

temperature range accessible f o r k i n e t i c measurements, such an approach 

was not considered l i k e l y t o r e t u r n r e l i a b l e i n f o r m a t i o n . An 

a l t e r n a t i v e approach w i l l be discussed l a t e r . 

The e f f e c t s of changes i n l i p i d composition and p h y s i c a l p r o p e r t i e s of 

the membrane; 

One approach i n these studies was t o determine the e f f e c t of the 

temperature induced membrane l i p i d changes expected of ectothermic 

animals and h i b e r n a t i n g mammals. Thus the s t a b i l i t y of the Na+-K+-ATPase 

i n membranes prepared from rainbow t r o u t acclimated a t 5°C and 20°C 

were compared, along w i t h the enzyme i n membranes prepared from a c t i v e 

and h i b e r n a t i n g hamsters. The data shown i n f i g u r e 7.4 i s a summary 
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of observations on 3-4 preparations (see legend to f i g . 7.4). I t 

i s clear from these observations t h a t no s i g n i f i c a n t d i f f e r e n c e was 

detected between the k i n e t i c s t a b i l i t i e s of the Na+-K+-ATPases 

i n membranes prepared from a c t i v e and h i b e r n a t i n g hamsters. I n both 

cases, the decay of the Na+-K+-ATPase a c t i v i t y w i t h i n c r e a s i n g temperature 

(Incubation period = 15 minutes) occurred over the same temperature 

range (42°C - 50°C), and the same temperature w i d t h (==8°C) described 

the decay from 90% V - 10% V 
J max max 

The p a t t e r n d e s c r i b i n g the thermal i n a c t i v a t i o n of the Na +-K +-

ATPases i n the membranes from 5°C and 20°C acclimated t r o u t was g e n e r a l l y 

s i m i l a r t o t h a t described f o r the hamsters above. The same temperature 

range (38°C - 48°C) described the decay of enzymic a c t i v i t y , and no 

s i g n i f i c a n t d i f f e r e n c e could be claimed f o r the w i d t h of the decay from 

90% V - 10% V ( 10°C). However, as i s obvious from f i g u r e 7.4, max max ' ° ' 
the data p o i n t s obtained from the animals acclimated at 20°C, showed 

a s l i g h t bias towards the higher temperatures, but given the p r e v i o u s l y 

mentioned u n c e r t a i n t i e s as regards the r e p r o d u c i b i l i t y of experimental 

c o n d i t i o n s , no s i g n i f i c a n c e was a t t r i b u t e d t o t h i s observed b i a s . 

The other approach t o these i n v e s t i g a t i o n s i n volved a study 

of the e f f e c t of m i l d membrane p e r t u r b a t i o n s on the k i n e t i c s t a b i l i t y 

of the enzyme. Hence, the e f f e c t s of sodium dodecylsulphate e x t r a c t i o n 

of the membranes and the e f f e c t of ImM octanol on the s t a b i l i t y of 

the Na+-K+-ATPases i n membranes prepared from r a t and t r o u t b r a i n were 

i n v e s t i g a t e d . The data shown i n f i g u r e 7.5 i s a summary (4 preparations) 

of the e f f e c t s of dodecylsulphate e x t r a c t i o n on the 'thermal 

i n a c t i v a t i o n p r o f i l e s ' of the Na+-K+-ATPases from the two preparations. 

I t i s clear t h a t no s i g n i f i c a n t e f f e c t on e i t h e r p r e p a r a t i o n was 
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detecf.ed, since n e i t h e r the temperature range nor the 

'temperature width' of the thermal i n a c t i v a t i o n of the dodecyl-

sulphate extracted samples were s i g n i f i c a n t l y d i f f e r e n t from t h e i r 

r espective c o n t r o l p r e p a r a t i o n s . 

The data shown i n f i g u r e 7.6 summarises the thermal i n a c t i v a t i o n 

p r o f i l e s of r a t and t r o u t b r a i n preparations (4 preparations each) 

i n the presence and absence of ImM oct a n o l . The assays of 

r e s i d u a l Na+-K+-ATPase a c t i v i t y were done at 35°C, and the c o n t r o l 

assays were done i n the presence of lOOuM oct a n o l . These r e s u l t s 

showed t h a t the incub a t i o n of the samples i n the presence of ImM 

oct a n o l , r e s u l t e d i n a decreased thermal s t a b i l i t y of both p r e p a r a t i o n s , 

since the e f f e c t i v e temperature ranges d e s c r i b i n g the thermal 

i n a c t i v a t i o n s were at lower temperatures i n the presence of the 

a l c o h o l . I n the case of the r a t samples, the lowered temperature 

range (42-49°C c o n t r o l vs 37-46°C octanol) was accompanied by a 

s l i g h t l y broader temperature w i d t h (7°C c o n t r o l vs 9°C o c t a n o l ) , 

w h i l e the lowering of the temperature range f o r the i n a c t i v a t i o n of 

the t r o u t b r a i n samples (38°C - 48°C c o n t r o l vs 35 - 43°C o c t a n o l ) , 

was accompanied by a narrowed temperature w i d t h (10°C c o n t r o l vs 

8°C o c t a n o l ) . 

DISCUSSION 

The r e s u l t s presented above, show t h a t the k i n e t i c s of isothermal 

denaturation of the Na+-K+-ATPase cannot be adequately described by 

simple f i r s t order (or pseudo f i r s t order) decay k i n e t i c s . I n t h i s 

respect, the r e s u l t s compare favourably w i t h p r e v i o u s l y reported observations 

(Atkinson, Gatenby & Lowe, 1971; Gladwell, 1975). However, the 

i n t e r p r e t a t i o n of the k i n e t i c s proposed here, d i f f e r s i n some respects from 
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t h a t proposed e a r l i e r (Atkinson et a l . 1971). These e a r l i e r 

proposals described the k i n e t i c s of i n a c t i v a t i o n of the enzyme as 

a f i r s t order decay t o an e q u i l i b r i u m between a c t i v e and i n a c t i v e 

forms of the enzyme. Since those measurements were taken at 

a lower temperature (37°C) than those described here ( 41°C), i t 

i s possible t h a t Atkinson et a l . (1971) were only observing the 

i n i t i a l phase of the decay process, and th a t a t the lower temperature 

used, the f i n a l phase of the decay process was proceeding too slowly 

t c be detected. Thus, despite the d i f f e r e n c e between the i n t e r p r e t a t i o n 

proposed, i t seems u n l i k e l y t h a t there i s any fundamental d i f f e r e n c e 

between the observations reported by Lhose workers and those presented 

here. 

As mentioned e a r l i e r , the framework adopted f o r the d e s c r i p t i o n 

of the k i n e t i c s of isothermal i n a c t i v a t i o n of the enzyme i s not 

supported by the data to the exc l u s i o n of a l l other schemes. However, 

t h i s s e q u ential decay scheme i s consistent w i t h the d e s c r i p t i o n of the 

f u n c t i o n a l Na+-K+-ATPase as a co-operative k i n e t i c dimer (see Chapter 

3 ) . I f t h i s i s assumed, then the decay scheme can be described by 

the f o l l o w i n g system: 

Kl K 2 

V E a V E i E i ~ E i 

d i meric species w i t h both subunits a c t i v e 

dimeric species w i t h one i n a c t i v e subunit 

dimeric species w i t h both subunits i n a c t i v e 

f i r s t order decay constants K^> K 2 

E „E -a a 
E JE. -a l 
E i ~ E i " 
Ki K 2 -
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As described, the thermal energy imported t o the above system would 

be d i s t r i b u t e d between both subunits. The d i s t r i b u t i o n of the 

energy between the two subunits i s expected t o be symmetrical i n the 

case of the n a t i v e species (E ~E ) , but i n the case of the species 

E^E^ the d i s t r i b u t i o n of the thermal energy imported i s expected 

to be assymetric w i t h more of i t d i s t r i b u t e d to the lower energy 

i n a c t i v e subunit. Thus the p r o b a b i l i t y of the a c t i v e subunit of 

the species E „E. being i n a c t i v a t e d should be smaller than t h a t of 
Si X 

e i t h e r of the subunits of the species E _E , w i t h the r e s u l t t h a t 
a. a." 

the l a t t e r species should be less thermo-stable than the former. 

I t was also apparent from the r e s u l t s , t h a t given the m i l d 

c o n d i t i o n s used here (low i o n i c s t r e n g t h , near n e u t r a l pH), the 

enzyme was i n a c t i v a t e d a t r e l a t i v e l y low temperatures (>50°C). 

I t i s gen e r a l l y observed t h a t under comparable c o n d i t i o n s , higher 

temperatures (>60°C) are u s u a l l y r e q u i r e d to i n a c t i v a t e s o luble 

p r o t e i n s at r a t e s s i m i l a r t o those observed here (see J o l y , 1965; 

B u l l & Breese, 1973a, 1973b). This suggests t h a t d i f f e r e n forces 

are probably operating i n the maintenance of the b i o l o g i c a l l y a c t i v e 

conformational states of the Na+-K+-ATPase when compared w i t h the 

soluble p r o t e i n s . Given the above mentioned phospholipid requirement 

f o r Na+-K+-ATPase a c t i v i t y , the low incidence of d i s u l p h i d e bridges, 

and the high incidence of hydrophobic amino acid residues i n the p r o t e i n 

component of t h i s enzyme (see Hopkins, Wagner & Smith, 1976), i t seems 

probable t h a t the forces t h a t maintain the b i o l o g i c a l l y a c t i v e 

conformational states of t h i s enzyme may l a r g e l y be the Van der Waal's 

forces between the hydrophobic amino acid side chains and membrane 

l i p i d s . I f such i s the case, then the s t a b i l i t y of t h i s enzyme 

ought to be h e a v i l y dependent on the p r o p e r t i e s of the membrane. 
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The comparative studies presented here, show a general 

c o r r e l a t i o n between the s t a b i l i t y of the enzyme and the temperature 

to which the source species have been n a t u r a l l y adopted. The 

enzyme from sources n a t u r a l l y adapted t o f u n c t i o n a t 'high' 

temperatures (e.g. b i r d s and non-hibernating mammals) was found 

to be more thermo-stable than those of the ectothermic species which 

g e n e r a l l y f u n c t i o n at much lower temperatures. However, t h i s was 

only apparent when the n a t u r a l thermal environments of the source 

animals were markedly d i f f e r e n t . Thus, while s i g n i f i c a n t d i f f e r e n c e s 

were found between the systems n a t u r a l l y adapted to f u n c t i o n at 1°C 

(Notothenia), the ectothermic species normally adapted to the 

temperature range 5°C - 25°C, and the 'high' temperature endothermic 

species (T b37°C), s i g n i f i c a n t d i f f e r e n c e s were not detected w i t h i n 

any of the fo u r groups i l l u s t r a t e d i n f i g u r e 7.1. The data also 

suggested t h a t the s t a b i l i t y of the enzyme was not s e n s i t i v e t o the 

changes co-incident w i t h p h y s i o l o g i c a l compensation by a species 

to environmental temperature changes. Thus despite the changes 

expected as a r e s u l t of h i b e r n a t i o n i n hamsters, and a c c l i m a t i o n 

of t r o u t t o d i f f e r e n t temperatures (5°C & 20°C), the k i n e t i c 

s t a b i l i t i e s of the res p e c t i v e Na+-K+-ATPases were apparently unaf f e c t e d . 

As mentioned p r e v i o u s l y , there i s evidence t h a t the p r o t e i n 

component of the Na+-K+-ATPase enzyme system has undergone l i t t l e 

change during the e v o l u t i o n of the various groups (see Hokin, 1974; 

Hopkins, Wagner & Smith, 1976). I f such i s assumed, then the 

d i f f e r e n c e s i n the k i n e t i c s t a b i l i t i e s of the enzyme preparations 

i l l u s t r a t e d i n f i g u r e 7.1, can be i n t e r p r e t e d i n terms of the 

d i f f e r e n t l i p i d composition and p h y s i c a l p r o p e r t i e s of the respective 
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membranes. Given t h a t membrane l i p i d s i s o l a t e d from animals 

l i v i n g i n low temperature h a b i t a t s have been shown t o con t a i n a 

higher p r o p o r t i o n of unsaturated f a t t y a c i d residues, and to be less 

viscous than those i s o l a t e d from animals t h a t l i v e a t higher 

temperatures (Cossins, 1977; Cossins & Prosser, 1978; Cossins, 

Christiansen & Prosser, 1978), the d i f f e r e n c e s i n the k i n e t i c s t a b i l i t y 

of the Na+-K+-ATPase samples i l l u s t r a t e d i n f i g u r e 7.1 can be 

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

f l u i d i t y expected of the various membrane samples. The r e s u l t s 

would also suggest t h a t the s t a b i l i t y of the enzyme i s i n s e n s i t i v e 

to the changes i n membrane l i p i d composition and f l u i d i t y of the 

magnitude coincident w i t h p h y s i o l o g i c a l compensation by a species 

to environmental temperature changes. 

+ + 

The r e l a t i v e i n s e n s i t i v i t y of the s t a b i l i t y of the Na -K -ATPase 

to the small membrane p e r t u r b a t i o n s expected of the sodium dodecyl-

sulphate e x t r a c t i o n procedure adopted, supported the observations 

described above i n suggesting the s t a b i l i t y of the enzyme was s e n s i t i v e 

only t o l a r g e changes i n the p r o p e r t i e s of the membrane. That such 

large changes, do a f f e c t the s t a b i l i t y of the enzyme was evident from 

the r e s u l t s of the octanol experiments, i n which the a l i p h a t i c a l c o h o l 

was found to reduce the s t a b i l i t y of the enzyme at alcoh o l concentrations 

below those p r e v i o u s l y reported to i n h i b i t the enzyme (Grisham & 

Barnett, 1973b). Since octanol has been shown t o increase the 

' f l u i d i t y ' of the membrane (Grisham & Barnett, 1973b)it seems l i k e l y 

t h a t t h i s increased membrane f l u i d i t y was responsible f o r the greater 

t h e r m o - l a b i l i t y of the enzyme i n the presence of the a l c o h o l , 

e s p e c i a l l y since the a l i p h a t i c alcohols l i k e o ctanol have been shown 
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to be l i p i d t a r g e t e d (Grisham & Ba r n e t t , 1972), T h i s would c o r r e l a t e 

w i t h the g e n e r a l o b s e r v a t i o n s of the comparative s t u d i e s d e s c r i b e d 

above. 

As d i s c u s s e d p r e v i o u s l y , the complex k i n e t i c s of i n a c t i v a t i o n 

of the enzyme precluded a r i g o r o u s and r e l i a b l e treatment of the d a t a . 

Given the p r a c t i c a l problems of reproducing the experimental c o n d i t i o n ; 

the b e s t t h a t was p r a c t i c a l was to obtain, rough e s t i m a t e s of the 

v a l u e s estimated f o r the enthalpy (AH) d e s c r i b i n g the r a t e of 

i n a c t i v a t i o n . T h i s was done by e s t i m a t i n g the temperatures f o r 

90% V and 10% V and c a l c u l a t i n g v a l u e s f o r the enthalpy max max 

by the i n t e g r a t e d form of the Van't Hoff isotherm. 

i . e . log 90 - l o g 10 = AH f ̂  c- 4 „ ) 
h e fae - — I TQ0% T i o % / 

R - gas c o n s t a n t ; T - a b s o l u t e temperature 

The v a l u e s c a l c u l a t e d (Table 7.2) were used as an e s t i m a t e of the 

enthalpy term. The r e s u l t s of these c a l c u l a t i o n s underlined, the 

g e n e r a l o b s e r v a t i o n s of the comparative study i n t h a t the raorc 

thermo-stable samples were a s s o c i a t e d w i t h the l a r g e r AH v a l u e s , 

(e-fi, b i r d s " 270-320 K . J o K o l " 1 v s Notothenia = 120-160 K,J.Mol" 1). 

Si n c e the All i s an e s t i m a t e of the temperature c o e f f i c i e n t of the 

r a t e of i n a c t i v n t i o n i t f o l l o w s t h a t as a g e n e r a l trend the more 

rhermo-stable, p r e p a r a t i o n s a r e l i k e l y to be c h a r a c t e r i s e d by sharper 

tharmfil ino.cti.vA.tion p r o f i l e s . Such i s t h e r e f o r e c o n s i s t e n t w i t h the 

Kursgsstioi"! t)io.;. membrane f l u i d i t y i s a s i g n i f i c a n t determinant of 

the f.I:ah.il•].•':>• of the enzyme t s i n c e i t i s g e n e r a l l y observed (-.Kit the 

r.ore ord-j- rA I r : ; i d nier.jbirane;-; are c h a r a c t e r i s e d by sharper thermal 

tvr.Aci t iofr- (ttt-.f-. J 071) * 

http://ino.cti.vA.tion
http://ah.il
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TABLE 7.2 

Apparent 15 minute h a l f l i f e temperatures of the 

Na+-K+-ATPase from the brains of d i f f e r e n t species. 

Tissue source n *T(°C) M (°c) ^ a p p ^ ' ^ 0 1 " 1 ) 

S t a r l i n g 3 41 47.5-48.5 270-320 

Pigeon 2 41 47.5-48.5 270-320 

Rat 5 37 45.5-46,5 230-280 

Mouse 3 37 46 - 47 230-280 

Guinea p i g 2 37 46 - 47 230-280 

Rabbit 2 37 45.5-46.5 230-280 

Hamster 
(non-hibernating) 4 37 47 - 48 230-280 

Hamster 
( h i b e r n a t i n g ) 4 4 47 - 48 230-280 

Perch 2 15 42 - 43 180-220 

Trout 
(20° Acclimated) 3 20 41.5-42.5 180-220 

Trout 
(5° Acclimated) 4 5 41 - 42 180-220 

^Notothenia 1 1 36 - 38 120-160 

Xenopus 3 23 42 - 43 180-220 

Frog 2 4 41 - 42 180-220 

Mean body temperature 

Temperature at which h a l f l i f e of Na+-K+-ATPase i s 15 minutes. 
T£ range e s t a b l i s h e d from n observations. 

Range established from 3 repeats on one p r e p a r a t i o n . 

Apparent a c t i v a t i o n energy of the thermal i n a c t i v a t i o n process. 
Values give the range expected (see T e x t ) , 
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The i n t e r p r e t a t i o n of the data presented here, i s i n general 

support of the view t h a t membrane l i p i d s play an important p a r t i n 

maintaining the b i o l o g i c a l l y a c t i v e s t a t e ( s ) of the Na+-K+-ATPase. 

However, t h i s i s based on the assumption t h a t the d i f f e r e n c e s i n the 

Na+-K+-ATPase p r o t e i n s are too small to account f o r the observations. 

Since the c u r r e n t l y a v a i l a b l e experimental evidence does not give 

unambiguous support t o such an assumption, a precise i n t e r p r e t a t i o n 

of the above data must await comparative studies on the s t r u c t u r e 

of t h i s enzyme. However, w i t h i n the context of the above assumption, 

i t seems l i k e l y t h a t the membrane l i p i d s are responsible f o r d e f i n i n g 

the p o t e n t i a l energy w e l l w i t h i n which the b i o l o g i c a l a c t i v i t y of 

the Na+-K+-ATPase i s maintained. 
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CHAPTER 8 

The e f f e c t of l i p i d t argeted modulators on the k i n e t i c 
+ + 

p r o p e r t i e s of the Na -K -ATPase 
INTRODUCTION 

A r o l e f o r membrane l i p i d i n the maintenance of the b i o l o g i c a l 

a c t i v i t y of the Na+-K+-ATPase i s ge n e r a l l y acknowledged and has been 

p r e v i o u s l y discussed i n Chapter 7. However, there i s some u n c e r t a i n t y 

as t o whether these l i p i d s are involved i n the r e g u l a t i o n and f i n e 

c o n t r o l of t h i s enzyme. That they might play a r o l e was i m p l i e d 

from r e p o r t s t h a t the enzyme had a s p e c i f i c requirement f o r phosphatidyl 

serine (Fenster & Copenhaver, 1967; Wheeler & Whittam, 1970), though 

such a requirement has been questioned (DePont, Van Prooijen-Van Eeeden 

& Bonting, 1973). Other workers have presented evidence supporting 

a s p e c i a l r o l e f o r n e g a t i v e l y charged phospholipids CPalatint, Dabbeni-

Sala, P i t o t t i , Bruni & Mandersloot, 1977), but such has also been 

questioned (DePont, Van Prooijen-Van Eeden & Bonting, 1978), A 

recent r e p o r t , however, has presented evidence which suggests t h a t 
+ + 

phosphatidyl m i s i t o l may be an endogenous a c t i v a t o r of the Na -K -ATPase 

(Mandersloot, Roelofsen & DeGier, 1978). 

The b u l k of the evidence supporting a r e g u l a t o r y r o l e f o r 

membrane l i p i d i n t h i s enzyme system, has been obtained from k i n e t i c 

studies on the temperature dependence of i t s a c t i v i t y . The e f f e c t 

of temperature on Na+-K+-ATPase a c t i v i t y i s g e n e r a l l y described by 

a non-linear Arrhenius graph (see Chapter 4) and t h i s has been i n t e r p r e t e d 

w i t h i n the context of temperature dependence l i p i d phase t r a n s i t i o n s 

(see Barnett & P a r l a z z o t t o , 1974). Other workers have shown t h a t 

the non-linear Arrhenius graph, c h a r a c t e r i s t i c of the temperature 
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k i n e t i c s of t h i s enzyme, can be made l i n e a r by the d i s r u p t i o n of the 

biomembranes w i t h phospholipases (Taniguchi & I i d a , 1972b; Charnock, 

Cook, Almeida & To, 1973), and t h a t the e f f e c t can be r e v e r s e d by 

post i n c u b a t i o n of the phospholipase t r e a t e d membranes w i t h phospholipids 

Such o b s e r v a t i o n s were supported by a r e p o r t t h a t the shape of the 

Arrhenius graph of the Na +-K +-ATPase from E h r l i c h A s c i t e s tumour c e l l s 

can be a l t e r e d by changes i n the l i p i d composition of those c e l l 

membranes (Solomonson, L i e p k a l n s & Spector, 1976), and an e a r l i e r 

o b s e r v a t i o n t h a t enzymic p e r o x i d a t i o n of membrane l i p i d s r e s u l t e d 

i n an a l t e r a t i o n of the s e n s i t i v i t y of the Na +-K +-ATPase to both 

ATP and potassium i o n (Sun, 1971)* Against such evidence are 
+ + 

r e p o r t s t h a t the non l i n e a r Arrhenius graph of the Na -K -ATPase 

can be ' s t r a i g h t e n e d ' by a l t e r a t i o n s i n magnesium i o n c o n c e n t r a t i o n 

(Kimelberg, 1975; Boldyrev, Ruuge, Smirnova & Tabak, 1977) and that 

the l o s s i n Na +-K +-ATPase a c t i v i t y c o i n c i d e n t w i t h the treatment of 

b r a i n s y n a p t i c membranes w i t h phospholipase C was not accompanied 

by any s i g n i f i c a n t change i n the apparent Km of the enzyme w i t h r e s p e c t 

to ATP CSun, Sun & Samorajski, 1971). These r e p o r t s , and the 

o b s e r v a t i o n t h a t the ADP binding a f f i n i t y of c a t a l y t i c a l l y i n a c t i v e 

d e l i p i d a t e d Na +-K +-ATPase p r e p a r a t i o n s was unchanged a f t e r r e a c t i v a t i o n 

by phospholipids (Jensen & O t t o l e n g h i , 1976), have argued a g a i n s t a 

r e g u l a t o r y r o l e f o r l i p i d s w i t h r e s p e c t to the Na +~K +-ATPase. 

The experiments designed to i n v e s t i g a t e a probable r e g u l a t i o n 
+ + 

of the Na -K -ATPase by membrane l i p i d s , u s u a l l y employ methods which 

i n v o l v e a severe d i s r u p t i o n of the membrane and an almost complete 

l o s s of Na +-K +-ATPase a c t i v i t y . Consequently, i t i s d i f f i c u l t to 
i n t e r p r e t such data w i t h i n the context of an i n - y i v o r e g u l a t i o n of the 

+ + 

Na -K -ATPase by membrane l i p i d . I n t h i s study, an attempt was 

made to i n v e s t i g a t e the e f f e c t of s m a l l l i p i d p e r t u r b a t i o n s on the 

k i n e t i c p r o p e r t i e s of the enzyme. The l i p i d modulation procedures 

employed ? p r i m a r i l y e x p l o i t e d the changes i n membrane l i p i d composition 
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c o i n c i d e n t w i t h temperature a c c l i m a t i o n by f i s h (Johnson & Roots, 

1964; Roots, 1968; Kemp & Smith, 1970), and the onset of h i b e r n a t i o n 

i n hamsters (Goldman, 1975). I n a d d i t i o n the e f f e c t of a more 

severe membrane l i p i d perturbant ( i . e . l i p i d p e r o x i d a t i o n ) was 

i n v e s t i g a t e d . 

MATERIALS AND METHODS 

(1) P r e p a r a t i o n of brain, s y n a p t i c membranes c o n t a i n i n g 
+ + . . 

ha —K -ATrase a c t i v i t y . 

These were prepared by.the methods p r e v i o u s l y d e s c r i b e d i n 

Chapter 2. The b r a i n s of r a t s , hamsters and rainbow t r o u t were 

used as sources of s y n a p t i c membranes. 

(2) S.D.S. e x t r a c t i o n of s y n a p t i c membranes 

The procedure adopted was the same as tha t d e s c r i b e d i n Chapter 

6. 

(3) L i p i d p e r o x i d a t i o n of crude r a t b r a i n s y n a p t i c membranes 

Unless otherwise s t a t e d , a l l operations were c a r r i e d out at 

0-4°C. The procedure adopted was adapted from t h a t d e s c r i b e d by 

Dobretsov, Borchevskaya, Petrov & Vladimirov (1977). 

The crude membranes prepared as d e s c r i b e d above ( 1 ) , were 

sedimented from the low i o n i c strength, b u f f e r QOmM Imidazole,ImM E.D.T.A. 

pH 7.2 at room temperature) by c e n t r i f u g a t i o n a t 100,000g (M.S.E. 

prep s p i n 50 u l t r a c e n t r i f u g e ) f o r 30 minutes. The p e l l e t e d membranes 

were then washed f r e e of E.D.T.A. by thr e e c y c l e s of homogenisation 

i n an E.D.T.A. f r e e low i o n i c s t r e n g t h b u f f e r (lOmM Imidazole pR 7.2 

at room temperature), and c e n t r i f u g a t i o n a t 100,000g, The washed 

membranes were resuspended i n the E.D.T.A. f r e e low i o n i c s t r e n g t h 
-3 

b u f f e r to a p r o t e i n c o n c e n t r a t i o n of 2-3 mg.cm , and used immediately 

fo r l i p i d p e r o x i d a t i o n . 
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The washed membranes were added to a s o l u t i o n c o n t a i n i n g 

a s c o r b i c a c i d and f e r r o u s sulphate ( t h e r m o e q u i l i b r i a t e d at 25°C) 
-4 -6 

so as to o b t a i n f i n a l c o n c e n t r a t i o n s of 10 M ascorbate, 5 x 10 M 

f e r r o u s sulphate and a membrane phospholipid c o n c e n t r a t i o n of 
-3 

between 175-225ug.cm . The mixture was s t i r r e d by a magnetic 

s t i r r e r a t 25°C f o r 2 hours, and the p e r o x i d a t i o n r e a c t i o n terminated 

by the a d d i t i o n of disodium E.D.T.A. to a f i n a l c o n c e n t r a t i o n of 
-3 . . 

about 10 M. The p e r o x i d i s e d membranes were then sedimented by 

c e n t r i f u g a t i o n a t 100,000g, and washed by two c y c l e s of homogenisation 

i n low i o n i c s t r e n g t h b u f f e r (lOmM Imidazole, ImM E.D.T.A. pH 7.2 

a t room temperature), and c e n t r i f u g a t i o n at 100,000g. The membranes 

were f i n a l l y resuspended i n the low i o n i c s t r e n g t h b u f f e r ( c o n t a i n i n g 

E.D.T.A.) and s t o r e d on i c e at 0-4°C u n t i l r e q u i r e d . 

(4) Assay of Na +-K +-ATPase a c t i v i t y 

( i ) Standard a s s a y procedure: 

Th i s was the same as t h a t d e s c r i b e d i n Chapter 2. 

( i i ) Assays a t n o n - s a t u r a t i n g ouabain c o n c e n t r a t i o n s : 

The procedure adopted i s d e s c r i b e d i n Chapter 3. 

( i i i ) Assays a t n o n - s a t u r a t i n g potassium c o n c e n t r a t i o n s : 

The procedure adopted i s d e s c r i b e d i n Chapter 5. 

( i v ) Assays at v a r y i n g temperatures: 

The procedure adopted i s d e s c r i b e d i n Chapter 4. 

(5) Assay of p r o t e i n s 

The procedure adopted i s d e s c r i b e d i n Chapter 2. 

(6) Assay of c h o l e s t e r o l 

The procedure adopted was adapted from t h a t d e s c r i b e d by 

Watson (1960). 
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P r e p a r a t i o n of chromagenic s o l u t i o n 

The chromagenic s o l u t i o n was prepared by c a r e f u l l y mixing 

3 volumes of A c e t i c anhydride, w i t h one volume of g l a c i a l a c e t i c 

a c i d and one volume of 0.25M 2,5,dimethyl-benzene sulphonic a c i d 

i n g l a c i a l a c e t i c a c i d . The mixture obtained was s t o r e d i n a 

dark b o t t l e at 0-A°C and had an i n d e f i n i t e s h e l f - l i f e under those 

c o n d i t i o n s . 

A l l operations were c a r r i e d out at room temperature. An 

a l i q u o t of a membrane sample c o n t a i n i n g 0.1-1 y.mole of c h o l e s t e r o l 

was evaporated to dryness i n an oven at 110-120°C. The sample was 
3 

then cooled and then t r e a t e d w i t h 0.2 cm of d i s t i l l e d water and 
3 3 0.2 cm of g l a c i a l a c e t i c a c i d . 5 cm of the chromagenic s o l u t i o n 

were then added to the above mixture and thoroughly mixed. An 

exothermic r e a c t i o n r e s u l t e d and the tubes were allowed to cool f o r 
3 

20 minutes at room temperature. 0.6 cm of concentrated s u l p h u r i c 

a c i d were added to the cooled mixture, and the f i n a l mixture was 

q u i c k l y and thoroughly mixed so as to ensure the s o l u b i l i s a t i o n of 

any p r e c i p i t a t e d p r o t e i n . The mixture was then sto r e d a t room 

temperature f o r 20 minutes to a l l o w complete colour development and 

i t s e x t i n c t i o n determined at 620 n.m. 

The mixture was found to maintain i t s colour i n t e n s i t y f o r 

at l e a s t 10 minutes a f t e r the completion of c o l o u r development. The 

e x t i n c t i o n was i n t e r p r e t e d i n terms of c h o l e s t e r o l content by 

c a l i b r a t i n g the same w i t h c h o l e s t e r o l . The absorbance was found 

to be l i n e a r w i t h c h o l e s t e r o l content i n the range 0.1 - ly.Mole 

of c h o l e s t e r o l (see F i g . 8.1). 
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(7) Assay of T o t a l Phospholipid 

The procedure adopted was adapted from that d e s c r i b e d by 

Raheja, Kaur, Singh & B h a t i a (1973). 

P r e p a r a t i o n of chromagenic s o l u t i o n 

Prepared S o l u t i o n s ; 

( i ) Ammonium Molybdate 
3 

16g of ammonium molybdate were d i s s o l v e d i n 120 cm 

of d i s t i l l e d water. A few drops of concentrated h y d r o c h l o r i c a c i d 

were added to the mixture to ensure the complete d i s s o l u t i o n of the 

ammonium molybdate. 
( i i ) S o l u t i o n I 

3 
10 cm of r e d i s t i l l e d mercury were added to a mixture of 3 3 40 cm of concentrated h y d r o c h l o r i c a c i d and 80 cm of the ammonium 

molybdate s o l u t i o n above ( i ) . The mixture was s t i r r e d on a 

magnetic s t i r r e r f o r 45 minutes and f i l t e r e d . A red-brown f i l t r a t e 

was formed. 

( i i i ) S o l u t i o n I I (Acid Molybdate) 
3 

T h i s was prepared by c a r e f u l l y adding 200 cm of concentrated 
3 

s u l p h u r i c a c i d to 40 cm of the ammonium molybdate above ( i ) . 

The chromagenic s o l u t i o n was prepared by c a r e f u l l y adding 

S o l u t i o n I I to the reddish-brown S o l u t i o n I w i t h s t i r r i n g . 25 

volumes of the dark green s o l u t i o n formed were then mixed w i t h 45 

volumes of methanol, 5 volumes of chloroform and 20 volumes of d i s t i l l e d 

water. The dark green mixture so formed was st o r e d a t 0-4°C under 

which c o n d i t i o n s i t had a s h e l f - l i f e i n excess of 3 months. 

An a l i q u o t of a sample c o n t a i n i n g 0.03-0.3 y.moles of l i p i d 

phosphorous was introduced i n t o a c l e a n t e s t - t u b e and the s o l v e n t / 

d i s p e r s a n t evaporated i n an oven a t 100-110°C. 0.5 cm^ of chloroform 
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were then added to the sample to d i s p e r s e the l i p i d s and the 

chloroform was then removed by evaporation a t 100°C, A f t e r the 
3 3 tubes had cooled, 0.4 cm of chloroform and 0.2 cm of the chromagenic 

s o l u t i o n were added to the sample, which was then heated i n a 

b o i l i n g water bath f o r 3 minutes. A f t e r the tubes had cooled, 
3 

3 cm of chloroform were added to each of the samples, which were 

shaken and then c e n t r i f u g e d (=:500g) to sep a r a t e the two phases. The 

e x t i n c t i o n of the organic l a y e r was then determined a t 716 n.m. 

The f i n a l c o l o u r , which was s t a b l e f o r a t l e a s t 3 hours, 

was i n t e r p r e t e d i n terms of phospholipid content, by c a l i b r a t i n g 

the same w i t h phosphatidyl c h o l i n e . The c a l i b r a t i o n graph (see 

F i g . 8.2) was found to be l i n e a r w i t h phospholipid content i n the 

range 0.03 - 0.3 u.moles of l i p i d phosphorous. 

(8) Assay of S p h i n g b l i p i d s 

S p h i n g o l i p i d s were determined by the e s t i m a t i o n of 

sphingosine a f t e r methanolysis by a procedure adopted from that d e s c r i 

by L a u t e r & Trams (1962). 

Prepared S o l u t i o n s 

( i ) E t h y l a c e t a t e s a t u r a t e d a c e t a t e b u f f e r : 

185 volumes of lOmM a c e t i c a c i d were mixed w i t h 15 volumes 
3 

of lOmM sodium a c e t a t e and 50 cm of e t h y l a c e t a t e . The f i n a l 

mixture was thoroughly mixed and had a pH of 3.6 - 3.8. 

( i i ) Chloroform washed methyl orange: 
3 

500mg of methyl orange were warmed w i t h 100 cm of 
d i s t i l l e d water u n t i l the s o l i d d i s s o l v e d . The warm aqueous s o l u t i o n 

3 

was then e x t r a c t e d t h r e e times w i t h 20 cm of chloroform. The f i n a l 

aqueous phase was store d at room temperature and had an i n d e f i n i t e 

s h e l f - l i f e . 
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An a l i q u o t o f a sample c o n t a i n i n g 0,0J.-0ol u.moles o f s p h i n g o l i p i d 

was i n t r o d u c e d i n t o a c l e a n t e s t - ^ t u b e and t h e s o l v e n t / d i s p e r s a n t 

e v a p o r a t e d a t 100-110°C o A f t e r t h e samples were d r y , 0,2 cm^ o f 

Boron T r i f l u o r i d e / m e t h a n o l were added, and t h e samples h e a t e d t o 

dryn e s s a t 100-110°C t o e n s u r e c o m p l e t i o n o f t h e m e t h a n o l y s i s , 
3 

A f t e r t h e samples had c o o l e d , 5 cm o f e t h y l a c e t a t e were added 

so as t o d i s s o l v e t h e l i p i d s , and t h e s o l u t i o n o b t a i n e d was washed 

3 

w i t h 2 cm o f 0.5M sodium h y d r o x i d e . The o r g a n i c phase was 

s e p a r a t e d f r o m the aqueous phase by c e n t r i f u g a t i o n ( ~ 5 0 0 g ) o The 

aqueous phase was d i s c a r d e d and t h e o r g a n i c phase washed t w i c e w i t h 
d i s t i l l e d w a t e r . A f t e r t h e r e m o v a l o f t h e f i n a l aqueous phase, 

3 
2 cm o f e t h y l a c e t a t e s a t u r a t e d a c e t a t e b u f f e r were added t o t h e 

3 

o r g a n i c phase, f o l l o w e d by 0.1 cm o f m e t h y l orange r e a g e n t . The 

m i x t u r e was t h o r o u g h l y m i x e d , c e n t r i f u g e d sc as t o s e p a r a t e t h e two 

phases, and t h e e x t i n c t i o n o f t h e o r g a n i c phase d e t e r m i n e d a t 416 n,m, 

The e x t i n c t i o n r e a d i n g s were i n t e r p r e t e d i n terms o f s p h i n g o s i n e 

c o n t e n t by c a l i b r a t i n g t h e same w i t h sphingosine,, The c a l i b r a t i o n 

g r a p h (see F i g , 8«3) was f o u n d t o be l i n e a r f o r s p h i n g o s i n e c o n t e n t s 

i n t h e range 0„01-0<,]. l i . m o l e s , 

( 9 ) Assay o f Plasmalogens 

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

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

V^ittenbp.rg, Korey & Swenson (1956) „ 

Chron.iagenic so 1 ut : i o n 

20mK p - T i i t r o p h c n y l h y d r a z i n e i n 95% e t h a n o l - p r e p a r e d f r e s h l y . 
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An a l i q u o t of a sample containing,01—.,13H»moles of plasmalogen 
3 

was introduced i n t o a 25 cm tube and the s o l v e n t V d i s p e r s a n t 

evaporated by h e a t i n g at 100-110°C, 0.2 cm^ of concentrated 

h y d r o c h l o r i c a c i d were added to the sample to r e l e a s e the aldehydes, 

and the mixture was then heated to dryness at 100-110°C to ensure 
3 

completion of the h y d r o l y s i s . A f t e r the tubes had cooled, 0.7 cm 3 . 3 of chloroform, 0.2 cm of 0.5M s u l p h u r i c a c i d and 0.2 cm of p a r a -

n i t r o p h e n y l hydrazine reagent were added to the sample. The 

tubes were then stoppered and heated i n a b o i l i n g water bath ( w i t h 
3 

s h a k i n g ) , f o r 20 minutes. A f t e r the tubes had cooled, 5 cm of 

petroleum ether ( b o i l i n g point -70°C) were added and thoroughly 

mixed to d i s s o l v e the l i p i d c ontents. The mixture was then t r e a t e d 
3 3 w i t h 5 cm of 95% ethanol and 3 cm of d i s t i l l e d water. The mixture 

was thoroughly mixed and stood at room temperature so as to a l l o w 

the o rganic and aqueous phases to s e p a r a t e . An a l i q u o t of the 
3 

organic phase (0.75 - 2 cm ) was then ' d r i e d down' i n a b o i l i n g 
3 

water bath and the r e s i d u e d i s s o l v e d i n 3 cm of 95% e t h a n o l . The 

e x t i n c t i o n of the s o l u t i o n obtained was determined at 390 n.m. 

The absorbance readings were i n t e r p r e t e d i n terms of f a t t y 

aldehyde content by c a l i b r a t i n g the same w i t h hexadecanal. The f i n a 

colour was found to be s t a b l e f o r at l e a s t 3 hours a t room temperatur 

and i t was l i n e a r w i t h aldehyde content i n the range0.01-0.13u,moles, 

(see F i g . 8.4). 

(10) E x t r a c t i o n of l i p i d s from s y n a p t i c membrane f r a c t i o n s 

The procedure adopted was that d e s c r i b e d by F o l c h , Lees & 

Sloane-Stanley (1957) and l a t e r modified by Rouser » K r i t c h e v s k y & 

Yamamoto (1967). 2 - 6 - d i t e r t i a r y b u t y l - p a r a c r e s o l (B.H.T) was used 

as an a n t i o x i d a n t (see Wren & Szczepanowska, 1963). 
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Prepared s o l u t i o n s ; ( A H s o l u t i o n s contained 0.1% w.v B.H.T) 

( i ) Chloroform/Methanol. 

T h i s was made by mixing two volumes of chloroform w i t h one 

volume of methanol. 

C i i ) Chloroform/Methanol/Hydrochloric a c i d 

T h i s was made by preparing a 1% (w;v) s o l u t i o n of 

h y d r o c h l o r i c a c i d i n a mixture of equal volumes of chloroform and 

methanol. 

( -i -i i ^ C1 V* ~\ -v» f-\ -v*»-r̂  / \A s~\ 4— V\ r-i "1 / A w t n i-\ TT\ - i r\ 

T h i s was made by pre p a r i n g a 0,5% (w:v) s o l u t i o n of 

ammonia i n a mixture of equal volumes of chloroform and methanol. 

The membranes were sedimented by c e n t r i f u g a t i o n a t 100,000g, and 

then homogenised i n chloroform/methanol. The s o l i d was sedimented 

by c e n t r i f u g a t i o n (~3000g) and the supernatant r e t a i n e d . The p e l l e t 

was then r e - e x t r a c t e d once i n chloroform/methanol, t w i c e i n chloroform/ 

methanol/hydrochloric a c i d and twice i n chloroform/methanol./ammonia by 

repeated c y c l e s , of homogenisation and c e n t r i f u g a t i o n . The supernatants 

from each step were pooled and then e x t r a c t e d w i t h a 0.79% potassium 

c h l o r i d e . The organic and aqueous phases were separated by 

c e n t r i f u g a t i o n and the or g a n i c phase was r e - e x t r a c t e d w i t h 0.79% 

potassium c h l o r i d e . The or g a n i c phase was again separated from 

the aqueous phase by c e n t r i f u g a t i o n . Water was removed from the 

aqueous phase by standing the l a t t e r i n anhydrous sulphate overnight. 

The d r i e d l i p i d s o l u t i o n so formed was f i l t e r e d f r e e of s o l i d sodium 

sulphate through a s c i n t e r e d g l a s s funnel and the s o l i d e l u t e d w i t h 

chloroform. The f i l t r a t e and washings were concentrated i n a r o t a r y 

evaporator and stored i n sm a l l a l i q u o t s (1-1.5 cm ) i n s e a l e d g l a s s 

ampoules a t -25°C. 
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(11) T hin l a y e r chromatographic s e p a r a t i o n of phospholipid f r a c t i o n s 

The procedure adopted was adapted from t h a t d e s c r i b e d f o r mammalian 

phospholipids by Veerkamp & Broekhuyse (1976), 

( i ) P r e p a r a t i o n of t h i n l a y e r p l a t e s . 

A s l u r r y of s i l i c a g e l H (K i e s e l g u h r R - Trp 60) was made i n 
3 

0.1% aqueous s o l u t i o n of sodium a c e t a t e (45gm s i l i c a g e l per 180 cm 

s o l u t i o n ) . The s l u r r y was coated on 20 cm square g l a s s p l a t e s to 

a t h i c k n e s s of 0.5m.m. The p l a t e s were a i r d r i e d , and then a c t i v a t e d 

by oven d r y i n g at 110-120°C f o r at l e a s t two hours before use. 

An a l i q u o t of the l i p i d sample c o n t a i n i n g up to 1 mg of t o t a l 

l i p i d was a p p l i e d to the p l a t e as aspot and the p l a t e was d r i e d at 

110-120°C f o r 5-10 minutes. The p l a t e was f i r s t developed i n a s o l v e n t 

c o n t a i n i n g chloroform (65 volumes), methanol (30 volumes), and 

28% ammonia (4 volumes). The p l a t e was then d r i e d at 110-120°C 

fo r 5-10 minutes, r o t a t e d through 90° and developed i n a s o l v e n t 

c o n t a i n i n g chloroform (135 volumes), methanol (.65 volumes), g l a c i a l 

a c e t i c a c i d (18 volumes) and d i s t i l l e d water (3 volumes). The p l a t e 

was then d r i e d at 110-120°C f o r 5-10 minutes before being t r e a t e d w i t h 

the l o c a t i n g agent. 

( i i ) L o c a t i o n and i d e n t i f i c a t i o n of phospholipid f r a c t i o n s a f t e r 

t h i n l a y e r chromatography. 

The procedure used f o r l o c a t i o n of the phospholipid f r a c t i o n s 

was v a r i e d according to the experimental procedures intended a f t e r 

the l o c a t i o n s of the f r a c t i o n s , 

(a) L o c a t i o n of f r a c t i o n s intended f o r gas chromatographic a n a l y s 

of f a t t y a c i d methyl e s t e r s . 

T h i s was done according to the procedure d e s c r i b e d by 

G i t l e r (1972). The p l a t e s were l i g h t l y sprayed w i t h 0.1% 8 - a n i l i n o -

1-napthalene sulphonate (ANS) and i r r a d i a t e d w i t h a .U.V. lamp using 
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a 350 mm, f i l t e r . The phospholipid f r a c t i o n s appeared as b r i g h t 

f l u o r e s c e n t spots a g a i n s t a dark background, 

(b) L o c a t i o n of f r a c t i o n s intended f o r l i p i d phosphorous 

determinations. 

I t was found t h a t the A.N.S, l o c a t i n g agent above (a) 

s e v e r e l y i n t e r f e r e d w i t h the phospholipid assay procedure of Raheja 

et a l (1973). Consequently, the f r a c t i o n s intended f o r f u r t h e r l i p i d 

phosphorous determinations were l o c a t e d by immersing the dry p l a t e 

i n a chromatography tank c o n t a i n i n g i o d i n e vapour. The f r a c t i o n s 

appeared as yel l o w spots a g a i n s t a white background. A f t e r s u c c e s s f u l l y 

l o c a t i n g the t a r g e t f r a c t i o n ( s ) , the iod i n e was removed by warming the 

p l a t e a t 110-120°C f o r 5-10 minutes. 

NOTE: The ANS l o c a t i n g procedure was pr e f e r e e d to i o d i n e f o r the 

l o c a t i o n of the f r a c t i o n s intended f o r gas chromatographic a n a l y s i s 

of f a t t y a c i d methyl e s t e r s , because the o x i d i s i n g power of i o d i n e 

was considered l i k e l y to i n t e r f e r e w i t h the carbon-carbon double bonds 

i n the unsaturated f a t t y a c i d s . 

The f r a c t i o n s l o c a t e d were i d e n t i f i e d by removing a u t h e n t i c 

phospholipid standards under comparable c o n d i t i o n s . 

(12) Gas l i q u i d chromatography of f a t t y a c i d methyl e s t e r s 

The samples used f o r these a n a l y s e s were u s u a l l y those phospholipid 

f r a c t i o n s separated by t h i n l a y e r chromatography as d e s c r i b e d above. 

The samples were methanolysed and separated on a pol y e t h y l e n e adipase 

s t a t i o n a r y phase. 

(a) 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 . 

The phospholipid f r a c t i o n s were methanolysed i n a 

b o t t l e s e a l e d w i t h a screw cap l i n e d w i t h a tuf-bond s e a l . 
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The s i l i c a g e l c o n t a i n i n g the t a r g e t phospholipid f r a c t i o n 

was scraped o f f the p l a t e i n t o a b i j o u b o t t l e , and then a q u a n t i t y of 

Boron T r i f l u o r i d e / m e t h a n o l was added so as to 'wet' the e n t i r e sample. 

The b o t t l e was then s e a l e d and the sample heated a t 100°C fo r 

15 minutes so as to complete the methanolysis, A f t e r the sample 

had cooled, a stream of dry n i t r o g e n was blown over the sample so 

as to remove the bulk of the low b o i l i n g point contaminants and to 

v o l a t a l i s e any r e s i d u a l Boron trifluoride./methanol. The f a t t y 

a c i d methyl e s t e r s were then e l u t e d from the r e s i d u e with, n-hexane. 

The s o l u t i o n obtained was then concentrated to a v e r y s m a l l volume 

i n a r o t a r y evaporator, and used immediately f o r gas l i q u i d 

chromatographic a n a l y s i s . 

(b) P r e p a r a t i o n of the chromatographic column 

20 grams of Gaschrom Q (100-120 mesh) were added 
3 

to 100 cm of a 3% s o l u t i o n of polyethylene g l y c o l adipase i n chloroform 

(w/v). The mixture was then shaken and f i l t e r e d through a s c i n t e r e d 

g l a s s f u n n e l . The r e s i d u e was f i r s t a i r d r i e d and then heated at 

100°C f o r 1 hour to ensure complete v o l a t i l i s a t i o n of any r e s i d u a l 

chloroform. The s o l i d so formed was poured i n a meter long g l a s s 

column and packed t i g h t l y w i t h the a i d of a vacuum pump. The 

column so formed was then conditioned by h e a t i n g i n a stream of 

dry n i t r o g e n (flow r a t e 20-25 cm^ min ^) at 250°C f o r 48 hours before 

use. 

(c ) Gas l i q u i d chromatography of phospholipid methanolysates, 

and the i d e n t i f i c a t i o n and q u a n t i f i c a t i o n of the r e s o l v e d methyl e s t e r s . 

The gas l i q u i d chromatographic s e p a r a t i o n of the samples 

was done on the above column (b) i n a Pye 104 s e r i e s gas chromatograph 

at 180°C. Dry white spot n i t r o g e n was used as the c a r r i e r gas at a 
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flow r a t e of 45 cm min , The r e s o l v e d samples were detected by 

flame i o n i s a t i o n Ccombustion system HydrogenVAir) and the s i g n a l from 

the d e t e c t o r was used to t r a c e a 'chromatography on a f l a t bed c h a r t 

r e c o r d e r . I n c a s e s where f a t t y a c i d methyl e s t e r stands were a v a i l a b l e , 

the peaks were t e n t a t i v e l y i d e n t i f i e d by comparing t h e i r r e t e n t i o n 

times w i t h those of the standards under the same c o n d i t i o n s . However, 

where such standards were u n a v a i l a b l e , a t e n t a t i v e i d e n t i f i c a t i o n 

was done by comparing the observed r e t e n t i o n times w i t h those 

c a l c u l a t e d according to Ackman (1963a, 1963b). The q u a n t i f i c a t i o n 

procedure used ( C a r r o l l , 1961), enabled an e s t i m a t i o n of the r e l a t i v e 

proportions of the r e s o l v e d m a t e r i a l s . S i n c e t h i s procedure assumed 

a complete s e p a r a t i o n of the r e s o l v e d samples, i t was n e c e s s a r y to 

c o r r e c t the observed peak heights f o r i n t e r f e r e n c e from neighbouring 

p e a k ( s ) , i n cases where r e s o l u t i o n was incomplete. T h i s c o r r e c t i o n 

was c a l c u l a t e d according to the p r i n c i p l e s d e s c r i b e d by B a r t l e t t 

& Smith (1960). The product of the peak height (or c o r r e c t e d peak 

he i g h t ) and the r e t e n t i o n time gave a v a l u e p r o p o r t i o n a l to the a r e a 

of the peak and consequently the mass of the sample forming the peak. 

On account of the v a r i a t i o n s i n the day to day o p e r a t i n g c o n d i t i o n s , 

the mass estimate obtained was normalised by e x p r e s s i n g the same as 

a percent of the t o t a l sample a p p l i e d (i«e- the sum of a l l the peak 

a r e a s ) . 

(d) 'Short hand' n o t a t i o n used to i d e n t i f y f a t t y a c i d s . 

The d e s c r i p t i v e n o t a t i o n used to r e f e r to f a t t y a c i d s 

i s the same as t h a t d e s c r i b e d by Farquhar, I n s u l l , Rosen, S t o f f e l & 

Ahrens (.1959). T h i s d e s c r i b e s the f a t t y a c i d i n terms of the l e n g t h 
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of the carbon c h a i n , the number of double bonds, and the length 

of the 'end carbon c h a i n ' ( i . e . the l e n g t h of the carbon ch a i n 

s t a r t i n g at the methyl end of the f a t t y a c i d and ending at the middle 

of the f i r s t double bond). The system i s adequate f o r the d e s c r i p t i o n 

of f a t t y a c i d s normally found i n animal t i s s u e s . I t assumes t h a t 

the f a t t y a c i d s are unbranched and, i n the case of polyunsaturated 

f a t t y a c i d s , i t a l s o assumes that the o l e f i n i c bonds are separated 

by methylene groups ( i . e . methylene i n t e r r u p t e d polyunsaturated 

f a t t y a c i d s ) . Thus the n o t a t i o n 22;6;w3 r e p r e s e n t s a f a t t y a c i d 

of carbon le n g t h , 22, which c o n t a i n s s i x methylene i n t e r r u p t e d carbon: 

carbon double bonds, and w i t h an end carbon c h a i n three carbon atoms 

long. 

(13) Radio-isotope d i l u t i o n a s s a y of the phospholipid f r a c t i o n s . 

(a) P r e p a r a t i o n of l a b e l l e d p h o s p h o l i p i d s . 
14 

C was i n c o r p o r a t e d xnto the b r a i n phospholipids of 
14 

young r a t s by 5 d a i l y i n j e c t i o n s of lOuC of 2 C sodium a c e t a t e . 

The i n j e c t i o n s were done during the period of most r a p i d p o s t - n a t a l 

b r a i n growth (5-10 days a f t e r b i r t h ) so as to maximise the i n c o r p o r a t i o n 

of the isotope i n t o the b r a i n l i p i d s . The animals were k i l l e d and 

l i p i d s e x t r a c t e d from the b r a i n as d e s c r i b e d above CIO). The phospholipid 

f r a c t i o n s were then separated as d e s c r i b e d above ( 1 1 ) . The procedure 
14 . . 

was found to y i e l d approximately lOuC of C p h o s p h o l i p i d per mC 14 14 of C a c e t a t e used, and the s p e c i f i c a c t i v i t y of the prepared C 

phospholipid was between 50-100 nano C u r i e s per micro mole of phospholipid. 

Samples of the l a b e l l e d phospholipid (of known s p e c i f i c a c t i v i t y ) 

c o n t a i n i n g between 500-1000 d i s i n t e g r a t i o n per minute were added to 

the membrane l i p i d e x t r a c t c o n t a i n i n g a known amount of l i p i d phosphorous. 



-210-

The components of the mixture were then separated by t h i n l a y e r 

chromatography as d e s c r i b e d above ( 1 1 ) . The s p e c i f i c a c t i v i t i e s 

of the separated f r a c t i o n s was then determined, and the amount of 

each f r a c t i o n present i n the o r i g i n a l membrane was c a l c u l a t e d from 

the d i l u t i o n of the l a b e l . 

(14) I n d u c t i o n of h i b e r n a t i o n i n Hamsters 

Twelve week o l d hamsters were placed s i n g l y i n cages w i t h 

a generous supply of n e s t i n g m a t e r i a l (shredded p a p e r ) , food and 

water. The animals were then conditioned i n the dark a t 5°C 

w i t h the minimum of d i s t u r b a n c e f o r 6 weeks. A f t e r the c o n d i t i o n i n g 

p e r i o d , they were t r a n s f e r r e d to a dark room of ambient temperature 

1°C, and the animals u s u a l l y went i n t o t h e i r h i b e r n a t i o n c y c l e s 

w i t h i n 6 weeks of t h e i r being t r a n s f e r r e d to the lower temperature. 

The animals had a h i b e r n a t i o n c y c l e of 3-4 days and they were 

s a c r i f i c e d f o r experiments only during t h e i r p e r i o d s of ' h i b e r n a t i n g 

s l e e p ' . 

(15) A c c l i m a t i o n of Rainbow Trout to d i f f e r e n t temperatures 

The animals (5-7" long) were purchased from a commercial 

f i s h farm and a c c l i m a t e d to the l a b o r a t o r y c o n d i t i o n s f o r 4 weeks. 

Groups of 40-50 animals were then t r a n s f e r r e d to tanks of ambient 

temperatures 20°C and 5°C, and were kept under these c o n d i t i o n s 

f o r at l e a s t 8 weeks before being s a c r i f i c e d f o r experiments. During 

t h e i r p e r i o d of a c c l i m a t i o n , the animals were fed once every t h r e e days 

on t r o u t p e l l e t s , and they were maintained i n w e l l a e r i a t e d running 

water. The 20°C accl i m a t e d animals were maintained at 16 hr l i g h t -

8 hr dark photoperiod w h i l e those a t 5° C were kept i n a 8 hr l i g h t -

16 hr dark photoperiod. 
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RESULTS 

(a) A comparison of the k i n e t i c p r o p e r t i e s of the Na +-K +-ATPases 

i n the b r a i n s y n a p t i c membranes of 5°C and 20°C a c c l i m a t e d 

rainbow t r o u t . 

The membrane p r e p a r a t i o n s used f o r these s t u d i e s were the 

sodium dodecyl sulphate e x t r a c t s of the b r a i n s y n a p t i c membranes of the 

experimental animals. The s p e c i f i c a c t i v i t i e s of the Na +-K +-ATPases 

from the membranes prepared from both the 5°C and 20°C a c c l i m a t e d 

animals were found to be between 650 and 745 u n i t s when measured 

at 37°C (see Table 8.1). Thus no s i g n i f i c a n t d i f f e r e n c e s were found 

between the s p e c i f i c a c t i v i t i e s of the two samples. 

TABLE 8.1 

S p e c i f i c A c t i v i t i e s of the Na+-K"'"-ATPases i n SDS 

e x t r a c t s of b r a i n s y n a p t i c membranes from 5°C and 

20°C a c c l i m a t e d t r o u t 

SAMPLE S p e c i f i c A c t i v i t y (pmoles P i mg.protein 

h r " 1 a t 37°C 

5°C Acclimated 6 8 3 1 31 Cn=4) 

20°C Acclimated 695-44 (n=3) 

Values - mean of n p r e p a r a t i o n s - 1 standard d e v i a t i o n . 

Each p r e p a r a t i o n was e x t r a c t e d from the b r a i n s of 7-10 animals 

The e f f e c t of the temperature a c c l i m a t i o n of the ouabain i n h i b i t i o n 

of the enzyme i s shown i n F i g . 8.5. I n both c a s e s , the p a t t e r n of 

the decay of a c t i v i t y d e s c r i b e d a decay curve which, w h i l e appearing 

to be monophasic, showed s i g n i f i c a n t d e v i a t i o n from simple uncompetitive 

i n h i b i t i o n k i n e t i c s at ouabain c o n c e n t r a t i o n s g r e a t e r than 10 'M. 
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From the decay cu r v e s , i t i s apparent t h a t the p r e p a r a t i o n e x t r a c t e d 

from the 20°C ac c l i m a t e d animals showed some b i a s towards a lower 

ouabain s e n s i t i v i t y . The numerical d e s c r i p t i o n of the decay p a t t e r n s 

was done according to the model adopted i n Chapter 3, and from the 

l i s t of the d e f i n i n g parameters (see Table 8.2A), the 'lower ouabain 

s e n s i t i v i t y b i a s ' observed f o r the p r e p a r a t i o n s from the 20°C 

acc l i m a t e d animals, was defined i n terms of s l i g h t l y higher v a l u e s 

f o r the ouabain binding parameter (5 = 9.74x10 vs 20" K i = 

1.28x1.0 ^ ) , the c a t a l y t i c c o - o p e r a t i v i t y parameter (5° $ = 0.187 

vs 20° : <J> = 0.239) and the i n h i b i t o r c o - o p e r a t i v i t y parameter 

(5°:g = 119 vs 20°: g = 129). However, d e s p i t e t h i s b i a s , the 

d i f f e r e n c e s between the r e s p e c t i v e v a l u e s of these primary parameters 

were not found to be s i g n i f i c a n t l y d i f f e r e n t (p>0.05). The apparent 

lower ouabain s e n s i t i v i t y of the p r e p a r a t i o n s from the 20°C ac c l i m a t e d 

animals was a l s o r e f l e c t e d i n the d i f f e r e n c e between the r e s p e c t i v e 

apparent p l 5 0 v a l u e s (5°: P l 5 Q = 7.93 vs 20°: pl^Q = 7.78), d i f f e r e n c e s 

which 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 (p<0.02). However, s i n c e the 

apparent pI^Q i s a parameter d e r i v e d from the other three by c a l c u l a t i o n , 

i t seemed l i k e l y t h a t the observed d i f f e r e n c e only r e p r e s e n t e d the 

cumulative e f f e c t of the observed, but i n s i g n i f i c a n t , d i f f e r e n c e s 

between the other parameters, and no s i g n i f i c a n c e was attached to t h i s 

o b s e r v a t i o n . Thus i t was concluded t h a t the changes c o i n c i d e n t 

w i t h the a c c l i m a t i o n to the d i f f e r e n t temperatures d i d not a f f e c t the 

ouabain s e n s i t i v i t y of the Na +-K +-ATPase. 

F i g u r e 8.6 shows the e f f e c t of i n c r e a s i n g potassium ion 
+ + 

c o n c e n t r a t i o n on the a c t i v i t y of the Na -K -ATPases e x t r a c t e d from the 

d i f f e r e n t l y a c c l i m a t e d animals. I t i s c l e a r t h a t the a c t i v i t i e s of 
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'TABLE'8.2 

E f f e c t of temperature a c c l i m a t i o n on the k i n e t i c p r o p e r t i e s of 

the Na +-K +-ATPase from rainbow t r o u t b r a i n s y n a p t i c membranes. 

A. OUABAIN INHIBITION 
* 
Parameters 5°C Acclimated.(n=4) 20°C Acclimated.(n=3) 

Ki(M) 

B 

apparent p I 5 Q 

9 . 7 3 7 x l 0 " 9 ± 8 . 2 5 x l 0 - 1 0 

0.187 - 0.031 

119 * 32 

7 . 9 3 - 0.007 

1 . 2 7 5 x l 0 ~ 8 i 2 . 0 1 x l 0 " 9 

0.239 - 0.069 

129 - 48 

7.78 - 0.02 

* 
See Chapter 3 

B. POTASSIUM ACTIVATION 
t 
Parameters 5°C Acclimated (n=4) 20°C Acclimated Cn=3) 

Ka (M) 

Kb (M) 

1*0.5 <»> 

1.36xl0~ 4 ; ! :3.63xl0" 5 

4 . 0 6 x l 0 ~ 3 ± 5 . 2 3 x l 0 ~ 4 

4 . 1 8 x l 0 " 3 - 5 . 2 5 x l 0 ~ 4 

1.94xlO~ 4 ±5.1xlO~ 5 

4.11xlO~ 3 ±6.01xlO~ 4 

4 . 3 1 x l O ~ 3 i 6 . 0 5 x l O ~ 4 

t 

See Chapter 5 

C. TEMPERATURE KINETICS 

^Parameters 5°C Acclimated (n=4) 20°C Acclimated Cn=3) 

U ( K . J . m o l - 1 ) 

AH (K.J.Mol - 1) 

AS (J.K.~ 1Mol~ 1) 

38.6 - 5.3 

-70.9 - 7.3 

-248 - 28 

38.4 - 5.1 

-65.8 - 6.2 

-229 * 31 

See Chapter 4 

A l l v a l u e s mean of n p r e p a r a t i o n s - 1 standard d e v i a t i o n 
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both p r e p a r a t i o n s show a sigmoidal c o n c e n t r a t i o n dependence, and 

th a t t h e r e i s l i t t l e or no d i f f e r e n c e between t h i s a s p e c t of both 

p r e p a r a t i o n s . T h i s i s f u r t h e r emphasised by the l i s t of parameters 

(see Table 8.2B) d e f i n i n g the s t o i c h i o m e t r i c sigmoid curves f i t t e d 

to the p o i n t s (see Chapter 5 ) . The parameters c a l c u l a t e d f o r 

the e x t r a c t s from the 20°C accli m a t e d animals showed a s l i g h t 

b i a s towards a lower potassium s e n s i t i v i t y i n t h a t l a r g e r v a l u e s 

were returned f o r i t s Ka parameter (5°: Ka = 1.36x10 4 vs 20°: 

Ka = 1.94 x 1 0 ~ 4 ) , the Kb parameter (5°:Kb = 4.06 x 10~ 3 vs 20°: 

Kb = 4.11 x 10~ 3) and the d e r i v e d K Q 5 v a l u e (5°: K Q 5 = 4.18 x 10~ 3 

vs 20°: K„ r = 4.31 x 10 3 ) . However, s i n c e the d i f f e r e n c e s between O.j 

the r e s p e c t i v e potassium a c t i v a t i o n parameters were not found to be 

s i g n i f i c a n t (p>0.1), t h i s aspect of the Na +-K +-ATPase was not considered 

r e s p o n s i v e to the regime of temperature a c c l i m a t i o n used. 

The temperature k i n e t i c s of the Na +-K +-ATPases prepared from 

the two groups of f i s h a r e shown i n f i g u r e 8.7. I n both c a s e s , the 

temperature dependence of the c a t a l y t i c a c t i v i t y of the p r e p a r a t i o n s 

d e s c r i b e d n o n - l i n e a r A r r h e n i u s p l o t s which, when i n t e r p r e t e d w i t h i n 

the framework adopted i n Chapter 4, returned s i m i l a r v a l u e s f o r 

the d e f i n i n g parameters (see Table 8.2C). The v a l u e s r e t u r n e d 

f o r the apparent a c t i v a t i o n energy parameter (5°; U = 38.6 vs 20°: 

U = 38.4), the enthalpy of t r a n s i t i o n (5°: AH = 70.9 vs 20°: AH = 65.8) 

and the entropy t r a n s i t i o n (5°: AS = 248 vs 20°: AS=229), were not 

s i g n i f i c a n t l y d i f f e r e n t (p>0.05) and as a r e s u l t , i t was concluded 

that the temperature k i n e t i c s of the Na +-K +-ATPase was not r e s p o n s i v e 

to the changes c o i n c i d e n t w i t h the temperature a c c l i m a t i o n by these 

animals. 
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(b) E f f e c t of hiberriatiori bri the Na +-K +-ATPase arid the l i p i d s 

p r e s e n t i n the s y n a p t i c membranes prepared from hamster b r a i n . 

The experimental measurements were done on the sodium dodecyl 

sulphate e x t r a c t s of the s y n a p t i c membranes prepared from the b r a i n s 

of the r e s p e c t i v e animals. The s p e c i f i c a c t i v i t y of the Na +-K +-ATPases 

contained i n those membranes are shown i n Table 8.3 below. I n both 

cases the v a l u e s were i n the range expected f o r the enzyme when prepared 

from t h i s source (see Table 6.2). 

TABLE 8.3 

S p e c i f i c a c t i v i t i e s of the Na*-K*-ATPases i n SDS 

e x t r a c t s of b r a i n s y n a p t i c membranes from a c t i v e 

and h i b e r n a t i n g hamsters 

SAMPLE S p e c i f i c a c t i v i t y (ymoles Pi.mgprotein 

h r " 1 a t 37°C) 

A c t i v e animals 338-15 (n=4) 

Hibernating animals 349-11 (ri=4) 

Values mean of n p r e p a r a t i o n s - 1 Standard d e v i a t i o n 

F i g u r e 8.8 shows the ouabain dose response curves of the 

enzyme e x t r a c t e d from the a c t i v e and h i b e r n a t i n g animals. The dose 

response curves d e s c r i b e d by both p r e p a r a t i o n s were b i p h a s i c showing 

a pronounced i n f l e c t i o n at ouabain c o n c e n t r a t i o n s of between 10 ^-10 "*M. 

I t i s a l s o c l e a r t h a t l i t t l e or no d i f f e r e n c e was observed between 

the ouabain s e n s i t i v i t i e s of both p r e p a r a t i o n s . Thus, a f t e r f i t t i n g 

the data to the model de s c r i b e d i n Chapter 3, no s i g n i f i c a n t d i f f e r e n c e s 

were found between the v a l u e s of the ouabain binding parameters as w e l l 
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as the c o - o p e r a t i v i t y parameters (see Table 8.4A). Although the 

v a l u e s f o r the K i and (3 parameters of the p r e p a r a t i o n from the 

h i b e r n a t i n g animals were somewhat higher than those obtained from 

the a c t i v e animals, the l a r g e r e r r o r s i n the e s t i m a t i o n precluded 

the attachment of any s t a t i s t i c a l s i g n i f i c a n c e to these r e s u l t s 

(p>0.1). Thus i t seemed u n l i k e l y t h a t t h i s aspect of the hamster 

b r a i n Na +-K +-ATPase was a f f e c t e d by any changes c o i n c i d e n t w i t h h i b e r n a t i o n . 

The response of the two enzyme p r e p a r a t i o n s to i n c r e a s i n g 

c o n c e n t r a t i o n s of potassium ion i s shown i n F i g u r e 8.9. T h i s 

shows t h a t both p r e p a r a t i o n s e x h i b i t a sigmoidal response to i n c r e a s i n g 

potassium c o n c e n t r a t i o n s and t h a t the p r e p a r a t i o n obtained from the 

a c t i v e animals was s l i g h t l y more potassium s e n s i t i v e than t h a t of 

the h i b e r n a t i n g animals s i n c e the l a t t e r showed s l i g h t l y lower 

l e v e l s of a c t i v i t y ( r e l a t i v e to V ) than t h a t of the a c t i v e animals 

at a l l n o n - s a t u r a t i n g potassium c o n c e n t r a t i o n s . T h i s o b s e r v a t i o n , 

when q u a n t i f i e d by the s t o i c h i o m e t r i c sigmoid curves d e s c r i b e d i n 

Chapter 5, was found to be e n t i r e l y a t t r i b u t a b l e to the d i f f e r e n c e s 

i n the apparent h i g h a f f i n i t y potassium binding constants ( i . e . Ka -

see Table 8.4B). The r e s u l t s showed t h a t t h e r e was no s i g n i f i c a n t 

d i f f e r e n c e between the v a l u e s of low a f f i n i t y potassium binding 

c o n s t a n t s (Kb), but i n the case of the e x t r a c t s from the a c t i v e 

animals, the Ka v a l u e was s l i g h t l y lower than t h a t of the h i b e r n a t o r 

and t h a t the d i f f e r e n c e was 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*£0.5). T h i s 

d i f f e r e n c e was o b v i o u s l y the reason f o r the d i f f e r e n c e between the 

KQ ,. v a l u e s , s i n c e there was no s i g n i f i c a n t d i f f e r e n c e between the 

Kb v a l u e s and the K ^ i s derived from both these primary parameters 

(Ka and Kb) by c a l c u l a t i o n . 
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TABLE 8.4 

E f f e c t of h i b e r n a t i o n on the k i n e t i c p r o p e r t i e s of the 

Na +-K +-ATPase from Hamster b r a i n s y n a p t i c membranes. 

A. OUABAIN INHIBITION 

* 
Parameters A c t i v e animals Hibernating animals 

K i CM) 

* 

apparent p I 5 Q 

4 . 9 7 x l O ~ 8 i 4 . 8 9 x l O - 9 

0.65 - 0.027 

399 * 12 

6.83 - 0.003 

5 . 7 0 x l 0 " 8 ± 1 . 2 8 x l 0 ~ 8 

0.617 - 0.16 

585 - 214 

6,83 - ,008 

* 
See Chapter 3 

B. POTASSIUM ACTIVATION 

t 
Parameters A c t i v e animals H i b e r n a t i n g animals 

Ka (M) 

Kb (M) 

K0.5 ( M ) 

8 . 6 8 x l 0 ~ 5 i 9.1xlO~ 6 

1.85xlO~ 3 ± 7.46xlO - 5 

1.93xlO~ 3 ±8.17xlO~ 5 

3.11xlO~ 4 i1.33xlO~ 4 

1.90xlO~ 3-2.62xlO~ 4 

2.16xlO~ 3-2.44xlO~ 4 

t 

See Chapter 5 

C. TEMPERATURE KINETICS 

Parameters A c t i v e animals H i b e r n a t i n g animals 

U.(K.J.mol - 1) 

AH ( K . J . m o l - 1 ) 

AS (J.K.~ 1mol~ 1) 

69.9 - 4.4 

-150 - 10 

-519 - 36 

66.1 - 6.2 

-161 - 17 

-558 - 52 

See Chapter 4. 

A l l v a l u e s mean of 4 p r e p a r a t i o n s - 1 Standard d e v i a t i o n 
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F i g u r e 8.10 compares the temperature dependence of the 

a c t i v i t y of the Na +-K +-ATPases e x t r a c t e d from both a c t i v e and 

h i b e r n a t i n g animals. I t i s c l e a r t h a t both p r e p a r a t i o n s d e s c r i b e 

n o n - l i n e a r Arrhenius p l o t s , and from the f i g u r e (8.10) very l i t t l e 

d i f f e r e n c e can be detected i n the curves f i t t e d to the data (see 

Chapter 4 ) . T h i s i s supported by the l i s t of the parameters 

d e f i n i n g the f i t t e d curves (see Table 8.4C), s i n c e the d i f f e r e n c e s 

between the apparent a c t i v a t i o n energy v a l u e s ( a c t i v e -69.6 v s 

h i b e r n a t i n g -66.1), the enthalpy parameter (AH a c t i v e = 150 vs 

h i b e r n a t i n g =161), and the entropy v a l u e s (VS a c t i v e =519 vs 

h i b e r n a t i n g =558), were a l l found not to be 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>0.05) - see Table 8.4C. 

The r e s u l t s of the above k i n e t i c measurements showed t h a t , 

w i t h the probable exception of one of the potassium a c t i v a t i o n 

parameters, no s i g n i f i c a n t d i f f e r e n c e s were detected between the 

Na +-K +-ATPases prepared from the a c t i v e and h i b e r n a t i n g animals 

w i t h r e s p e c t to the k i n e t i c parameters s t u d i e d . S i n c e the p r o j e c t 

was designed to e v a l u a t e a probable r o l e f o r membrane l i p i d i n the 

f i n e c o n t r o l of the Na +-K +-ATPase, and given the c y c l i c h i b e r n a t i n g 

p a t t e r n of the hamster ('hibernating s l e e p ' was punctuated by b r i e f 

periods of a c t i v i t y every 3-4 d a y s ) , i t was n e c e s s a r y to determine 

whether any membrane l i p i d changes had taken p l a c e under the experimental 

c o n d i t i o n s . T h i s aspect was approached by comparing the l i p i d 

composition of the membranes prepared from both a c t i v e and h i b e r n a t i n g 

animals. T h i s was i n v e s t i g a t e d i n terms of the gross l i p i d 

composition, the gross phospholipid composition and the f a t t y a c i d 

composition of the main phospholipid f r a c t i o n s . 
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The r e s u l t s of the gross l i p i d a nalysis are shown i n Table 

8.5, where they are expressed r e l a t i v e t o the p r o t e i n content of 

the r e s p e c t i v e membranes. Each p r e p a r a t i o n used f o r these and 

other l i p i d analyses was obtained from b r a i n e x t r a c t s of 6-8 animals. 

The membranes prepared from the h i b e r n a t i n g animals were found t o 

contain lower molar contents of t o t a l phospholipid and c h o l e s t e r o l 

than those from the a c t i v e animals. The e f f e c t of h i b e r n a t i o n 

also appeared to r e s u l t i n a s i g n i f i c a n t increase i n the molar 

plasmalogen content of the membranes (=50%) w h i l e the s p h i n g o l i p i d 

content was apparently unaffected. The observed d i f f e r e n c e s w i t h 

respect to the molar contents of l i p i d phosphorous, c h o l e s t e r o l 

and plasmalogen were a l l found to be s i g n i f i c a n t C p < 0 . 0 5 ) . However, 

since the r e s u l t s were expressed r e l a t i v e t o p r o t e i n , the observations 

could have been the r e s u l t of changes i n the p r o t e i n content 

e i t h e r as a r e s u l t of h i b e r n a t i o n or as a r e s u l t of d i f f e r e n c e s 

i n the e f f i c i e n c y of the SDS e x t r a c t i o n procedure. Although there 

i s no data to enable an unambiguous e v a l u a t i o n of the po s s i b l e 

increase i n the p r o t e i n content of the membrane samples as a r e s u l t of 

h i b e r n a t i o n , t h i s p o s s i b i l i t y seemed u n l i k e l y on account of the 

d i f f e r e n c e s i n the r e l a t i v e changes of the various species analysed 

( i . e . l i p i d phosphorous =-18%; c h o l e s t e r o l =-10%; plasmalogen =+50% and 

s p i n g o l i p i d s =0%). Differences i n p r o t e i n content as a r e s u l t of 

a v a r i a t i o n i n the e f f i c i e n c y of the SDS e x t r a c t i o n procedure were also 

not considered to be s i g n i f i c a n t c o n t r i b u t o r s to the observation since 

any such v a r i a t i o n would have a f f e c t e d the s p e c i f i c a c t i v i t i e s of the 

Na+-K+-ATPase preparations and as i s obvious from the footnotes t o 

Table 8.5, the s p e c i f i c a c t i v i t i e s of the Na+-^K+-ATPase i n the source 

membranes are w e l l w i t h i n the range p r e v i o u s l y established f o r SDS 
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TABLE 8.5 

E f f e c t of h i b e r n a t i o n on the gross l i p i d composition 

of Hamster b r a i n synaptic membranes 

L i p i d f r a c t i o n A c t i v e animals Hibernating animals L i p i d f r a c t i o n 

T o t a l phospholipid 1.283 - 0.023 1,01 - 0,05 

Cholesterol 0.861 - 0.060 0.676 - 0.009 

Plasmalogen 0.173 - 0.020 0.266 - 0.013 

Sphingolipids 0.05 - 0.002 0.049 - 0.002 

A l l analyses done on S.D.S. extr a c t e d synaptic membranes c o n t a i n i n g 

Na+-K+-ATPases of the f o l l o w i n g s p e c i f i c a c t i v i t i e s . 

(a) A c t i v e animals (3 preparations) 348 - 15 uMoles Pi.mg/protein ''".hr ^. 

(b) Hibernating animals (2 preparations) 325 - 7 uMoles Pi.mg/protein ''".hr ^. 

L i p i d content expressed i n u n i t s of uMoles mgprotein ^. 

Values are means of 2 or 3 preparations Csee (a) and (b) above) 

- 1 standard d e v i a t i o n . 
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e x t r a c t s of the enzyme from hamster b r a i n synaptic membranes (see 

Table 6.2). Thus i t seemed l i k e l y t h a t the observed d i f f e r e n c e s 

were the r e s u l t of h i b e r n a t i o n induced membrane l i p i d changes. 

I n f u r t h e r analyses of the r e s p e c t i v e membranes, the d i s t r i b u t i o n 

of the major phospholipid species i n l i p i d e x t r a c t s of the membranes 

was compared. Two dimensional t h i n layer chromatographic separation 

of the phospholipids showed th a t both membrane l i p i d e x t r a c t s 

contained r e l a t i v e l y large q u a n t i t i e s of Phosphatidyl choline (PC), 

phosphatidyl ethanolamine (PE), and phosphatidyl serine/phosphatidyl 

i n o s i t o l (PS/PI). Note: Phosphatidyl serine and phosphatidyl 

i n o s i t o l were not resolved by the T.L.C. system used), along w i t h 

smaller q u a n t i t i e s of s p h i n g o l i p i d s , lysophosphatidyl ethanolamine 

(LPE), c a r d i o l i p i n and probably traces of g l y c o l i p i d s . Table 

8.6 shows the d i s t r i b u t i o n of the major phospholipid classes i n the 

r e s p e c t i v e l i p i d e x t r a c t s , as was estimated by the gross l i p i d 

composition (Table 8.5) and the isotope d i l u t i o n assays. These 

measurements show t h a t the f o u r / f i v e main phospholipid classes present 

(P.choline, P. ethanolamine, P . s e r i n e / P . i n o s i t o l and Lyso-P.ethanolamine) 

account f o r approximately 80% of the l i p i d phosphorous present i n both 

e x t r a c t s . Furthermore, there appeared to be no s i g n i f i c a n t e f f e c t 

on the r e l a t i v e molar p r o p o r t i o n s of the phospholipid classes assayed 

(approximately 85% of t o t a l l i p i d phosphorous) as a r e s u l t of h i b e r n a t i o n , 

since s i g n i f i c a n t d i f f e r e n c e s i n the d i s t r i b u t i o n of the phospholipid 

classes were not detected between the l i p i d s e x t r a c t e d from the 

a c t i v e and h i b e r n a t i n g animals. 
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TABLE 8.6 

E f f e c t of h i b e r n a t i o n on the gross composition of 

the phospholipids from Hamster b r a i n synaptic membranes 

R e l a t i v e Composition (Mole 

Phospholipid A c t i v e Animals (n=3) Hibern a t i n g animals (n=2) 

t 
P. Choline 

„- ~ + 
SI .L - 1.4 

t 
P .Ethanolamine 22.4 - 0.7 24.7 - 1.8 

t 
P. S e r i n e / I n i s i t o l 16.3 - 0.8 12,4 i 2.1 

t 
Lys o.P.e thano1 amine 6.9 ± 1.2 8.3 - 1.1 

Sphingolipids 3.8 i 0.8 4,7 * 0.9 

Others = 12 - 14 =13 - 15 

Values - mean of n preparations - 1 Standard d e v i a t i o n and are 

expressed as a molar percent of t o t a l l i p i d phosphorous i n the l i p i d 

e x t r a c t s . 

A l l analyses on l i p i d e x t r a c t s of S.D.S. extr a c t e d synaptic membranes 
. . + + . . . 

c o n t a i n i n g Na -K -ATPases of the f o l l o w i n g s p e c i f i c a c t i v i t i e s : 

(a) A c t i v e animals (3 preparations) 348-15 uMoles Pi.mg p r o t e i n '''.hr ^. 

(b) Hi b e r n a t i n g animals (2 preparations) 325- 7 uMoles Pi.mg p r o t e i n 

h r " 1 . 

t Estimated by isotope d i l u t i o n analysis 

* Estimated from t o t a l phospholipid analyses (Table 8.5). 



-229-

I n a d d i t i o n t o the above l i p i d analyses, the f a t t y a c i d 

composition of the f o u r ( f i v e ) main phospholipid classes i n both 

e x t r a c t s were i n v e s t i g a t e d by gas l i q u i d chromatography of methanol-

ysates of the phospholipid f r a c t i o n s . The r e s u l t s of such analyses 

are shown i n Tables 8.7 - 8.10. The r e s u l t s show t h a t i n both 

cases, f o u r f a t t y acids (16:0, 18:0, 18:l:wg and 22:6:w3) 

accounted f o r most of the mass of the f a t t y acids found i n a l l of 

the phospholipid classes analysed. I n the case of the l i p i d s 

e x t r a c t e d from the a c t i v e animals, these four samples formed a l a r g e r 

f r a c t i o n of the t o t a l mass of the f a t t y acids present (PC=90%, 

YE-78%, PS/FI=88%, LPE=60%), when compared w i t h those of the 

h i b e r n a t i n g animals (PC=42%, PE-41%, PS/P3>51%, LPE=48%). Thus the 

phospholipids i s o l a t e d from the h i b e r n a t i n g animals contained a more 

heterogenous p o p u l a t i o n of f a t t y acids than t h a t i s o l a t e d from the 

a c t i v e animals, and the major changes occurred i n the PC, PE and PS/PI 

f r a c t i o n s . On a closer i n s p e c t i o n of the f a t t y acid composition of 

the various phospholipids, i t was found t h a t the PC, PE and PS/PI 

f r a c t i o n s i s o l a t e d from the h i b e r n a t i n g animals contained considerably 

lower p r o p o r t i o n s of saturated f a t t y acids (mainly 16:0 and 18:0) 

than those obtained from the a c t i v e animals, where the p r o p o r t i o n 

of these f a t t y acids was some 40-65% greater than t h a t of the 

hib e r n a t o r s (PC=62%, PE=40%, PS/PI=63%). S i m i l a r changes were not 

found i n the LPE f r a c t i o n s i n which the unsaturated f a t t y acids 

formed only a small f r a c t i o n of the t o t a l (<107o). I t was also found 

t h a t the r e l a t i v e p r o p o r t i o n s of the f a t t y acid 22:6:w3 i n the 

phospholipids i s o l a t e d from the hibernators was lower than t h a t found 

i n the phospholipids i s o l a t e d from the a c t i v e animals, e s p e c i a l l y 

when the given phospholipid class contained a 'high' p r o p o r t i o n of 
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'TABLE'8.7 

E f f e c t s of h i b e r n a t i o n on the f a t t y acid composition of the 

choline phosphoglycides of S.D.S. ex t r a c t e d hamster b r a i n 

synaptic membranes. 

Rel a t i v e Composition (Wt %) 

F a t t y Acid t 
A c t i v e animals (n=3) 

* 
H i b e r n a t i n g animals (n=2) 

16:0 49.37 - 1.8 17.31 - 0.9 

16:2:v6 1 11, — r\ 0 
J- • / T \J * 

18:0 8.62 - 0.8 3.74 * 0.9 

18:l:w9 27.87 * 1.1 13.09 * 0.8 

18:2:w7 trace 

18:2:w9 trace t r a c e 

18:3:w6 4.12 - 0.38 

18:4:w4 trace 

20:l:w9 1.49 - 0.2 7.58 - 0.6 

20:2:w9 

20:3:w9 trace 

20:4:w3 tra c e 

20:4:w6 5.16 - 0.9 10.10 - 0.94 

21:0 trace 1.17 - 0.3 

22:l:w9 trace 

22:2:w9 trace 9.13 - 0.83 

22:4:w3 

22:4:w6 9.67 - 0.95 

22:5:w3 trace t r a c e 

22:6:w3 4.47 - 0.6 7.85 - 0.6 

Sample contained 3 u n i d e n t i f i e d peaks each i n t r a c e q u a n t i t i e s (<1%) 

Sample contained 5 u n i d e n t i f i e d peaks comprising approximately 12.5% of the 

t o t a l . 

Values mean of n preparations - 1 standard d e v i a t i o n . 
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TABLE 8.8 

The e f f e c t of h i b e r n a t i o n on the f a t t y a c i d composition of the 

ethanolamine phosphoglycerides of S.D.S. ex t r a c t e d hamster b r a i n 

synaptic membranes 

F a t t y acid 
R e l a t i v e composition (Wt%) 

F a t t y acid ^ A c t i v e animals (n=3) * 
Hibernating animals (n=2) 

16:0 8.40 - 0.3 3.26 - 0.4 

16:2:w7 trace 3.64 - 0.6 

18:0 25.43 - 1.7 16.82 - 1.3 

18:l:w9 9.89 ~ 0.8 14.17 - 0.8 

18:2:w6 trace 

18:2:w7 trace trace 

18:2:w9 trace 

18:3:w6 tra c e 

20:0 trace 

20:l:w9 trace 4.55 - 0.6 

20:2:w9 tra c e 

20:3:w9 1.43 - 0.07 

20:4:w3 trace trace 

20:4:w6 5.61 - 0.4 

20:5:w3 14.8 - 0.97 

21:0 trace 1.85 - 0.2 

22:9:w9 3.89 - 0.5 

22:3:w6 trace 

22:4:w3 2.81 - 0.2 2.14 - 0.3 

22:4:w6 1.45 - 0.1 

22:5:w3 2.75 - 0.4 

22:6:w3 33.85 - 1.93 16.48 - 1.1 

Samples contained 2 u n i d e n t i f i e d peaks each i n tr a c e q u a n t i t i e s (<1%) 

Samples contained 7 u n i d e n t i f i e d peaks comprising approximately 14.4% 

of t o t a l . 

Values mean of n preparations ± 1 standard d e y i a t i 
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TABLE 8.9 

E f f e c t of h i b e r n a t i o n on the f a t t y a c i d composition of the Lyso-

phosphatidyl ethanolamine phosphoglycerides from SDS extracted 

hamster b r a i n synaptic membranes. 

Fa t t y acid 
R e l a t i v e composition (Wt.%) . , 

Fa t t y acid t 
A c t i v e animals (n=3) Hibernating animals (n=2) 

16:0 1.47 * 0.3 2.36 - 0.3 

16:l:w7 2.31 t 0.3 

16:2:w7 1.06 - 0.2 

17:2:w9 trace 

18:0 2.48 - 0.5 2.8 - 0.3 

18:l:w9 5.22 - 0.9 7.42 - 0.4 

18:2:w6 trace 

18:2:w7 trace trace 

18:2:w9 trace t r a c e 

18:3:w6 trace 6.31 - 0.5 

20:0 t r a c e 

20:l:w9 1.69 - 0.4 9.13 * 0.5 

20:2:w9 tra c e 

20:4:w3 2.18 £ 0.7 

20:4:w6 12.44 - 0.3 

20:5:w3 23.59 - 1.7 

21:0 trace 2.18 - 0.9 

22:3:w6 9.30 - 0.9 2.49 1 0.6 

22:4:w6 trace 13.32 - 0.95 

22:6:w3 50.87 - 1.3 35.56 - 1.3 

Samples contained 6 u n i d e n t i f i e d peaks each i n trace q u a n t i t i e s (<1%) 

Samples contained 5 u n i d e n t i f i e d peaks each i n tr a c e q u a n t i t i e s (<].%) 

Values mean of n preparations - 1 standard d e v i a t i o n . 
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TABLE 8.10 

E f f e c t of h i b e r n a t i o n on the f a t t y a c i d composition of the serine 

and I n o s i t o l phosphoglycerides from S.D.S. extracted hamster b r a i n 

synaptic membranes. 

Re l a t i v e composition (Wt.%) 
F a t t y Acid f 

A c t i v e animals (n=3) 
ft 
Hibernating animals (n=2) 

16:0 2.59 - 0.3 4.33 - 0.5 
16:l:w7 tr a c e 1,75 - 0.5 
16:2:w6 6.97 - 0.8 
16:2:w7 trace 
17:0 4.00 - 0.9 
18:0 33.99 - 1.02 9.15 - 0.7 
18:l:w9 8.41 - 0.8 11.19 - 0.8 
18:2:w6 trace 
18:2:w7 trace trace 
18:2:w9 trace 
18:3:w3 1.12 * 0,08 
18:3:w6 trace trace 
20:0 t r a c e trace 
20:l:w9 tr a c e 8.15 - 0.6 
20:2:w9 tra c e 
20:3:w6 trace 
20:4:w3 2.51 - 0.15 
20:4:w6 9.11 - 0.8 
20:5:w3 4.2 - 0.8 
21:0 trace 2.10 - 0.7 
22:2:w9 trace 7.07 - 0.9 
22:3:w3 2.65 - 0.2 
22:3:w6 trace 
22:4:w3 trace 
22:4:w6 5.43 - 0.9 
22:6:w3 43.12 - 1.7 16.11 - 1.1 

Samples contained 4 u n i d e n t i f i e d peaks each i n trace q u a n t i t i e s (<1%) 
Sample contained 5 u n i d e n t i f i e d peaks each i n tr a c e q u a n t i t i e s . 
Values mean of n preparations - 1 standard d e v i a t i o n . 
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the f a t t y a c i d . Thus the e f f e c t was very apparent i n the PE, 

PS/PI and LPE f r a c t i o n s where the r e d u c t i o n i n the l e v e l s of the 

f a t t y acid ranged from 30-63 percent (PE-51%, PS/]>63%, LPE=30%). 

However the PC f r a c t i o n i s o l a t e d from the h i b e r n a t i n g animals 

contained higher l e v e l s of t h i s f a t t y a c i d (22:6:w3) than t h a t of 

the a c t i v e animals though t h i s component formed less than 10% of 

the t o t a l mass of f a t t y acids present i n the f r a c t i o n . The greater 

heterogeneity of the f a t t y acid p o p u l a t i o n of the phospholipids i s o l a t e d 

from the h i b e r n a t i n g animals seemed to occur mainly by an increase 

i n the r e l a t i v e l e v e l s of unsaturated C20 and C22 f a t t y acids since 

s i g n i f i c a n t increases i n the l e v e l s of 20:l:w9, 20:4:w6, 22:l:w9 

and 22:4:w6 were g e n e r a l l y found i n a l l the phospholipid classes. 

Thus the evidence provided by these measurements and the other l i p i d 

analyses suggest t h a t membrane l i p i d changes d i d occur as a r e s u l t 

of the induced h i b e r n a t i o n under the c o n d i t i o n s adopted and t h a t 

such changes were probably targeted a t the r e l a t i v e gross l i p i d 

composition of the membranes (Table 8.5) as w e l l as the f a t t y acid 

composition of the phospholipids. 

(c) The e f f e c t of l i p i d p e r o x i d a t i o n on the Na*-K+-ATPase and 

the l i p i d composition of r a t b r a i n synaptic membranes. 

The source membranes f o r t h i s study were the crude synaptic 

membranes prepared from r a t b r a i n . The s p e c i f i c a c t i v i t i e s of the 

Na+-K+-ATPase i n those membranes before and a f t e r the p e r o x i d a t i o n 

procedure are shown i n Table 8.11. The values shown are a l l normalised 

against a c o n t r o l value of 100 on account of the r e l a t i v e l y l a r g e 

v a r i a t i o n s i n t h a t of the crude p r e p a r a t i o n . The mean value obtained 
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TABLE 8.11 

Comparison of the s p e c i f i c a c t i v i t i e s of the Na*-K. -ATPase 

i n crude and l i p i d peroxidised r a t b r a i n synaptic membranes 

Sample S p e c i f i c A c t i v i t y (normalised against 

a c o n t r o l of 100) 

Crude membranes 100 

L i p i d peroxidised membranes 94.3 - 8 
Values mean of 4 preparations - 1 Standard d e v i a t i o n 

f o r the l i p i d peroxidised p r e p a r a t i o n was s l i g h t l y lower than t h a t 

obtained f o r the crude p r e p a r a t i o n , but the d i f f e r e n c e was not 

s i g n i f i c a n t (p>0.05). The observed s i m i l a r i t y i n the s p e c i f i c 
. . + + . . . . . 

a c t i v i t y of the Na -K -ATPase i n the l i p i d p eroxidised membranes was 

expected on account of some low i o n i c s t r e n g t h s o l u b i l i s a t i o n of 

some membrane associated p r o t e i n s l i k e the a c e t y l c h o l i n e esterase 

(see Beauregard & Roufogalis, 1977). Thus i t seemed l i k e l y t h a t 

the p r o b a b i l i t y of a s l i g h t i n a c t i v a t i o n of the enzyme may have t o 

be considered when i n t e r p r e t i n g the data. 

The e f f e c t of l i p i d p e r o x i d a t i o n on the ouabain i n h i b i t i o n of 

the enzyme i s shown i n F i g . 8.11. The ouabain dose response k i n e t i c s 

of both preparations described a biphasic response to incr e a s i n g 

ouabain c o n c e n t r a t i o n , and the data obtained from the peroxidised 

preparations showed a s l i g h t bias towards a lower ouabain s e n s i t i v i t y . 

The data was numerically described according t o the model adopted i n 

Chapter 3, and from the l i s t of d e f i n i n g parameters (Table 8.12A), 

i t can be seen t h a t the l i p i d peroxidised p r e p a r a t i o n was described 
- 8 

by a s l i g h t l y l a r g e r K i value ( c o n t r o l ==2.32 x 10 vs l i p i d p eroxidised 
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=3.16 x 10 ) , a s l i g h t l y l a r g e r <(> value ( c o n t r o l =0.8 vs l i p i d 

p eroxidised =0,85) and a s l i g h t l y smaller g value ( c o n t r o l =866 vs 

l i p i d peroxidised =674) when compared w i t h the c o n t r o l . However, the 

Table 8.12A also shows t h a t the values of these primary parameters 

(<|>,6, K i ) of the l i p i d peroxidised sample are a l l associated w i t h 

r e l a t i v e l y large standard d e v i a t i o n s . However, t h i s was mainly 

a r e f l e c t i o n of v a r i a t i o n s between preparations r a t h e r than inaccuracies 

i n the measurement of i n d i v i d u a l p r e p a r a t i o n . Consequently no 

s i g n i f i c a n c e was a t t r i b u t e d to the d i f f e r e n c e s between these primary 

parameters (p>0.05) and the d i f f e r e n c e between the derived parameter 

(pI^Q - c o n t r o l =6.95 vs l i p i d peroxidised =6.72) which though 

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<0.02), probably was the cumulative 

r e s u l t of the small ( i n s i g n i f i c a n t ) d i f f e r e n c e s between the primary 

parameters from which i t was c a l c u l a t e d . Thus i t was concluded t h a t 

the ouabain i n h i b i t i o n of the enzyme was not s i g n i f i c a n t l y responsive 

to the l i p i d modulation procedure adopted. 

The e f f e c t of inc r e a s i n g potassium i o n concentrations on the 

a c t i v i t y of the Na+-K+-ATPase i n the crude and l i p i d peroxidised 

membranes i s shown i n f i g u r e 8.12. The potassium a c t i v a t i o n of 

both samples showed a sigmoidal concentration dependence, w i t h the 

l i p i d peroxidised sample being biased towards a lower potassium 

s e n s i t i v i t y ( i . e . lower l e v e l s of a c t i v i t y r e l a t i v e to V at non-r 
J max 

s a t u r a t i n g potassium i o n concentrations. This was numerically 

defined by a stoichiometric sigmoid curve (see Chapter 5 ) , and the 

l i s t of parameters d e f i n i n g the f i t t e d curves i s shown i n Table 8.12B. 

The bias towards a lower potassium s e n s i t i v i t y i n the case of the l i p i d 

p eroxidised sample i s r e f l e c t e d i n s l i g h t l y higher values f o r the Ka 

parameter ( c o n t r o l =2.25 x 10 ^ vs l i p i d p eroxidised =3.98 x 10 ^) 
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TABLE 8.12 
E f f e c t of l i p i d p e r o x i d a t i o n on the k i n e t i c p r o p e r t i e s of the 

+ t- . . 

Na -K -ATPase from r a t b r a i n synaptic membranes. 

A„ OUABAIN INHIBITION 

1... 
Parameters C o n t r o l . . . L i p i d Peroxidised 

Ki (M) 

apparent pI^Q 

-8+ -9 2.32x10 -3.5x10 

0.799 - 0.031 

866 * 25 

6.95 - .003 

3. 1 6 x l 0 " 8 i 1 . 2 5 x l 0 ~ 8 

0.845 - 0.07 

674 - 273 

6.72 i .01 

See Chapter 3„ 

Bo POTASSIUM ACTIVATION 

t 
Parameters Control L i p i d Pe.roxidised 

Ka 2.25xlO~ 4 ± 6.67xlO~ 5 3.98xlO~ 4-',64xlO~ 4 

Kb l,26xlO~ j i4.97xlO~ 5 1.47xlO~ 3-2.75xlO~ 4 

K0.5 1.45xlO~ 3 i1.13xlO~ 5 -3+ -4 1.77x10 -1x10 

See Chapter 5. 

C. TEMPERATURE KINETICS 

^Parameters Co n t r o l L i p i d p e r o x i d i s e d 

U (K.J^mol" 1) 

AHClC, J „mol 
-1 -1 

«'iS(J.K, mol ) 

67.7 - 4.4 

-170.7 - 9.0 

-592 - 32 

61.1 - 6.5 

-137.2 - 8.4 

-472 ~ 33 

. . . 

See Chapter 4„ 

A l l values mean of 4 preparations - 1 standard d e v i a t i o n . 
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-3 and the Kb parameter ( c o n t r o l ==1.26 x 10 vs l i p i d peroxidised 
-3 

-1.47 x 10 ) when compared w i t h those of the c o n t r o l sample. 

This i s also r e f l e c t e d i n the higher value observed f o r the derived 
-3 

parameter of the peroxidised sample ( K q ^ c o n t r o l -1,47 x 10 vs 
—8 

l i p i d p e r oxidised =1.77 x 10 ) . However, as i s obvious from 

Table 8.12B, the primary parameters d e f i n i n g the behaviour of the 

peroxidised sample, are associated w i t h r e l a t i v e l y large standard 

d e v i a t i o n s . This was also a r e f l e c t i o n of v a r i a t i o n s i n the prepared 

samples and not inaccurate measurements, and consequently no 

s i g n i f i c a n c e was a t t r i b u t e d to the observed d i f f e r e n c e s (p>0.05). 

Figure 8.13 shows the e f f e c t of temperature on the c a t a l y t i c 

a c t i v i t y of the Na+-K+-ATPase i n both the crude and l i p i d p e r oxidised 

membranes. Both preparations described non-linear Arrhenius p l o t s 

and the c o n t r o l sample showed signs of a s l i g h t l y greater d e v i a t i o n 

from l i n e a r i t y a t the lower temperatures. When the data was 

i n t e r p r e t e d w i t h i n the context of the model described i n Chapter 4, 

the d e f i n i n g parameters (Table 8.12C) suggested t h a t there was no 

s i g n i f i c a n t d i f f e r e n c e between the apparent a c t i v a t i o n energy parameter 

(U - c o n t r o l =67.7 vs l i p i d peroxidised 61.1 p>0.05), but there may 

be a small but s i g n i f i c a n t d i f f e r e n c e between the enthalpy (AH 

c o n t r o l =170 vs l i p i d peroxidised =137 p<0.05) and the entropy 

parameters (AS c o n t r o l =592 vs l i p i d p e r oxidised =472 p<0.05) d e s c r i b i n g 

the t r a n s i t i o n to the i n a c t i v e s t a t e (see Table 8.12C), Thus i t 

seemed probable t h a t one aspect of the temperature dependence of the 

enzyme was responsive to the l i p i d targeted modulation procedure. 

The r e s u l t s of the above k i n e t i c measurements showed t h a t , 

w i t h the probable exception of some of the temperature k i n e t i c parameters, 
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no s i g n i f i c a n t d i f f e r e n c e was detected between the k i n e t i c parameters 
+ + . 

measured f o r the Na -K -ATPase i n the crude and l i p i d peroxidised 
membranes. The i n t e r p r e t a t i o n of t h i s data w i t h i n the context 

of any involvement of membrane l i p i d i n the f i n e c o n t r o l of the 
+ + 

Na -K -ATPase required some estimate of the magnitude of the e f f e c t 

of the p e r o x i d a t i o n procedure under the co n d i t i o n s adopted. Since 

l i p i d p e r o x i d a t i o n i s obviously targeted at the carbon carbon double 

bonds of unsaturated f a t t y a c y l chains, t h i s aspect was approached 

by a study of the f a t t y a c i d composition of the main phospholipids 

present i n both membrane prep a r a t i o n s . 

Thin layer chromatographic separation of the phospholipids 

extracted from both the crude and peroxidised membrane samples showed 

t h a t they contained mainly phosphatidyl choline (PC), phosphatidyl 

ethanolamine CPE), phosphatidyl serine and phosphatidyl i n o s i t o l (PS/PI 

these were not resolved by the solvent systems used), and l y s o -

phosphatidyl ethanolamine (LPE) along w i t h smaller q u a n t i t i e s of 

s p h i n g o l i p i d s , c a r d i o l i p i n and probably some g l y c o l i p i d s . The gas 

l i q u i d chromatographic analyses were done on methanolysates of the 

PC, PE, PS/PI and LPE f r a c t i o n s . The r e s u l t s of these measurements 

(Tables 8.13 - 8.16) showed t h a t a large f r a c t i o n of the mass of the 

f a t t y acids present i n the e x t r a c t s from the c o n t r o l sample was made 

up of c o n t r i b u t i o n s from only four or f i v e f a t t y acids (16:0; 18:0; 

18:l:w9; 20:5:w3 and 22:6:w3). These same f a t t y acids formed a 

large f r a c t i o n of the t o t a l f a t t y acid mass of the l i p i d p eroxidised 

samples, but the f r a c t i o n of the t o t a l was considerably smaller and 

i n a d d i t i o n the chromatograms of the re s p e c t i v e f r a c t i o n s a l l showed 
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TABLE 8.13 

E f f e c t of l i p i d p e r o x i d a t i o n on f a t t y acid composition 

of the choline phosphoglycerides from r a t b r a i n synaptic 

membranes. 

R e l a t i v e Composition (Wt.%) 

F a t t y Acid t 
. Control Sample 

ft . . 
L i p i d peroxidised sample 

16:0 40.2 - 1.4 28.11 - 3.3 

18:0 11.73 - 0.8 12.49 - 1,4 

18:l:w9 25.17 - 1.1 22.44 - 3.6 

18:2:w4 tr a c e trace 

18:2:w7 t r a c e t r a c e 

18:3:w6 1.13 - 0.3 t r a c e 

20:l:w9 tr a c e t r a c e 

20:3:w6 tr a c e t r a c e 

20:5:w3 7.13 - 0.8 9.81 - 2,1 

22:2:w9 tr a c e trace 

22:4:w6 1.18 - 0.2 tra c e 

22:5:w3 1.05 1 0.2 tr a c e 

22:6:w3 .6.54 - 0.9 14.45 - 3.3 

Samples contained 4 u n i d e n t i f i e d peaks each i n trace q u a n t i t i e s (<1%) 

Samples contained 9 u n i d e n t i f i e d peaks comprising approx. 10% of 

the t o t a l . 

Values mean of 3 preparations - 1 standard d e v i a t i o n . 
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TABLE 8.14 

E f f e c t of l i p i d p e r o x i d a t i o n on the f a t t y a c i d composition 

of the serine and i n o s i t o l phosphoglycerides from r a t b r a i n 

synaptic membranes. 

Fat t y Acid 

R e l a t i v e Composition (Wt.%) 

Fa t t y Acid t 
C ontrol sample L i p i d . p e r o x i d i s e d sample 

18:0 35.01 + - 1.2 27.57 - 2.4 
1 O a 1 . __0 5.59 + 0.4 I T -J 1 ^~ n i J - l . / O — 1 . 1 

18:2:w6 trace t r a c e 

18:2:w9 tra c e trace 

18:3:w6 1,35 + 0.3 tr a c e 

20:l:w9 1.73 + 0.5 tr a c e 

20:5:w3 3.27 + 0.6 13.79 - 1.5 

21:0 t r a c e t r a c e 

22:0 tr a c e t r a c e 

22:2:w9 1.01 + 0.4 tr a c e 

22:5:w3 1.67 + 0.3 4.66 - 0.3 

22:5:w6 3.67 + 0.7 1.43 - 0.4 

22:6:w3 45.13 + 2.1 34.25^ 3.1 

Sample contained 3 u n i d e n t i f i e d peaks i n tr a c e q u a n t i t i e s (<1%) 

Sample contained 6 u n i d e n t i f i e d peaks comprising approx. 6% of the t o t a l . 

Values mean of 3 preparations - 1 standard d e v i a t i o n . 
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TABLE 8015 

E f f e c t of l i p i d p e r o x i d a t i o n on the f a t t y a c i d composition 

of the ethanolaraine phosphoglycerides from r a t b r a i n s y n a p t i c 

membranes. 

R e l a t i v e Composition (Wt.%) 

F a t t y Acid 1 C o n t r o l Sample 
•k 
L i p i d P e r o x i d i s e d 

sample 

16:0 6.77 
+ 

0.8 1.77 ± 0.5 

18:0 27.78 + 1.2 7.23 - 0,85 

18:'l:v?9 7o92 - 0.75 10.94 - 0.95 

18:2:v?4 2.41 
+ 

0,3 t r a c e 

18:3:w6 3 .10 
+ 

0.2 1.43 i 0-.4 

20:3:w9 3 .42 
+ 

0.15 10.81 - 1.1 

20:4:w6 3 .05 
+ 

0.5 2.02 - 0,5 

20:5:w3 9 .35 
+ 

0.7 9.03 - 0,6 

22:5:w3 2.52 
+ 

0.4 4.93 * 0 . 3 

22:5:w4 4.19 
+ 

0.4 8.44 - 0.7 

22:6:w3 ' 24 0 68 
+ 

1.05 5.01 - 0,5 i 

'Sample contained 4 u n i d e n t i f i e d peaks each i n t r a c e q u a n t i t i e s 

(<1%). 

Sample contained 11 u n i d e n t i f i e d peaks comprising approx. 34% of 

the total„ 

Values mean of 3 p r e p a r a t i o n s ~ I Standard d e v i a t i o n . 
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TABLE 8.16 

E f f e c t of l i p i d p e r o x i d a t i o n on the f a t t y a c i d composition 

of the lyso-phosphatidyl ethanolamine phospho.glycerides from 

r a t b r a i n synaptic membranes 

R e l a t i v e Composition CWt.%) 

F a t t y Acid t 
C o ntrol Sample 

* 
L i p i d peroxidised sample 

16:l:w7 trace trace 

16:2:w6 tr a c e trace 

16:2:w7 tr a c e t r a c e 

18:0 1.83-0.4 3.17*0.8 

18:l:w9 2.45^0.3 1.02*0,4 

18:2:w9 tra c e trace 

18:3:w6 1.46!0.2 trace 

18:4:w4 2.37±0.2 tra c e 

20:l:w9 tr a c e t r a c e 

20:5:w3 14.41 ±0.8 15.06*0.9 

21:0 trace t r a c e 

22:0 1.74*0.3 4.37*0.9 

22:2:w9 2.01^0.5 4.41*0.4 

22:4:w6 l.gsio.s 2.46*0.7 

22:5:w6 10.20 ±1.1 3.40-0.8 

22:6:w3 50.61*2.4 44.78*2.4 

Samples contained 6 u n i d e n t i f i e d peaks comprising approx. 9% of the t o t a 

Samples contained 9 u n i d e n t i f i e d peaks comprising approx. 20% of 

the t o t a l . 

t race q u a n t i t i e s <1% of t o t a l 

Values mean of 3 preparations - 1 Standard d e v i a t i o n 
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traces of breakdown products since the p r o p o r t i o n of u n i d e n t i f i e d 

m a t e r i a l was considerably greater i n the chromatographs of the 

peroxidised samples (see footnotes t o Tables 8.13 - 8.16). The 

phospholipid classes c o n t a i n i n g r e l a t i v e l y h i g h p r o p o r t i o n s of 

polyunsaturated f a t t y acids ( i . e . PE, PS/PI, LPE) showed evidence 

of a r e d u c t i o n i n the l e v e l s of these f a t t y acids (.especially 22:6:w3) 

as a r e s u l t of p e r o x i d i s a t i o n , an observation which i s consistent w i t h 

the o l e f i n i c double bonds being the t a r g e t of p e r o x i d a t i o n r e a c t i o n s . 

However, the p r o p o r t i o n of the saturated f a t t y acids i n the e x t r a c t s 

from the peroxidised samples was also lower than t h a t found i n the c o n t r o l 

samples, e s p e c i a l l y i n the f r a c t i o n s which contained a large p r o p o r t i o n 

of these acids ( i . e . PC and PE). Given t h a t saturated f a t t y a c y l 

chains are s t a b l e to p e r o x i d a t i o n under the conditions used and since 

loss of such acids by cleavage of the ester linkages on the 

phospholipid molecule i s extremely u n l i k e l y under the m i l d c o n d i t i o n s 

used ( i . e . 25°C and pH 7.2), t h i s observation seemed s u r p r i s i n g . A 

possible explanation of t h i s ' c o n t r a d i c t o r y ' r e s u l t could be t h a t the 

changes i n the p o l a r i t y of the phospholipid molecule a f t e r p e r o x i d a t i o n 

a f f e c t e d the Rf values of those molecules ( r e l a t i v e t o the t h i n 

l ayer chromatographic procedure used), and t h a t there was a r e s u l t a n t 

r e d u c t i o n i n the recovery of the r e l e v a n t phospholipid f r a c t i o n 

a f t e r t h i n l a y e r chromatography. This seems p l a u s i b l e since 

p e r o x i d a t i o n involves the cleavage of the o l e f i n i c double bond and the 

replacement of an apolar carbon chain by a polar aldehyde group. 

However, i n s p i t e of t h i s u n c e r t a i n t y , i t i s c l e a r from these l i p i d 

analyses t h a t the p e r o x i d a t i o n procedure has r e s u l t e d i n s u b s t a n t i a l 

changes i n the f a t t y acid moieties of the membrane l i p i d s . 
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DISCUSSION 

The r e s u l t s presented here suggest t h a t the three k i n e t i c 

p r o p e r t i e s i n v e s t i g a t e d showed l i t t l e ( i f any) s e n s i t i v i t y to the 

membrane l i p i d changes associated with, the experimental procedures 

employed. Although no attempt was made t o estimate the nature and 

magnitude of the membrane l i p i d changes which, occurred i n the d i f f e r e n t l y 

acclimated t r o u t , there i s ample l i t e r a t u r e evidence t h a t the 

ac c l i m a t i o n of ectothermic animals l i k e t r o u t t o temperature con d i t i o n s 

s i m i l a r to those described here, r e s u l t s i n s i g n i f i c a n t changes i n 

membrane l i p i d s (see Johnson & Roots, 1964; Roots, 1968; Kemp & 

Smith, 1970; Dr i e d z i c & Roots, 1975). These changes u s u a l l y i n v o l v e 

a tendency towards an increased u n s a t u r a t i o n index and a shorter 

mean chain l e n g t h i n the col d acclimated s t a t e , and are u s u a l l y 

i n t e r p r e t e d t o be adaptive so as t o enable the maintenance of a 

f u n c t i o n a l membrane f l u i d i t y a t the lower temperatures (see Cossins, 

1977). Thus the apparent i n s e n s i t i v i t y of the k i n e t i c p r o p e r t i e s 
+ + 

of the Na -K -ATPase to the membrane l i p i d changes expected argues 

against a r o l e f o r membrane l i p i d i n the f i n e c o n t r o l of the Na +-K +-

ATPase. I n t h i s respect, the k i n e t i c measurements reported here 

are s i m i l a r t o some i o n a c t i v a t i o n experiments reported by Smith, 

Colombo & Munn (1967), but i s at variance w i t h the r e s u l t s of some 
+ + 

experiments on the temperature k i n e t i c s of Na -K -ATPases extracted 

from 8°C and 30°C acclimated g o l d f i s h (Smith, 1967). Although a 

r e s o l u t i o n of the d i f f e r e n c e s i n the data reported i s d i f f i c u l t , 

(Smith, (1967) reported t h a t the enzyme from the 8°C acclimated f i s h 

showed i d e a l Arrhenius temperature k i n e t i c s over a wider temperature 

range than t h a t from the 30°C acclimated f i s h , ) there may be some 
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grounds f o r suspecting t h a t the d i f f e r e n c e s i n the data could be 

a r e f l e c t i o n of the d i f f e r e n t t i s s u e sources used, since i t i s 

recognised t h a t the temperature tolerance of g o l d f i s h i s considerably 

more p l a s t i c than t h a t of f i s h l i k e t r o u t Csee Drie d z i c & Roots, 1975). 

Thus i t i s l i k e l y t h a t the d i f f e r e n c e between the membrane l i p i d s 

of the 5°C and 20°C acclimated t r o u t were too small to have had 
+ + 

measurable e f f e c t s on the k i n e t i c p r o p e r t i e s of the Na -K -ATPase. 

The k i n e t i c measurements on the Na+-K+-ATPases ext r a c t e d from 

the a c t i v e and h i b e r n a t i n g animals are ge n e r a l l y s i m i l a r i n form t o 

those obtained from the t r o u t i n t h a t l i t t l e ( i f any) d i f f e r e n c e s i n 

the k i n e t i c p r o p e r t i e s of the enzyme was observed as a r e s u l t of any 

i n - v i v o response t o environmental temperature. This observation 

was made i n s p i t e of the d i f f e r e n t temperatures at which the membranes 

of both groups of animals had t o f u n c t i o n ( a c t i v e =37°C vs 

h i b e r n a t i n g =4°C), and t o which the membranes were apparently 

adapted. The l i p i d analyses provided evidence t h a t changes had 

occurred i n the composition of the membrane l i p i d s as a r e s u l t of 

h i b e r n a t i o n . The changes reported are s i m i l a r i n form t o those 

h i b e r n a t i o n induced l i p i d changes reported elsewhere ( P l a t n e r , 

Patnayak & Musacchia, 1972; Goldman, 1975; Blaker & M o s c a t e l l i , 1978) 

i n t h a t there was a s i g n i f i c a n t bias towards a higher u n s a t u r a t i o n 

index i n the l i p i d s e x t r acted from the h i b e r n a t i n g animals. The 

r e s u l t s of the l i p i d analyses were g e n e r a l l y s i m i l a r to those reported 

f o r some hamster b r a i n f r a c t i o n s (Blaker & M o s c a t e l l i , 1978; Goldman, 

1975) e s p e c i a l l y w i t h respect to the f a t t y acid analyses on the 

a c t i v e animals. The changes i n the f a t t y a c i d composition of the 

various l i p i d f r a c t i o n s reported here tended to show a greater bias 

towards a higher unsaturated index than t h a t presented i n other analyses 
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of L i p i d s from h i b e r n a t i n g hamster b r a i n (Blaker & M o s c a t e l l i , 

1978; Goldman, 1975). Given the d i f f e r e n t membrane f r a c t i o n s used 

f o r such analyses, the d i f f e r e n t i n v i t r o h i s t o r i e s of the membranes 

p r i o r t o l i p i d analyses (the membranes used here were SDS e x t r a c t e d 

synaptic membrane preparations)., and the d i f f e r e n t methods used 

f o r methanolysing the said l i p i d s (the method used here was milder 

than t h a t used by the other a u t h o r s ) , a d i r e c t comparison of the 

data presented here and elsewhere i s d i f f i c u l t . However, i t i s 

apparent t h a t any disagreement between the data sets i s only 

w i t h respect to the magnitude of the changes i n membrane l i p i d induced 

by h i b e r n a t i o n , and thus i t i s u n l i k e l y t h a t there are any fundamental 

d i f f e r e n c e s between the observations. The k i n e t i c measurements 

reported here suggest t h a t there i s no k i n e t i c d i f f e r e n c e between 

the Na+-K+-ATPase present i n the membranes ex t r a c t e d from the a c t i v e 

and h i b e r n a t i n g animals. I n t h i s respect the data present here 

agrees w i t h some p r e v i o u s l y reported k i n e t i c measurements (Goldman 

& Albers, 1975; Charnock & Simonson, 1978(a), 1978(b)). However, 

there are some areas of disagreement between the data presented 

here and other r e p o r t s w i t h respect t o ouabain s e n s i t i v i t y (Charnock 

& Simonson, 1978(a)), and temperature dependence (Bowler & Duncan, 

1969; Goldman & W i l l i s , 1973). Charnock & Simonson (1978a)have 

suggested t h a t prolonged h i b e r n a t i o n (>100 days) of ground s q u i r r e l 

r e s u l t s i n a decrease i n the apparent ouabain s e n s i t i v i t y of the Na +-

K+-ATPase. However, the con d i t i o n s under which those measurements 

were made were such t h a t very l i t t l e allowance was made f o r the 

slow r a t e of ouabain binding and the e f f e c t s of potassium on the 

k i n e t i c s of ouabain b i n d i n g . Consequently, no comparison can be 

made between t h a t r e p o r t and the data presented here. The disagreement 

between the temperature k i n e t i c measurements reported here and those 
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of Bowler & Duncan, 1969 and Goldman & W i l l i s , 1973 are apparently 

more fundamental, since the l a t t e r authors suggest t h a t the behaviour 

of Na+-K+-ATPase extracted from the h i b e r n a t i n g animals i s d i f f e r e n t 

at low temperatures (5-10°C). I n t h i s respect, the l a t t e r r e p o r t s 

also disagree w i t h the reported f a i l u r e to detect s i m i l a r d i f f e r e n c e s 

between the enzyme extracted from h i b e r n a t i n g and a c t i v e ground 

s q u i r r e l s (Charnock & Simonson, 1978(a), 1978(b)). Since the above 

re p o r t s r e f e r to work done on d i f f e r e n t sources of the Na+-K+-ATPase 

a d i r e c t comparison of a l l the r e p o r t s w i l l be very d i f f i c u l t . 

Furthermore, the d i f f e r e n t methods used to process the d i f f e r e n t sets 

of data and the d i f f e r e n t assay conditions have made the r e s o l u t i o n of the 
issue 

even more d i f f i c u l t . However, Charnock & Simonson (1978a) have 

reported t h a t upon treatment of the data reported by Bowler & Duncan 

1969, and Goldman & W i l l i s , 1973, w i t h i n the context of the phase 

change e f f e c t (using a computer assisted procedure), no s i g n i f i c a n t 

d i f f e r e n c e was detected between the temperature k i n e t i c s of the 
+ + . . . 

Na -K -ATPases extracted from the a c t i v e and h i b e r n a t i n g animals. 

Although the v a l i d i t y of the procedure used by Charnock & Simonson, 

(1978a) has been questioned (see Chapter 4 ) , t h a t r e p o r t suggests 

t h a t any d i f f e r e n c e s which may e x i s t between the Na+-K+-ATPase 

i n the a c t i v e and h i b e r n a t i n g animals must be small. Given these 

anomalies i t i s apparent t h a t the above issue w i l l only be s e t t l e d 

when the more fundamental issue of the i n t e r p r e t a t i o n of the temperature 
+ + 

k i n e t i c s of the Na -K -ATPase i s c o n c l u s i v e l y s e t t l e d . 

The r e s u l t s of measurements made on the crude and l i p i d 

p eroxidised r a t b r a i n synaptic membranes also suggested t h a t the k i n e t i c 

p r o p e r t i e s of the Na+-K+-ATPase are not s e n s i t i v e t o i n v i t r o membrane 

l i p i d changes which do not r e s u l t i n any s u b s t a n t i a l loss of enzymic 
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a c t i v i t y . This was evident from the apparent i n s e n s i t i v i t y of 

most of the measured k i n e t i c parameters to the s u b s t a n t i a l p e r t u r b a t i o n 

of the f a t t y acid chains as a r e s u l t of the membrane l i p i d p e r o x i d a t i o n 

procedure. I n t h i s respect the data presented here i s at variance 

w i t h p r e v i o u s l y reported work (Sun, 1971). However, the data 

reported by Sun (1971) was done on membranes i n which there was a 

s u b s t a n t i a l i n a c t i v a t i o n of the Na+-K+-ATPase a f t e r enzymic l i p i d 

p e r o x i d a t i o n , and since there i s some evidence suggesting t h a t a 

p a r t i a l i n a c t i v a t i o n of the Na+Hx+=ATFase i s accompanied by a change 

i n some of the k i n e t i c p r o p e r t i e s of the enzyme (see Chapter 9 ) , 

i t seems u n l i k e l y t h a t the data of Sun (1971) and those presented 

here are comparable. 

The data presented above suggests t h a t membrane l i p i d i s 
+ + 

probably not involved i n the f i n e c o n t r o l of the Na -K -ATPase. 

However, such a conclusion can only be t e n t a t i v e , since the l i p i d 

analyses reported here and elsewhere, can only give an estimate of 
the changes t h a t took place i n the bulk membrane l i p i d phase. 

+ + 

Given t h a t the Na -K -ATPase i s only l i k e l y to react to p e r t u r b a t i o n s 

i n i t s t i g h t l y bound l i p i d annulus, the issue concerning a r o l e 

f o r membrane l i p i d i n the f i n e c o n t r o l of t h i s enzyme system can 

only be c o n c l u s i v e l y s e t t l e d when i t i s possible to prepare and 

experiment on b i o l o g i c a l l y a c t i v e Na+-K+-ATPase preparations i n which 

the p r o t e i n moiety i s f r e e of a l l non e s s e n t i a l membrane l i p i d s . 
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CHAPTER 9 
. . + + 

The e f f e c t s of some p r o t e i n targeted m o d i f i e r s on the Na -K -ATPase 

INTRODUCTION 

Most mechanistic studies on enzyme systems have been c a r r i e d out 

on h i g h l y p u r i f i e d b i o l o g i c a l l y a c t i v e p r e p a r a t i o n s . This approach 

has not yet been possible i n the case of the Na+-K+-ATPase since a 

pure b i o l o g i c a l l y a c t i v e sample t h a t i s f r e e of membrane l i p i d i s 

not y et a v a i l a b l e . The best preparations so f a r prepared (Jorgensen, 

1974 a)have been found to contain a large polypeptide (M.W. 95,000-

100,000) and a s i a l o - g l y c o p r o t e i n (M.W. - 45,000-55,000) which, 

i n the b i o l o g i c a l l y a c t i v e s t a t e , are f i r m l y associated w i t h membrane 

phospholipid. This has suggested t h a t the b i o l o g i c a l a c t i v i t y of 

the Na+-K+-ATPase i s h e a v i l y dependent on the a s s o c i a t i o n of the 

c a t a l y t i c species w i t h t h e i r membrane surrounds, and t h i s i n t u r n has 

suggested the possible use of p r o t e i n targeted and l i p i d t argeted 

m o d i f i e r s i n o b t a i n i n g mechanistic i n f o r m a t i o n about the enzyme. 

The use of mo d i f i e r s i n mechanistic studies on the Na+-K+-ATPase 

has been very extensive (see Schwartz, Lindenmayer & A l l e n , 1975). 

Most of the mo d i f i e r s used are potent i n h i b i t o r s of the enzyme, a 

property which precludes t h e i r use i n eva l u a t i n g the respective e f f e c t s 

of the p r o t e i n and l i p i d components of the enzyme system on the f i n e 

c o n t r o l of c a t a l y t i c a c t i v i t y . I n p r i n c i p l e , a m o d i f i e r or m o d i f i c a t i o n 

procedure which i n t e r f e r e s w i t h c a t a l y t i c species w i t h o u t i n h i b i t i n g 

the o v e r a l l r e a c t i o n should be b e t t e r s u i t e d f o r such s t u d i e s . The 

demonstration of a change i n the apparent ouabain s e n s i t i v i t y of the 

Na+-K+-ATPases from 'heat-treated' r a t and t r o u t b r a i n synaptic 
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membranes (see Chapter 3 ) , and the demonstration of Concanavalin A 

bind i n g t o the g l y c o p r o t e i n component of ' p u r i f i e d 1 Na+-K+-ATPase 

preparations w i t h o u t any apparent e f f e c t s on c a t a l y t i c a c t i v i t y 

( Marshall, 1976), have suggested t h a t the above procedures may be 

us e f u l m o d i f i e r s of t h i s enzyme. Thus the e f f e c t s of 'heat-treatment' 

and Concanavalin 'A' binding on some of the k i n e t i c p r o p e r t i e s of the 

Na+-K+-ATPase have been i n v e s t i g a t e d w i t h the aim of e s t a b l i s h i n g 

whether such procedures can be u s e f u l probes i n mechanistic studies 

on the Na+-K+-ATPase. 

MATERIALS AND METHODS 

(1) Preparation of r a t b r a i n synaptic membranes (crude p r e p a r a t i o n ) . 

These were prepared as described i n Chapter 2. 

(2) Membranes p a r t i a l l y enriched i n Na+-K+-ATPase a c t i v i t y . 

These were prepared by e x t r a c t i n g the crude p r e p a r a t i o n w i t h sodium 

dodecyl sulphate as described i n Chapter 6. 

(3) Heat treatment of r a t b r a i n synaptic membranes. 

The procedure f o r heat treatment of the membrane preparations was designed 

t o produce a sample i n which a l l s i g n i f i c a n t Na+-K+-ATPase a c t i v i t y was 

a t t r i b u t a b l e t o the thermo-stable species defined i n Chapter 

This was done by heating the pr e p a r a t i o n i n a low i o n i c s t r e n g t h 

b u f f e r (lOmM Imidazole, ImM E.D.T.A. pH 7.2 at 20°C) f o r 4 hours at 46.7°C. 

The heat-treatment was terminated by r a p i d l y c o o l i n g the sample on an 

ic e bath. The f i n a l sample ( h e a t - t r e a t e d preparation) was stored on 

ice at 0-4°C, u n t i l r e q u i r e d . The k i n e t i c studies described i n Chapter 7 

showed t h a t under the conditions adopted f o r heat treatment, the 

'thermo-stable' species had a h a l f l i f e of 110-130 minutes, while the 

'therm o - l a b i l e ' species was approximately 12 - 15 minutes. The heat 
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treatment procedure thus proceeded f o r more than 10 h a l f l i v e s 

of the ' t h e r m o - l a b i l e 1 species and two h a l f l i v e s of the 'thermo

s t a b l e ' species and was considered adequate f o r producing the 

desired e f f e c t . 

(4) I n c u b a t i o n of the synaptic membranes w i t h Concanavalin A. 

The membrane pre p a r a t i o n was d i l u t e d w i t h an equal volume of a low i o n i c 

s t r e n g t h b u f f e r (lOmM Imidazole, ImM E.D.T.A., pH 7.2 at room 

temperature) c o n t a i n i n g Concanavalin A so as t o produce a Concanavalin 
—3 

A concentration of 200 2 cm and a membrane protexn c o n c e n t r a t i o n 

20 - 80 ug cm . The mixture obtained was incubated at 0 - 4°C 

f o r 2 hours before use. 

(5) Assay of Na+-K+-ATPase at v a r y i n g temperatures. 

The procedure adopted here has been described i n Chapter 4. 
+ + 

(6) Assay of Na -K -ATPase at non s a t u r a t i n g ouabain concentrations. 

The procedure adopted here has been described i n Chapter 3. 

(7) Assay of Na+-K+-ATPase a c t i v i t y at non s a t u r a t i n g potassium 

concentrations. 

The r e l e v a n t procedures were the same as described i n Chapter 5. 

(8) Assay of Na -K -ATPase i n the presence of Concanavalin A. 

The prepared s o l u t i o n s were the same as described f o r the various assay 

cond i t i o n s above. However, Concanavalin A was added t o the i o n i c 
(or Buffered) media so as t o produce a run-time concentration of 200 ug 
-3 

cm . The assay was then implemented according to the assay c o n d i t i o n s 

described above. 
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RESULTS 

(a) E f f e c t s of the heat treatment procedure. 

The r e l a t i v e s p e c i f i c a c t i v i t i e s of the Na +-K +-ATPase i n the 

c o n t r o l (crude r a t b r a i n s y n a p t i c membranes) and heat t r e a t e d p r e p a r a t i o n s 

are shown i n Table 9.1. T h i s shows th a t the Na +-K +-ATPase a c t i v i t y 

of the heat t r e a t e d p r e p a r a t i o n was about 23% th a t of the c o n t r o l 

p r e p a r a t i o n . T h i s v a l u e was g r e a t e r than expected (<12%)of a 

regime i n which the decay process proceeded f o r ten h a l f l i v e s 

of the 't h e r m o - l a b i l e ' s p e c i e s and two h a l f - l i v e s of the 'thermo

s t a b l e ' s p e c i e s . T h i s was a t t r i b u t e d to the p r a c t i c a l problems of 

ob t a i n i n g the exact pH and temperature c o n d i t i o n s such t h a t the 

decay process would proceed as expected. I t was thus n e c e s s a r y 

to t e s t a l l h e a t - t r e a t e d p r e p a r a t i o n s so as to determine whether 

the Na +-K +-ATPase a c t i v i t y a f t e r heat treatment contained s i g n i f i c a n t 

c o n t r i b u t i o n s from the 'th e r m o - l a b i l e ' s p e c i e s . 

The t e s t i n g procedure adopted assumed t h a t the 'thermo-stable' 

s p e c i e s produced by heat-treatment was a s p e c i e s c o n t a i n i n g one a c t i v e 

ouabain s e n s i t i v e c a t a l y t i c s i t e . As mentioned i n Chapter 3, the 

apparent ouabain s e n s i t i v i t y of such a s p e c i e s should be d e s c r i b e d by 

simple uncompetitive i n h i b i t i o n k i n e t i c s . S i n c e , as a l s o mentioned 

i n Chapter 3, ouabain i s b e l i e v e d to bind the phosphorylated i n t e r m e d i a t e 

i n the r e a c t i o n mechanism, then the ouabain binding a f f i n i t y of the 

interm e d i a t e ought to be independent of the method of formation, and 

thus the apparent ouabain s e n s i t i v i t y of the system ought not to be 

dependent on the nature of the phosphorylating agent used to form the 

int e r m e d i a t e . Thus, the dose-response ouabain s e n s i t i v i t i e s of the 
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TABLE 9.1 

Comparison of the s p e c i f i c a c t i v i t i e s of the Na +-K +-ATPase 

from the c o n t r o l and 'heat t r e a t e d ' r a t b r a i n s y n a p t i c membranes 

Co n t r o l 100 

Heat t r e a t e d 23.4-3.1 

Values (mean of 4 samples - 1 standard d e v i a t i o n ) normalised 
a g a i n s t a c o n t r o l value of 100. 

TABLE 9.2 

Comparison of apparent ouabain pl^Q v a l u e s of the 

K +-PNPase and Na +-K +-ATPase from 'heat t r e a t e d ' 

r a t b r a i n s y n a p t i c membranes. 

A c t i v i t y Apparent p I 5 Q 

Na +-K +-ATPase 4.04 - 0.008 

K +-PNPase 3.79 - 0.01 
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Na +-K +-ATPase and the K +-PNPase a c t i v i t i e s of a given heat 

t r e a t e d p r e p a r a t i o n were compared, and the p r e p a r a t i o n was considered 

adequate f o r f u r t h e r k i n e t i c measurements only i f the 'ouabain 

curves' of both the Na +-K +-ATPase and the K +-PNPase were monophasic 

and not much d i f f e r e n t from each other ( i . e . d i f f e r e n c e i n apparent 

p l ^ 0 < .0.4 u n i t s ) . 

F i g u r e 9.1 shows the 'ouabain c u r v e s ' of the Na +-K +-ATPase 

and the K +-PNPase from heat t r e a t e d p r e p a r a t i o n s of r a t b r a i n s y n a p t i c 

membranes. T h i s shows t h a t both curves are monophasic and d e f i n a b l e 

i n terms of a simple uncompetitive i n h i b i t i o n system ( i . e . decay 

from 95% V - 5% V spans two orders of magnitude of ouabain max max r ° 

c o n c e n t r a t i o n ) . Table 9.2 shows the apparent ouabain P I J Q v a l u e s 

f o r both enzymic a c t i v i t i e s . The K +-PNPase (apparent pI^Q 3.79) 

was l e s s ouabain s e n s i t i v e than the Na +-K +-ATPase (apparent pI^Q 

4.OA). However, the d i f f e r e n c e i n s e n s i t i v i t y ^ p I , j Q ~ 0 . 2 5 ) was 

c o n s i d e r a b l y s m a l l e r than t h a t observed f o r the d i f f e r e n c e between 

the s i m i l a r enzymic a c t i v i t i e s of the c o n t r o l p r e p a r a t i o n s (API^Q =:0.7). 

The s m a l l d i f f e r e n c e f o r the heat t r e a t e d p r e p a r a t i o n could be 

e x p l a i n e d by the e f f e c t s of n u c l e o t i d e s and monovalent c a t i o n s on 

the K +-phosphatase (see Rega & Garrahan, 1976) and, as a r e s u l t , the 

heat t r e a t e d p r e p a r a t i o n s were considered adequate f o r f u r t h e r k i n e t i c 

measurements. 

F i g u r e 9.2 shows the ouabain dose response curve of the 

c o n t r o l and heat t r e a t e d p r e p a r a t i o n s . I t i s c l e a r t h a t heat treatment 

s i g n i f i c a n t l y a l t e r e d the ouabain s e n s i t i v i t y p r o f i l e of the enzyme. 

The shape of the decay curve changed from the b i p h a s i c p a t t e r n 
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c h a r a c t e r i s t i c of the c o n t r o l to a monophasic uncompetitive form, 

i n the case of the heat t r e a t e d p r e p a r a t i o n . Furthermore, there 

was a s i g n i f i c a n t change i n the apparent ouabain s e n s i t i v i t y a f t e r 

heat treatment. T h i s i s u n d e r l i n e d by the apparent pI^Q v a l u e s 

(see Table 9.3a)which show t h a t the v a l u e s c a l c u l a t e d f o r the heat 

t r e a t e d sample i s c o n s i d e r a b l y l e s s than that of the c o n t r o l , i n d i c a t i n g 

an apparent l o s s of ouabain s e n s i t i v i t y on heat treatment. 

F i g u r e 9.3 shows the potassium a c t i v a t i o n curves of the 

Na +-K +-ATPase from the c o n t r o l and heat t r e a t e d p r e p a r a t i o n s . The 

p a t t e r n of potassium a c t i v a t i o n of both p r e p a r a t i o n s d e s c r i b e s a 

sigmoid curve, w i t h the heat t r e a t e d p r e p a r a t i o n being s l i g h t l y 

more potassium s e n s i t i v e than t h a t of the c o n t r o l . The curves 

drawn i n f i g u r e 9.3 are the stoichiometric sigmoid curves d i s c u s s e d 

i n Chapter 5. Table 9.3b shows t h a t the d e f i n i n g parameters of these 

curves are a l l s m a l l e r i n the case of the heat t r e a t e d p r e p a r a t i o n . 

The mean v a l u e obtained f o r the h a l f s a t u r a t i o n potassium c o n c e n t r a t i o n 

a t the high a f f i n i t y s i t e on the heat t r e a t e d p r e p a r a t i o n (1.46 x 

l C f S l ) though s m a l l e r than t h a t of the c o n t r o l (2.25 x 10 S i ) was 

not considered s i g n i f i c a n t (P>0.05). However, the potassium 

c o n c e n t r a t i o n f o r h a l f s a t u r a t i o n of the low a f f i n i t y s i t e ( K ^ ) , 

and the potassium c o n c e n t r a t i o n s at h a l f maximal a c t i v i t y ( K n ,.) 

were both s i g n i f i c a n t l y lower i n the case of the heat t r e a t e d samples 

(P<0.02). These r e s u l t s suggested t h a t the heat treatment procedure 

r e s u l t e d i n a s l i g h t i n c r e a s e i n the potassium s e n s i t i v i t y of the enzyme. 

F i g u r e 9.4 shows the temperature k i n e t i c s of the Na +-K +-ATPase 

from the c o n t r o l and heat t r e a t e d p r e p a r a t i o n s . T h i s shows t h a t both 
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TABLE 9.3 

Comparison of the parameters d e s c r i b i n g the p r o p e r t i e s of the 

Na +-K +-ATPase a c t i v i t y i n c o n t r o l and heat t r e a t e d r a t 

b r a i n s y n a p t i c membranes. 

A. OUABAIN INHIBITION 

Parameter C o n t r o l Heat t r e a t e d 

\ ( M ) 2 . 3 2 x l O _ 8 ± 3 . 5 x l O * 9 * 

866 - 25 * 

\ 0.799 - 0.003 A 

apparent p I 5 Q 6.95 - 0.003 4.04 - 0.008 -

Values not a p p l i c a b l e - system b e t t e r defined by simple uncompetitive 
i n h i b i t i o n . 
See Chapter 3 

B. POTASSIUM ACTIVATION 

Parameter Control Heat t r e a t e d 

\ ( M ) 2.25xlO _ 4-6.67xlO~ 5 1 . 4 6 x l O - 4 ± 6 x l O ~ 5 

\ ( M ) 1 . 2 6 x l O - 3 ± 4 . 9 7 x l O ~ 5 1.07xlO~ 3 i6.5xlO~ 5 

+ K0.5< M> 1 . 4 5 x l O ~ 3 ± 1 . 1 3 x l O - 5 1 . 2 6 x l 0 " 3 ± 5 . 5 x l 0 ~ 5 

^ See Chapter 5 

C. TEMPERATURE DEPENDENCE 

Parameter Co n t r o l Heat t r e a t e d 

+u(K.J.mol 67.7 - 4.4 66.7- 5.3 

+AH(K.J.mol - 1) -170.7 - 9.0 -150 - 8.3 

"""ASCJ.K.'^ol" 1) - 593 - 32 -521 - 44 

See Chapter 4 

A l l v a l u e s mean of 4 p r e p a r a t i o n s - 1 standard d e v i a t i o n 
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p r e p a r a t i o n s d e s c r i b e d non-ideal A r r h e n i u s p l o t s . The c u r v a t u r e 

of the Arrhenius p l o t d e s c r i b e d by the heat t r e a t e d p r e a r a t i o n was 

l e s s than t h a t d e s c r i b e d by the c o n t r o l . The parameters which d e f i n e 

the curve drawn (see Chapter 4) are l i s t e d i n Table 9.3c. T h i s 

shows t h a t there i s apparently no d i f f e r e n c e between the apparent 

a c t i v a t i o n energy terms ( y ) d e s c r i b i n g the r e l a t i v e high temperature 

s t a t e s . However the enthalpy (AH) and entropy (AS) parameters are 

s i g n i f i c a n t l y lower i n the case of the heat t r e a t e d p r e p a r a t i o n 

(P<0.02). These s m a l l e r enthalpy and entropy parameters suggested 

a broader t r a n s i t i o n to the i n a c t i v e s t a t e i n the case of the heat 

t r e a t e d p r e p a r a t i o n . 

(b) E f f e c t s of Concanavalin A. 

The k i n e t i c measurements of t h i s study were done on the r a t 

b r a i n s y n a p t i c membranes th a t were p a r t i a l l y e n r iched ( r e l a t i v e to 

the crude p r e p a r a t i o n ) i n the Na +-K +-ATPase a c t i v i t y by a mild 

e x t r a c t i o n with sodium dodecyl s u l p h a t e . T h i s p r e p a r a t i o n was 

used i n p r e f e r e n c e to the crude sample s i n c e i t was considered l i k e l y 

to c o n t a i n fewer s p e c i e s capable of binding Concanavalin A and 

thereby i n t e r f e r i n g with the t a r g e t r e a c t i o n . Table 9.4 

shows the r e l a t i v e s p e c i f i c a c t i v i t i e s of the Na +-K +-ATPase from 

such p r e p a r a t i o n s i n the presence of Concanavalin A and when assayed a t 

s a t u r a t i n g c o n c e n t r a t i o n s of i t s e s s e n t i a l l i g a n d s . I t i s c l e a r that 

the a c t i v i t y of the Na +-K +-ATPase was not s i g n i f i c a n t l y a f f e c t e d by the 
-3 

c o n c e n t r a t i o n s of the n i t r o g e n i c l e c t i n used (200 Mg.cm ) . 

F i g u r e 9.5 shows the ouabain dose response s e n s i t i v i t y curves 

d e s c r i b e d by the Na +-K +-ATPase i n the presence and absence of Concanavalin 

A. The response to i n c r e a s i n g ouabain c o n c e n t r a t i o n s was b i p h a s i c 
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TABLE 9.4 

Comparison of the s p e c i f i c a c t i v i t i e s of the 

Na +-K +-ATPase from S.D.S. e x t r a c t e d r a t b r a i n 

s y n a p t i c membranes i n the presence and absence 

of Concanavalin A. 

Con t r o l 100 

c Concanavalin A 9 8 . 7 - 3 . 2 

Values (mean of 4 p r e p a r a t i o n s - 1 standard d e v i a t i o n ) a r e 

normalised a g a i n s t a c o n t r o l v a l u e of 100. 
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i n the presence and absence of the l e c t i n . The curves tended to 
converge at the low c o n c e n t r a t i o n s (<10 ^M) and at the higher 
c o n c e n t r a t i o n s (>10 but showed a s i g n i f i c a n t divergence from 

each other a t c o n c e n t r a t i o n s where the i n f l e c t i o n i n the curves i s 

apparent (10 ''M - 10 "*M). T h i s i s r e f l e c t e d i n the parameters 

d e f i n i n g the two curves (see Table 9.5a) which shows no s i g n i f i c a n t 

d i f f e r e n c e between the and 3 parameters (P 0.05) t h a t d e f i n e the 

apparent ouabain a f f i n i t i e s a t the two s i t e s . The c a t a l y t i c co-oper-

a t i v i t y parameter (<(>) appears to have been a f f e c t e d by the binding 

of the l e c t i n as evidenced by g r e a t e r v a l u e (0.81) r e t u r n e d i n 

the presence of the l e c t i n , compared to t h a t of the c o n t r o l ( 0 . 6 ) . 

T h i s e f f e c t seems to be r e s p o n s i b l e f o r the decreased apparent 

ouabain s e n s i t i v i t y of the enzyme when the l e c t i n i s present (apparent 

pl(j0 6.95), compared w i t h t h a t of the c o n t r o l (apparent pI^Q 7.16). 

The e f f e c t s of Concanavalin A on the potassium a c t i v a t i o n 

k i n e t i c s of the Na +-K +-ATPase are shown i n f i g u r e 9.6. . The 

p a t t e r n of a c t i v a t i o n i s not apparently a f f e c t e d by the l e c t i n i n 

t h a t sigmoidal a c t i v a t i o n curves are d e s c r i b e d both i n the presence 

and absence of Concanavalin A. F i g u r e 9.6 a l s o shows v e r y l i t t l e 

d i f f e r e n c e between the a c t i v a t i o n c u r v e s , a f a c t u n d e r l i n e d by the 

l i s t of parameters which d e f i n e the s t o i c h i o m e t r i c sigmoid curves 

drawn (see Table 9.5b). T h i s shows t h a t the mean potassium c o n c e n t r a t i o n s 

c a l c u l a t e d f o r h a l f s a t u r a t i o n at the low a f f i n i t y s i t e ( K ^ ) , the 

high a f f i n i t y s i t e (K ) and h a l f maximal a c t i v i t y (K_ _) to be 
a U.J 

s l i g h t l y lower i n the presence of Concanavalin A. However, the 

d i f f e r e n c e s between the r e s p e c t i v e v a l u e s were not considered 

s i g n i f i c a n t (P>0.5). 
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TABLE 9.5 

Comparison of the parameters d e s c r i b i n g the p r o p e r t i e s of the 

Na +-K +-ATPase a c t i v i t y of S.D.S. e x t r a c t e d r a t b r a i n s y n a p t i c 

membranes i n the presence and absence of Concanavalin A. 

A. OUABAIN INHIBITION 

Parameter C o n t r o l Concanavalin A. 

AK.(M) 

\ 
apparent pI^Q 

2 . 7 6 x l 0 " 8 ± 5 . 3 x l 0 ~ 9 

1282 - 43 

0.60 - 0.016 

7.16 - 0.008 

2 . 1 6 x l O ~ 8 i 3 . 4 x l O - 9 

1342^234 

0.81 - 0.048 

6,95 - 0.008 

A 
See Chapter 3. 

B. POTASSIUM ACTIVATION 
Parameter Control Concanavalin A 

+K a(M) 

\ ( M ) 

+ K0.5< M> 

4 , 0 9 x l 0 ~ 4 i 1 . 3 4 x l 0 " 4 

1.16xlO~ 3 : ! :lxlO~ 4 

1.45xl0~ 3 : ! :5.65xl0~ 5 

3 . 7 1 x l 0 " 4 ± 4 x l 0 ~ 5 

l . l x l O - 3 ± 4 . 3 x l 0 ~ 5 

1 . 3 9 x l O ~ 3 i 2 . 3 x l O ~ 5 

t 

See Chapter 5 

C. TEMPERATURE DEPENDENCE 

Parameter Control Concanavalin A 

* -1 u(K.J.mol ) 

*AH (K.J.mol" 1) 

*AS (J.K.~1mor1) 

75.21 - 5.8 

-176 - 19 

-611 - 66 

54.41 - 2.7 

-137 - 9.2 

-463 - 13 

See Chapter 4 

Values mean of 4 p r e p a r a t i o n s - 1 standard d e v i a t i o n 
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F i g u r e 9.7 compares the Arrhenius p l o t s of the Na +-K +-ATPase 
i n the presence and absence of Concanavalin A. T h i s shows that both 
Arrhenius p l o t s are n o n - i d e a l and that the c u r v a t u r e of the c o n t r o l 
sample i s g r e a t e r than t h a t observed i n the presence of Concanavalin A 
Such i s r e f l e c t e d i n the parameter l i s t s d e f i n i n g the curves (see 
Table 9.5c) which show t h a t the c o n t r o l p r e p a r a t i o n i s c h a r a c t e r i s e d 
by a s i g n i f i c a n t l y l a r g e r apparent a c t i v a t i o n energy, and t h a t i t s 
t r a n s i t i o n to the i n a c t i v e s t a t e i s c h a r a c t e r i s e d by l a r g e r enthalpy 
(AH) and entropy (AS) v a l u e s . 

DISCUSSION 

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

of the Na +-K +-ATPase observed here, were r e s p o n s i v e to the p r o t e i n 

targeted m o d i f i c a t i o n procedures used ( i . e . heat-treatment and 

Concanavalin A b i n d i n g ) . Ouabain i n h i b i t i o n appeared to be the most 

s e n s i t i v e property to these 'modifiers' as i s evident from the 

magnitude and p a t t e r n of the e f f e c t s shown i n f i g u r e s 9.2 and 9.5. 

Potassium a c t i v a t i o n was not as r e s p o n s i v e to the e f f e c t s of these 

'modifiers' as was ouabain i n h i b i t i o n s i n c e the changes detected 

were g e n e r a l l y s m a l l and sometimes i n s i g n i f i c a n t . S i m i l a r l y the 

temperature k i n e t i c s of the a c t i v i t y of the enzyme were not as 

r e s p o n s i v e to the ' m o d i f i e r s ' as was ouabain i n h i b i t i o n . However 

the r e s u l t s suggested t h a t these m o d i f i c a t i o n procedures a f f e c t e d 

mainly the t r a n s i t i o n between the a c t i v e and i n a c t i v e s t a t e s of the 

enzyme, as evident from the e f f e c t s of the m o d i f i e r s on the enthalpy 

(AH) and entropy ( A S ) parameters d e s c r i b i n g the p r o c e s s . 
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The f a i l u r e to demonstrate s i g n i f i c a n t e f f e c t s on the maximal 

s p e c i f i c a c t i v i t i e s of the Na+-K+-ATPase by the bin d i n g of Concanavalin 

A i s suggestive of a minor r o l e f o r the s i a l o - g l y c o p r o t e i n component 

of the Na+-K+-ATPase i n the c a t a l y t i c process. Thus, t h i s r e s u l t 

i s a t variance w i t h the reported i n h i b i t i o n of Na+-K+-ATPase 

a c t i v i t y by the l e c t i n (Swann, D a n i e l , Albers & Koval, 1975), 

but i s i n agreement w i t h more r e c e n t l y reported work (Marshall, 

1976; Dornand, Reminak & Mani, 1978). The i m p l i c i t suggestion of 

a minor r o l e f o r the s i a l o - g l y c o p r o t e i n i n c a t a l y s i s i s supported 

by the reported f a i l u r e t o a f f e c t the Na+-K+-ATPase a c t i v i t y by the 

enzymic removal of s i a l i c acids from the s i a l o - g l y c o p r o t e i n i n 

' p u r i f i e d ' preparations of the enzyme (Perrone, Hackney, Dixon & 

Hokin, 1975; Mar s h a l l , 1976). The k i n e t i c measurements, e s p e c i a l l y 

those of ouabain i n h i b i t i o n and temperature k i n e t i c s , suggest an 

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

enzyme system. Given t h a t there i s evidence supporting a close 

a s s o c i a t i o n of the s i a l o - g l y c o p r o t e i n w i t h the ' c a t a l y t i c ' polypeptide 

i n the membrane (Kyte, 1972; Sweadner, 1977), the pos t u l a t e d e f f e c t s 

of the g l y c o p r o t e i n would most probably be exerted v i a i n t e r - s u b u n i t 

c o - o p e r a t i v i t y . 

The r e s u l t s of the heat treatment experiments cannot be 

i n t e r p r e t e d unambiguously, since as shown i n Chapter 7 , the nature 

of the 1thermo-stable' species formed by the heat treatment procedure 

has not been c l e a r l y e s t a b l i s h e d . However, i f the 'p r e f e r r e d d e s c r i p t i o n ' 

(see Chapter 7 ) i s assumed, then the thermo-stable species would be 

dim e r i c , w i t h one of i t s subunits being c a t a l y t i c a l l y i n a c t i v e . Within 

t h i s context, the observed e f f e c t s of the heat treatment procedure would 

be i n d i c a t i v e of large co-operative e f f e c t s t o which the observed 
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k i n e t i c p r o p e r t i e s are a l l responsive. Furthermore, the r e s u l t s 

w i l l also suggest t h a t the sigmoidal p a t t e r n of potassium a c t i v a t i o n 

i s not the product of i n t e r subunit c o - o p e r a t i v i t y , since the sigmoidal 

p a t t e r n was unchanged by the heat treatment procedure. Thus the 

r e s u l t s of the heat treatment suggest t h a t the procedure may be a u s e f u l 

probe f o r studying the r o l e of p r o t e i n - p r o t e i n i n t e r a c t i o n s and 

i n t e r subunit c o - o p e r a t i v i t y i n the f i n e c o n t r o l of the c a t a l y t i c 

a c t i v i t y of the Na+-K+-ATPase. 

The e f f e c t s of the p r o t e i n targeted m o d i f i c a t i o n procedures on 

the k i n e t i c p r o p e r t i e s s t u d i e d , are i n broad agreement w i t h the potent 

e f f e c t s of other s p e c i f i c p r o t e i n targeted m o d i f i e r s , e s p e c i a l l y 

antibodies (Sachs, 1974; A s k a r i , 1974; Kyte, 1974; Michael, W a l l i c k 

& Schwartz, 1977). Unlike the antibodies and other broad spectrum 

p r o t e i n m o d i f i e r s (See Schwartz, Lindenmayer & A l l e n , 1975), these 

appear to exert t h e i r e f f e c t s without any obvious i n h i b i t i o n of 

c a t a l y t i c a c t i v i t y . However, the nature of t h e i r e f f e c t s i s yet 

t o be f u l l y characterised and q u a n t i f i e d . I n s p i t e of t h i s , the 

r e s u l t s presented here suggest th a t when the q u a n t i f i c a t i o n and 

c h a r a c t e r i s a t i o n of t h e i r e f f e c t s are done, these procedures should 

be u s e f u l probes i n o b t a i n i n g mechanistic i n f o r m a t i o n about the r o l e 

of p r o t e i n - p r o t e i n i n t e r a c t i o n s , and p o s s i b l y i n t e r subunit c o - o p e r a t i v i t y 
+ + 

i n the f i n e c o n t r o l of the Na -K -ATPase. 
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CHAPTER 10 

Thimerosal as a m o d i f i e r of the Na+-K+-ATPase 

INTRODUCTION 

A potassium a c t i v a t e d phosphatase has i n v a r i a b l y been found 
+ + 

i n preparations c o n t a i n i n g Na -K -ATPase a c t i v i t y , and soon a f t e r 

the f i r s t r e p o r t s of i t s discovery (Judah, Ahmed & McLean, 1962), 

there were suggestions of a r e l a t i o n s h i p between the two enzymic 

a c t i v i t i e s (Tosteston, 1962). A considerable amount of research 

e f f o r t has been employed i n the c h a r a c t e r i s a t i o n of the Na -K -ATPase 

and the K +-Phosphatase, w i t h the r e s u l t t h a t the experimental evidence 

c u r r e n t l y supporting a r e l a t i o n s h i p between both enzymic a c t i v i t i e s 

i s very strong (See Rega & Garrahan, 1976). However there have 

been suggestions t h a t a f r a c t i o n of the potassium dependent 
+ + 

phosphatase i s not r e l a t e d t o the Na -K -ATPase (Pouchan, Garrahan 
& Rega, 1969), since some of the potassium dependent phosphatase 

a c t i v i t y remained i n s e n s i t i v e t o ouabain at concentrations greater 
-3 

than 10 M. I n s p i t e of t h i s however, i t i s g e n e r a l l y accepted, 
t h a t the ouabain s e n s i t i v e potassium dependent phosphatase a c t i v i t y , 

+ + 

and the Na -K -ATPase a c t i v i t y are associated w i t h the same molecular 

species. This i s supported by observations t h a t : 

(a) The s p e c i f i c a c t i v i t i e s d e f i n i n g t h e i r maximal a c t i v i t i e s 

increase i n p a r a l l e l during p u r i f i c a t i o n procedures (Uesegi, 

Dulak, Dixon, Hexum, Dahl, Perdue & Hokin, 1971). 

(b) The phosphorylated o l i g o p e p t i d e s formed by enzymic degradation 

of the phospho-protein intermediates of the Na+-K+-ATPase 

and the K +-Phosphatase are chromatographically and e l e c t r o -

p h o r e t i c a l l y s i m i l a r (Bond, Bader & Post, 1971). 
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(c) The trans-membrane assymetry, which characterises the 

requirement f o r the b i n d i n g of a c t i v a t i n g ligands and 

i n h i b i t o r s i s the same f o r both enzymic a c t i v i t i e s 

(Rega, Garrahan & Pouchan, 1970). 

The a b i l i t y to phosphorylate the c a t a l y t i c u n i t s of the Na +-K +-

ATPase w i t h the so c a l l e d 'pseudo-substrates' i n the absence of sodium 

io n ( I s r a e l & T i t u s , 1967; Bond et a l , 1971) i s i n marked contr a s t t o 

the absolute requirement f o r sodium i o n when ATP i s the phosphorylating 

l i g a n d . This suggests t h a t the K +-Phosphatase i s a p a r t i a l r e a c t i o n 

sequence i n the o v e r a l l mechanism of the Na+-K+-ATPase, d i v e r g i n g from 

the l a t t e r w i t h respect to the method by which the phosphorylated 

intermediate i s formed. This i s supported by the observation t h a t 

oligomycin, a reagent reported to block sodium dependent ATP phosphorylation 

of the enzyme (Garrahan & Glynn, 1967), i s a potent i n h i b i t o r of 

Na+-K+-ATPase a c t i v i t y , w h i l e the K +-Phosphatase i s r e l a t i v e l y 

i n s e n s i t i v e t o t h i s reagent (Askari & Koyal, 1971). However, the exact 

r o l e of the K +-Phosphatase i n the o v e r a l l r e a c t i o n mechanism o f the 

Na+-K+-ATPase i s yet t o be e s t a b l i s h e d . 

I t i s known t h a t , at low temperatures (= 0-4°C), and s a t u r a t i n g 

concentrations of the r e l e v a n t l i g a n d s , the f o r m a t i o n of the phosphorylated 

intermediate i s quick and q u a n t i t a t i v e (Bond et a l , 1971). However, 

ouabain s e n s i t i v e phosphatase a c t i v i t y proceeds very slowly at such low 

temperatures (Charnock, Cook & Casey, 1971). This has suggested t h a t 

the r a t e l i m i t i n g step i n the o v e r a l l r e a c t i o n mechanism occurs d u r i n g 

the steps involved i n the potassium dependent discharge of the phosphorylated 

intermediate and the regeneration of the enzyme i n i t s o r i g i n a l form. 

Hence the K +-Phosphatase i s considered a f e a s i b l e system f o r studying 

the t e r m i n a l and r a t e l i m i t i n g steps of the sodium potassium pump. 
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I n recent work (Henderson & A s k a r i , 1976, 1977), the treatment 

of membranes co n t a i n i n g Na+-K+-ATPase a c t i v i t y w i t h thiraerosal was 

found t o i n h i b i t Na+-K+-ATPase a c t i v i t y . This e f f e c t was a t t r i b u t e d 

to the i n t e r a c t i o n of the reagent w i t h s u l p h y d r y l groups since the 

authors found t h a t the e f f e c t could be reversed by post treatment of the 

thimerosal t r e a t e d membranes w i t h d i t h i o t h r e t o l . The authors also 

reported t h a t the sodium dependent ATP phosphorylation of the enzyme, and 

the potassium dependent discharge of the phosphorylated intermediate 

were not a f f e c t e d by the thimerosal treatment. Furthermore, the 

potassium dependent phosphatase a c t i v i t y was not a f f e c t e d by the 

concentrations of the reagent used t o i n h i b i t Na -K -ATPase a c t i v i t y . 

Given t h a t thimerosal obviously acted v i a the p r o t e i n component of the 

Na+-K+-ATPase, the above r e p o r t s suggested the reagent t o be a u s e f u l 

m o d i f i e r of the enzyme system, and t h a t i t could p o s s i b l y be used as 

a probe i n the study of the e f f e c t of p r o t e i n - p r o t e i n i n t e r a c t i o n on 

the enzyme system. This approach has been adopted here, and the 

e f f e c t s of thimerosal have been studied w i t h emphasis on the p r o p e r t i e s 

of the K +-Phosphatase which are considered t o be i n common w i t h the 

o v e r a l l r e a c t i o n mechanism of the Na+-K+-ATPase. 

MATERIALS AND METHODS 

( i ) Preparation of r a t b r a i n synaptic membranes. 

These were prepared as p r e v i o u s l y described i n Chapter 2. 

( i i ) Preparation of thimerosal t r e a t e d r a t b r a i n synaptic membranes. 

Prepared s o l u t i o n s 

(a) Thimerosal i n c u b a t i o n b u f f e r 

50mM T r i s pH 7.4 at 37°C (HC1) 

10~5M Thimerosal 
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(b) Low i o n i c s t r e n g t h b u f f e r 

lOmM Imidazole ... pH 7.2 at 20°C (HC1) 

ImM E.D.T.A. 

The membrane pr e p a r a t i o n was q u i c k l y added t o the thimerosal 

i n c u b a t i o n b u f f e r (pre-warmed at 37°C) to give a p r o t e i n 
-3 

concentration of between 300-600 ug cm . The i n c u b a t i o n 

was allowed t o proceed f o r 10 minutes at 37°C a f t e r 

which time, the mixture was d i l u t e d f i v e - f o l d w i t h i c e 

cold low i o n i c s t r e n g t h b u f f e r . The membranes were then 

sedimented at 0-4°C, by c e n t r i f u g a t i o n a t 100,000 g f o r 

30 minutes (M.S.E. prepspin 50 U l t r a c e n t r i f u g e ) . The 

sedimented membranes were then washed by three cycles of 

resuspension i n low i o n i c s t r e n g t h b u f f e r and sedimentation, 

before being resuspended i n the low i o n i c s t r e n g t h b u f f e r 
-3 

to a p r o t e i n concentration of 1-1.5 mg cm and stored on i c e 

at 0-4°C u n t i l needed, 

( i i i ) Assay of ouabain s e n s i t i v e potassium dependent p-nitrophenol 

phosphatase. 

The. assay con d i t i o n s w i t h respect to concentrations of e s s e n t i a l 

l i g a n d s , pH and temperature (isothermal s t u d i e s ) were the same 

as discussed f o r the standard assay c o n d i t i o n s i n Chapter 2. 

(a) Assays at v a r y i n g temperatures. 

The assay procedure was implemented i n the manner described 

f o r the standard assay con d i t i o n s (see Chapter 2 ) . However the 

temperature dependent change i n the pH of the b u f f e r system 

(Tris/HCl) was r e s t r i c t e d to about - 0.05 pH u n i t s from the 

set value ( 7 . 5 ) . The procedure adopted was the same as 

described f o r the Na+-K+-ATPase i n Chapter 4. 
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(b) Assays at non-saturating ouabain concentrations. 

The assay procedure used was as p r e v i o u s l y described i n 

Chapter 3. 

(c) Assays at non s a t u r a t i n g potassium concentrations. 

Prepared s o l u t i o n s : 

(1) Substrate 

4.4 x 5mM p-nitrophenolphosphate pH 7.5 (Tris/HCl) at 20°C. 

(2) Ouabain 

4.4 x ImM Ouabain 

(3) B u f f e r medium 

4.4 x 50mM T r i s pH 7.5 a t 37°C (KC1) 

4.4 x 5mM Magnesium c h l o r i d e 

(4) Potassium Chloride 

These were prepared as was p r e v i o u s l y described i n Chapter 5. 

The r e a c t i o n media were prepared as f o l l o w s : 

( i ) T o t a l Phosphatase medium 
3 

0.5 cm substrate 
3 

0.5 cm d i s t i l l e d water 
3 

0.5 cm b u f f e r medium 
3 

0.5 cm potassium c h l o r i d e 

( i i ) Ouabain i n s e n s i t i v e phosphatase medium. 

This mixture was the same as t h a t prepared f o r the t o t a l 
3 

phosphatase except t h a t 0.5 cm of ouabain was s u b s t i t u t e d f o r the 

d i s t i l l e d water. 
3 

The r e a c t i o n was s t a r t e d by the a d d i t i o n of 0.2 cm of an enzyme 

pre p a r a t i o n t o the r e a c t i o n media ( t h e r m o e q u i l i b r i a t e d a t 37°C). 

A f t e r a s u i t a b l e run time, the r e a c t i o n was quenched and l i b e r a t e d 

p-nitrophenol determined as p r e v i o u s l y described i n Chapter 2. 

The ouabain s e n s i t i v e K +-phosphatase was determined by the d i f f e r e n c e 
between the enzymic release of p-nitrophenol i n the presence and _3 absence of 10 M ouabain. 



-280-

(d) Assays i n the presence of 3uM ATP. 

The prepared s o l u t i o n s were the same as described f o r the 

various assay conditions above. However a small volume of a 

concentrated s o l u t i o n of ATP was added t o the i o n i c (or b u f f e r ) 
3 

media (approximately 50 u l ATP per 50 cm medium) so as to 

produce a run-time concentration of 3uM ATP. The assay was 

then implemented according to the conditions described above. 

RESULTS 

Table 10,1 shows the s p e c i f i c a c t i v i t i e s of the K -PNPase and 

Na+-K+-ATPase from the c o n t r o l and thimerosal t r e a t e d r a t b r a i n synaptic 

membranes. This shows the procedure adopted f o r thimerosal treatment 

completely removed the Na+-K+-ATPase a c t i v i t y , but some 25% of the i n i t i a l 

K+-PNPase a c t i v i t y remained i n t a c t . Thus the s e n s i t i v i t y of t h i s 

p r e p a r a t i o n t o thimerosal was considerably greater than t h a t r e p orted 

f o r guinea-pig kidney microsomes (Henderson & A s k a r i , 1977). I n s p i t e 

of the procedures used here being milder than those described by the 

above authors, the e f f e c t on the b r a i n p r e p a r a t i o n was r e l a t i v e l y 

more severe. However, since the thimerosal t r e a t e d p r e p a r a t i o n was 

requ i r e d f o r the c h a r a c t e r i s a t i o n of some of the k i n e t i c p r o p e r t i e s 
+ + + of the K -PNPase, the complete removal of the Na -K -ATPase a c t i v i t y was 

necessary, i f the data obtained were to be f r e e of ambiguity from t h i s 

source. The thimerosal treatment procedure adopted, was the m i l d e s t 

consistent w i t h the above requirements. 

Figure 10.1 shows the response of the K+PNPase from the c o n t r o l 

and thimerosal t r e a t e d membranes, t o in c r e a s i n g ouabain concentrations. 
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TABLE 10.1 

Comparison of maximal a c t i v i t i e s of the ouabain 

s e n s i t i v e phosphatase a c t i v i t i e s from c o n t r o l and 

thimerosal t r e a t e d r a t b r a i n synaptic membranes. 

Preparation + + + Preparation Na -K -ATPase K -PNPase 

Control 85.7 - 9.3 15.7 - 2.3 
Thimerosal 0.4 - 0.3 3.8 i 0.9 

Values - mean of 4 preparations - 1 standard d e v i a t i o n . 

Enzyme a c t i v i t y i n u n i t s of uMoles of product mg.protein ^".hr ^. 
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This shows t h a t the response of the c o n t r o l p r e p a r a t i o n described 

a biphasic decay curve of s i m i l a r shape t o t h a t described by the 

Na+-K+-ATPase (see Chapter 3 ) . I n c o n t r a s t , the response of the 

thimerosal t r e a t e d p r e p a r a t i o n apparently described a monophasic 

decay curve. Table 10.2 l i s t s the parameters d e f i n i n g the resp e c t i v e 

curves. This c l e a r l y shows t h a t the thimerosal t r e a t e d p r e p a r a t i o n 

i s less ouabain s e n s i t i v e than the c o n t r o l p r e p a r a t i o n as suggested 

by the apparent P ^ q values (3.66 th i m e r o s a l , 6.24 c o n t r o l ) . 

The response of the preparations t o i n c r e a s i n g potassium 

concentrations i s shown i n f i g u r e 10.2. i n both cases, the 

potassium a c t i v a t i o n of the K+-PNPase describes a complex curve which 

could not be accurately f i t t e d to a Michaelis-Menten rectangular 

hyperbola, a H i l l sigmoid curve nor a sfoichiometric sigmoid curve (see 

Chapter 5 ) . I n s p i t e of t h i s , f i g u r e 10*2 c l e a r l y shows t h a t the 

thimerosal t r e a t e d p r e p a r a t i o n was more potassium s e n s i t i v e than the 

c o n t r o l , as evidenced by the lower potassium concentrations needed 

f o r half-maximal a c t i v i t y (~0.75mM.... thimerosal vs = 4mM c o n t r o l ) 

of the thimerosal t r e a t e d p r e p a r a t i o n . Furthermore, the response 

of the thimerosal t r e a t e d p r e p a r a t i o n , r e l a t i v e t o maximal a c t i v i t y , 

was greater than t h a t of the c o n t r o l at a l l non s a t u r a t i n g potassium 

c o n c e n t r a t i o n s . These r e s u l t s are thus s i m i l a r to those reported f o r 

guinea p i g kidney microsomes (Henderson & A s k a r i , 1977). 

The temperature k i n e t i c s of the K+-PNPase from the two 

preparations are shown as Arrhenius p l o t s i n f i g u r e 10.3. 

Like the Na+-K+-ATPase (see Chapter 4 ) , the temperature dependence of the 

K+-PNPase from the c o n t r o l sample deviated from the i d e a l Arrhenius 
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TABLE 10.2 

Comparison of ouabain i n h i b i t i o n parameters of 

the K+-PNPase from the c o n t r o l and thimerosal 

t r e a t e d r a t b r a i n synaptic membranes. 

Parameter Control Thimerosal 

l 2.42 x 1 0 ~ 7 i 3 . 1 x l O - 8 
A 

A<j> 0.58 - 0.059 A 

507 - 59 A 

apparent p I 5 Q 6.24 - 0.03 3.66 - 0.05 

Values not a p p l i c a b l e . The thimerosal t r e a t e d p r e p a r a t i o n was 

b e t t e r described by a monophasic uncompetitive i n h i b i t i o n curve. 

Parameters are as defined i n Chapter 3. 

A l l values mean of 3 preparations - 1 standard d e v i a t i o n . 
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d e S c r i p t i o n a t low temperatures. The curve f i t t e d t o the data p o i n t s 
i n f i g u r e 10.3 was drawn according to the model adopted i n Chapter 4. 
This defines the system w i t h an apparent Arrhenius 'up of 54.3 K.J.mol \ 
an enthalpy of t r a n s i t i o n of 167 K.J.mol ^ and an entropy of t r a n s i t i o n 
of 586 J.K. * mol * (see Table 10*3 ) . I n c o n t r a s t , the temperature 
dependence of the K+-PNPase from the thimerosal t r e a t e d p r e p a r a t i o n could 
be adequately described by an Arrhenius s t r a i g h t l i n e of apparent 
Arrhenius 'u' of 80.3 K.J.mol ^. 

I t has been est a b l i s h e d t h a t the observed k i n e t i c p r o p e r t i e s of the 

K -phosphatase i s s i g n i f i c a n t l y a l t e r e d by low (=10 concentrations 

of ATP ( I s r a e l & T i t u s , 1967; Bader & Sen, 1966). Given t h a t there 

i s evidence supporting the existence of a hi g h a f f i n i t y , n o n - c a t a l y t i c 

ATP bin d i n g s i t e e s s e n t i a l t o the mechanism of the Na+-K+-ATPase (Post, 

Hegyvary & Kume, 1972), the e f f e c t of low ATP concentrations on the 

observed k i n e t i c p r o p e r t i e s of the K +-phosphatase can be a t t r i b u t e d 

t o the e f f e c t s of ATP bi n d i n g to t h i s h igh a f f i n i t y s i t e . The previous 

r e p o r t s of thimerosal e f f e c t s on the Na+-K+-ATPase (Henderson & A s k a r i , 1976, 

1977), are i n l i n e w i t h t h i s suggestion and they also suggest t h a t the 

e f f e c t s of thimerosal may be the r e s u l t of a d i r e c t or i n d i r e c t 

blockading of the ATP b i n d i n g to t h i s high a f f i n i t y s i t e . This was 

i n v e s t i g a t e d by comparing the k i n e t i c measurement on the K+-PNPase 

i n the presence and absence of low ATP concentrations. 

The e f f e c t s of 3uM ATP on the maximal a c t i v i t i e s of the K+-PNPase 

from the c o n t r o l and thimerosal t r e a t e d preparations are shown i n Table 10.4 

This shows t h a t the maximal a c t i v i t i e s of the given preparations were 

not s i g n i f i c a n t l y a f f e c t e d by the low l e v e l s of ATP used. These 

r e s u l t s appear t o c o n f l i c t w i t h the p r e v i o u s l y reported i n h i b i t i o n 

of the K +-phosphatase by ATP ( I s r a e l & T i t u s , 1967; Garrahan, Pouchan 
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TABLE 10.3 

Comparison of Arrhenius temperature parameters of 

the K +-PNPase from the c o n t r o l and t h i m e r o s a l t r e a t e d 

r a t b r a i n s y n a p t i c membranes. 
/ 

Parameter C o n t r o l Thimerosal 

M 54.3 - 2.3 80.3 - 5.4 
+ * 

AH -167.6 - 16.9 — 

+ * 
AS - 58.6 - 57 

* 
Values not a p p l i c a b l e - system b e t t e r d e s c r i b e d by a l i n e a r 

A rrhenius p l o t i n the range 4 - 37°C. 

u Apparent a c t i v a t i o n energy of the a c t i v e s t a t e (K.J.Mol 

AH Enthalpy of t r a n s i t i o n (K.J.Mol ^) - see Chapter 4. 

AH Entropy of t r a n s i t i o n (J.K.Mol - see Chapter 4. 

Values mean of 3 p r e p a r a t i o n s - 1 standard d e v i a t i o n 
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TABLE 10o4 

Comparison of maximal a c t i v i t i e s of K +~PNPase 

from c o n t r o l and th i m e r o s a l t r e a t e d p r e p a r a t i o n s 

(c 3uM ATP). 

P r e p a r a t i o n No. ATP 3uM ATP 

Co n t r o l 
4-

15.7-2„3 14.9^2.6 

Thimerosal 3.8HD.9 4.1-0.8 

Values mean of 4 p r e p a r a t i o n s ••• 1 standard d e v i a t i o n 

Enzyme a c t i v i t y uMoles of product nigoprotein '''ohr ^„ 
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& Rega, 1970). However, such i n h i b i t i o n i s u s u a l l y observed at 

higher ATP c o n c e n t r a t i o n s (=10 S i ) , a t which the i n h i b i t i o n has been 

reported to f i t competition k i n e t i c s (Rega & Garrahan, 1970). Given 

that there i s evidence t h a t ATP c o n c e n t r a t i o n s i n the range 1 x 10 ̂ M-

5 x 10 a r e r e q u i r e d f o r h a l f s a t u r a t i o n of the high a f f i n i t y ATP 

binding s i t e s ( P i t t s , 1974), the c o n c e n t r a t i o n of ATP used (3 x 10 

was considered adequate f o r the s a t u r a t i o n of the high a f f i n i t y ATP 

binding s i t e s , w h i l e a v o i d i n g the ambiguity a t t r i b u t a b l e to competitive 

i n h i b i t i o n of the K +-phosphatase by higher ATP c o n c e n t r a t i o n s . 

F i g u r e s 10.4,5 and 10.6 compare the observed k i n e t i c p r o p e r t i e s 

of the K +-PNPase from both c o n t r o l and t h i m e r o s a l t r e a t e d p r e p a r a t i o n s 

i n the presence and absence of ATP. These f i g u r e s c l e a r l y show t h a t 

the behaviour of the given p r e p a r a t i o n s i n the presence of ATP could 

be d e s c r i b e d by s i m i l a r curve types to those observed i n the absence 

of ATP. Furthermore, i t i s a l s o apparent t h a t the observed k i n e t i c 

p r o p e r t i e s of the t h i m e r o s a l t r e a t e d p r e p a r a t i o n was not s i g n i f i c a n t l y 

a f f e c t e d by the presence of 3uM ATP. T h i s i s f u r t h e r emphasised 

by the parameters d e s c r i b i n g the r e l e v a n t curves (see Tables 10.5a & 10.5b) 

which show t h a t t h e r e i s no s i g n i f i c a n t d i f f e r e n c e between the parameters 

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

i n the presence and absence of 3uM ATP. I n c o n t r a s t , f i g u r e s 10.4,10.5 & 10.6 

show that the behaviour of the K +-PNPase from the c o n t r o l p r e p a r a t i o n s 

was s i g n i f i c a n t l y a f f e c t e d by the presence of ATP. The apparent 

s e n s i t i v i t y to potassium ion was decreased by the i n c l u s i o n of the ATP, 

as evidenced by the lower l e v e l s of potassium i o n needed to produce 

h a l f maximal response i n the absence of ATP (no ATP =4mM vs 3uM ATP= 5mM). 
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Furthermore, the presence of ATP r e s u l t e d i n an i n c r e a s e i n the apparent 

s e n s i t i v i t y to ouabain, e s p e c i a l l y a t the lower ouabain c o n c e n t r a t i o n s . 

T h i s i s evident from T a b l e l 0 . 5 a which shows t h a t the parameters r e l a t i n g 

to ouabain binding and ouabain binding c o - o p e r a t i v i t y e f f e c t s (K^ & 3) 

were s i g n i f i c a n t l y a l t e r e d by the presence of 3uM ATP. However the 

c a t a l y t i c c o - o p e r a t i v i t y parameter (<j>), was not a f f e c t e d by the ATP, 

a r e s u l t t h a t i s i n accord w i t h the absence of any observable e f f e c t 

of 3uM ATP on the maximal a c t i v i t i e s of the K +-PNPase. However, the 

c o n c e n t r a t i o n of ouabain needed f o r h a l f s a t u r a t i o n of the second 

ouabain binding s i t e (see Chapter 3) was not s i g n i f i c a n t l y a f f e c t e d 

by ATP. T h i s i s e v i d e n t from f i g u r e 10.4, and by the observation t h a t 

the product 3K^ ( c o n c e n t r a t i o n needed f o r h a l f s a t u r a t i o n of the 

second ouabain binding s i t e ) was not s i g n i f i c a n t l y a l t e r e d by the 

presence of ATP. F i n a l l y , the temperature dependence of the K +-PNPase 

from the c o n t r o l p r e p a r a t i o n appeared to be u n a f f e c t e d by the presence 

of ATP. T h i s i s f u r t h e r emphasised by the l i s t of d e f i n i n g parameters 

i n Table 10.5b which show no s i g n i f i c a n t d i f f e r e n c e between those 

c a l c u l a t e d i n the presence and absence of ATP. T h i s r e s u l t was a l s o 

c o n s i s t e n t w i t h the absence of any observable e f f e c t of 3uM ATP on the 

maximal a c t i v i t i e s . 

DISCUSSION 

The above r e s u l t s u n d e r l i n e some important p o i n t s concerning the 

k i n e t i c p r o p e r t i e s of the K +-phosphatase. I t i s obvious from the d a t a 

th a t the k i n e t i c parameters measured f o r the K +-phosphatase are 
+ + 

s i g n i f i c a n t l y d i f f e r e n t from those measured f o r the Na -K -ATPase 

(see Table 10.6 and f i g u r e 10.7). The d i f f e r e n c e s are g r e a t e r i n the 
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i n the cases of the apparent s e n s i t i v i t i e s to potassium and to 

ouabain. I n these c a s e s , the data suggest a complex c o n c e n t r a t i o n 

dependence of the r e l e v a n t k i n e t i c property, as evidenced by the 

b i p h a s i c response to ouabain, and the f a i l u r e to o b t a i n an ac c u r a t e 

f i t of the potassium a c t i v a t i o n to a sigmoid curve. Though the 

l a t t e r i s a t v a r i a n c e w i t h p r e v i o u s r e p o r t s (Robinson, 1969; Gache, 

R o s s i & Lazdunski, 1977; Tashima & Hasegawa, 1975), i t can be r e s o l v e d 

) by the o b s e r v a t i o n t h a t the experiments conducted here covered a wider 

c o n c e n t r a t i o n range than those g e n e r a l l y reported, and t h a t the spacing 

of the experimental p o i n t s was c l o s e r than that g e n e r a l l y r e p o r t e d . 

Thus, the experiments were more l i k e l y to d e t e c t any 'anomalies'. 

I n s p i t e of t h i s , the magnitude of the d i f f e r e n c e s observed between the 

Na +-K +-ATPase and the K +-PNPase w i t h r e s p e c t to potassium and ouabain 

s e n s i t i v i t i e s , a r e s i m i l a r to those p r e v i o u s l y reported (Yoshida, 

Izumi & Nagai, 1966; I s r a e l & T i t u s , 1967; Gache, R o s s i & Lazdunski, 

1977). The observed d i f f e r e n c e s between the K +PNPase and the Na +-K +-ATPase 

are s m a l l e r i n the case of the temperature k i n e t i c s measurements. 

Here, the data suggest t h a t the d i f f e r e n c e s can be s o l e l y a t t r i b u t a b l e 

to the d i f f e r e n c e s i n the k i n e t i c p r o p e r t i e s of the a c t i v e s t a t e , s i n c e 

a s i g n i f i c a n t d i f f e r e n c e was found between the apparent A r r h e n i u s 'u' 

v a l u e s ( P < 0 . 0 1 ) , w h i l e no such d i f f e r e n c e s were found between the 

parameters d e f i n i n g the t r a n s i t i o n to the i n a c t i v e s t a t e . T h i s r e s u l t , 

w h i l e being c o n s i s t e n t w i t h the other measurements, i s a t v a r i a n c e 

w i t h a previous r e p o r t of the temperature dependence of the K +-PNPase 

from lamb kidney microsomes ( B a r n e t t & P a r l a z z o t t o , 1974). T h i s 

e a r l i e r r e p o r t d e s c r i b e d the temperature k i n e t i c s of the K +-PNPase w i t h 

a l i n e a r Arrhenius p l o t of apparent Arrhenius 'u' 37-42 K.J.mol ^. 

I t i s d i f f i c u l t to r e s o l v e these c o n f l i c t i n g r e s u l t s ; they must r e f l e c t 

e i t h e r the d i f f e r e n t t i s s u e s source of the enzyme or the d i f f e r e n t 
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methodologies of the two l a b o r a t o r i e s . I t i s obvious, however, t h a t the 

l i n e a r Arrhenius p l o t reported by Bar n e t t & P a r l a z z o t t o , 1974, i s not 

c o n s i s t e n t w i t h the g e n e r a l l y accepted view t h a t the K +-phosphatase i s 

in v o l v e d i n the dephosphorylation and r e g e n e r a t i o n r e a c t i o n s of the 

Na +-K +-ATPase, r e a c t i o n s which a re i n c l u s i v e of the r a t e l i m i t i n g s t e p . 

The r e s u l t s presented here a l s o i n d i c a t e t h a t t h i m e r o s a l i s a 

potent m o d i f i e r of the K +-phosphatase a c t i v i t y of the Na +-K +-ATPase 

system. The e f f e c t of the reagent on the apparent s e n s i t i v i t y to 

potassium i o n , observed here, i s s i m i l a r i n form and magnitude to t h a t 

p r e v i o u s l y reported (Henderson & A s k a r i , 1977). I n the case of the 

ouabain i n h i b i t i o n s t u d i e s , the r e s u l t s show t h a t the t h i m e r o s a l treatment 

r e s u l t s i n a decrease i n the apparent s e n s i t i v i t y to ouabain. Furthermore, 

the form of the response to i n c r e a s i n g ouabain c o n c e n t r a t i o n s was 

changed to a monophasic one as opposed to the b i p h a s i c one observed 

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

unambiguously. The ouabain i n h i b i t i o n of the Na +-K +-ATPase (see 

Chapter 3) and the c o n t r o l K +-PNPase are sugge s t i v e of two ouabain 

binding s i t e s , w h i l e the response of the th i m e r o s a l t r e a t e d sample 

suggests the presence of one ouabain binding s i t e . Thus the d a t a 

may be i n t e r p r e t e d as the d i r e c t or i n d i r e c t blockading of one of the 

ouabain binding s i t e s on the enzyme. However, given t h a t the ouabain 

i n h i b i t i o n s t u d i e s (see Chapter 3) suggested t h a t the f u n c t i o n i n g of the 

Na +-K +-ATPase i s a s s o c i a t e d w i t h l a r g e c o - o p e r a t i v i t y e f f e c t s , i t 

cannot be r u l e d out t h a t the t h i m e r o s a l a c t s by a l t e r i n g the c o - o p e r a t i v i t y 

f a c t o r s ( e s p e c i a l l y <j>), r a t h e r than simply b l o c k i n g one of the p o s t u l a t e d 

ouabain binding s i t e s . 
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The modifying e f f e c t s of t h i m e r o s a l on the K +-PNPase are 

f u r t h e r u n d e r l i n e d by the o b s e r v a t i o n s of the e f f e c t s of the reagents 

on the temperature k i n e t i c s of the enzyme. The r e s u l t s show t h a t , 

i n a d d i t i o n to an i n c r e a s e i n the apparent a c t i v a t i o n energy of the 

a c t i v e s t a t e , the behaviour of the enzyme i s a l s o r a d i c a l l y a l t e r e d 

by the t h i m e r o s a l treatment. T h i s i s obvious because the t r e a t e d 

sample can be d e s c r i b e d by a l i n e a r Arrhenius p l o t as opposed to the 

n o n - l i n e a r Arrhenius p l o t which c h a r a c t e r i s e d the c o n t r o l samples. 

Given t h a t the non-ideal A r r h e n i u s behaviour normally observed i n the 

Na +-K +-ATPase system, has been t r a d i t i o n a l l y a t t r i b u t e d to l i p i d 

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

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

component. These r e s u l t s t h e r e f o r e suggest t h a t the p r o t e i n component 

of the Na +-K +-ATPase may be p l a y i n g a bigger r o l e i n d e s c r i b i n g the 

temperature k i n e t i c s of the enzyme than t h a t commonly envisaged. 

The r e s u l t s presented here a l s o i n d i c a t e t h a t the r e l a t i o n s h i p 

between the K +-phosphatase and the Na +-K +-ATPase i s not a simple one. 

T h i s i s evidenced by the potent e f f e c t s of ATP on the p r o p e r t i e s of the 

K +-PNPase of the c o n t r o l p r e p a r a t i o n s . E f f e c t s , s i m i l a r i n form and 

magnitude to those presented here, have been w i d e l y reported (see 

Garrahan & Rega, 1976), however most workers have concentrated on 

q u a n t i f y i n g such e f f e c t s r a t h e r than d e f i n i n g them m e c h a n i s t i c a l l y 

Although i n s u f f i c i e n t data have been c o l l e c t e d i n the study to attempt 

such a d e s c r i p t i o n , the f a c t t h a t the e f f e c t s of low (aruM) c o n c e n t r a t i o n s 

of ATP on the K +PNPase can be a b o l i s h e d by the blockading of a s u l p h y d r y l 

group by t h i m e r o s a l , suggests t h a t a s u l p h y d r y l group (or groups) may 

be i n v o l v e d i n ATP binding to the enzyme a t a s i t e remote from the 

c a t a l y t i c s i t e . T h i s has a l s o been suggested i n the previous r e p o r t s 

of t h i m e r o s a l e f f e c t s on t h i s enzyme system (Henderson & A s k a r i , 1976, 
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1977) i n which the ATP binding s i t e was considered to be of high 

a f f i n i t y and not d i r e c t l y i n v o l v e d i n the phosphorylation of the 

c a t a l y t i c s i t e . The involvement of s u l p h y d r y l groups a t such a l e v e l 

has a l s o been suggested i n r e c e n t r e p o r t s (Schoot, Schoots, DePont, 

Schuurmans-Stekhoven & Bonting, 1977; DePont & Bonting, 1977). 

The r e s u l t s presented here suggest t h a t t h i m e r o s a l can be used 

i n m e c h a n i s t i c stud l e s on the Na —K —ATPase s i n c e i t o b v i o u s l y i s 

a potent m o d i f i e r of the enzyme. However, the f u l l e f f e c t s of t h i s 

reagent on the Na -K -ATPase enzyme system a r e y e t to be q u a n t i f i e d 

and c h a r a c t e r i s e d . As a r e s u l t , there cannot be an unambiguous 

i n t e r p r e t a t i o n of data s i m i l a r to those presented here, u n t i l the 

e f f e c t s of t h i m e r o s a l on t h i s enzyme are f u l l y understood. 
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CHAPTER 11 

GENERAL DISCUSSION 

The work presented i n t h i s t h e s i s was g e n e r a l l y aimed a t an 

e v a l u a t i o n of the p a r t s played by the p r o t e i n and l i p i d components 

of the Na +-K +-ATPase i n the f i n e c o n t r o l of i t s c a t a l y t i c a c t i v i t y . 

The approach adopted here assumed t h a t f i n e c o n t r o l of t h i s enzyme 

system may be mediated v i a s u b t l e modulations i n i t s k i n e t i c 

p r o p e r t i e s . I n consequence the experiments were designed to t e s t 

the s e n s i t i v i t y of some of the k i n e t i c p r o p e r t i e s of the Na +-K +-ATPase 

to some p r o t e i n and l i p i d t a rgeted modulators, which were expected to 

e x e r t t h e i r e f f e c t s without gross i n a c t i v a t i o n of the enzyme. 

Given the u n c e r t a i n t y surrounding c o n s i d e r a b l e a s p e c t s of the 

f u n c t i o n i n g of t h i s enzyme and the complexity of i t s known k i n e t i c s 

(see review by Whittam & C h i p p e r f i e l d , 1975; Schwartz, Lindenmayer 

& A l l e n , 1975), such an approach f i r s t r e q u i r e d a r a t i o n a l i s a t i o n of some 

aspe c t s of the known k i n e t i c p r o p e r t i e s of t h i s enzyme, such t h a t the 

data obtained may be more c l e a r l y i n t e r p r e t e d . 

The data presented i n Chapter 3 on ouabain i n h i b i t i o n , i n 

Chapter 4 on temperature dependence and i n Chapter 5 on potassium 

a c t i v a t i o n , g e n e r a l l y agree w i t h work a l r e a d y presented i n the l i t e r a t u r e 

which have a l r e a d y been d i s c u s s e d . However, the framework w i t h i n 

which the data i s i n t e r p r e t e d here d i f f e r s from t h a t u s u a l l y adopted 

e s p e c i a l l y w i t h r e s p e c t to the s t u d i e s on the temperature dependence 

of i t s c a t a l y t i c a c t i v i t y . The data presented here and elsewhere 

agree i n t h a t a d e v i a t i o n from l i n e a r A r r h e n i u s temperature k i n e t i c s 

i s c l e a r l y i n d i c a t e d f o r the Na +-K +-ATPase. However, most workers 

i n t e r p r e t such data i n terms of two i n t e r s e c t i n g Arrhenius s t r a i g h t 
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l i n e s (see Charnock, Cook & Opit, 1971; Grisham & B a r n e t t , 1973; 

Ba r n e t t & P a r l a z z o t t o , 1974). T h i s i n t e r p r e t a t i o n was proposed, 

fo r a v a r i e t y of enzyme systems t h a t y i e l d e d non l i n e a r Arrhenius 

k i n e t i c s , by Kumamoto, Raison & Lyons (1971), who suggested t h a t 

a phase change may be r e s p o n s i b l e f o r t h i s type of non i d e a l A rrhenius 

temperature k i n e t i c s . Many other workers have suggested t h a t l i p i d 

phase changes may be r e s p o n s i b l e f o r such observed behaviour, and 

t h i s has been supported by some s p i n l a b e l l i n g s t u d i e s (Grisham & 

B a r n e t t , 1973). However the a n a l y s i s of the data presented i n 

Chapter 4 questions the v a l i d i t y of the phase change model and 

an a l t e r n a t i v e d e s c r i p t i o n based on a thermodynamic e q u i l i b r i u m 

between a c t i v e and i n a c t i v e s t a t e s of the system (see Kavanau, 1950) 

i s suggested. The argument developed i n Chapter 4 proposed a model 

whereby the enzyme system undergoes a t h e r m a l l y induced change of 

s t a t e , accompanied by l a r g e enthalpy and entropy changes. However, 

d e s p i t e the good f i t of the experimental data to the model, the 

absence of any p h y s i c a l p r o c e s s ( e s ) to which such l a r g e energy changes 

can be a s c r i b e d w i t h any c e r t a i n t y , r a i s e s doubts as to how u s e f u l 

t h i s model may be; but as d i s c u s s e d more f u l l y i n Chapter 4, the 

energy changes a s s o c i a t e d w i t h l i p i d - l i p i d and p r o t e i n - l i p i d i n t e r a c t i o n s 

may be l a r g e enough to s a t i s f y the p r e d i c t i o n s of the model. 

Furthermore, some c a l o r i m e t r i c measurements (see K u r i k i , Halsey, 

B i l t o n e n & Racker, 1976) have suggested t h a t the conformational changes 

involved i n the f u n c t i o n i n g of the Na +-K +-ATPase are accompanied by 

l a r g e enthalpy (-200 K.J.Mol" 1) and entropy (-580 J . K . - 1 M o l - 1 ) changes. 

These are of the same order of magnitude as those determined e x p e r i m e n t a l l y 

from the p r o c e s s i n g of the data according to the model proposed here 
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(see Chapter 4 ) . Thus, although no attempt has been made to 

assign the proposed energy changes to any ph y s i c a l process(es), 

there i s evidence t h a t the energy changes associated w i t h 

conformational change i n the Na+-K+-ATPase and the probable 

i n t e r a c t i o n s of the enzyme w i t h membrane l i p i d s , are great enough 

to suggest these processes as f e a s i b l e areas f o r f u r t h e r i n v e s t i g a t i o n s 

i n t o the thermal changes which obviously occur i n t h i s enzyme system. 

The data presented i n the ouabain i n h i b i t i o n studies agree 

w i t h t h a t g e n e r a l l y reported i n t h a t a complex r e l a t i o n s h i p between 

enzyme a c t i v i t y and ouabain concentration i s c l e a r l y shown. However, 

very few workers have attempted to d e f i n e t h i s concentration 

dependence k i n e t i c a l l y . The model adopted here suggests t h a t the 

behaviour of the enzyme i s consistent w i t h i t s being a co-operative 
+ + 

k i n e t i c dimer. I n t h i s respect, the d e s c r i p t i o n of the Na -K -ATPase 

proposed by the adopted model i s convergent w i t h c u r r e n t k i n e t i c 

and s t r u c t u r a l evidence (see Chapter 1) e s p e c i a l l y the 'rocker model 1 

+ + 

(Kyte, 1975) which suggest t h a t the f u n c t i o n a l Na -K -ATPase i s 

oligomeric and e x h i b i t i n g some form of h a l f - t h e - s i t e s r e a c t i v i t y . 

Furthermore t h i s co-operative k i n e t i c dimer i s of p a r t i c u l a r relevance 

to the declared aims of t h i s work, since i t suggests t h a t f i n e c o n t r o l 

of t h i s enzyme system could be e a s i l y accomplished by su b t l e a l t e r a t i o n s 

i n the i n t e r a c t i o n s between the k i n e t i c subunits. 

The d e s c r i p t i o n of the potassium a c t i v a t i o n of the enzyme presented 

i n Chapter 5, i s ge n e r a l l y i n l i n e w i t h most known k i n e t i c evidence 

p e r t i n e n t t o the a c t i v a t i o n of t h i s enzyme by potassium i o n . Here, 

the concentration dependence of the potassium a c t i v a t i o n of t h i s enzyme 

i s described i n terms of a sigmoid curve based on the known st o i c h i o m e t r i 



-305-

requirement of the Na -K -ATPase f o r potassium i o n . As mentioned 

i n Chapter 5, t h i s d e s c r i p t i o n i s compatible w i t h more d e t a i l e d 

k i n e t i c studies which have presented strong evidence supporting 

the existence of two potassium s i t e s on the enzyme. Given the 

r e l a t i v e s i m p l i c i t y of t h i s d e s c r i p t i o n and the quasi-mechanistic 

i n t e r p r e t a t i o n of the data i t o-ifers, i t i s s u r p r i s i n g t h a t s i m i l a r 

d e s c r i p t i o n s have not been re p o r t e d . However, the d e s c r i p t i o n as 

proposed here makes no attempt t o de f i n e the complex i o n a c t i v a t i o n 

k i n e t i c s of t h i s enzyme e s p e c i a l l y w i t h respect to i n t e r a c t i o n s 

between the various c a t i o n b i n d i n g s i t e s . Thus i n i t s present 

form, i t should be regarded as an approximation which enables a 

quasi mechanistic i n t e r p r e t a t i o n of the data, as opposed t o a 

simple numerical d e s c r i p t i o n of i t as i s c h a r a c t e r i s t i c of some 

e m p i r i c a l equations (e.g. the H i l l e q u a tion). 

The r e s t of the data presented was mainly concerned w i t h m o n i t o r i n g 

the e f f e c t of l i p i d - t a r g e t e d and p r o t e i n - t a r g e t e d modulators on the 

above three k i n e t i c p r o p e r t i e s . The l i p i d t argeted procedures used 

(detergent e x t r a c t i o n of the membranes, l i p i d p e r o x i d a t i o n , temperature 

induced i n - v i v o changes i n membrane l i p i d composition) were used since 

they were not expected t o have any major d e l e t e r i o u s e f f e c t s on the 

a c t i v i t y of the enzyme. The k i n e t i c studies p e r t i n e n t t o the 

e f f e c t s of these l i p i d targeted modulators provided l i t t l e ( i f any) 

evidence t h a t the three k i n e t i c p r o p e r t i e s monitored were s e n s i t i v e 

to the procedures. I n the instance where some s e n s i t i v i t y t o the 

modulators was detected ( i . e . a f t e r detergent e x t r a c t i o n of the membranes) 

there was some u n c e r t a i n t y as t o whether the e f f e c t was a t t r i b u t a b l e 

to l i p i d e f f e c t s on an i n d i r e c t d i s r u p t i o n of the enzyme p r o t e i n by 

the modulator. The r e s u l t s of the other k i n e t i c measurements 
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e s p e c i a l l y those on the Na -K -ATPases from the d i f f e r e n t l y acclimated 

f i s h and the e f f e c t of h i b e r n a t i o n on the k i n e t i c p r o p e r t i e s of 

the Na+-K+-ATPase from hamster b r a i n , were less ambiguous. 

I n those instances, there was very l i t t l e doubt t h a t the modulator 

was l i p i d t a r g e t e d and i n some cases s u b s t a n t i a l a l t e r a t i o n s i n the 

l i p i d composition of the membrane co n t a i n i n g the enzyme were 

demonstrated. However no s i g n i f i c a n t e f f e c t on the observed 

k i n e t i c p r o p e r t i e s was detected. These observations are ge n e r a l l y 

i n l i n e w i t h most s i m i l a r studies which suggest t h a t the Na+-K+-ATPase 

i s t o l e r a n t to s i g n i f i c a n t a l t e r a t i o n s i n the membrane l i p i d composition 

Csee DePont, Van Prooiten-Van Eeden & Bonting, 1973; 1978), and t h a t 

a modulation of i t s k i n e t i c p r o p e r t i e s by a l i p i d targeted agent i s 

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

w i t h a coincident loss of Na+-K+-ATPase a c t i v i t y Csee Taniguchi & 

I i d a , 1972b;Charnock, Cook, Almeida & To, 1973; Sun, 1971). Although 

the f a i l u r e to demonstrate any s i g n i f i c a n t modulation of the p r o p e r t i e s 

of the Na+-K+-ATPase by the l i p i d t a r g e t e d procedures used could 

argue against a r o l e f o r membrane l i p i d i n the f i n e c o n t r o l of the 
+ + . . . 

Na -K -ATPase, the xssue i s not t h a t simple owing to two important 

f a c t o r s p e r t i n e n t to the observations. F i r s t , there i s no 

conclusive evidence to suggest t h a t the three k i n e t i c p r o p e r t i e s 

monitored were capable of d e t e c t i n g any l i p i d induced changes i n 

the enzyme system. Since there are large areas of u n c e r t a i n t y and 

ignorance concerning the r e a c t i o n mechanism of the Na+-K+-ATPase, 

there i s no v a l i d reason to suppose t h a t the e f f e c t of l i p i d mediated mod

u l a t o r s must a f f e c t the three k i n e t i c p r o p e r t i e s monitored. Obviously, 

a c l e a r , unambiguous answer t o t h i s question must await a complete 

'debugging' of the r e a c t i o n mechanism of the enzyme system. Secondly, 
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there i s no evidence t h a t the experimentally induced membrane 

l i p i d changes were 'seen' by the Na+-K+-ATPase. The membrane 

l i p i d changes demonstrated (here and elsewhere) are bulk l i p i d 

changes and i t i s very l i k e l y t h a t the enzyme reacts only to changes 

i n those l i p i d s which form an annulus around i t and are presumably 

t i g h t l y bound t o i t . Such l i p i d s w i l l obviously form a very small 

f r a c t i o n of the t o t a l and i t would be extremely d i f f i c u l t t o determine 

whether they were responsive to a l t e r a t i o n by the experimental 

procedures used: The c l a r i f i c a t i o n of t h i s issue w i l l obviously 

r e q u i r e experimentation on b i o l o g i c a l l y a c t i v e Na+-K+-ATPase 

samples i n which the enzyme i s only associated w i t h those l i p i d s 

which are e s s e n t i a l f o r i t s a c t i v i t y . 

The r e s u l t s d e s c r i b i n g the e f f e c t of the p r o t e i n targeted 

modulators ( i . e . Concanavalin A b i n d i n g , heat treatment, thimerosal 

treatment) are gene r a l l y i n l i n e w i t h the e f f e c t s reported from 

several other p r o t e i n t a rgeted modulators (see review by Schwartz, 

Lindenmayer & A l l e n , 1975) , i n t h a t considerable s e n s i t i v i t y of the 

k i n e t i c p r o p e r t i e s were demonstrated e s p e c i a l l y when the procedure 

r e s u l t e d i n s i g n i f i c a n t loss of enzyme a c t i v i t y . There was evidence 

t h a t the three k i n e t i c p r o p e r t i e s monitored were responsive t o 

p e r t u r b a t i o n s i n the p r o t e i n component of the enzyme and the dose-

response s e n s i t i v i t y w i t h respect to ouabain appeared t o be the most 

s e n s i t i v e of those monitored. The demonstration of a modulation 

of some of the k i n e t i c p r o p e r t i e s of the enzyme by a g l y c o p r o t e i n 

targeted agent (Concanavalin A) i s of p a r t i c u l a r i n t e r e s t i n t h a t a 

probable r e g u l a t o r y r o l e i s suggested f o r the s i a l o g l y c o p r o t e i n 

found i n a l l ' p u r i f i e d ' samples of t h i s enzyme t h a t have been prepared. 
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Given t h a t the s i a l o g l y c o p r o t e i n i s d i s t i n c t from the polypeptide 

species involved i n the phosphorylation re a c t i o n s (see Kyte, 1971a) 

those r e s u l t s also suggest t h a t a possible mechanism f o r f i n e c o n t r o l 

of t h i s enzyme could i n v o l v e a l l o s t e r i c i n t e r a c t i o n s between 

'r e g u l a t o r y ' and ' c a t a l y t i c ' p r o t e i n s of t h i s enzyme system. 

The k i n e t i c measurements on the heat t r e a t e d samples were 

subject t o a more ambiguous i n t e r p r e t a t i o n owing to the s u b s t a n t i a l 

loss i n enzymic a c t i v i t y c o i n c i d e n t w i t h h e a t i n g . However, the 

demonstration of a change i n the k i n e t i c p r o p e r t i e s of the enzyme 

as a r e s u l t of a p a r t i a l thermal d e n a t u r a t i o n , and the biphasic 

p a t t e r n of thermal i n a c t i v a t i o n were shown to be consistent w i t h the 

f u n c t i o n a l enzyme being a co-operative k i n e t i c dimer. Since the 

heat treatment procedure was only l i k e l y t o a f f e c t the i n t e r a c t i o n s 

between the various p r o t e i n components of the enzyme system, those 
+ + 

r e s u l t s suggest t h a t the k i n e t i c p r o p e r t i e s of the Na -K -ATPase 

i s extremely s e n s i t i v e t o such i n t e r a c t i o n s . Thus on the basis 

of these r e s u l t s i n t e r - s u b u n i t c o - o p e r a t i v i t y would appear to be a 

probable mechanism f o r the f i n e c o n t r o l of t h i s enzyme system. 

However, the v a l i d i t y of such a conclusion i s l a r g e l y dependent on 

the assumed d e s c r i p t i o n of the Na+-K+-ATPase as a co-operative k i n e t i c 

dimer. The evidence presented i n support of such a d e s c r i p t i o n i s 

l a r g e l y based on the ouabain i n h i b i t i o n studies and combined thermal 

i n a c t i v a t i o n , ouabain i n h i b i t i o n studies (see Chapter 3) and as shown 

i n Chapter 3, the c u r r e n t l y a v a i l a b l e data i s not enough to exclude 

other p o s s i b i l i t i e s . The r e s o l u t i o n of t h i s issue w i l l obviously 

r e q u i r e more d e t a i l e d i n v e s t i g a t i o n s i n t o the processes involved 

i n the thermal i n a c t i v a t i o n of t h i s enzyme, as w e l l as the c o n s i d e r a t i o n 
+ + 

of the possible existence of isozymic forms of the Na -K -ATPase. 
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The i n v e s t i g a t i o n s i n t o the e f f e c t s of thimerosal on the enzyme 

suggested t h a t the d e l e t e r i o u s e f f e c t of the reagent on the enzyme 

may introduce some problems i n t o the i n t e p r e t a t i o n of any such data. 

However, the f a c t t h a t the reagent could block the Na+~K+-ATPase 

a c t i v i t y while l e a v i n g a s u b s t a n t i a l p a r t of the K +-phosphatase 

a c t i v i t y of the sodium pump i n t a c t suggested t h a t t h i s reagent may 

be a powerful t o o l i n the 'debugging' of the r e a c t i o n mechanism 

of the sodium pump. The c h a r a c t e r i s a t i o n of the e f f e c t s of the 

reagent on the k i n e t i c p r o p e r t i e s of the K +-phosphatase a c t i v i t y of 

the Na+-K+-ATPase c l e a r l y i n d i c a t e d t h a t the k i n e t i c p r o p e r t i e s of 

the Na+-K+-ATPase i s extremely s e n s i t i v e t o the e f f e c t of p r o t e i n 

targeted modulators, since three k i n e t i c p r o p e r t i e s monitored were 

s i g n i f i c a n t l y a l t e r e d . The change i n the temperature k i n e t i c s of 

the system a f t e r thimerosal treatment was p a r t i c u l a r l y i n t e r e s t i n g 

since i t also suggests t h a t the non-ideal Arrhenius behaviour of 

the Na+-K+-ATPase may not be a property of the membrane l i p i d s , and 

th a t the major causative f a c t o r s may be an i n t e g r a l p a r t of the 

p r o t e i n moiety of t h i s enzyme system. However, i n the absence of a 
+ + 

complete c h a r a c t e r x s a t i o n of the e f f e c t s of thimerosal on the Na -K -

ATPase such a conclusion can only be t e n t a t i v e . The data described 

i n Chapter 10 i s of added i n t e r e s t because the evidence supports the 

existence of a hi g h a f f i n i t y ATP binding s i t e on the enzyme. The 

evidence presented here and by Henderson & A s k a r i , 1976, 1977, suggests 

t h a t the high a f f i n i t y ATP binding s i t e i s d i s t i n c t from the s i t e of 

phosphorylation and t h a t a s u l p h y d r y l group i s d i r e c t l y involved i n 

the binding of ATP t o the h i g h a f f i n i t y s i t e . Since the removal 

of Na+-K+-ATPase a c t i v i t y , and the absence of any modulation 
+ —6 of the k i n e t i c p r o p e r t i e s of the K -phosphatase by low C~10 M) l e v e l s 
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of ATP are both coincident w i t h an apparent blockading of the 

sulp h y d r y l group(s) at the high a f f i n i t y s i t e by thimerosal, 

i t seems l i k e l y t h a t the bi n d i n g of ATP to t h i s s i t e may be p l a y i n g 

an important r e g u l a t o r y r o l e i n the normal f u n c t i o n i n g of the Na 

pump. Thus these observations suggest another mechanism f o r the 

f i n e c o n t r o l of t h i s enzyme system ( i . e . modulation i n the p r o p e r t i e s 

of the high a f f i n i t y ATP binding s i t e ) . 

The study of the thermal i n a c t i v a t i o n of the Na+-K+-ATPase, 

provided some evidence p e r t i n e n t to the f a c t o r s involved i n the 

maintenance of the b i o l o g i c a l a c t i v i t y of t h i s enzyme. Since the 

enzyme was i n a c t i v a t e d at lower temperatures than t h a t r e q u i r e d f o r 

the i n a c t i v a t i o n of many soluble p r o t e i n s (see J o l y , 1965; B u l l & 

Breese, 1973(a), 1973(b)), the conclusion t h a t the l i m i t i n g forces 

which r e s t r i c t the Na+-K+-ATPase to i t s b i o l o g i c a l l y a c t i v e 

conformational states are d i f f e r e n t from those operating i n soluble 

p r o t e i n s seems j u s t i f i e d . Thus, given the known l i p i d requirement 

of t h i s enzyme, and the d e l e t e r i o u s e f f e c t s of membrane ' f l u i d i s e r s ' 

l i k e octanol on i t s s t a b i l i t y (see Chapter 7; Grisham & Barnett, 

1973(b)), i t would seem l i k e l y t h a t such l i m i t i n g forces may be 

the hydrophobic i n t e r a c t i o n s between the p r o t e i n and membrane l i p i d s . 

The demonstration of a r e l a t i o n s h i p between the thermal s t a b i l i t y 

of the enzyme and the temperature t o which i t s source species has 

been n a t u r a l l y adapted (see Chapter 7) i s compatible with, such a 

suggestion and can be c o r r e l a t e d w i t h e a r l i e r observations of a 

s i g n i f i c a n t bias towards a greater f l u i d i t y of the membrane l i p i d s 

e x t r a c t e d from animals t h a t are normally adapted t o low temperature 

h a b i t a t s (see Cossins, 1977; Cossins & Prosser, 1978). However, 

i t i s u n l i k e l y t h a t t h e s i t u a t i o n can be tha t simple f o r i n s p i t e of 

the clear demonstration of a r e l a t i o n s h i p between the thermal s t a b i l i t y 
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of the Na -K -ATPase and the temperature to which, i t s source 

species i s n a t u r a l l y adapted, the s t a b i l i t y of the enzyme was apparently 

unaffected by the changes coincident w i t h the a c c l i m a t i o n of a species 

to markedly d i f f e r e n t temperatures. Given t h a t there i s ample 

evidence t h a t membrane l i p i d changes do occur as a r e s u l t of 

h i b e r n a t i o n (see P l a t n e r , Patnayak & Musacchia, 1972; Goldman, 

1975; Blaker & M o s c a t e l l i , 1978), and a c c l i m a t i o n of ectothermic 

species to d i f f e r e n t temperatures (see Johnson & Roots, 1964; Kemp 

& Smith, 1970), the u n c e r t a i n t y as to whether such membrane l i p i d 

changes are 'seen' by the Na -K -ATPase i s also p e r t i n e n t here. 

I n a d d i t i o n , the p r o b a b i l i t y of there being s i g n i f i c a n t species 

v a r i a t i o n i n the Na+-K+-ATPase p r o t e i n must be considered. Although 

the c u r r e n t l y a v a i l a b l e data (Hokin, 1974; Hopkins, Wagner & Smith, 

1976) suggests t h a t there has been l i t t l e change i n the Na+-K+-ATPase 

p r o t e i n ( s ) during the e v o l u t i o n of the various groups, the evidence 

i s c e r t a i n l y not conclusive since, t o date, only the t o t a l amino 

acid analyses have been rep o r t e d . Thus i t i s possible t h a t the 

r e s u l t s of the comparative thermal i n a c t i v a t i o n study may simply 

r e f l e c t the f a c t t h a t the p r o t e i n components of the Na+-K+-ATPases 

from the various groups have been adapted during e v o l u t i o n t o f u n c t i o n 

at d i f f e r e n t p h y s i o l o g i c a l temperature ranges. I f such i s the case, 

then i t may also account f o r the f a i l u r e t o demonstrate k i n e t i c 

changes i n the Na+-K+-ATPase as a r e s u l t of temperature a c c l i m a t i o n , 

even though k i n e t i c d i f f e r e n c e s between the Na+-K+-ATPases of ectotherms 

(e.g. t r o u t ) and homeotherms (e.g. r a t ) have been c l e a r l y demonstrated 

(see Table 8.4 and Table 6.3). Another i n t e r e s t i n g p o s s i b i l i t y 

i s t h a t the changes i n the l i p i d annulus, t h a t i s presumably an i n t e g r a l 

p a r t of the enzyme system, takes place on the e v o l u t i o n a r y time scale. 
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This would c e r t a i n l y account f o r the f a i l u r e to detect changes 

i n the k i n e t i c p r o p e r t i e s and thermal s t a b i l i t y of the enzyme, as 

a r e s u l t of temperature a c c l i m a t i o n , and at the same time suggest 

a major r o l e f o r l i p i d s i n the s t r u c t u r e and r e g u l a t i o n of the 
+ + . . . Na -K -ATPase. C l e a r l y , the r e s o l u t i o n of the issues r a i s e d here 

w i l l r e q u i r e more d e t a i l e d studies on the s t r u c t u r e of t h i s enzyme. 

The work presented here has raise d several p o i n t s p e r t i n e n t 

to aspects of the k i n e t i c s , mechanism and l i p i d dependence of the 
+ + 

Na -K -ATPase, and given the large areas of u n c e r t a i n t y concerning 

the mechanism by which t h i s enzyme works, i t i s d i f f i c u l t to a r r i v e 

at a f i r m conclusion. T e n t a t i v e l y , however, i t would seem t h a t 

membrane l i p i d s play l i t t l e ( i f any) r o l e i n the f i n e c o n t r o l of the 

Na+-K+-ATPase, and t h a t t h e i r most probable f u n c t i o n i s i n the 

d e f i n i n g of a p o t e n t i a l energy w e l l w i t h i n which, the enzyme i s 

r e s t r i c t e d t o i t s b i o l o g i c a l l y a c t i v e conformational s t a t e s . I t also 

seems probable t h a t those l i p i d s may define some aspects of the 

pr o p e r t i e s of t h a t p o t e n t i a l energy w e l l , w i t h respect to the height 

and e l a s t i c i t y of i t s w a l l s . The data i s biased i n favour of the 

p r o t e i n component of the enzyme being the t a r g e t of any ' f i n e -

control-aimed-modulation', and the co-operative k i n e t i c dimer 

suggested by the ouabain i n h i b i t i o n / t h e r m a l i n a c t i v a t i o n studies i s 

susceptible to such modulation. The data also suggests t h a t f i n e 

c o n t r o l of the Na+-K+-ATPase can be mediated by co-operative i n t e r a c t i o n s 

between the c a t a l y t i c subunits and or the g l y c o p r o t e i n component, and 

t h a t there can also be a l l o s t e r i c modulation of t h i s enzyme by ligands 

b i n d i n g to s i t e s d i s t a n t from the primary c a t a l y t i c centre. 
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APPENDIX 1 

V a r i a t i o n s i n the s e n s i t i v i t y of p r o t e i n s to p r o t e i n assay procedures 

INTRODUCTION 

The e s t i m a t i o n of p r o t e i n i s a r o u t i n e s t a n d a r d i s i n g measurement 

made along the assay of p r o t e i n based b i o l o g i c a l a c t i v i t i e s . Such 

measurements are r a r e l y made on pure p r o t e i n samples of known 

molecular weight and consequently, the s t a n d a r d i s a t i o n of any given 

a c t i v i t y measurement i s hea v i l y dependent on the accuracy of the 

p r o t e i n e s t i m a t i o n . Most p r o t e i n samples analysed are mixtures 

of diverse p r o t e i n species which vary w i t h respect to t h e i r molecular 

weight, amino acid composition, types of p r o s t e t i c groups ( i f p r e s e n t ) , 

and s t r u c t u r a l o r g a n i s a t i o n . This precludes any meaningful molar 

e s t i m a t i o n of p r o t e i n , and thus a l l p r o t e i n assay procedures are 

geared to give an estimate of the t o t a l mass of p r o t e i n i n the 

assay sample. Such procedures u s u a l l y i n v o l v e the t i t r a t i o n of the 

sample f o r a property fundamental to a l l p r o t e i n s , followed by 

q u a n t i f i c a t i o n by c a l i b r a t i n g the t i t r a t e d property against a ki*own 

mass of p u r i f i e d p r o t e i n . 

The assay procedures commonly used are based on: 

(a) Estimation of t o t a l n i t r o g e n 

(b) Estimation of amino acids 

(c) Estimation of peptide linkages 

(d) Estimation of basic groups 

(e) Estimation of aromatic groups 

I n a d d i t i o n to these, t u r b i d i m e t r i c and f l u o r i m e t r i c methods have also 
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been developed. However, such procedures depend on the p h y s i c a l 

s t a t e of the assay sample, and since there i s no p r e d i c t a b l e stojchiometry 

associated w i t h such assays, they w i l l not be considered here. The 

p r o p e r t i e s commonly t i t r a t e d i n p r o t e i n assays are mostly c a r r i e d 

i n the amino acid residues of the p r o t e i n species i n the sample. 

Given t h a t p r o t e i n species vary g r e a t l y i n t h e i r r e l e v a n t p r o p e r t i e s , 

a l l p r o t e i n estimations must be s t a t i s t i c a l , and c a r r y an e r r o r 

r e s u l t i n g from v a r i a t i o n s i n the s e n s i t i v i t y of p r o t e i n s t o the assay 

procedures used. Thus the l i m i t i n g e r r o r s i n p r o t e i n estimations 

are l a r g e l y dependent on the nature of the assay procedure, and the 

choice of a s u i t a b l e c a l i b r a t i n g standard. Such e r r o r s w i l l be small 

i f the v a r i a t i o n i n the s e n s i t i v i t y of p r o t e i n s t o the assay procedure 

i s small, i n which case almost any p u r i f i e d p r o t e i n would serve as an 

acceptable c a l i b r a t i n g standard. However, i f the v a r i a t i o n i s l a r g e , 

the choice of a c a l i b r a t i n g standard w i l l be d i f f i c u l t , e s p e c i a l l y 

i n cases where the assay sample contains only a few p r o t e i n species 

(e.g. the t e r m i n a l stages of p u r i f i c a t i o n of a p r o t e i n species). 

The design of an experimental procedure t o circumvent these problems 

and to minimise such e r r o r s depends on knowing the extent of the 

v a r i a t i o n i n the s e n s i t i v i t y of p r o t e i n s t o the assay procedure used. 

This can be c a l c u l a t e d from the amino-acid composition and molecular 

weight of the various p r o t e i n s , however, t h i s data, has only been 

r e c e n t l y a v a i l a b l e . Such data has been r e c e n t l y compiled (Krischenbaum, 

1971, 1972, 1973), and t h i s source i s the i n p u t m a t e r i a l f o r t h i s 

study i n which an e v a l u a t i o n of the s e n s i t i v i t y of p r o t e i n s to the 

commonly used assay procedures, has been attempted. 

METHODS 

Source of data; 

Krischenbaum (1971, 1972, 1973). 
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Cdic». J nr. ion of pcnni l i v i l v of a p r o t e i n s o o c i e s to an aEsay procedure. 

The s e n s i t i v i t y of a prote.in to a p r o t e i n asnay procedure was 

c a l c u l a t e d i n terms of m 0moles of t i t r a t e d group per gram of p r o t e i n . 

T h i s i s given by equation 

n . A. ~ 
" 1 x 10 3 

h.w 

A. number of vesiHi.iep of the w'no p^id (or propter j.c. group) 

c o n t a i n i n g the t i t r a t e d property 

„, r.'jr.ber of groups of the t i t r a t e d property per amno a c i d 

(or p r o s t e r i c group) 

M..W. o molecula r veighc. of the p r o t e i n 

s . * s e n s i t i v i t y of the p r o t e i n On.moles per gram) 

I t was assumed t h a t the r e a c t i v e groups a l l c o n t r i b u t e t ^ ' M l l y fcc the 

assay procedure and that the reported molecular weights i n c l u d e d the 

a s s o c i a t e d pro&fce t i c groups v?here. p r e s e n t . The r e a c t i v e groups 

t i t r a t e d by the g i v e n a s s a y procedures were taker to be: 

( a ) T o t a l n i t r o g e n aspay ( K j e l d a h l procedurec«.. ( Ba lien tine ,1957 ) 

A l l fiviino a c i d s and n i t r o g e n c o n t a i n i n g p r o s t a t i c groups, 

(fc) Tor.al amino a c i d assay (Ninhydrin procedure (McGrath, 1 9 7 2 ) ) : 

A l l anino a c i d s (except p r o l i n e ) and. pronto t i c group.0, 

c o n t a i n i n g f r e e or l a t e n t amino groups (the l a t e n t amino 

group:; being those t h a t may be l i b e r a t e d by h y d r o l y s i s ) , 

(r.) Toral. peptide bonds (Copper binding procedures . „ „ i . e . 

?.j.ei ct pi o--< outc ( C o r n a l l , P-rcla ' i l l & David, 15.(49) and 

Gb? oraiviue '> r. -.'r. d u,. e (>"'Jdb=rgs 1 9 7 3 ) ) : 

A l l iJ .-r. :.c'\,\. „. , j'i'e stoichLoufiti y of I b i s procedure bus been 

i'i. c\ J.-: i v ••.!;;• bi :i f':i i r i c h land, l-'r t-.-riau & G'n:uJc, 1961). 
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(d) T o t a l b a s i c groups (Procedures based on dye b i n d i n g . . . 

( K i a h a r a & Kuno, 1968; Nakao, Nakao & Nagai, 1 9 7 3 ) ) . 

L y s i n e , A r g i n i n e , H i s t i d i n e , Glutamine, Asparagine and 

p r o s t e r i c groups c o n t a i n i n g b a s i c n i t r o g e n .... the sto ichiometry 

of t h i s procedure has been p r e v i o u s l y e s t a b l i s h e d (Racusen, 

1973). 

(e) T o t a l aromatic groups (Procedures based on the F o l i n -

C i o c a l t e a u phenol reagent (Lowry, Rosebrough, F a r r & Randal, 

1951), and the measurement of u l t r a v i o l e t e x t i n c t i o n . (Groves, 

Davis & S e l l s , 1 9 6 8 ) ) : 

T y r o s i n e and Tryptophan and p r o s t e r i c groups c o n t a i n i n g these 

and or phenol groups (Note: T y r o s i n e and Tryptophan are 

not the only aromatic group c o n t a i n i n g amino a c i d s i n p r o t e i n s . 

However, previous s t u d i e s (Lowry e t a l , 1951; Groves e t a l , 1968) 

have shown these to be the only ones t h a t c o n t r i b u t e s i g n i f i c a n t l y 

when present i n proportions normally found i n p r o t e i n s ) . 

RESULTS 

The c a l c u l a t i o n s of the t h e o r e t i c a l s e n s i t i v i t y to the v a r i o u s 

p r o t e i n a s s a y procedures were done f o r a sample of 350 p r o t e i n s f o r which 

amino a c i d compositions have been reported (Krishenbaum, 1971, 1972, 1973). 

F i g u r e A I . l d i s p l a y s the r e s u l t s of the t o t a l n i t r o g e n assay c a l c u l a t i o n s 

as a frequency histogram. T h i s shows t h a t the d i s t r i b u t i o n i s not 

binomial s i n c e there was a ' t a i l ' a t the low s e n s i t i v i t y end. However, 

86 per cent of the population were covered i n the s e n s i t i v i t y range mean 

val u e (10.95 mMg ^ - see Table A l , 1 ) - 15 per cent of the mean. The 

apparent standard d e v i a t i o n (1.096 mMg ^) was r e l a t i v e l y l a r g e . 
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TABLE A I . l 

S t a t i s t i c a l A n a l y s i s of the S e n s i t i v i t y of 

p r o t e i n s to P r o t e i n Assay Procedures. 

No. of p r o t e i n s i n sample - 35.0 

Assay Procedure 

Assay of t o t a l n i t r o g e n 

Assay of t o t a l amino a c i d s 
( n i n h y d r i n a s s a y ) 

Assay of t o t a l p e ptide bonds 

Assay of aromatic groups 

', Assay of b a s i c groups 

Mean S e n s i t i v i t y 
of sample, 
m.Molee 

1.0.949 

9.744 

8.676 

0.419 

1.398 

Std d e v i a t i o n 
m.Moles g""̂ -

1.09b 

0.935 

0.057 

0.193 

0.490 
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T h i s undoubtedly r e f l e c t e d the presence of a ' t a i l ' a t the low 

s e n s i t i v i t y end. A c l o s e r i n s p e c t i o n of the p r o t e i n s p e c i e s forming 

the ' t a i l ' , r e v e a l e d t h a t they were a n t i g e n i c g l y c o p r o t e i n s w i t h 

l a r g e complex p r o s t e t i c groups which contained r e l a t i v e l y l i t t l e 

n i t r o g e n . 

The c a l c u l a t i o n s of the s e n s i t i v i t y of the same sample of 

p r o t e i n s to the amino a c i d s and the t o t a l peptide bond a s s a y procedures 

r e v e a l e d a p a t t e r n s i m i l a r to the t o t a l n i t r o g e n a s s a y . I n both c a s e s , 

the d i s t r i b u t i o n (see f i g u r e s AI<,2, AI„3) was not q u i t e b i n o m i a l 

w i t h a ' t a i l ' towards the low s e n s i t i v i t y end, and i n a d d i t i o n 88-90 

per c e n t of the sample was i n the range mean v a l u e (9.744mMg ^ for

amina a c i d s and 8.676mMg ^ f o r p e p t i d e s (see Table A I . l - 15 per c e n t 

of the mean. The apparent standard d e v i a t i o n s c a l c u l a t e d (0.985raMg * 

fo r amino a c i d s and 0.887mMg ^ f o r p e p t i d e s ) were l a r g e r than would 

be expected f o r a d i s t r i b u t i o n i n which 88-90% of the p o p u l a t i o n was 

i n the range mean v a l u e - 15 p e r c e n t . T h i s undoubtedly r e f l e c t e d 

the presence of the ' t a i l ' a t the low s e n s i t i v i t y end which was 

a t t r i b u t a b l e to the same p r o t e i n s t h a t produced the ' t a i l ' i n the 

d i s t r i b u t i o n f o r the t o t a l n i t r o g e n a s s a y . 

The r e s u l t s of the c a l c u l a t i o n s f o r the b a s i c groups and 

aromatic group as s a y procedures, showed a broader d i s t r i b u t i o n of 

s e n s i t i v i t y than t h a t c a l c u l a t e d f o r the other procedures. 

I n the case of the aromatic group a s s a y procedure, the frequency histogram 

(see f i g u r e AI„4) d i s p l a y e d a broad d i s t r i b u t i o n w i t h a t a i l towards 

the high s e n s i t i v i t y end. The range mean v a l u e (0»419raHg " - see 

Table A I . 1 ) ~ 15 percent of the mean covered only 48 percent of the 

tota l , preparation.. T h i s along w i t h the 'skew' i n the d i s t r i b u t i o n , 

was r e f l e c t e d i n the r e l a t i v e l y l a r g e apparent standard d e v i a t i o n (0.193tnMg 
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I n the case of the b a s i c group as s a y procedure, the frequency 

histogram (see f i g u r e AT. 5 ) suggested that the data might be b e t t e r 

i n t e r p r e t e d as two populat i o n s , one centred near 1.2 - 0.6mMg * and 

a much s m a l l e r population centred near 2.2 - 0.3mMg The probable 

e x i s t e n c e of two populations of p r o t e i n s as regards t h e i r b a s i c i t y 

has been suggested e a r l i e r (Mahler & Cordes, 1966), by the o b s e r v a t i o n 

t h a t the i s o e l e c t r i c p o i n t s reported f o r protamines and h i s t o n e s 

were s i g n i f i c a n t l y higher than those reported f o r most other p r o t e i n s . 

The d i s t r i b u t i o n a l s o showed s i g n i f i c a n t ' t a i l s ' a t the extremes of 

the s e n s i t i v i t y spectrum. The broadness of the o v e r a l l d i s t r i b u t i o n 

was r e f l e c t e d i n the ob s e r v a t i o n t h a t only 42 percent of the o v e r a l l 

p o p ulation was covered by the s e n s i t i v i t y range mean v a l u e (1.398mMg ^) 

- 15 percent of the mean, and by the r e l a t i v e l y l a r g e apparent standard 

d e v i a t i o n (0.49mMg ^ - see Table A l . l . I n both c a s e s ( b a s i c group 

assay and aromatic group a s s a y ) , the a n t i g e n i c g l y c o p r o t e i n s which 

produced the 'low s e n s i t i v i t y t a i l ' i n the d i s t r i b u t i o n d e s c r i b e d f o r 

the other t h r e e a s s a y procedures, were not as d i s t i n c t from the r e s t 

of the pop u l a t i o n as was the case w i t h the thr e e procedures p r e v i o u s l y 

mentioned. 

DISCUSSION 

The r e s u l t s of the above c a l c u l a t i o n s suggested t h a t the p r o t e i n 

a s s a y procedures based on the t i t r a t i o n of t o t a l n i t r o g e n , t o t a l 

amino a c i d s , and peptide bonds, were e q u i v a l e n t as regards the e r r o r 

expected from the v a r i a t i o n s i n the s e n s i t i v i t y of the p r o t e i n s to the 

assay techniques. T h i s was a t t r i b u t a b l e to the f a c t t h a t the p r o p e r t i e s 

assayed a r e g e n e r a l l y the sums of c o n t r i b u t i o n s from a l l the amino a c i d 
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s p e c i e s normally found i n p r o t e i n s . The v a r i a t i o n s were thus mainly 
a t t r i b u t a b l e to the v a r i a t i o n s i n molecular weight and the composition 
of the a s s o c i a t e d p r o s t e t i c groups. S i n c e the d i s t r i b u t i o n s were 
g e n e r a l l y narrow (the unusual a n t i g e n i c p r o t e i n s being i g n o r e d ) , the 
r e s u l t s a l s o suggested that the l i m i t i n g e r r o r expected f o r these 
techniques should be small (<5 p e r c e n t ) and t h a t the choice of a 
s u i t a b l e c a l i b r a t i n g standard should not be d i f f i c u l t f o r these 
procedures. 

I n c o n t r a s t to the above, the r e s u l t s suggest that the choice 

of a c a l i b r a t i n g standard f o r the other two procedures ( b a s i c group 

ass a y and aromatic group a s s a y ) , should be v e r y d i f f i c u l t , e s p e c i a l l y 

i f the experimental s i t u a t i o n i n v o l v e s b i g changes i n the p r o t e i n 

composition of the assay sample (e.g. i n the p u r i f i c a t i o n of a p r o t e i n 

from a crude s o u r c e ) . T h i s problem should t h e r e f o r e be g r e a t e s t i n the 

case of the b a s i c group assay where the data suggested t h a t p r o t e i n s 

may be broadly segregated i n t o two populations as regards t h e i r 

b a s i c i t y . Consequently the l i m i t i n g e r r o r expected f o r a p r o t e i n 

e s t i m a t i o n by techniques based on these procedures should be c o n s i d e r a b l y 

g r e a t e r than t h a t expected of the other t h r e e d i s c u s s e d . T h i s can 

be d i r e c t l y a t t r i b u t a b l e to the broadness i n the o v e r a l l d i s t r i b u t i o n 

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

the sums of c o n t r i b u t i o n s from only a few of the amino a c i d s p e c i e s 

normally found i n p r o t e i n s . 

The above c o n s i d e r a t i o n s are not the only f a c t o r s which a f f e c t 

the d e c i s i o n to implement a given p r o t e i n a s s a y procedure i n t o a g i v e n 

experimental s i t u a t i o n . Other important c o n s i d e r a t i o n s i n c l u d e : 

(a) Speed of the assay procedure. 

(b) Quantity of m a t e r i a l r e q u i r e d f o r assay. 

(c) S e n s i t i v i t y of the procedure to i n t e r f e r e n c e by extraneous m a t e r i a l . 
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Of these, the speed of the a s s a y procedure i s u s u a l l y the l e a s t 

c r i t i c a l . However i n cases where speed i s important (e.g. i n 

monitoring the e f f l u e n t from a chromatography column), great accuracy 

i s not u s u a l l y r e q u i r e d and f o r t h i s the measurement of u l t r a v i o l e t 

e x t i n c t i o n (Groves et a l . 1968) i s i d e a l l y s u i t e d . I n g e n e r a l , the 

q u a n t i t y of m a t e r i a l needed f o r an a s s a y i s not very important, 

except i n cases where the p o t e n t i a l assay m a t e r i a l i s the product 

of long and expensive experimentation. Most of the a s s a y techniques 

developed from the above procedures r e q u i r e between 10-100 micrograms of 

p r o t e i n per a s s a y , except the B i u r e t assay which on account of the 

s m a l l molar e x t i n c t i o n c o e f f i c i e n t of the chromaphore formed 

( S t r i c k l a n d evt a l , 1961) u s u a l l y r e q u i r e s m i l l i g r a m q u a n t i t i e s of p r o t e i n 

per a s s a y . Thus, i n g e n e r a l , the B i u r e t type a s s a y i s avoided i n 

cases where the assay sample i s expensive. The s e n s i t i v i t y of the 

a s s a y procedure to i n t e r f e r e n c e by extraneous m a t e r i a l i s perhaps the 

most important f a c t o r a f f e c t i n g the choice of an a s s a y procedure. 

I n most cases the p o t e n t i a l a s s a y sample c o n t a i n s extraneous m a t e r i a l 

d e l i b e r a t e l y introduced by the worker so as to r e t a i n the b i o l o g i c a l 

a c t i v i t y of the sample. While, i n p r i n c i p l e , the assay i n the 

presence of such m a t e r i a l can be avoided by p r e c i p i t a t i o n , washing 

and r e s o l u b i l i s a t i o n , t h i s i n v o l v e s some l o s s of sample and i s only 

f e a s i b l e f o r use w i t h l a r g e samples. Thus i t i s o f t e n n e c e s s a r y to 

assay f o r p r o t e i n i n the presence of extraneous m a t e r i a l . Since the 

p r o p e r t i e s normally t i t r a t e d i n p r o t e i n a s s a y s are not unique to 

p r o t e i n s , i t f o l l o w s that a s u c c e s s f u l assay can only be c a r r i e d out i f 

the p r o t e i n i n the sample i s the only s i g n i f i c a n t c o n t r i b u t i o n to the 

property being measured. T h i s does not u s u a l l y pose a problem s i n c e 
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the h i s t o r y of the sample i s g e n e r a l l y under the c o n t r o l of the 

worker or known. The problem u s u a l l y a r i s e s where the extraneous 

m a t e r i a l w h i l e i t s e l f not c o n t r i b u t i n g to the measured property, 

i n t e r f e r e s w i t h the o v e r a l l measurement by s i d e r e a c t i o n s w i t h the 

p r o t e i n or assay r e a c t a n t s . The assay procedures using the F o l i n -

C i o c a l t e a u phenol reagent are e s p e c i a l l y s e n s i t i v e to i n t e r f e r e n c e 

from t h i s source. I n a compilation of the reported i n t e r f e r e n c e 

by extraneous m a t e r i a l (Unemoto, Sakakibara & Hayashi, 1975), almost 

a l l of the m a t e r i a l s commonly used f o r the maintenance of the b i o l o g i c a l 

a c t i v i t y of p r o t e i n s have been reported to i n t e r f e r e w i t h t h i s p a r t i c u l a r 

assay. The cause Q f these problems has been shown not to be a 

d e v i a t i o n from the Beer-Lambert law ( S t a u f f e r , 1975), and i s b e l i e v e d 

to be r e l a t e d to the i n s t a b i l i t y of the phenol reagent i n a l k a l i n e 

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

of the c u p r i c i o n n e c e s s a r y f o r the assay ( S t a u f f e r , 1975). The 

other assay procedures a r e g e n e r a l l y l e s s s e n s i t i v e to i n t e r f e r e n c e 

by extraneous m a t e r i a l . 

F i n a l l y , the c a l c u l a t i o n s a l s o suggested t h a t the accuracy 

of the determinations depends on the choice of the c a l i b r a t i n g standard. 

The most wi d e l y used standard i s Bovine Serum albumin (B.S.A.) s i n c e 

i t i s r e l a t i v e l y i n e x p e n s i v e to o b t a i n i n a pure form. Table Al. 2 

compares the t h e o r e t i c a l s e n s i t i v i t y of B.S.A. wi t h the mean v a l u e s 

c a l c u l a t e d f o r the sample s t u d i e d . T h i s suggests B.S.A. to be a 

good standard f o r the ass a y s based on t o t a l n i t r o g e n , t o t a l amino a c i d s 

and peptide bond determinations. I n the other c a s e s , the expected 

d i f f i c u l t y i n choosing a good standard i s r e f l e c t e d i n the big d i f f e r e n c e s 

between the B.S.A. v a l u e and that of the population mean (77 percent 
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TABLE AI.2 

Comparison of mean assay s e n s i t i v i t y v a l u e s w i t h 

those c a l c u l a t e d f o r Bovine Serum Albumin (B.S.A.) 

Assay Procedure Population 
Mean 

B.S.A. Value B.S.A./Mean 

T o t a l n i t r o g e n 10.949 

T o t a l amino a c i d s 9.744 

T o t a l peptide bonds 8.676 

Aromatic groups 0.4195 

B a s i c groups 1.398 

11.674 

10.367 

8.783 

0.323 

1.923 

1.066 

1.064 

1.012 

0.77 

1.376 

Values i n u n i t s of mMoles per gram 

Values c a l c u l a t e d from amino-acid a n a l y s i s as per King & 
Spencer (1970). 
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p o p u l a t i o n mean f o r aromatic groups and 139 percent population mean 
f o r b a s i c groups.) 

The above c o n s i d e r a t i o n s argued s t r o n g l y i n favour of the 

use of one of the three 'fundamental' assay procedures ( i . e . t o t a l 

n i t r o g e n , t o t a l amino a c i d and t o t a l peptide bond) f o r the determination 

of p r o t e i n i f problems a s s o c i a t e d w i t h the v a r i a t i o n e r r o r s were to 

be minimised. A re c e n t p u b l i c a t i o n (McGrath, 1972) d e s c r i b e d an assay 

procedure based on the assay of t o t a l amino a c i d s a f t e r a l k a l i n e 

h y d r o l y s i s . As de s c r i b e d the procedure was r e l a t i v e l y q uick (approx. 

2 h o u r s ) , s e n s i t i v e , a n d t o l e r a n t to the presence of many extraneous 

substances. I t , being i d e a l l y s u i t e d f o r the requirement of t h i s 

p r o j e c t , was adapted f o r use i n the experiments of t h i s r e s e a r c h 

study. 
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APPENDIX I I 

Computer a s s i s t e d numerical a i d s to enzyme k i n e t i c data 

Enzyme k i n e t i c measurements e s s e n t i a l l y i n v o l v e the measurement 

of enzyme a c t i v i t y a t known v a l u e s of an independent v a r i a b l e . The 

worker u s u a l l y attempts to f i t the o b s e r v a t i o n s to the l a w ( s ) which 

r e l a t e the a c t i v i t y of the enzyme to the independent v a r i a b l e under 

c o n s i d e r a t i o n . Such laws u s u a l l y d e s c r i b e the behaviour of the system 

i n terms of some d e f i n i n g parameters ( r e l a t i v e c o n s t a n t s ) , and given 

th a t a l l experimental o b s e r v a t i o n s are s u b j e c t to e r r o r , the b a s i c 

problem i s that of d e r i v i n g the best v a l u e ( s ) f o r the d e f i n i n g parameters 

from the experimental estimates of the enzyme a c t i v i t y made under given 

experimental c o n d i t i o n s . Such a problem can be r e a d i l y handled 

by computer a s s i s t e d l e a s t squares e r r o r minimising procedures. 

The computer a s s i s t e d procedures used here a r e a l l based on 

the assumption t h a t the observed enzyme a c t i v i t y ( V i ) d i f f e r s from 

the ' r e a l ' enzyme a c t i v i t y ( V c a ^ c ~ the v a l u e c a l c u l a t e d from the 

best f i t v a l u e s of the d e f i n i n g parameters) by a random e r r o r (6v..= 

| V £ - V c a ^ c | ) . Thus the b e s t v a l u e s f o r the d e f i n i n g parameters are 

those which minimise the sum of such e r r o r s . Thus, i f enzyme 

a c t i v i t y (v) i s a f u n c t i o n of an independent v a r i a b l e ( T ) , and 

the parameters Pa, Pb and Pc ( i . e . v = f (T, Pa, Pb, Pc) then the 

l e a s t squares s o l u t i o n d e f i n e s the minimum v a l u e f o r the sum of squared 

e r r o r (SSE) such that the p a r t i a l d e r i v a t i v e of the sum of squared 

e r r o r with r e s p e c t to each parameter i s equal to zero. 



~368~ 

x , e „ 

f o r SSE = / (V. - V , ) ^ and a t a minimum v a l u e f o r SSE *•— 1 c a l c 

6 f(SSE) = 0;^ P(SSE)=0;|j,(SSE)=0. 

Any p r o c e d u r e based on t h e above p r i n c i p l e can be e x p e c t e d t o 

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

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

i n many enzyme k i n e t i c e x p e r i m e n t s t h e d i f f e r e n c e between t h e s m a l l e s t 

and l a r g e s t v a l u e s can span two o r d e r s o f m a g n i t u d e . C o n s e q u e n t l y 

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

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

a m i n i m i s a t i o n o f t h e e r r o r s i n t h e range where t h e m a g n i t u d e of the 

Experimental o b s e r v a t i o n s i s f a i r l y large,, The r e s o l u t i o n of 

t h i s p r o b l e m adopted here assumes t h a t t h e s i z e o f t h e e r r o r i n any 

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

I n most enzyme k i n e t i c measurements t h i s i s g e n e r a l l y t r u e p r o v i d e d 

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

g r e a t e r t h a n t h e l i m i t i n g e r r o r o f t h e methodology used t o make 

t h a t e s t i m a t i o n 0 S i n c e t h e l a t t e r l i m i t a t i o n can be e a s i l y overcome 

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

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

e s s e n t i a l l y based on t h e m i n i m i s a t i o n o f t h e f u n c t i o n g i v e n by t h e 

f o l l o w i n g e q u a t i o n : 
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The procedures used here f o r the m i n i m i s a t i o n of the f u n c t i o n 

given by the equation above depended on the number of parameters 

defined by the given problems. For problems i n v o l v i n g two 

a d j u s t a b l e parameters (e.g. M i c h a e l i s Menten s u b s t r a t e a c t i v a t i o n 

k i n e t i c s , simple uncompetitive i n h i b i t i o n k i n e t i c s and L i n e a r Arrheniui 

Temperature k i n e t i c s ) , a f i b o n a c c i s e a r c h procedure was found to be 

e f f i c i e n t i n i t s use of computer time and to be r e l a t i v e to the 

accuracy of the s o l u t i o n r e q u i r e d . Such a procedure has been 

incorporated i n t o p a r t of a computer program f o r f i t t i n g the H i l l 

equation ( A t k i n s , 1973), and for the o b t a i n i n g of Michaelis-Menten 

parameters ( B a n n i s t e r , A n a s t a s i & B a n n i s t e r , 1976) and the r e s u l t s 

r e ported by those authors and those observed here agree w i t h r e s p e c t 

to i t s r e l i a b i l i t y and i t s e f f i c i e n t use of computer time. I n 

the i n s t a n c e s where the problems contained more than two a d j u s t a b l e 

parameters (e.g. the k i n e t i c models adopted i n Chapters 3, 4, 5 and 

7 ) , the minimiser used was based on the p r i n c i p l e d e s c r i b e d by 

Peckham (1970) and as implemented by the Numerical Algorithms Group 

(Routine E04FAF i n the NAG F o r t r a n l i b r a r y Mark 6 v e r s i o n ) . T h i s 

was a l s o found to be an e f f i c i e n t though s l i g h t l y l e s s r e l i a b l e method 

of minimising the o b j e c t f u n c t i o n . 

The above procedures were inc o r p o r a t e d i n t o purpose w r i t t e n 

computeiTprograms using the high l e v e l language F o r t r a n IV. The 

computer programs were designed to cope w i t h some of the p a r t i c u l a r 

problems r e l a t e d to the design of enzyme k i n e t i c experiments. The 

programs a l s o used graphics package a v a i l a b l e a t N.U.M.A.C. (Northumbr 

U n i v e r s i t i e s M u l t i p l e Access Computers), to d i s p l a y the processed 

data g r a p h i c a l l y . A combination of the numerical data p r o c e s s i n g and 

the g r a p h i c a l d i s p l a y f a c i l i t i e s , thus provided an o b j e c t i v e a i d i n 

the i n t e r p r e t a t i o n of the data presented i n t h i s t h e s i s . 
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APPENDIX I I I 

The vanadate ion impurity i n Sigma grade A.T.P. and i t s 
probable e f f e c t s on the data presented i n t h i s t h e s i s . 

The presence of an i n h i b i t o r of the Na +-K +-ATPase i n some 

commercial sources of A.T.P. have been suggested i n some re c e n t r e p o r t s 

(Beauge & Glynn, 1977; Josephson & Cantley, 1977). T h i s i n h i b i t o r 

has s i n c e been i d e n t i f i e d as vanadate i o n (Can t l e y , Josephson, Warner, 

Yanagisawa, Lechene & G u i d o t t i , 1977; Q u i s t & Hokin, 1978) which i s 

found as an impurity i n ATP t h a t has been e x t r a c t e d from 

muscle. The presence of t h i s i n h i b i t o r i n Sigma grade A.T.P. has been 

considered r e s p o n s i b l e f o r some of the r e c e n t l y reported 'anomalous' 

k i n e t i c s of the Na +-K +-ATPase (Can t l e y & Josephson, 1976; Fagan 

& Racker, 1977). Since Sigma grade A.T.P. was used e x t e n s i v e l y i n 

t h i s study, the p r o b a b i l i t y of p e r t u r b a t i o n s i n the data as a r e s u l t 

of the e f f e c t s of vanadate i o n had to be considered. T h i s was 

approached i n the l i g h t of the p r e v i o u s l y reported c h a r a c t e r i s a t i o n 

of the e f f e c t s of vanadate i o n on the enzyme (Josephson & Ca n t l e y , 1977), 

by comparing the potassium a c t i v a t i o n k i n e t i c s when Sigma grade A.T.P. 

was used as s u b s t r a t e , w i t h t h a t using another commercial source of 

A.T.P. (Boehringer) which was not e x t r a c t e d from muscle. 

The potassium a c t i v a t i o n k i n e t i c s of the Na +-K +-ATPase from 

deoxycholate e x t r a c t e d r a t b r a i n s y n a p t i c membranes were measured as 

p r e v i o u s l y d e s c r i b e d i n Chapter 5, us i n g Sigma grade A.T.P. and Boehringer 

A.T.P. as s u b s t r a t e i n p a r a l l e l a s s a y tubes. I n each case there was 

a sigmoidal i n c r e a s e i n enzyme a c t i v i t y w i t h i n c r e a s i n g potassium 

c o n c e n t r a t i o n . The data p o i n t s were f i t t e d to a stoichiometric sigmoid 

curve as d e s c r i b e d i n Chapter 5, and the d e f i n i n g parameters of these 

curves (mean of four p r e p a r a t i o n s ) are l i s t e d i n Table A I I I . l . 
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TABLE A I I I . l 

Comparison of Potassium a c t i v a t i o n parameters of DOC 
+ + 

e x t r a c t e d r a t b r a i n Na -K -ATPase u s i n g d i f f e r e n t 

sources of ATP. 

Parameter Sigma grade ATP Boehringer ATP 

* 
V max 100 103.5 - 3.3 

K a (M) 2.19xlO~ 4 ; ! :7.1xlO~ 5 4.2xlO~ 4 ; i : t2.32xlo' •4 

h (M) 1 . 6 5 x l 0 " 3 ± 1 . 3 5 x l 0 ~ 4 1.55xlO~ 3 ±1.65xlo" -4 

0 . 5 ( M ) 

1 . 8 5 x l 0 ~ 3 - 2 . 1 x l 0 ~ 4 1.89xlO~ 3-l.66x10" •4 

* 
V v a l u e s normalised a g a i n s t 100 f o r Sigma V max max 

t 
The r e l a t i v e i n a c c u r a c y of t h i s measurement i s a t t r i b u t e d to the 

higher l e v e l s of i n o r g a n i c phosphate found i n Boehringer ATP (see T e x t ) . 

+ 
A l l v a l u e s mean of 4 p r e p a r a t i o n s - 1 standard d e v i a t i o n . 
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T h i s shows t h a t the d e f i n i n g parameters c a l c u l a t e d were not 

s i g n i f i c a n t l y d i f f e r e n t from each other (P>0.05) w i t h r e s p e c t to 

maximal a c t i v i t y , and ,.. A higher v a l u e f o r K & was c a l c u l a t e d 

when Boehringer A.T.P. was used. However, as i s evident from 

Table AIII»1» the accuracy of the e s t i m a t i o n of K u s i n g Boehringer 

A.T.P. was a l o t l e s s than t h a t estimated u s i n g Sigma grade A.T.P. 

T h i s i s because the l a t t e r source of A.T.P, contained lower l e v e l s 

of background i n o r g a n i c phosphate, a f a c t which f a c i l i t a t e d a g r e a t e r 

accuracy i n the e s t i m a t i o n s of the low l e v e l s of enzyme a c t i v i t y at low 

potassium c o n c e n t r a t i o n s . Thus the observed d i f f e r e n c e i n the K 
a 

v a l u e s was not considered s i g n i f i c a n t . 

The above r e s u l t s suggested t h a t t h e r e was i n s i g n i f i c a n t 

i n h i b i t i o n of Na +-K +-ATPase a c t i v i t y , by the vanadate ion i m p u r i t y 

i n Sigma grade A.T.P., under the assay c o n d i t i o n s used here. 

Although these r e s u l t s appear to be at v a r i a n c e w i t h the reported 

presence of Na +-K +-ATPase i n h i b i t o r s i n Sigma grade A.T.P. d e s c r i b e d 

above, they can be explained i f the c h a r a c t e r i s t i c s of the i n h i b i t i o n 

p r o c e s s a r e c o n s i d e r e d . Josephson & C a n t l e y (1977) reported t h a t the 

i n h i b i t i o n of the Na +-K +-ATPase by the impurity c a r r i e d i n muscle A.T.P 

i s slow and r e q u i r e s ' f r e e ' magnesium ion and potassium i o n . I n the 
2+ 

c o n d i t i o n s used here (equimolar c o n c e n t r a t i o n s of Mg and A.T.P.) 

i t i s c a l c u l a t e d , u s i n g the v a l u e f o r the e q u i l i b r i u m constant f o r the 

formation of the Mg-ATP c h e l a t e (George, P h i l l i p s & Rutman, 1963), 
-4 

t h a t the f r e e magnesium ion c o n c e n t r a t i o n would be c l o s e to 10 M. 

S i n c e optimal e f f e c t s of the i n h i b i t o r has been reported to r e q u i r e 

at l e a s t m i l l i - m o l a r c o n c e n t r a t i o n s of f r e e magnesium i o n (Josephson 

& C a n t l e y , 1977; Fagan & Racker, 1977; Quist & Hokin, 1978), the f a i l u r 
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to d e t e c t s i g n i f i c a n t d i f f e r e n c e s between the potassium a c t i v a t i o n 

k i n e t i c s of the Na +-K +-ATPase us i n g Sigma grade A.T.P, and Boehringer 

A.T.P. i n these s t u d i e s , was considered c o n s i s t e n t w i t h the reported 
+ + 

p r o p e r t i e s of vanadate ion i n h i b i t i o n of the Na -K -ATPase. Thus, 

the presence of vanadate ion i n the Sigma grade A.T.P. used i n t h i s 

study was not considered to have had s i g n i f i c a n t e f f e c t s on the data 

presented i n t h i s t h e s i s . 


