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ABSTRACT 

Through the use of p r o t e i n - m o d i f i c a t i o n reagents, i n p a r t i c u l a r the 

t h i o l - s p e c i f i c reagents N-ethylmaleimide, f> -chlororaercuribenzenesulphonic 

a c i d , and phenylarsine oxide, i t i s shown t h a t i n the ba r l e y scutellum, 

the t r a n s p o r t of peptides, but not the t r a n s p o r t of amino acids or 

glucose, i s s p e c i f i c a l l y thiol-dependent. Furthermore, these e s s e n t i a l 

t h i o l groups are shown t o e x i s t as r e d o x - s e n s i t i v e , v i c i n a l d i t h i o l s which 

l i e at the s u b s t r a t e - b i n d i n g s i t e s of the peptide t r a n s p o r t p r o t e i n s . 

A technique f o r the s p e c i f i c l a b e l l i n g of the v i c i n a l d i t h i o l s w i t h 

r a d i o a c t i v e N-ethylmaleimide i s described, and microautoradiography of 

s c u t e l l a r t i s s u e t r e a t e d i n t h i s way shows these groupings t o be mainly 

l o c a t e d i n the plasmalemmae of the s c u t e l l a r e p i t h e l i u m . 

I n r e l a t e d work, the importance of a r g i n y l and h i s t i d y l residues 

t o both peptide and amino acid t r a n s p o r t i s shown, although other moieties, 

e.g., carboxyl l i g a n d s , would not seem t o be c r i t i c a l l y i n v o l v e d . 

I n other studies concerning the general c h a r a c t e r i s t i c s of these 

t r a n s p o r t systems i n b a r l e y , the development o f peptide and amino acid 

t r a n s p o r t capacity d u r i n g germination i s described, and i t seems t h a t 

i n i t i a l l y , peptide t r a n s p o r t i s l i k e l y t o be the more important i n 

the n i t r o g e n n u t r i t i o n of the embryo, 

A proton-motive force i s i m p l i c a t e d i n the e n e r g i s a t i o n of t r a n s p o r t 

by the scutellum, and some evidence was obtained t o i n d i c a t e t h a t a proton 

g r a d i e n t was necessary t o maintain the e s s e n t i a l d i t h i o l groups i n t h e i r 

f u n c t i o n a l s t a t e . 
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C e r e a l g r a i n s f o r m a main component o f t h e d i e t o f b o t h man and 
h i s d o m e s t i c a n i m a l s , g l o b a l p r o d u c t i o n e x c e e d i n g 1200 m i l l i o n tonnes i n 
1974 (FAO, 1975). They are grown b o t h as a source o f c a r b o h y d r a t e , 
p r o v i d i n g n e a r l y 50% o f t h e w o r l d ' s p e r c a p i t a energy r e q u i r e m e n t , and 
as an i m p o r t a n t source o f p r o t e i n , f u l f i l l i n g n e a r l y 45% o f t h e w o r l d ' s 
p e r c a p i t a r e q u i r e m e n t (FAO, 1977). The major c e r e a l s t a p l e s f o r human 
consumption i n c l u d e wheat and maize, w h i c h are grown i n t e m p e r a t e c l i m a t e s ; 
r i c e , w h i c h i s t h e p r e f e r r e d c r o p i n damper, t r o p i c a l areas; and sorghum 
and m i l l e t s , i m p o r t a n t s t a p l e s i n more a r i d , d r i e r zones. Oats and r y e 
are g e n e r a l l y c u l t i v a t e d i n c o l d e r c l i m a t e s , p r i m a r i l y as f o o d f o r 
l i v e s t o c k . B a r l e y i s a l s o grown f o r animal f o d d e r , b u t s i n c e i t has 
a d d i t i o n a l commercial i m p o r t a n c e as t h e raw m a t e r i a l o f t h e b r e w i n g 
i n d u s t r y i t has been s u b j e c t t o p a r t i c u l a r l y i n t e n s i v e s t u d y , e s p e c i a l l y 
w i t h r e g a r d t o t h e m o b i l i z a t i o n o f t h e seed s t o r a g e r e s e r v e s d u r i n g 
g e r m i n a t i o n ( t h e m a l t i n g p r o c e s s ) . 

As a p r e r e q u i s i t e t o t h e d e t a i l e d s t u d i e s c o n c e r n i n g t h e t r a n s p o r t 

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

an i n t r o d u c t o r y s u r v e y o f t h e l i t e r a t u r e concerned w i t h t h e s t r u c t u r e o f 

t h e dormant and g e r m i n a t i n g c e r e a l g r a i n i s p r e s e n t e d below, w i t h p a r t i c u l a r 

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

1.1 Gross Morphology o f t h e C e r e a l G r a i n 

The g r o s s morphology o f a dormant b a r l e y g r a i n i s shown i n s e c t i o n 

i n F i g u r e 1.1. The g r a i n , w h i c h s t r i c t l y s p e a k i n g i s n o t a seed b u t a 

c a r y o p s i s , has two m a j o r p a r t s , t h e embryo and t h e endosperm. B o t h t h e 

embryo and t h e endosperm are e n c l o s e d w i t h i n a t e s t a ( s e e d c o a t ) and a 

p e r i c a r p ( f r u i t w a l l ) . These two o u t e r l a y e r s are f u s e d t o g e t h e r t o 

f o r m t h e husk. The endosperm comprises b o t h a l e u r o n e t i s s u e , and t h e 

s o - c a l l e d " s t a r c h y endosperm", whi c h i s s t o r a g e m a t e r i a l whose breakdown 

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

g e r m i n a t i o n . The a l e u r o n e , a l a y e r 2-3 c e l l s t h i c k o v e r l y i n g t h e 
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FIGURE 1„1 L o n g i t u d i n a l S e c t i o n o f t h e Dormant B a r l e y G r a i n 

The two main t i s s u e s o f t h e g r a i n , t h e endosperm and t h e embryo, are 
s e p a r a t e d by t h e s c u t e l l u m , a m o d i f i e d c o t y l e d o n w h i c h f u n c t i o n s 
p r i m a r i l y as a h a u s t o r i a l ( a b s o r p t i v e ) s t r u c t u r e . 
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s t a r c h y endosperm, i s t h e s i t e of p r o d u c t i o n o f many o f t h e h y d r o l y t i c 
enzymes r e s p o n s i b l e f o r t h e d i g e s t i o n o f t h e endospermal r e s e r v e s . The 
embryo i s comprised o f a p l u m u l e and a r a d i c l e , b o t h o f w h i c h are e n c l o s e d 
i n s h e a t h - l i k e c o v e r i n g s , t h e c o l e o p t i l e and c o l e o r h i z a r e s p e c t i v e l y . 
The embryonic t i s s u e s are connected v i a t h e c o t y l e d o n a r y node t o a s i n g l e 
c o t y l e d o n , w h i c h i n a l l graminaceous s p e c i e s i s h i g h l y m o d i f i e d as t h e 
s c u t e l l u m ( A v e r y , 1930). I n t h e c e r e a l g r a i n , t h e s c u t e l l u m has a d u a l 
r o l e n o t o n l y as a s t o r a g e o r g a n ( p r o t e i n s , l i p i d s and a l s o v i t a m i n s e.g., 
627o o f t h e t o t a l t h i a m i n e o f t h e wheat seed; MacMasters o t al.,1971), bu t 
a l s o as a h a u s t o r i a l s t r u c t u r e w i t h an a b s o r p t i v e s u r f a c e s e r v i n g t o 

t r a n s f e r s o l u t e s , r e q u i r e d f o r g r o w t h by t h e embryo, f r o m t h e s t a r c h y 
endosperm ( a p o p l a s t ) i n t o t h e s y m p l a s t i c component o f t h e embryo d u r i n g 
g e r m i n a t i o n . S i n c e t h e t r a n s f e r o f m a t e r i a l f r o m t h e a p o p l a s t i n t o t h e 
s y m p l a s t o c c u r s a t t h e s c u t e l l u m , t h i s p r o c e s s must n e c e s s a r i l y i n v o l v e 
a trans-membrane f l u x o f m a t e r i a l s across t h i s boundary. The u p t a k e o f 
s o l u t e s such as amino a c i d s , p e p t i d e s and s u g a r s , v i a t h e s c u t e l l u m i n t o 
t h e embryonic t i s s u e s , has been shown n o t t o be s i m p l y a p a s s i v e , 
d i f f u s i o n a l f l o w , b u t t o i n v o l v e t h e m e d i a t i o n o f s p e c i f i c , membrane-bound 
c a r r i e r p r o t e i n s l o c a t e d i n t h e s c u t e l l a r e p i t h e l i u m , w h i c h e f f e c t 
t r a n s p o r t i n an e n e r g y - r e q u i r i n g p r o c e s s . The s c u t e l l u m i s t h e r e f o r e 
u n i q u e and o f c o n s i d e r a b l e i n t e r e s t ; moreover, t h e e x p e r i m e n t a l ease 
w i t h w h i c h i t can be i s o l a t e d and h a n d l e d i n v i t r o makes i t a c o n v e n i e n t , 
model system w i t h w h i c h t o s t u d y t h e c o m p l e x i t i e s o f membrane t r a n s p o r t 
i n h i g h e r p l a n t s . I t i s t h e r e f o r e o f some r e l e v a n c e t o c o n s i d e r t h e 
u l t r a s t r u c t u r e o f t h e s c u t e l l u m i n some d e t a i l . 
1.2 U l t r a s t r u c t u r e o f t h e S c u t e l l u m 
1.2.1 The E p i t h e l i u m 

E a r l y w o r k e r s such as Drown &. M o r r i s (1890) and S a r g a n t &, Robe r t s o n 

(1905) f i r s t e s t a b l i s h e d t h e r o l e o f t h e s c u t e l l u m as an a b s o r p t i v e 

o r g a n i n c e r e a l g e r m i n a t i o n , b u t u n t i l r e l a t i v e l y r e c e n t l y , i t has r e c e i v e d 
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l i t t l e a t t e n t i o n f r o m m i c r o s c o p i s t s and b i o c h e m i s t s a l i k e . E l e c t r o n 
and l i g h t m i c r o s c o p y o f t h e embryos o f b a r l e y (Nieuwdorp, 1963; 
Nieuwdorp & Buys, 1964), wheat ( S w i f t & O'Brien, 1972a, 1972b), maize 
( Z a m s k i , 1973), r i c e ( B e c h t e l & Pomeranz, 1 9 7 8 ) , m i l l e t s and sorghum 
( Z e l e z n a k & V a r r i a n o - M a r s t o n , 1982) and i n a r e l a t e d system, t h e 
p r o t o d e r m a l c e l l s o f t h e d a t e palm c o t y l e d o n (Demason & Thomson, 1981), 
r e v e a l t h a t i n t h e s e s p e c i e s , t h e a b a x i a l s c u t e l l a r s u r f a c e ( i . e . t h a t 
a b u t t i n g o n t o t h e endosperm) c o n s i s t s o f a s i n g l e l a y e r o f columnar 
e p i t h e l i a l c e l l s ( F i g u r e 1.2 ) • The plasmalemmae o f t h e s e c e l l s may be 
h i g h l y c o r r u g a t e d . The e p i t h e l i a l c e l l s u s u a l l y e l o n g a t e and s e p a r a t e 
2-3 days a f t e r t h e s t a r t o f i b i b i t i o n ( T o r r e y , 1902; Reed, 1904; S a r g a n t 

R o b e r t s o n , 1905; T o o l e , 1924) by d i s s o l u t i o n o f t h e m i d d l e l a m e l l a 

( S w i f t & O'Brien, 1971), and by i n c r e a s i n g access t o t h e a b s o r p t i v e s u r f a c e 

a r e a i n t h i s way, t h e y come t o resemble, i n b o t h f o r m and f u n c t i o n , t h e v i l l 

o f t h e mammalian i n t e s t i n e . D e s p i t e t h e presence o f many h y d r o l y t i c 

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

o f b o t h t h e s c u t e l l u m and t h e a l e u r o n e are themselves r e m a r k a b l y r e s i s t a n t 

t o d e g r a d a t i o n by t h e s e enzymes. The w a l l s o f b o t h t i s s u e s are r i c h i n 

t h e p h e n o l i c compound f e r u l i c a c i d (Smart &, O'Brien, 1979b) w h i c h may be 

p a r t l y r e s p o n s i b l e f o r c o n f e r r i n g some p r o t e c t i o n a g a i n s t enzymic d i g e s t i o n 

(Smart & O'Brien, 1979c; F u l c h e r e t a l . , 1 9 7 2 ) . 

The e p i t h e l i a l c e l l s have a p r o m i n e n t n u c l e u s and many ribosomos. 

They are r i c h i n p r o t e i n b o d i e s ( S e c t i o n 1.4,1) and spherosomes, t h e 

l a t t e r b e i n g l o c a t e d m a i n l y around t h e p e r i p h e r y o f t h e c e l l (Smart & 

O'Brien, 19 7 9 a ) 0 Spherosomes are c o n s i d e r e d t o be s i t e s o f l i p i d s t o r a g e , 

and c o n t a i n enzymes a s s o c i a t e d w i t h l i p i d m e t a b o l i s m ( Y a t s u &. Jacks, 1972; 

Semadeni, 1967) . The e p i t h e l i a l c e l l s are a l s o r i c h i n m i t o c h o n d r i a , t h e 

m a j o r i t y o f w h i c h are a l i g n e d c l o s e t o t h e plasmalemma ( H a r r i s e t a l . , 1982) 

T h e i r p r o x i m i t y t o t h e membrane i s i n d i c a t i v e o f t h e h i g h energy demand 
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t h a t t r a n s p o r t i n c u r s , and s i m i l a r arrangements o f t h e s e o r g a n e l l e s 
have been observed i n o t h e r systems where an e n e r g y - r e q u i r i n g , h i g h 
s o l u t e f l u x o c c u r s across a membrane b a r r i e r , e.g. g r a i n f i l l i n g i n t h e 
r i c e c a r y o p s i s (Oparka e t a l . , 1 9 8 1 ) and t r a n s p o r t by k i d n e y c e l l s 
(Gunning & S t e e r , 1 9 7 6 ) . The s c u t e l l a r e p i t h e l i u m i s , t h e r e f o r e , 
m o d i f i e d t o p e r f o r m an a b s o r p t i v e f u n c t i o n , and i n t h i s r e g a r d , t h e 
d i s c o v e r y o f p l a s m a t u b u l e s i s perhaps o f t h e g r e a t e s t i n t e r e s t and i s 
d i s c u s s e d below. 
1.2.2 P l a s m a t u b u l e s 

E l e c t r o n m i c r o s c o p y o f b a r l e y embryos, p e r f o r m e d i n c o n n e c t i o n w i t h 

t h i s t h e s i s ( f o r w h i c h I am i n d e b t e d t o D r . N . H a r r i s , U n i v e r s i t y o f Durham), 

r e v e a l e d t h e e x i s t e n c e o f s t r u c t u r e s ( r e f e r r e d t o as p i a s m a t u b u l e s ) i n t h e 

s c u t e l l a r e p i t h e l i u m , whose presence i n s e v e r a l o t h e r systems had h i t h e r t o 

e i t h e r gone u n n o t i c e d o r had been i g n o r e d . P l a s m a t u b u l o s are b r a n c h i n g , 

t u b u l a r e v a g i n a t i o n s o f t h e plasmalemma, w i t h o u t any v i s i b l e c o r e s t r u c t u r e , 

w h i c h e x t e n d outwards i n t o t h e c e l l w a l l . The s c u t e l l a r c e l l w a l l s 

t hemselves do n o t d i s p l a y any e x t e n s i v e i n g r o w t h s , w h i c h i s a c h a r a c t e r i s t i c 

f e a t u r e o f t r a n s f e r c e l l s . P l a s m a t u b u l e s are l o c a t e d s p e c i f i c a l l y , and i n 

h i g h numbers, i n t h e e p i t h e l i a l plasmalemmae ( F i g u r e 1.3) o f t h e b a r l e y 

s c u t e l l u m . We s u g g e s t t h a t , by a m p l i f y i n g t h e membrane s u r f a c e area, 

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

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

t h e e a r l y s t a g e s o f g e r m i n a t i o n ( H a r r i s e t a l . , 1 982). P l a s m a t u b u l e s servo 

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

a s p e c i a l i z e d f o r m o f plasmalemmasome. 'Plasmalemmasome' i s a g e n e r a l 

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

membrane ( H a r r i s , 1981; Marchant & Robards, 1968). 

S t r u c t u r e s r e s e m b l i n g p l a s m a t u b u l e s are a l s o apparent i n p u b l i s h e d 

m i c r o g r a p h s o f t h e d i f f e r e n t i a t i n g phloem o f c o t t o n ( T h o r s c h & Esau, 1981), 

E q uisetum (Dute & E v e r t , 1978) and a l s o tobacco c a l l u s t i s s u e ( T r a n Thanh 
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Van & C hlyah, 1976), a l t h o u g h t h e s e w o r k e r s f a i l e d t o comment upon t h e i r 

p r e s e n c e o r t h e i r s i g n i f i c a n c e . R e c e n t l y , t h e y have been a l s o observed 

a s s o c i a t e d w i t h t h e plasmalemmae o f companion c e l l s a b u t t i n g t h e s e i v e 

e l e m e n t s o f major l e a f v e i n s o f L o l i u m temulentum (N. C h a f f e y , p e r s o n a l 

c o m m u n i c a t i o n ) . Hence, p l a s m a t u b u l e s can be c o n t r a s t e d w i t h t r a n s f e r 

c e l l s (Gunning &. P a t e , 1969, Gunning U P a t e , 1974) whose presence i s 

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

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

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

w a l l i n g r o w t h s . 

1.2.3 S u b - E p i t h e l i a l and V a s c u l a r T i s s u e 

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

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

s t r a n d s ( F i g u r e 3 . 4 ) . These parenchymatous c e l l s , w h i c h are r i c h i n l i p i d 

and p r o t e i n r e s e r v e s , are more r e g u l a r l y i s o d i a m e t r i c i n shape, and t h o s e 

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

t o t h e e p i t h e l i a l c e l l s by numerous plasmodesmata ( F i g u r e 1 . 2 ) . The l a r g e 

numbers o f plasmodesmata i n t h i s l o c a t i o n p r o v i d e s a d d i t i o n a l e v i d e n c e f o r 

t h e b u l k , s y m p l a s t i c movement o f sugars and amino a c i d s towards t h e embryo 

d u r i n g g e r m i n a t i o n . I n t h e dormant g r a i n , t h e v a s c u l a r system i s h e l d i n 

a p r o v a s c u l a r ( u n d i f f e r e n t i a t e d ) s t a t e , b u t mature, f u n c t i o n a l s i e v e 

e l e m e n t s are f o u n d i n t h e s c u t e l l u m j u s t 3-6 hours a f t e r t h e s t a r t o f 

i m b i b i t i o n ( S w i f t & O'Brien, 1971). The v a s c u l a r system c o n s i s t s o f a 

s i n g l e , l a r g e c e n t r a l v a s c u l a r b u n d l e e x t e n d i n g f r o m t h e s c u t e l l a r node. 

The b u n d l e branches and d i v i d e s many t i m e s i n t o a n e t w o r k o f c u r v e d s t r a n d s 

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

p a r a l l e l t o t h e s c u t e l l a r s u r f a c e ( S a r g a n t & Ar b e r , 1915; Avery, 1930; 

S w i f t & O'Brien, 1 9 7 0 ) . The v a s c u l a r t i s s u e i s m a i n l y phloem, and 

n e a r l y 50% o f t h e s i e v e e l e m e n t s are unaccompanied by x y l e m ( S w i f t & 

O'Brien , 1970). 
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1.3 The Endosperm 

1.3.1 The S t a r c h y Endosperm 

The s t a r c h y endosperm o f the c e r e a l c a r y o p s i s i s an i n e r t t i s s u e 

c o n t a i n i n g l a r g e r e s e r v e s o f s t a r c h , and, i n b a r l e y , about 1 1 % p r o t e i n 

on a d r y w e i g h t b a s i s ( D a l e e t a l . , 1974). T h i s can account f o r up t o 

75% o f t h e t o t a l p r o t e i n c o n t e n t o f t h e whole g r a i n . The p r o t e i n , at 

l e a s t i n wheat ( H i n t o n , 1953), b a r l e y (Burgess e t a l . , 1982), sorghum and 

r i c e ( R . E l l i s , p e r s o n a l c o m m u n i c a t i o n ) , i s n o t e v e n l y d i s t r i b u t e d , most 

b e i n g l o c a t e d around t h e p e r i p h e r y o f t h e endosperm. T h i s has i m p o r t a n t 

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

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

when t h e g r a i n i s dehusked. 

1.3.2 The A l e u r o n e 

The s t a r c h y endosperm i s s u r r o u n d e d by a l i v i n g t i s s u e , the a l e u r o n e , 

w h i c h i n b a r l e y , c o n s i s t s o f t h r e e l a y e r s o f c e l l s , b u t may have more o r 

l e s s depending upon t h e c e r e a l i n q u e s t i o n . The a l e u r o n e p l a y s an 

i m p o r t a n t r o l e i n t h e s e c r e t i o n o f enzymes w h i c h are r e s p o n s i b l e f o r 

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

g e r m i n a t i o n are packed w i t h membrane-bound p r o t e i n b o d i e s ( a l e u r o n e g r a i n s ) 

and spherosomes ( l i p i d b o d i e s ) (Jacobsen e t a l . , 1971). 

1.4 C e r e a l P r o t e i n Reserves and P r o t e o l y t i c Enzymes 

1.4.1 P r o t e i n Bodies 

W i t h i n t h e c e l l s o f t h e s c u t e l l u m , a l e u r o n e and endosperm, t h e 

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

by a s i n g l e u n i t membrane (Miege, 1982, and r e f e r e n c e s t h e r e i n ) a l t h o u g h 

r e c e n t e v i d e n c e suggests t h a t , i n b a r l e y , t h e d e l i m i t i n g e nvelope may be 

o n l y p a r t i a l ( M i f l i n & Burgess, 1982) o r even absent a l t o g e t h e r ( M i f l i n 

& Shewry, 1979a). The c o n t e n t s o f t h e p r o t e i n body can appear as a 

homogenous o r g r a n u l a r m a t r i x under t h e e l e c t r o n m i c roscope, b u t 
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o c c a s i o n a l l y , p r o t e i n i s l a i d down as an o r d e r e d , c r y s t a l l i n e d e p o s i t , 

known as a c r y s t a l l o i d , w i t h i n the g e n e r a l m a t r i x . I n a d d i t i o n , 

p r o t e i n bodies o f the embryo and a l e u r o n e , but n o t the endosperm, 

g e n e r a l l y c o n t a i n i n c l u s i o n s , or g l o b o i d s , embedded w i t h i n the p r o t e i n 

r e s e r v e s ( P e r n o l l e t , 1978), 

I n c l u s i o n s were f i r s t observed by P f e f f e r ( 1 8 7 2 ) , and c o n t a i n up t o 

80% by d r y w e i g h t o f p h y t i c a c i d ( m y o i n o s i t o l hexaphosphate) ( P e r n o l l e t , 

1978). P h y t i c a c i d i s a c a t i o n s t o r e , f o r m i n g a c h e l a t e d complex w i t h 

c a l c i u m and magnesium (Tanaka e_t al_. , 1976, 1977) as w e l l as c o m p r i s i n g 

70-75% o f t h e t o t a l phosphorus o f t h e g r a i n ( P e e r s , 1953). 

The ontogeny o f t h e p r o t e i n body i s l i k e l y t o be d i f f e r e n t w i t h i n 

t h e a l e u r o n e and endosperm, and i s a somewhat c o n t r o v e r s i a l s u b j e c t . 

P r o t e i n b o d i e s have been c o n s i d e r e d as p l a s t i d - l i k e o r g a n e l l e s c a p a b l e 

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

( M o r t o n e t a l . , 1 9 6 4 ) , o r as b e i n g d e r i v e d f r o m t h e v a c u o l a r system. 

I t i s now g e n e r a l l y agreed t h a t p r o t e i n d e p o s i t i o n w i t h i n the a l e u r o n e and 

s c u t e l l u m does indeed o c c u r w i t h i n v a c u o l e s ( M a t i l e , 1976; Ashton, 1976). 

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

t h a t p r o t e i n d e p o s i t i o n i n t h e endosperm o c c u r s w i t h i n t h e lumen o f t h e 

r o u g h endoplasmic r e t i c u l u m , whose membranes e v e n t u a l l y come t o e n c l o s e , 

e i t h e r p a r t i a l l y o r c o m p l e t e l y , t h e p r o t e i n body ( H a r r i s &, J u l i a n o , 1977; 

M i f l i n et. a^. , 1981). I n s u p p o r t o f t h i s h y p o t h e s i s , e l e c t r o n microscopy 

shows p o l y r i b o s o m e s t o be a s s o c i a t e d w i t h t h e o u t s i d e o f t h e p r o t e i n body 

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

z e i n i n a c e l l - f r e e t r a n s l a t i o n system ( B u r r & B u r r , 1976). A l s o , a 

c l e a r c o n t i n u i t y between ro u g h KR and p r o t e i n body membranes has been 

d e m o n s t r a t e d i n e l e c t r o n m i c r o g r a p h s ( L a r k i n s U Hurkman, 1978), and as 

mentioned p r e v i o u s l y t h e membrane i t s e l f may be i n c o m p l e t e , an o b s e r v a t i o n 

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

a v a c u o l e , f o r example. 
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1.4.2 C l a s s i f i c a t i o n o f S t o r a g e P r o t e i n s 

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

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

d e f i n e d by Osborne ( 1 9 0 7 ) . Thus, t h e albumins were d e f i n e d as w a t e r -

s o l u b l e , and are c o n f i n e d l a r g e l y t o t h e embryo and a l e u r o n e . The 

albumins a l s o i n c l u d e most o f t h e m e t a b o l i c enzymes. The g l o b u l i n s , 

s o l u b l e i n s a l t s o l u t i o n b u t n o t w a t e r , are s t o r a g e p r o t e i n s l o c a t e d 

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

have r e c e i v e d r e l a t i v e l y l i t t l e a t t e n t i o n i n t h e p a s t ( D a n i e l s s o n , 1949), 

whereas t h e p r o l a m i n s ( s o l u b l e i n aqueous a l c o h o l ) and t h e g l u t e l i n s 

( s o l u b l e o n l y i n d i l u t e a c i d s and a l k a l i s ) , are r e s t r i c t e d t o t h e 

endosperm (Review, Payne k Rhodes, 1982) and have been s u b j e c t t o more 

i n t e n s i v e r e s e a r c h . G l u t e l i n s , o f p a r t i c u l a r i n t e r e s t , are l a r g e p r o t e i n s 

c o n s i s t i n g o f many s u b u n i t s h e l d t o g e t h e r by d i s u l p h i d e bonds. The 

g l u t e l i n o f wheat, ( s p e c i f i c name g l u t e n i n ) has e l a s t i c p r o p e r t i e s 

i m p o r t a n t t o t h e making o f bread. 

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

are h o r d e i n and h o r d e n i n r e s p e c t i v e l y . H o r d e i n i s the p r i n c i p a l 

p r o t e i n a c e o u s r e s e r v e o f t h e endosperm, and may account f o r up t o 50% 

o f t h e t o t a l g r a i n n i t r o g e n ( M i f l i n & Shewry, 1979a). H o r d e i n , w h i c h 

can be e x t r a c t e d s u c c e s s f u l l y f r o m b a r l e y f l o u r u s i n g i s o p r o p a n o l p l u s 

m e r c a p t o e t h a n o l (Shewry e_t al., 1980), has been shown by u s i n g p o l y aery 1 amide 

g e l e l e c t r o p h o r e s i s t o be h i g h l y h e t erogenous i n terms o f i t s p o l y p e p t i d e 

c o m p o s i t i o n . The p r o t e i n has a t l e a s t 6-8 i n d i v i d u a l p o l y p e p t i d e 

components (Shewry e t a i l . , 1977; D o l l & Andersen, 1981); these p o l y p e p t i d e s 

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

s o l u b i l i t y p r o p e r t i e s , amino a c i d c o m p o s i t i o n s and g e n e t i c s p e c i f i c a t i o n 

(KjzJie e t a l . , 1976; Shewry e t a l . , 1980, D o l l & Brown, 1979). H o r d e i n 

i s r i c h i n p r o l i n e ( 7 - 1 0 % ) , and g l u t a m i n e / g l u t a m a t e (up t o 2 0 % ) , but i s 
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p a r t i c u l a r l y d e f i c i e n t i n t h e e s s e n t i a l amino a c i d l y s i n e ( l e s s t h a n 

2%) (Shewry e t a l . , 1978, M i f l i n &, Shewry, 1979b), and f o r t h i s r eason 

b a r l e y i s c o n s i d e r e d t o be o f low n u t r i t i o n a l v a l u e . I n t h i s r e g a r d , 

some p r o g r e s s has been made e i t h e r i n t h e s e l e c t i o n o f mutants whose 

h o r d e i n s are e n r i c h e d w i t h l y s i n e , e.g., t h e R i s 0 1508 mutant o f t h e 

c u l t i v a r "Bomi" (K0ie & D o l l , 1979; Hagberg e t a l . , 1979), o r e l s e o f 

mut a n t s r i c h e r i n h o r d e n i n s ( w i t h a h i g h e r l y s i n e c o n t e n t ) at t h e expense 

o f h o r d e i n s ( M i f l i n & Shewry, 1979b). 

The b a r l e y g l u t e l i n , h o r d e n i n , w h i c h can be e x t r a c t e d i n a c i d -

a l c o h o l , o r a f t e r a l k y l a t i o n f o l l o w i n g t h e p r i o r removal o f h o r d e i n , 

has p r o v e d d i f f i c u l t t o c h a r a c t e r i z e because o f i t s i n s o l u b i l i t y , and 

f r a c t i o n s o f i t have a tendency t o be c o n t a m i n a t e d w i t h r e s i d u a l p r o l a m i n s 

( L a u r i e r e ejt _ a l . , 1976; B r a n d t , 1975). B a r l e y g l u t e n i n s appear t o be 

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

i n c o n t r a s t w i t h t h e p r o l a m i n s , are r i c h e r i n l y s i n e ( > 4 % ) b u t p o o r e r 

i n g l u t amine / g l u t a m a t e (10-15%) and p r o l i n e ( 7 - 1 0 % ) ( M i f l i n &. Shewry, 

1979b). 

1.4.3 P r o t e o l y t i c Enzymes 

G e r m i n a t i n g b a r l e y g r a i n s possess s e v e r a l p r o t e o l y t i c enzymes 

( e x o p e p t i d a s e s and e n d o p e p t i d a s e s ) , whose c o n c e r t e d a c t i o n i s r e q u i r e d 

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

E x o p e p t i d a s e s i n c l u d e t h e amino-peptidases and c a r b o x y p e p t i d a s e s , 

enzymes w h i c h remove s i n g l e amino a c i d r e s i d u e s s e q u e n t i a l l y f r o m t h e N-

and C - t e r m i n i r e s p e c t i v e l y o f a p o l y p e p t i d e c h a i n . A n o t h e r c l a s s o f 

e x o p e p t i d a s e , t h e p e p t i d a s e s , s p e c i f i c a l l y h y d r o l y s e s m a l l d i - and t r i -

p e p t i d e s t o t h e i r c o n s t i t u e n t amino a c i d s . The en d o p e p t i d a s e s however, 

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

p o l y p e p t i d e s / p r o t e i n s (Ryan, 1973). 
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A l t h o u g h t h e o v e r a l l a c t i v i t y o f each o f t h e s e enzymes w i t h i n t h e 

whole b a r l e y c a r y o p s i s i s f a i r l y w e l l documented, t h e r e are fewer r e p o r t s 

c o n c e r n i n g t h e e x a c t l o c a l i z a t i o n o f a p a r t i c u l a r p r o t e i n a s e . Moreover, 

t h e l i t e r a t u r e s u f f e r s some c o n f u s i o n a r i s i n g f r o m an i n c o n s i s t e n t 

approach t o n o m e n c l a t u r e o f each enzyme t y p e . However i t i s now c l e a r 

t h a t t h e t h r e e main t i s s u e s o f t h e g e r m i n a t i n g b a r l e y g r a i n (embryo, 

a l e u r o n e and s t a r c h y endosperm) each c o n t a i n a r a t h e r d i f f e r e n t complement 

o f t h e d i f f e r e n t p r o t e o l y t i c enzymes. S e v e r a l e n d o p e p t i d u s e s are p r e s e n t 

w i t h i n t h e s t a r c h y endosperm ( E n a r i e t a l . , 1963; E n a r i &. M i k o l a , 1977), 

t h e a c t i v i t y o f w h i c h i n c r e a s e s about 2 0 - f o l d d u r i n g g e r m i n a t i o n ( M i k o l a 

8s E n a r i , 1970). I t seems l i k e l y t h e r e f o r e , t h a t t h e y p l a y an i m p o r t a n t 

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

pH o p t i m a o f t h e s e enzymes matches t h e in v i v o pH o f t h e endosperm 

(pH 4.8 - 5 . 2 ) . At l e a s t t h r e e c a r b o x y p e p t i d a s e s , w i t h s i m i l a r a c i d i c 

pH o p t i m a , are a l s o l o c a t e d p r e d o m i n a n t l y i n t h e endosperm ( V i s u r i e t a l . , 

1969; M o e l l e r e t a l . , 1970; M i k o l a e t a l . , 1971) i n c l u d i n g a s p e c i f i c 

p r o l i n e c a r b o x y p e p t i d a s e ( M i k o l a & M i k o l a , 1980). A l t h o u g h arainopeptidase 

a c t i v i t y has n o t been d e t e c t e d i n t h e s t a r c h y endosperm, t h i s enzyme i s , 

however, p r e s e n t i n b o t h t h e a l e u r o n e and s c u t e l l u m . I n a d d i t i o n , t h e s e 

two t i s s u e s a l s o c o n t a i n c a r b o x y p e p t i d a s e and e n d o p e p t i d a s e a c t i v i t y , and 

i t seems l i k e l y t h a t t h e s e enzymes are i n v o l v e d p r i m a r i l y i n making amino 

a c i d s a v a i l a b l e f o r t h e de novo s y n t h e s i s o f h y d r o l y t i c enzymes d e s t i n e d 

f o r s e c r e t i o n i n t o t h e s t a r c h y endosperm. Of g r e a t e s t i n t e r e s t , however, 

i s t h e h i g h a c t i v i t y o f two p e p t i d a s e s , b o t h w i t h a l k a l i n e pH o p t i m a , i n 

g e r m i n a t i n g b a r l e y (Sopanen & M i k o l a , 1975; Sopanen, 1976). Both 

enzymes are f o u n d p r e d o m i n a n t l y w i t h i n t h e embryo, i n p a r t i c u l a r t h e 

s c u t e l l a r e p i t h e l i u m ( E n g e l & H e i n s , 1947; M i k o l a &, Kolehmainen, 1972; 

P r e n t i c e e t a l . , 1967). The d i s t r i b u t i o n o f t h e s e p e p t i d a s e s , and t h e 

o t h e r enzymes, would su g g e s t t h a t t h e h y d r o l y s i s o f t h e s t o r a g e p r o t e i n s 

may n o t occur t o c o m p l e t i o n , and t h a t s m a l l p e p t i d e s may be absorbed by 



t h e s c u t e l l u m p r i o r t o c o m p l e t e h y d r o l y s i s t o t h e i r c o n s t i t u e n t amino 

a c i d s . 

1.5 The Course o f P r o t e o l y s i s 

I n t h e f i r s t phase o f p r o t e o l y s i s , p r o t e i n r e s e r v e s i n t h e a l e u r o n e 

(and t h e s c u t e l l u m ) are h y d r o l y s e d t o amino a c i d s t o p r o v i d e f o r t h e 

s y n t h e s i s o f t h e h y d r o l y t i c enzymes t h a t are s e c r e t e d i n t o t h e endosperm. 

The p r o t e i n b o d i e s ( a l e u r o n e g r a i n s ) are c o n s i d e r e d t o be a u t o l y t i c 

(Adams & N o v e l l i e , 19 75; Y a t s u & Jacks, 1968), and a l e u r o n e g r a i n s 

e x t r a c t e d f r o m dormant g r a i n s o f Hordeurn have been shown t o c o n t a i n 

p r o t o a s e a c t i v i t y (Ory & Henningsen, 1969). As t h e s t o r a g e r e s e r v e s 

arc h y d r o l y s e d t h e p r o t e i n b o d i e s become v a c u o l a t e d (Jones, 1969) and 

may c o a l e s c e ( S w i f t & O'Brien, 1972b). 

The e n d o s p e r m - d i g e s t i n g enzymes, whose p r o d u c t i o n and/or r e l e a s e 

by t h e a l e u r o n e c e l l s i s s t i m u l a t e d by g i b b e r e l l i c a c i d , i n c l u d e oC-amylase 

(Reviews; Ho, 1979; Yomo & Va r n e r , 1971), e x o p e p t i d a s e ( c a r b o x y p e p t i d a s e ) 

Schroeder & Bur g e r , 1978), e n d o p e p t i d a s e (Yomo, 1961; Sundblom & M i k o l a , 

1972), r i b o n u c l e a s e ( B e n n e t t & C h r i s p e e l s , 1972), and a l s o enzymes 

r e q u i r e d t o b r eak down t h e endospermal c e l l w a l l s w i t h i n w h i c h t h e r e s e r v e s 

themselves are s e q u e s t e r e d e.g., y&-l,3 g l u c a r a s e ( J o n e s , 1971), e n d o x y l a n use, 

x y l o p y r a n o s i d a s e and 0 < - a r a b i n o f u r a n o s i d a s e ( T a i z & Honigman,1976). The 

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

( B r i g g s , 1964) and c a r b o x y p e p t i d a s e ( R a n k i e t £d., 1983; M i k o l a & Kolehmainen, 

19 7 2 ) . The p r o d u c t i o n o f s e v e r a l o f these enzymes i s by de novo s y n t h e s i s 

( C h r i s p e e l s &, Varner, 1967; Jacobsen & V a r n e r , 1967; Dashek & C h r i s p e e l s , 

1977), t h r o u g h t h e f o r m a t i o n o f new, t r a n s l a t a b l e mRNA's w i t h i n t h e 

a l e u r o n e (Ho & Varne r , 1974; B ernal-Lugo e t a l . , 1 9 8 1 ; Mozer, 1980). 

I n v i v o , t h e s c u t e l l u m i s t h e s i t e o f s y n t h e s i s o f g i b b e r e l l i n , o r 

a mix o f c l o s e l y r e l a t e d g i b e r e l l i n s , i n p a r t i c u l a r GA and GA (R a d l e y , 
1 O 

1967; 1969; Macleod & Palmer, 1967) w h i c h a r e r e l e a s e d i n e q u a l q u a n t i t i e s 
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t o b o t h d o r s a l and v e n t r a l s i d e s o f t h e g r a i n ( B r i g g s , 1972). C l a s s i c a l l y , 

g i b b e r e l l i n i s t h e n t h o u g h t t o d i f f u s e i n t o t h e a l e u r o n e to e x e r t i t s 

e f f e c t s upon enzyme p r o d u c t i o n and s e c r e t i o n ( J o n e s , 1973), a l t h o u g h a 

r e c e n t r e p o r t suggests t h a t o t h e r u n i d e n t i f i e d hormones ( n o t g i b b e r e l l i n s ) 

r e l e a s e d by t h e embryo may have i m p o r t a n c e as t h e p r i m a r y s t i m u l u s ( A t z o r n 

& W e i l e r , 1983). The e x a c t mode o f a c t i o n o f g i b b e r e l l i n i s n o t 

u n d e r s t o o d , b u t i n t r a c e l l u l a r l e v e l s o f hormone may be r e g u l a t e d by t h e 

f o r m a t i o n o f i n a c t i v e c o n j u g a t e s e.g., w i t h g l u c o p y r a n o s i d e s . G l u c o p y r a n o s i -

de-GA complexes have reduced b i o l o g i c a l a c t i v i t i e s and have been i s o l a t e d 

f r o m p l a n t t i s s u e s (Sembdner est a l . , 1976). I n t e r e s t i n g l y , r a d i o a c t i v e l y 

l a b e l l e d GA exogenously a p p l i e d t o b a r l e y a l c u r o n e was l a t e r r e c o v e r e d i n a 

c o n j u g a t e d f o r m , c o u p l e d p r o b a b l y t o a s m a l l p e p t i d e (Nadeau &, llappaporf;, 

1974) . A b s c i s i c a c i d i s r e p o r t e d t o a c t a n t a g o n i s t i c a l l y t o g i b b e r e l l i n 

when a p p l i e d exogenously (Ho &, Var n e r , 19 76; Mozer, 1980), whereas 

e t h y l e n e enhances t h e e f f e c t s o f t h e hormone ( E a s t w e l l &, Spencer, 1982). 

However, t h e r o l e s o f a b s c i s i c a c i d and e t h y l e n e i n v i v o have y e t t o be 

de m o n s t r a t e d . 

The a l e u r o n e r e p r e s e n t s one o f t h e r e l a t i v e l y few p l a n t t i s s u e s t h a t 

s e c r e t e l a r g e q u a n t i t i e s o f enzyme e x t r a c e l l u l a r l y ( t h e s e t i s s u e s are 

r e v i e w e d i n C h r i s p e e l s , 1976), b u t t h e mechanism whereby enzymes are 

t r a n s p o r t e d across t h e a l e u r o n e plasmalemmae i n t o t h e endosperm has n o t 

been s a t i s f a c t o r i l y e s t a b l i s h e d , a l t h o u g h i t i s a p p a r e n t l y an ene r g y -

dependent p r o c e s s ( V a r n e r & Mense, 1972). I n t h i s r e g a r d , most s t u d i e s 

have been c o n c e n t r a t e d upon t h e s e c r e t i o n o f OC-amylase. Lysosomes c o n t a i n i n g 

oc-amylase a c t i v i t y were r e p o r t e d i n wheat a l e u r o n e ( G i b s o n &, Pal e g , 1972; 

1975) b u t i n s t u d i e s u s i n g i m m u n o h i s t o c h e m i c a l o r a u t o r a d i o g r a p h i c 

t e c h n i q u e s (Chen & Jones, 1974; Jones &. Chen,1976) no e v i d e n c e was 

fo u n d f o r t h e l o c a l i z a t i o n o f ^ -amylase w i t h i n lysosomes, v a c u o l e s o r 

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

by moans o f v e s i c u l a r f u s i o n w i t h t h e plasmalemma. However, a p o s s i b l e 
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e x p l a n a t i o n f o r t h e mechanism o f enzymic s e c r e t i o n l i e s i n t h e f a c t t h a t 

06-amylase i s known t o be s y n t h e s i s e d as a l a r g e p r e c u r s o r m o l e c u l e , 

w i t h e s h o r t l e a d e r ' sequence t h a t i s s u b s e q u e n t l y c l e a v e d t o y i e l d t h e 

f u n c t i o n a l enzyme ( O k i t a e t _ a l . , 1979; B o s t o n e t al., 1982). I t i s 

proposed t h a t t h i s l e a d e r sequence, a p e p t i d e w i t h a mass o f a p p r o x i m a t e l y 

1500 d a l t o n s , may be i n v o l v e d i n t h e s p e c i f i c a s s o c i a t i o n o f t h e g r o w i n g 

p o l y p e p t i d e w i t h t h e a l e u r o n e plasmalemma, perhaps by a p r o c e s s s i m i l a r 

t o t h a t e n v i s a g e d i n t h e s i g n a l h y p o t h e s i s ( B l o b e l & D o b b e r s t e i n 1975). 

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

t o t h r e a d t h r o u g h t h e membrane t o t h e o t h e r s i d e as i t i s e l o n g a t e d ; 

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

f u n c t i o n a l t e r t i a r y s t r u c t u r e . Whatever t h e mode o f s e c r e t i o n a c r o s s 

t h e plasmalemma may be, subsequent movement o f t h e enzyme t h r o u g h I he 

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

i s dependent upon t h e t h i c k n e s s o f t h e w a l l ( V a r n e r & Mense, 1972). I n 

t h i s r e g a r d , t h e o u t e r l a y e r s o f t h e a l e u r o n e w a l l s are reduced i n 

t h i c k n e s s by h y d r o l y t i c enzymes r e l e a s e d by t h e a l e u r o n e i t s e l f ( T a i z & 

Honigman, 1976) l e a v i n g an i n n e r l a y e r , r i c h i n f e r u l i c a c i d , w h i c h 

i s r e s i s t a n t t o d e g r a d a t i o n ( F u l c h e r e t al., 1972). A p a r t f romoC-amyl ase, 

i t i s n o t known whether t h e o t h e r h y d r o l y t i c enzymes, such as t h e exo-

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

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

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

1.6 P e p t i d e T r a n s p o r t i n P l a n t s 

1.6.1 I n t r o d u c t i o n 

S p e c i f i c p e p t i d e t r a n s p o r t systems have been shown t o be i m p o r t a n t 

i n t h e n u t r i t i o n o f a w i de range o f b a c t e r i a ( r e v i e w e d i n Payne, 1976, 

1980), y e a s t s , i n c l u d i n g Saccharomyces c e r e v i s i a e ( B ecker & N a i d e r , 1977, 

1980; N i s b e t & Payne, 1979) and Candida a l b i c a n s ( L i c h l i t e r e t al., 1976; 
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D a v i e s , 1980), t h e m y c e l i a l fungus Neurospora c r a s s a ( W o l f i n b a r g e r & 

M a r z l u f , 1974, 1975), and i n a v a r i e t y o f mammalian t i s s u e s such as s m a l l 

i n t e s t i n e , r e n a l c o r t e x , l i v e r and b r a i n c e l l s ( A s a t o o r c t a l . , 1973; 

Matthews, 1975; S l e i s e n g e r e t a l . , 1 9 7 6 , Matthews & Payne, 1980). I n 

a l l t h e s e cases, p e p t i d e s are accumulated i n t a c t and i n d e p e n d e n t l y o f 

amino a c i d t r a n s p o r t ; u p t a k e i s e n e r g y - r e q u i r i n g a l t h o u g h t h e mode o f 

e n e r g i z a t i o n o f each system may be d i f f e r e n t . P e p t i d e s o f up t o f i v e 

amino a c i d r e s i d u e s i n l e n g t h can be t r a n s p o r t e d by most o f t h e s e 

systems. 

Because o f t h e w i d e s p r e a d o c c u r r e n c e o f p e p t i d e t r a n s p o r t systems 

i n n a t u r e , i t i s c l e a r l y advantageous f o r an o r g a n i s m t o be a b l e t o 

t r a n s p o r t p e p t i d e s as w e l l as amino a c i d s . Perhaps t h e main advantage 

o f p e p t i d e u p take i s e n e r g e t i c , f o r i t appears t h a t e q u i v a l e n t amounts 

o f energy are r e q u i r e d t o t r a n s p o r t e q u i m o l a r amounts o f p e p t i d e or 

amino a c i d (J.W.Payne, u n p u b l i s h e d d a t a ) ; however, such a s a v i n g i s 

o n l y l i k e l y t o be s i g n i f i c a n t i n u n i c e l l u l a r organisms and w i l l n o t be 

so i m p o r t a n t i n t h e mammalian j e j u n u m o r k i d n e y , f o r example, w h i c h 

r e p r e s e n t b u t s m a l l p a r t s o f t h e t o t a l body mass. I n a d d i t i o n , u p take 

i n t h e f o r m o f p e p t i d e s can g i v e a more b a l a n c e d p r e s e n t a t i o n o f amino 

a c i d s , and b a c t e r i a f o r example, w i l l grow b e t t e r on p e p t i d e s as t h e 

s o l e n i t r o g e n s o u rce r a t h e r t h a n an amino a c i d mix. These apparent 

b e n e f i t s o f p e p t i d e t r a n s p o r t w o u ld suggest t h a t p l a n t s a l s o might 

w e l l have e v o l v e d such systems under c e r t a i n c i r c u m s t a n c e s . However, 

because p l a n t s are g e n e r a l l y a u t o t r o p h i c , t h e i m p o r t a n c e o f e x t e r n a l 

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

t o be l i m i t e d t o h i g h l y e u t r o p h i c , a q u a t i c e n v i r o n m e n t s , o r e l s e h i g h l y 

n u t r i e n t - d e f i c i e n t h a b i t a t s where p l a n t s have e v o l v e d a c a r n i v o r o u s 

h a b i t (see b e l o w ) . I n s t e a d , p e p t i d e t r a n s p o r t i n p l a n t s i s more l i k e l y 

t o p l a y an i m p o r t a n t r o l e i n t e r n a l l y i n t h e movement o f p e p t i d e s 



i n t e r c e l l u l a r l y , o r between t i s s u e s , p a r t i c u l a r l y when p r o t e i n s are 

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

g e r m i n a t i n g seeds, s t o r a g e organs o r s e n e s c i n g t i s s u e s may w e l l i n v o l v e 

t h e trans-membrane t r a n s p o r t o f p e p t i d e s , e s p e c i a l l y where a c y t o p l a s m i c 

c o n t i n u i t y does n o t e x i s t and movement o f m a t e r i a l cannot o c c u r v i a 

plasmodesmata, f o r example. 

Over t h e p a s t decade, some e f f o r t has been d i r e c t e d towards t h e 

i d e 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 o f amino a c i d t r a n s p o r t systems i n 

p l a n t s ( r e v i e w e d by H i g g i n s &c Payne, 1980) taut r e l a t i v e l y l i t t l e 

a t t e n t i o n has been p a i d t o t h e p o s s i b i l i t y t h a t p e p t i d e t r a n s p o r t may 

w e l l be o p e r a t i n g a l s o , e i t h e r i n p a r a l l e l , o r e l s e e x c l u s i v e l y . A resume 

o f t h o s e p e p t i d e t r a n s p o r t systems f o r w h i c h some e v i d e n c e has been found 

i n p l a n t s i s g i v e n below ( e a r l i e r r e v i e w s o f t h i s t o p i c are found i n 

Matthews & Payne, 1980; H i g g i n s &, Payne, 1980, 1982). 

1.6.2 C a r n i v o r o u s S p e c i e s 

Over f o u r hundred s p e c i e s o f c a r n i v o r o u s p l a n t s have been i d e n t i f i e d , 

most o f w h i c h g e n e r a l l y grow i n n u t r i e n t d e f i c i e n t h a b i t a t s and supplement 

t h e i r i n o r g a n i c n i t r o g e n i n t a k e by t r a p p i n g and d i g e s t i n g s m a l l i n s e c t s . 

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

i n c l u d e amino a c i d s and/or s m a l l p e p t i d e s , and at l e a s t two s p e c i e s , 

t h e sundew D r o s e r a ( S i m o l a , 19 78) and t h e p i t c h e r p l a n t S a r r a c e n i a 

(Plummer &. K e t h l e y , 1964), are capable o f g r o w i n g on a p e p t i d e , o r mix 

o f p e p t i d e s , as t h e s o l e n i t r o g e n s o u r c e . I n b o t h cases, p e p t i d e s 

were a p p a r e n t l y accumulated i n t a c t , p r i o r t o i n t r a c e l l u l a r h y d r o l y s i s 

t o t h e c o n s i t u e n t amino a c i d s . 

1.6.3 A q u a t i c Species 

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

t h e s u r f a c e s o f e u t r o p h i c l a k e s whore t h e c o n c e n t r a t i o n o f amino a c i d s 
_3 

can exceed 30 mmol m (Gessner, 1959). Many p h y t o p l a n k t o n i e and .surface-

l i v i n g p l a n t s have e v o l v e d t r a n s p o r t systems t o t a k e advantage o f those 
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c o n d i t i o n s , and amino a c i d u p t a k e by s e v e r a l organisms i s w e l l documented 

( e . g . , Wheeler e t a l . , 1974, 1977; N o r t h , 1975; Cho e t a l . , 1981; 

Jung & L u t t g e , 1980). However, t h e r e i s a p a u c i t y o f l i t e r a t u r e 

c o n c e r n i n g p e p t i d e u t i l i z a t i o n by a q u a t i c s p e c i e s , a l t h o u g h B o l l a r d (1966) 

r e p o r t e d t h a t t h e algae C h l o r e l l a v u l g a r i s and S p i r o d e l a o l i g o r r h i z a c o u l d 

a p p a r e n t l y grow on s e v e r a l d e f i n e d p e p t i d e s as t h e s o l e n i t r o g e n s o u r c e . 

1.6.4 P e p t i d e P h y t o t o x i n s 

Many b a c t e r i a l and f u n g a l p h y t o t o x i n s have been i d e n t i f i e d as 

p e p t i d e s o r p e p t i d e d e r i v a t i v e s e.g., t o x i n s produced by f u n g i o f t h e 

genus H e l m i n t h o s p o r i u m , c a u s i n g b l i g h t s i n c e r e a l c r o p s ( P r i n g l o , 1971; 

P r i n g l e & Braun, 1958), s y r i n g o m y c i n , produced by Pseudomonas s y r i n g a o , 

c a u s i n g canker i n s t o n e f r u i t t r e e s (Prunus spp. ) (Dackman &, Devay,1971), 

and t a b t o x i n , produced by Pseudomonas t a b a c i , r e s p o n s i b l e f o r t h e " w i l d l i r c 

d i s e a s e o f tobacco ( T a y l o r e t al_. , 1972). T h e i r c h e m i c a l s t r u c t u r e s and 

modes o f a c t i o n have been t h e s u b j e c t s o f s e v e r a l r e v i e w s ( P r i n g l e & S c h e f f e 

1964; Owens, 1969; P a t i l , 1974). These t o x i n s may w e l l g a i n e n t r y t o 

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

i n t h i s r e s p e c t , t h e p e p t i d e t o x i n s p h a s e o l o t o x i n and p h a s e o t o x i n , b o t h 

produced by t h e pathogen Pseudomonas p h a s e o l i c a , are o f e s p e c i a l i n t e r e s t . 

T h i s o rganism i s t h e c a u s a t i v e agent o f bean h a l o b l i g h t o f Phaseolus spp. 

( M i t c h e l l , 19 76; P a t i l , 19 7 4 ) , t h e symptoms o f w h i c h are c h l o r o s i s and 

n e c r o s i s o f l e a f t i s s u e . P r e l i m i n a r y e v i d e n c e has been o b t a i n e d t h a t 

t h e p h y t o t o x i n s produced by P„phaseolica do i n d e e d g a i n e n t r y t o t h e h o s t 

l e a f c e l l s t h r o u g h a p e p t i d e t r a n s p o r t system ( S t a s k a w i c z & Panopoulos, 

1980). I n t e r e s t i n g l y , s t r a i n s o f Phaseolus r e s i s t a n t t o h a l o b l i g h t 

e x i s t (Omer & Wood, 1969; R u s s e l l , 1977), and i t w o u ld be i n t e r e s t i n g 

t o d e t e r m i n e w h e t h e r t h i s r e s i s t a n c e , at l e a s t i n p a r t , i s achieved by 

v i r t u e o f a d e f i c i e n c y i n t h e p e p t i d e t r a n s p o r t system. 
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1.6.5 T r a n s p o r t by C e r e a l Embryos 

1. 6. 5.1 E a r l y S t u d i e s 

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

seed has an i m p o r t a n t r o l e i n t h e a b s o r p t i o n o f d i g e s t e d endospermal 

r e s e r v e s , and i t w o u l d seem l i k e l y t h a t s e v e r a l s p e c i f i c t r a n s p o r t 

systems may w e l l be l o c a t e d h e r e , e s p e c i a l l y w i t h i n t h e e p i t h e l i u m i t s e l f . 

S u r p r i s i n g l y , however, u p t a k e by t h e s c u t e l l u m p r i o r t o 1977 r e c e i v e d v e r y 

l i t t l e a t t e n t i o n . S i n c e t h e endosperm o f t h e c e r e a l g r a i n i s about 90% 

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

was f i r s t t o be i n v e s t i g a t e d . I n wheat and b a r l e y , g l u c o s e i s absorbed 

by t h e s c u t e l l u m , t h e n c o n v e r t e d t o s u c r o s e w i t h i n t h e embryo p r i o r t o 

e x p o r t t o t h e g r o w i n g t i s s u e s (Edelman e t al., 1959). S i m i l a r l y , the 

maize s c u t e l l u m a c t i v e l y t r a n s p o r t s g l u c o s e , p r o b a b l y i n a group-

t r a n s l o c a t i o n mechanism (Roseman, 1968) whereby i t i s p h o s p h o r y l a t c d 

a t t h e plasmalcmma ( W h i t e s e l l & Humphreys, 1972). I n a d d i t i o n , m a l t o s e 

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

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

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

(Humphreys, 1973). Sugar t r a n s p o r t i s l i k e l y t o be e n e r g i s e d by means 

o f a p r o t o n g r a d i e n t (Humphreys, 1975, 1978, 1981). 

Most amino a c i d s are a v a i l a b l e i n t h e endospermal p o o l i n 

a p p r o x i m a t e l y t h e r e q u i r e d r a t i o s f o r p r o t e i n s y n t h e s i s by t h e embryo, 

so t h e y are t r a n s p o r t e d t h e r e unchanged (Jones & P i e r c e , 1966). Only 

two d e t a i l e d s t u d i e s o f amino a c i d u ptake by t h e c e r e a l s c u t e l l u m have 

been r e p o r t e d . S t e w a r t ( 1 9 7 1 ) d e s c r i b e d an a c t i v e g l u t amine t r a n s p o r t 

system i n wheat w i t h a pH optimum o f 4.3 - 5.2. The u p t a k e o f g l u t a m i n o 

was c o m p e t i t i v e l y i n h i b i t e d by t h e presence o f A l a , Cys, Gly, Met, Glu 

and Ser o n l y , and n o t by any o f t h e o t h e r ' p r o t e i n ' a m i n o a c i d s , 

s u g g e s t i n g t h a t more t h a n one t r a n s p o r t system may e x i s t . Sopanen e_t a l . , 
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(1980) c h a r a c t e r i z e d t h e t r a n s p o r t o f l e u c i n e by t h e b a r l e y s c u t e l l u m , 

and f o u n d an a c t i v e system w i t h a pH optimum o f pH 3.5 - 5. Uptake 

showed m u l t i p h a s i c k i n e t i c s . Sopanen d i d n o t i n v e s t i g a t e t h e a b s o r p t i o n 

o f any o t h e r amino a c i d s , b u t l e u c i n e t r a n s p o r t was c o m p e t i t i v e l y 

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

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

Thus, i t had always been assumedthat t h e complete d e g r a d a t i o n o f 

endospermal p r o t e i n o c c u r r e d , and t h a t amino a c i d s alone were absorbed 

i n t o t h e g r o w i n g embryo. However, a c o n s i d e r a t i o n o f t h e enzyme typ e s 

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

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

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

S u b s e q u e n t l y , such a system was f o u n d i n b a r l e y and r e p o r t e d by H i g g i n s &. 

Payne ( 1 9 7 7 ) , and r e p r e s e n t e d t h e f i r s t unambiguous d e m o n s t r a t i o n o f a 

p e p t i d e t r a n s p o r t i n g system i n p l a n t s . Almost s i m u l t a n e o u s l y , Sopanen 

e t a l . , ( 1 9 7 7 ) c o n f i r m e d t h e s e p r e l i m i n a r y f i n d i n g s , b u t l a t e r work by 

H i g g i n s c h a r a c t e r i z e d t h e p e p t i d e u p t a k e p r o c e s s i n r a t h e r g r e a t e r d e p t h 

as a Ph.D. p r o j e c t a t t h e U n i v e r s i t y o f Durham ( H i g g i n s , 1979). T r a n s p o r 

was shown t o be ' a c t i v e ' and c a r r i e r - m e d i a t e d ; i n f o r m a t i o n about t h e 

number o f systems, t h e k i n e t i c s and s p e c i f i c i t y o f u p t a k e , and t h e 

e n e r g y s u p p l y was a l s o documented. These aspects are summarized below. 

1.6.5.2 C h a r a c t e r i s t i c s o f P e p t i d e T r a n s p o r t by t h e P a r l e y S c u t e l l u m 

P e p t i d e u p t a k e d i s p l a y s many o f t h e accepted c r i t e r i a d e f i n i n g 

an a c t i v e t r a n s p o r t p r o c e s s . Thus, a c c u m u l a t i o n o f s u b s t r a t e o c c u r s 

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

i n h i b i t o r s such as DNP, a z i d e and by a n o x i a ( H i g g i n s &, Payne, 1977a; 

H i g g i n s , 1979). Uptake shows s a t u r a b l e M i c h a e l i s - M e n t e n k i n e t i c s 

(Sopanen e t a l . , 1977), w h i c h i s i n d i c a t i v e o f a m e d i a t e d p r o c e s s . 

I n c o n t r a s t w i t h b a c t e r i a l systems, where s e p a r a t e d i - and o l i g o p e p t i d e 
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permeases are o f t e n f o u n d , j u s t one t r a n s p o r t system appears t o e x i s t 

i n t h e b a r l e y s c u t e l l u m w h i c h can t r a n s p o r t p e p t i d e s o f up t o f i v e amino 

a c i d s i n l e n g t h ( H i g g i n s & Payne, 1978b), a l t h o u g h l o n g e r p e p t i d e s have 

n o t been t e s t e d . Uptake i s independent o f h y d r o l y s i s and p e p t i d e s are 

absorbed i n t a c t , b u t s u b s e q u e n t l y t h e y are r a p i d l y c l e a v e d ( H i g g i n s & 

Payne, 1978c). I n common w i t h many o t h e r t r a n s p o r t systems i n h i g h e r 

p l a n t s , u p t a k e shows an a c i d i c optimum ( p l i 3.8) ( H i g g i n s 8o Payne, 1977b), 

w h i c h c o r r e s p o n d s c l o s e l y t o t h e measured pH o f t h e endosperm in v i v o 

d u r i n g g e r m i n a t i o n ( K i r s i & M i k o l a , 1971). T h i s low pH optimum, t o g e t h e r 

w i t h t h e a b i l i t y t o i n h i b i t t h e system u s i n g p r o t o n s h u t t l e s such as 

a c e t a t e ( H i g g i n s &, Payne, 1977b), gave p r e l i m i n a r y i n d i c a t i o n s t h a t 

t r a n s p o r t was e n e r g i s e d by means o f a p r o t o n g r a d i e n t i n accordance w i t h 

t h e cheraiosmotic model ( M i t c h e l l , 1 9 7 6 ). Uptake i s n o t d i r e c t l y dependent 

upon sodium o r p o t a s s i u m i o n s , b u t a t v e r y h i g h c o n c e n t r a t i o n s ( > lOOmM) 

these c a t i o n s are i n h i b i t o r y (Sopanen o_t a l . , 1978). 

The t r a n s p o r t e r shows l i t t l e o r no s p e c i f i c i t y f o r d i f f e r e n t amino 

a c i d r e s i d u e s , such t h a t a l l t h e n a t u r a l p e p t i d e s t h a t have been t e s t e d 

are accumulated a t a p p r o x i m a t e l y s i m i l a r r a t e s i r r e s p e c t i v e o f t h e i r 

e l e c t r i c a l c h a r g e , h y d r o p h o b i c o r h y d r o p h i l i c n a t u r e ( H i g g i n s , 1979). 

However, t h e system i s h i g h l y s t e r o s p e c i f i c , i n t h a t t h e u ptake o f a 

p e p t i d e w i t h a complete D c o n f i g u r a t i o n cannot be d e t e c t e d . Some u p t a k e 

o f p e p t i d e s c o m p r i s i n g mixed D and L amino a c i d r e s i d u e s w i l l s t i l l o c c u r , 

however, but i n t h i s r e g a r d , t r a n s p o r t i s most s e n s i t i v e t o t h e s u b s t i t u t i o n 

o f a D r e s i d u e at t h e c a r b o x y l t e r m i n u s o f a p e p t i d e ( H i g g i n s & Payne, 1978a) 

S i m i l a r l y , the c h e m i c a l m o d i f i c a t i o n o r ' b l o c k i n g ' o f t h e C-terminus w i l l 

r educe uptake more e f f e c t i v e l y t h a n a d e r i v a t i z a t i o n o f t h e amino t e r m i n u s ; 

t h u s i t seems l i k e l y t h a t t h e C-terminus i s t h e more i m p o r t a n t i n c o n f e r r i n g 

a f f i n i t y o f t h e p e p t i d e s u b s t r a t e f o r t h e t r a n s p o r t systems ( H i g g i n s , 19 7 9 ) . 

T h e r e f o r e , f r o m t h e work d e s c r i b e d above, i t i s c l e a r t h a t p e p t i d e t r a n s p o r t 
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i n t h e b a r l e y s c u t e l l u m i s w e l l u n d e r s t o o d i n broad o u t l i n e . The 

s t u d i e s d e s c r i b e d i n t h i s t h e s i s are aimed at c h a r a c t e r i z i n g i n g r e a t e r 

d e p t h r a t h e r d i f f e r e n t aspects o f t h e u p t a k e systems i n t h e b a r l e y 

s c u t e l l u m , i n p a r t i c u l a r , t h e n a t u r e o f t h e t r a n s p o r t p r o t e i n s themselves. 

Because o f t h e e x p e r i m e n t a l convenience w i t h w h i c h s c u t e l l a can be 

p r e p a r e d , and t h e r e l a t i v e ease w i t h w h i c h s u b s t r a t e a c c u m u l a t i o n can be 

measured, t h e c e r e a l embryo can be c o n s i d e r e d as an i d e a l , model system 

w i t h w h i c h t o i n v e s t i g a t e t r a n s p o r t mechanisms i n h i g h e r p l a n t s . 



CHAPTER 2 

MATERIALS AND METHODS 



26 

2.1 I n t r o d u c t i o n 

T h i s c h a p t e r i s concerned p r i m a r i l y w i t h t h e assays used t o m o n i t o r 

amino a c i d and p e p t i d e a c c u m u l a t i o n by t h e b a r l e y s c u t e l l u m . These 

i n c l u d e D a n s y l - t . 1 . c . and f l u o r e s c a m i n e t e c h n i q u e s , w h i c h have a l r e a d y 

been adapted s u c c e s s f u l l y t o f o l l o w s o l u t e u p t a k e i n Hordeum ( H i g g i n s , 

1 9 7 9 ) , and t h e use o f r a d i o a c t i v e l y l a b e l l e d s u b s t r a t e s w h i c h , g e n e r a l l y , 

have seen a more w i d e s p r e a d a p p l i c a t i o n i n t r a n s p o r t s t u d i e s . 

Other g e n e r a l m e t h o d o l o g i e s w h i c h were employed r o u t i n e l y are 

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

2.2 M a t e r i a l s 

2.2.1 D i o l o g i c a l M a t e r i a l s 

B a r l e y g r a i n s (Hordeum v u l g a r e L., cv M a r i s O t t e r , W i n t e r ) 

were s u p p l i e d by t h e N a t i o n a l Seed Development O r g a n i s a t i o n L t d . , 

Newton, Cambridge. 

2.2.2 Chemicals 

P e p t i d e s and amino a c i d s were o b t a i n e d f r o m Sigma (Lo n d o n ) , 

S e r v a and Bachem ( t h r o u g h U n i s c i e n c e L t d . , Cambridge), BDH ( P o o l e , 

D o r s e t ) and Calbiochem ( t h r o u g h CP L a b o r a t o r i e s L t d . , Bishop's S t o r t f o r d ) 

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

purchased f r o m Sigma ( L o n d o n ) , w i t h t h e e x c e p t i o n o f N - D a n s y l a z i r i d i n e 

w h i c h was s u p p l i e d by P i e r c e - W a r r i n e r (U.K.) L t d . , ( C h e s t e r ) . 

A l l r a d i o c h e m i c a l s were purchased f r o m t h e R a d i o c h e m i c a l C e n t r e , 
14 14 Amersham, w i t h t h e e x c e p t i o n s o f A l a - (U C) A l a and A l a - A l a - (U C)A1 

Which were g i f t s f r o m Dr.W.J.Lloyd, Roche P r o d u c t s L t d . , Welwyn 

Garden C i t y . 

G eneral r e a g e n t s were, when p o s s i b l e , o f a n a l y t i c a l grade and 

s u p p l i e d by BDH ( P o o l e , D o r s e t ) , K o c h - L i g h t L t d . ( H a v e r h i l l , S u f f o l k ) 

and Hopkins and W i l l i a m s ( C h a d w e l l Heath, Essex). 
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2.2.3 Chemical Nomenclature 

A b b r e v i a t i o n s f o r amino a c i d s and p e p t i d e s are i n accordance 

w i t h t h e recommendations p u b l i s h e d by t h e 1972 IUPAC-IUB Commission 

(Eur.J.Biochem. 2]_, 201-207). The nom e n c l a t u r e o f i s o t o p i c a l l y 

l a b e l l e d compounds i s i n accordance w i t h t h a t as p u b l i s h e d by the 

IUPAC i n 1978 (Eur.J.Biochem. 86, 9-25). 

The a b b r e v i a t i o n s used f o r a l l o t h e r r e a g e n t s are l i s t e d i n 

Appendix I . 

2.2.4 I n s t r u m e n t a t i o n 

L i q u i d s c i n t i l l a t i o n c o u n t i n g was p e r f o r m e d on a Packard P r i a s 

T r i - C a r b (Model PL/PLD). 

F l u o r e s c e n c e assays, u s i n g f l u o r e s c a m i n e , were p e r f o r m e d on a B a i r d 

Atomic F l u o r i p o i n t (FD 100) s p e c t r o f l u o r i m e t e r . 

S p e c t r o p h o t o m e t r i c measurements were made on a Pye Unicorn model 

SP8-150. 

E l e c t r o n m i c r o g r a p h s were p r e p a r e d on a P h i l i p s EM400 e l e c t r o n 

microscope ( P h i l i p s I n d u s t r i e s , Eindhoven, The N e t h e r l a n d s ) . 

L i g h t m i c r o s c o p y was p e r f o r m e d on a N i k o n Diaphot-TMD i n v e r t e d 

m i c r o s c o p e (Nippon I n d u s t r i e s , J a p a n ) , o r a L e i t z O r t h o l u x e p i f l u o r e s c e n c e 

m i c r o s c o p e ( E r n s t L e i t z L t d . , W e t z l a r , FRG). 

2.3 Seed Growth and S c u t e l l u m P r e p a r a t i o n 

2.3.1 Methods 

B a r l e y g r a i n s were w e t t e d i n 70% ( v / v ) aqueous e t h a n o l f o r 10s 

and s u r f a c e s t e r i l i z e d f o r 10 min u s i n g sodium h y p o c h l o r i t e ( 1 % w/v 

a v a i l a b l e c h l o r i n e ) and g e r m i n a t e d a s e p t i c a l l y on 1.2% (w/v) w a t e r agar 

( " D i f c o B a c t o a g a r " , D i f c o L a b o r a t o r i e s , M i c h i g a n , U.S.A.) f o r up t o 6 

days i n a g r o w t h room (20 C). N o r m a l l y , a f t e r 2-3 days g e r m i n a t i o n , 

s c u t e l l a were d i s s e c t e d o u t u s i n g a s c a l p e l . The c o l e o p t i l e and r o o t s were 

trimmed o f f a t t h e i r bases, S c u t e l l a were s t o r e d b e f o r e use i n oxygenated 50 mM 
o 

sodium p h o s p h a t e - c i t r a t e b u f f e r , ( M c l l v a i n e , 1921) pH 3.8 a t 2 C f o r up 

t o 2h. 
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O c c a s i o n a l l y , f o l l o w i n g a c h e m i c a l i n h i b i t i o n o r t r e a t m e n t , l o n g 

t e r m e f f e c t s upon embryo g r o w t h o r s c u t e l l a r t r a n s p o r t needed t o be 

m o n i t o r e d . Thus , whole embryos, d i s s e c t e d o u t between 3-24h f o l l o w i n g 

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

t o c u l t u r e f l a s k s c o n t a i n i n g a s u i t a b l e n u t r i e n t agar t o a l l o w any 

subsequent g r o w t h t o c o n t i n u e f o r up t o 3 days ( S e c t i o n s 3.7, 4.2.4). 

Glucose agar ( 1 % w/v) was adequate t o m a i n t a i n good g r o w t h o f i s o l a t e d 

embryos f o r 3 days b u t f o r l o n g e r p e r i o d s a c u l t u r e medium based on 

t h a t o f W h i t e (1934) was used (Appendix 2 ) . 

2.3.2 D i s c u s s i o n 

2.3.2.1 Seed Growth 

Because t h e r a t e s o f p e p t i d e and amino a c i d t r a n s p o r t are a 

f u n c t i o n o f d e v e l o p m e n t a l age ( S e c t i o n 3.5), i t i s i m p o r t a n t t o a t t a i n 

good r e p r o d u c i b i l i t y o f seed g r o w t h d u r i n g g e r m i n a t i o n . For t h i s 

r e a s o n agar was chosen as a c u l t u r e medium (under t h e c o n d i t i o n s 

s p e c i f i e d i n S e c t i o n 2.3.1), r a t h e r t h a n w a t e r , where g e r m i n a t i o n was 

f o u n d t o be l e s s r e p r o d u c i b l e , caused, most l i k e l y , by oxygen l i m i t a t i o n . 

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

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

g r o w t h c h a r a c t e r i s t i c s ( T a b l e 3.1) „ 

2.3.2.2 S t e r i l i t y 

E a r l i e r e x p e r i m e n t s showed t h a t p o s s i b l e i n t e r f e r e n c e from 

c o n t a m i n a t i n g m i c r o o r g a n i s m s was n e g l i g i b l e d u r i n g u p t a k e s t u d i e s 

( H i g g i n s , 1979), and was f o u n d here never t o be a p r o b l e m d u r i n g seed 

g e r m i n a t i o n on a u t o c l a v e d w a t e r agar, a l t h o u g h b a c t e r i a l g r o w t h was 

sometimes e v i d e n t w i t h t h e e n r i c h e d c u l t u r e media used f o r t h e l o n g t e r m 

g r o w t h o f i s o l a t e d embryos. A r t i f a c t s a s s o c i a t e d w i t h e x c e s s i v e use 

o f sodium h y p o c h l o r i t e as a d i s i n f e c t a n t have been h i g h l i g h t e d ( A b d u l -



B a k i , 1974), b u t were n o t e v i d e n t i n t h e t r e a t m e n t o f dormant seeds. 

2.3.2.3 S c u t e l l a E x c i s i o n and S t o r a g e 

For v a r i o u s r e a s o n s , 2-3 day o l d s c u t e l l a were employed f o r 

most o f t h e s e s t u d i e s . Thus, 1 day s c u t e l l a are n o t o n l y r e l a t i v e l y 

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

f o r amino a c i d s , are n o t o p t i m a l ; a l s o , r a t e s o f p e p t i d e t r a n s p o r t 

d e c l i n e a f t e r 3 days ( S e c t i o n 3 . 5 ) , For e x p e r i m e n t a l c onvenience, 

b u l k y c o l e o p t i l e and r o o t t i s s u e s were r o u t i n e l y trimmed o f f . 

P r e l i m i n a r y e x p e r i m e n t s showed t h a t amino a c i d o r p e p t i d e u p take 

t h r o u g h t h e s e s e v e r e d s u r f a c e s was n e g l i g i b l e ; t h u s , u p t a k e o f a 

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

w i t h s u b s t r a t e was i n s i g n i f i c a n t when t h e c u t s u r f a c e s a l o n e , b u t n o t 

t h e s c u t e l l u m , was i n c o n t a c t w i t h t h e paper. Use o f l i g h t m i c roscopy 

i n d i c a t e d t h a t , on s e p a r a t i o n , no v i s i b l e damage was s u s t a i n e d by 

s c u t e l l a r t i s s u e . A f t e r d i s s e c t i o n , s c u t e l l a were r a r e l y s t o r e d f o r 

l o n g e r t h a n 2 h, and p r e l i m i n a r y work showed t h a t when s t o r e d as 

d e s c r i b e d , no measurable d e t e r i o r a t i o n o f t r a n s p o r t o c c u r r e d f o r up t o 

a t l e a s t 6 h f o l l o w i n g i s o l a t i o n . 

2„4 Assay Methods f o r P e p t i d e , Amino A c i d and Glucose T r a n s p o r t 

2.4.1 I n t r o d u c t i o n 

I n any s t u d y i n v o l v i n g t h e movement o f s u b s t r a t e across a 

membrane b a r r i e r i n t o whole organisms o r t i s s u e s , one can measure 

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

medium o r f r o m i t s appearance ( e i t h e r o f t h e s u b s t r a t e i t s e l f o r a 

m e t a b o l i t e o f i t ) w i t h i n t h e t i s s u e . B o t h s t r a t e g i e s may have 

advantages o r d i s a d v a n t a g e s depending on t h e system b e i n g s t u d i e d 

( S e c t i o n 2.5.5). I n t h e p r e s e n t s t u d y , t h e a c c u m u l a t i o n o f a r a d i o a c t i v e 

l a b e l w i t h i n s c u t o l l a r t i s s u e has boon used as the main assay f o r t r a n s p o r t . 

However, two a l t e r n a t i v e methods wore a l s o used t o m o n i t o r t h e 
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t r a n s p o r t o f amino a c i d s and p e p t i d e s , i n v o l v i n g t h e r e a c t i o n o f an 

amino group on t h e s u b s t r a t e w i t h a f l u o r e s c e n c e l a b e l . These 

f l u o r e s c e n t l a b e l l i n g t e c h n i q u e s were used n o t o n l y t o c o n f i r m ( o r 

o t h e r w i s e ) r a d i o t r a c e r r e s u l t s , b u t a l s o as methods i n t h e i r own r i g h t , 

f o r example where a s u b s t r a t e was unav a i l a b l e i n a r a d i o a c t i v e l y l a b e l l e d 

f o r m . 

2.4.2 I n c u b a t i o n Media 

T y p i c a l l y , up t o s i x s c u t e l l a were i n c u b a t e d i n up t o 2 ml o f 

50mM, p r e o x y g e n a t e d sodium p h o s p h a t e - c i t r a t e b u f f e r ( M c l l v a i n e , 1 9 2 1 ) , 

pH 3.8, i n g l a s s v i a l s (50 x 25 mm) on a s h a k i n g w a t e r b a t h (100 s t r o k e s 

m i n a t 20°C). F o l l o w i n g e q u i l i b r a t i o n f o r 10 min, t h e assay was 

i n i t i a t e d by a d d i t i o n o f s u b s t r a t e ( t o a f i n a l c o n c e n t r a t i o n o f 2 mM amino 

a c i d o r p e p t i d e , 20mM g l u c o s e , u n l e s s o t h e r w i s e s t a t e d ) . T r a n s p o r t was 

t h e n m o n i t o r e d as d e s c r i b e d below. 

2.4.3 Assays w i t h R a d i o a c t i v e l y L a b e l l e d S u b s t r a t e s 

2„4„3„1 I n t r o d u c t i o n 

To d a t e , s t u d i e s on amino a c i d u p t a k e i n p l a n t s have i n v o l v e d 

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

t e c h n i q u e i s h i g h l y s e n s i t i v e and a wide range o f r a d i o a c t i v e amino a c i d s 

are a v a i l a b l e c o m m e r c i a l l y . As d i s c u s s e d p r e v i o u s l y ( S e c t i o n 1.6), 

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

because r a d i o a c t i v e l y l a b e l l e d p e p t i d e s have n o t been a v a i l a b l e , and 

c o n s e q u e n t l y a l t e r n a t i v e t r a n s p o r t assays have had t o be dev e l o p e d . 

D e s p i t e t h e r e l a t i v e c onvenience o f u s i n g r a d i o a c t i v i t y , problems 

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

a c t i v e l a b e l are commonly e n c o u n t e r e d ( S e c t i o n 3 . 2 ) , and must be t a k e n 

i n t o account t o ensure t h a t s e r i o u s u n d e r e s t i m a t e s o f r a t e s e t c . , are 

n o t r e c o r d e d . 

2.4.3.2 Procedure 

S u b s t r a t e s o f s p e c i f i e d c o n c e n t r a t i o n (2mM f o r amino a c i d s and p e p t i d e 



31 

20mM f o r g l u c o s e ) were n o r m a l l y p r e p a r e d t o a s p e c i f i c a c t i v i t y o f 
12juCiramol l, b e i n g l a b e l l e d e i t h e r as 1 4 C a r b o n o r 3 Hydrogen. 
R o u t i n e l y , s i x s c u t e l l a were used i n an i n c u b a t i o n volume o f 1 ml, two 
b e i n g removed p e r i o d i c a l l y ( u s u a l l y e v e r y 15 m i n u t e s f o l l o w i n g t h e 
i n i t i a t i o n o f a s s a y ) , t r a n s f e r r e d t o a p i e c e o f m u s l i n and washed f o r 
a t l e a s t two m i n u t e s w i t h c o p i o u s q u a n t i t i e s o f d i s t i l l e d w a t e r (500 m l ) . 
R a d i o a c t i v i t y was t h e n e x t r a c t e d w i t h 0.5 m l , 5M a c e t i c a c i d i n s t o p p e r e d 
t u b e s on a b o i l i n g w a t e r b a t h f o r 20 min„ E x t r a c t s were added t o 5 ml 
o f s c i n t i l l a t i o n f l u i d (NE 260, N u c l e a r E n t e r p r i s e s ) i n p o l y t h e n e v i a l s 
( " P i c o " v i a l s , Packard I n s t r u m e n t s ) . The samples were mixed t h o r o u g h l y 
and l e f t o v e r n i g h t t o reduce t h e l i k e l i h o o d o f chemi-luminescence b e f o r e 
b e i n g c o u n t e d f o r r a d i o a c t i v i t y . 

2.4.3.3 Chromatographic I d e n t i f i c a t i o n o f R a d i o a c t i v e l y L a b e l l e d E x t r a c t s 

To f o l l o w t h e m e t a b o l i c f a t e o f a r a d i o a c t i v e l y l a b e l l e d s u b s t r a t e 

w i t h i n s c u t e l l a r t i s s u e , t h e components o f an a c e t a t e e x t r a c t were 

s e p a r a t e d c h r o m a t o g r a p h i c a l l y on t h i n l a y e r s ( S e c t i o n s 3.3,5.2.3). 

F o l l o w i n g a c c u m u l a t i o n o f r a d i o a c t i v i t y f r o m a s o l u t i o n o f s u i t a b l e 

s p e c i f i c a c t i v i t y , s c u t e l l a were e x t r a c t e d i n aqueous a c e t a t e (50 - 5O0 mM, 

1 ml ) and a l i q u o t s were d r i e d down i n vacuo. Residues were r e -

suspended i n a s u i t a b l e volume o f w a t e r (20 - 100 j i l ) t o b r i n g t h e 

a c t i v i t y o f t h e sample t o t h e r e q u i r e v a l u e . Samples (5 ^ u l ) were loaded 

o n t o c e l l u l o s e t h i n l a y e r p l a t e s (20 x 20 cm, 1mm l a y e r , E.Merck, D a r m s t a d t ) 

and r u n i n n - b u t a n o l / a c e t i c a c i d / w a t e r / p y r i d i n e s o l v e n t (75:15:60:50, by 

volume) f o r 3 h. 

A r a d i o a c t i v i t y p r o f i l e was c o n s t r u c t e d by s c r a p i n g o f f v e r t i c a l 
2 

s t r i p s o f t h e r u n n i n g t r a c k i n t o 20 c o n s e c u t i v e 1 cm s e c t i o n s , adding 

t h e c e l l u l o s e t o t h e s c i n t i l I a n t , m i x i n g w e l l and a s s a y i n g f o r c o u n t s 

as u s u a l . R a d i o a c t i v e peaks were i d e n t i f i e d by comparison w i t h the 

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

d e t e r m i n e d e i t h e r by s i m i l a r l y a s s a y i n g f o r r a d i o a c t i v i t y o r by 
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v i s u a l i z a t i o n w i t h n i n h y d r i n - c a d m i u m a c e t a t e r e a g e n t (amino a c i d s o r 

p e p t i d e s ) . C o n t r o l e x p e r i m e n t s p e r f o r m e d i n i n d i v i d u a l cases e s t i m a t e d 

t h e e f f e c t , i f any, o f an u n l a b e l l e d e x t r a c t upon the m o b i l i t y o f a 

r a d i o a c t i v e s t a n d a r d . 

2.4.4 F l u o r e s c e n c e Assays 

2.4.4.1 I n t r o d u c t i o n 

H i g h l y s e n s i t i v e t r a n s p o r t assays, d e t e c t i n g nmol amounts o f 

s u b s t r a t e , are based upon t h e s p e c i f i c r e a c t i o n o f an amino group on 

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

f l u o r e s c a m i n e ; t h e d e r i v a t i v e s are f l u o r e s c e n t and can be q u a n t i f i e d 

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

by a s s a y i n g samples i n s o l u t i o n u s i n g a f l u o r i m e t e r . F l u o r e s c a m i n e and 

d a n s y l c h l o r i d e assays are most e f f e c t i v e f o r m o n i t o r i n g s u b s t r a t e 

d i s a p p e a r a n c e f r o m an i n c u b a t i o n medium; i n a d d i t i o n , t h e d a n s y l - t . 1 . c . 

p r o c e d u r e can be adapted t o m o n i t o r changes i n t h e l e v e l s o f one o r 

more amino a c i d s ( o r p e p t i d e s ) w i t h i n a t i s s u e e x t r a c t . 

2.4.4.2 F l u o r e s c a m i n e Procedure 

At a p p r o p r i a t e t i m e i n t e r v a l s t h r o u g h o u t t h e i n c u b a t i o n ( o f 4-6 h 

d u r a t i o n ) , 25 u l samples o f t h e i n c u b a t i o n medium,normally c o n t a i n i n g 

10 s c u t e l l a i n 2 ml and up t o 50 nmol o f s u b s t r a t e , were t a k e n and added 

t o 300 j u l b u f f e r i n t e s t t ubes ( f o r p e p t i d e s 50mM Na + p h o s p h a t e - c i t r a t e 

pH 6.2: f o r amino a c i d s 0.4M d i s o d i u m - t e t r a b o r a t e / H C 1 , pH9), 100 u l 

f l u o r e s c a m i n e (1.5 mg ml 1 i n A n a l a r acetone, made f r e s h l y b e f o r e use) 

was added w h i l s t m i x i n g r a p i d l y on a v o r t e x m i x e r , and t h e f i n a l volume 

made up t o 2 ml w i t h more b u f f e r . The tubes were a l l o w e d t o s t a n d f o r 

f i v e m i n u t e s b e f o r e r e a d i n g on a f l u o r e s c e n c e s p e c t r o p h o t o m e t e r (390 nm 

e x c i t a t i o n , 480 nm e m i s s i o n ) . P e p t i d e or amino a c i d c o n c e n t r a t i o n s 

were c a l c u l a t e d by comparison w i t h c o n t r o l s c o n t a i n i n g z e r o t i m e samples 

o f i n c u b a t i o n media w i t h known amounts o f s u b s t r a t e . 
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2.4.4.3 DansyJ. C h l o r i d e Procedure 

To m o n i t o r s u b s t r a t e r e m o v a l , s i x s c u t e l l a were i n c u b a t e d i n 

1 ml o f t h e s t a n d a r d i n c u b a t i o n medium, 5 pi samples removed ( n o r m a l l y 

h o u r l y f o r up t o s i x h o u r s ) , added t o 20 yil d i s t i l l e d w a t e r , and a 

p o r t i o n o f t h e d i l u e n t (20 j u l ) d r i e d down i n vacuo i n s m a l l Durham tubes 

(6 x 30 mm). To each was added 40 / i l sodium b i c a r b o n a t e (200 mM) and 

40 ;ul d a n s y l c h l o r i d e (2.5 mg ml 1 i n A n a l a r acetone) t o b r i n g t h e f i n a l 

pH t o about 9.5. The tubes were s e a l e d w i t h p a r a f i l m and d a n s y l a t i o n 

a l l o w e d t o proceed a t 40°C f o r 1 h b e f o r e a g a i n d r y i n g down t h e c o n t e n t s 

i n vacuo and r e d i s s o l v i n g t h e r e s i d u e i n 20 ^ i l aqueous p y r i d i n e (50:SO 

by v o l u m e ) . 

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

t o d e t e r m i n e amino a c i d p o o l s , i n c u b a t i o n s were c a r r i e d o u t as u s u a l and 

up t o s i x s c u t e l l a were washed and e x t r a c t e d i n 1 ml o f 5 M a c e t a t e on 

a b o i l i n g w a t e r b a t h f o r 20 min. A s u i t a b l e volume o f t h e s u p e r n a t a n t 

s o l u t i o n ( u s u a l l y 50 ^ i l ) was d r i e d down i n vacuo b e f o r e b e i n g d a n s y l a t e d 

as above. As a check on t h e e f f i c i e n c y o f d a n s y l a t i o n , 10 j u l o f 2mM 

o r n i t h i n e was added as an i n t e r n a l s t a n d a r d j u s t p r i o r t o e x t r a c t i o n 

and/or d a n s y l a t i o n . To a n a l y s e d a n s y l a t e d m a t e r i a l s , 5 } i l samples o f 

t h e aqueous p y r i d i n e s o l u t i o n s were s p o t t e d o n t o 15 x 15 cm polyamide 

s h e e t s (BDH Chemicals, P o o l e , U.K) and chromatographed two d i m e n s i o n a l l y 

i n each o f t h e f o l l o w i n g s o l v e n t systems i n t h e o r d e r g i v e n : 1 s t 

dimension,H^O : f o r m i c a c i d (98.5/1.5 v / v ) ; 2nd d i m e n s i o n , a c e t i c 

a c i d : t o l u e n e (10/90 v / v ) ; 2nd d i m e n s i o n a g a i n , b u t y l a c e t a t e : 

a c e t i c a c i d : t o l u e n e (40/60/2 v / v / v ) . The p l a t e s were d r i e d c o m p l e t e l y 

between r u n s u s i n g a h a i r d r i e r . D e r i v a t i v e s were v i s u a l i z e d on t h e 

p l a t e s under u l t r a - v i o l e t l i g h t and q u a n t i f i e d where necessary by comparing 

f l u o r e s c e n t i n t e n s i t i e s w i t h t h e f l u o r e s c e n c e o f known amounts o f 

s t a n d a r d s . 
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2.5 D i s c u s s i o n o f T r a n s p o r t Assays Employed 

2.5.1 I n c u b a t i o n Media 

C o n d i t i o n s employed f o r t r a n s p o r t were e s s e n t i a l l y t h o s e d e t e r m i n e d 

as o p t i m a l i n terms o f pH and t h e t y p e o f b u f f e r employed ( H i g g i n s , 1979). 

R o u t i n e l y , s u b s t r a t e a t 2mM was used, w h i c h approximates t o endospermal 

c o n c e n t r a t i o n s o f p e p t i d e s and amino a c i d s , and l i e s c l o s e t o the d e t e r m i n e d 

K f o r t r a n s p o r t : 1.9 mM f o r t r i - a l a n i n e ( H i g g i n s , 19 79) and 3.4 mM f o r 

l e u c i n e (Sopanen e_t a l . , 1980) . 

2.5.2 R a d i o a c t i v e Assay 

2.5.2.1 E f f l u x o f R a d i o a c t i v i t y i s N e g l i g i b l e 

S e v e r a l p o t e n t i a l problems are i n h e r e n t i n measuring t r a n s p o r t 

by means o f a c c u m u l a t i o n o f a r a d i o a c t i v e l a b e l . For example, l o s s o f 
14 

accumulated c o u n t s t h r o u g h m e t a b o l i s m ( e . g . as ^0 ) o r D v exodus o f 

m e t a b o l i t e s i n t o t h e medium. I n b a r l e y , m e t a b o l i c l o s s e s may be 

s i g n i f i c a n t when u s i n g c e r t a i n l a b e l l e d s u b s t r a t e s ( S e c t i o n 3.2) b u t 

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

i s i n s i g n i f i c a n t a t l e a s t up t o 2h o f i n c u b a t i o n . I n c o n t r a s t , such 

exodus can be v e r y i m p o r t a n t i n s t u d i e s i n v o l v i n g m i c r o o r g a n i s m s (Payne-

Si N i s b e t , 1980). 

2.5.5.2 E f f i c i e n c y o f S c u t e l l a Washing 

Evi d e n c e , b o t h f r o m p r e l i m i n a r y e x p e r i m e n t and c a l c u l a t i o n , 

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

volume' ( c e l l w a l l s and i n t e r c e l l u l a r spaces) i s n e g l i g i b l e : t h u s , 

s c u t e l l a d i p p e d i n t o a r a d i o a c t i v e s o l u t i o n f o r 1 min were c o m p l e t e l y 

f r e e d o f l a b e l by t h e u s u a l washing p r o c e d u r e . Moreover, c a l c u l a t i o n s 

based upon approximate dead space volumes i n t h e s c u t e l l u m i n d i c a t e d 

t h a t t h e maximum p o s s i b l e c a r r y o v e r , even assuming no washing a t a l l , i s 

b a r e l y s i g n i f i c a n t . 
2.5.2.3 E f f i c i e n c y o f S c u t e l l a E x t r a c t i o n 

Kvidencc i n d i c a t e d t h a t b o i l i n g w i t h 5M a c o t l c a c i d f o r 20 min was 
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h i g h l y e f f i c i e n t as an e x t r a c t a n t ; as many c o u n t s were r e l e a s e d i n t o 
a c e t a t e a f t e r 20 min as a f t e r 2h by w h i c h t i m e t h e t i s s u e had 
d i s i n t e g r a t e d c o m p l e t e l y . The e f f e c t i v e n e s s o f a c e t a t e as an e x t r a c t a n t 
(much l o w e r c o n c e n t r a t i o n s , 5-50 mM were s u b s e q u e n t l y found t o be as 
good) i s presumably, i n p a r t , by v i r t u e o f i t s a b i l i t y t o a c t as a p r o t o n 
s h u t t l e d e s t r o y i n g any p o s s i b i l i t y o f H ' — l i n k e d maintenance o f i n t e r n a l 
p o o l s a g a i n s t a c o n c e n t r a t i o n g r a d i e n t . 

2.5.2.4 Quenching o f R a d i o a c t i v i t y by an A c e t a t e E x t r a c t 

P r e l i m i n a r y work showed t h a t t h e presence o f an a c e t a t e e x t r a c t 

o f s c u t e l l a d i d have a s m a l l b u t s i g n i f i c a n t q u e n c h i n g e f f e c t upon t h e 
14 

c o u n t i n g o f known amounts o f a ( c ) l a b e l added as an i n t e r n a l s t a n d a r d 

j u s t p r i o r t o e x t r a c t i o n ( F i g u r e 2 . 1 ) . Thus, two s o u t e l l a were 

e x t r a c t e d i n volumes o f 5M a c e t a t e r a n g i n g from 200-1500 ^ i l , each w i t h 
14 - 1 t h e a d d i t i o n o f 10 / j l o f ( C)Pro ( 0 . 5 j a C i m l , 1 mM). E x t r a c t s were 

c o o l e d , added t o 5 ml NE260 s c i n t i l l a t i o n f l u i d , l e f t o v e r n i g h t and 

assayed f o r r a d i o a c t i v i t y . As compared w i t h c o n t r o l v i a l s t o w h i c h 

r a d i o a c t i v i t y b u t no e x t r a c t had been added, count r e c o v e r y was o v e r 

90% w i t h added e x t r a c t up t o 800 u l : beyond t h i s volume severe q u e n c h i n g 

o c c u r r e d . The a c e t a t e i t s e l f i s t h e main cause o f q u e n c h i n g and n o t a 

component o f t h e e x t r a c t e d m a t e r i a l : thus,samples o f e x t r a c t d r i e d down 

i n vacuo t o remove t h e a c e t a t e had no e f f e c t upon t h e c o u n t i n g e f f i c i e n c y 
14 

o f added ( C)Pro when t h e r e s i d u e was r e d i s s o l v e d d i r e c t l y i n t o 

s c i n t i l l a n t . R o u t i n e l y , 500 u l o f 5M a c e t i c a c i d were used t o e x t r a c t 

no more t h a n two s c u t e l l a , a n d when c a l c u l a t i n g r a t e s o f u p t a k e , a c e t a t e 

q u e n c h i n g was t a k e n i n t o account. 

2.5.2.5 C a l i b r a t i o n and S e n s i t i v i t y 
14 

I n s t r u m e n t s e t t i n g s were a d j u s t e d t o count Carbon f o r 5 min and 

a l i n e a r r e l a t i o n s h i p was observed between amounts o f s u b s t r a t e (up t o 
Q 

500 nmol amino a c i d o r p e p t i d e ) v e r s u s c o u n t s p e r m i n u t e ( up t o 10 cpm). 

R o u t i n e l y , f o r t h e purposes o f c a l c u l a t i n g u p t a k e r a t e s , known amounts 
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FIGURE 2.1 Quenching o f R a d i o a c t i v i t y by an A c e t a t e E x t r a c t o f S c u t e l l a 

Two s c u t e l l a were e x t r a c t e d i n a range o f volumes o f 5M a c e t i c a c i d (20U-
1500 ill) and s t a n d a r d amounts o f (U , vC)Pro ( l u y\±, u.5 uCiml 1 ) added l o 
each, b e f o r e ass l y i n g f o r c o u n t s i n t h e r o u t i n o manner. Values i',:i.v<;n 
are t h e mean and range f o r 3 d o L c r m i n u L i o n s . 
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o f r a d i o a c t i v i t y were added t o 500 u l o f a c e t a t e and counted f o r 

r a d i o a c t i v i t y a l o n g s i d e samples f r o m t r a n s p o r t assays. The a c c u m u l a t i o n 

o f a r a d i o a c t i v e l y l a b e l l e d s u b s t r a t e , as assayed by i t s e x t r a c t i o n , 

depends on t h e s p e c i f i c a c t i v i t y o f t h e s u b s t r a t e , t h e number o f s c u t e l l a 

used and t h e t i m e o f i n c u b a t i o n , b u t under s t a n d a r d c o n d i t i o n s a m i n i m a l 

r a t e o f about 1 nmol s c u t e l l u m ^h 1 can be d e t e c t e d . M o n i t o r i n g 

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

n o t employed r o u t i n e l y . 

2.5.3 F l u o r e s c e n c e Assays 

2.5.3.1 F l u o r e s c a m i n e p r o c e d u r e 

F l u o r e s c a m i n e ( 4 - p h e n y l s p i r o - f u r a n - 2 ( 3 H ) , 1 ' - p h t h a l a n ) - 3 , 3 ' -

d i o n e ) developed by Weigele e t a l . , (1972) r e a c t s w i t h p r i m a r y amino groups 

o f amino a c i d s and p e p t i d e s o p t i m a l l y a t about pH9 and pH7, r e s p e c t i v e l y 

(Udenf r i e n d e_t _ a l . , 19 72) t o g i v e f l u o r e s c e n t d e r i v a t i v e s . Excess r e a g e n t 

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

mechanism i s complex and n o t f u l l y u n d e r s t o o d (Chen ejt _ a l . , 1972). Because 

i t i s t h e n o n - p r o t o n a t e d amino m o i e t y t h a t undergoes t h e r e a c t i o n (De 

Bernado _et _ a l . , 1974) some measure o f d i s c r i m i n a t i o n between t h e assay 

o f p e p t i d e s o v e r amino a c i d s ( b u t n o t v i c e - v e r s a ) when p r e s e n t as a mix 

can be i n t r o d u c e d by a d j u s t i n g t h e pH. Thus p e p t i d e s , w h i c h have a l o w e r 

pKa v a l u e f o r t h e oc-amino group, g i v e a d e q u a t e l y measurable y i e l d s w i t h 

f l u o r e s c a m i n e a t pH 6.2 - 6.8, whereas t h e y i e l d s w i t h amino a c i d s are 

n e g l i g i b l e w i t h i n t h i s pH range. I n b a r l e y , leakage o f amino a c i d s 

i n t o an i n c u b a t i o n medium i s m i n i m a l and hence any i n t e r f e r e n c e f r o m 

t h i s source i s n e g l i g i b l e . 

2.5.3.2 C a l i b r a t i o n and S e n s i t i v i t y o f F l u o r e s c a m i n e Assay 

Under t h e r e a c t i o n c o n d i t i o n s d e s c r i b e d , a l i n e a r r e l a t i o n s h i p 

e x i s t s between f l u o r e s c e n c e and amount o f s u b s t r a t e o f up t o 50 nmol 

p e p t i d e p e r assay t u b e , w i t h a p p r o x i m a t e l y l i n e a r i t y m a i n t a i n e d up t o 
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100 nmol ( F i g u r e 2 . 2 ) . 

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

medium are removed f o r assay: c o n s e q u e n t l y uptake r a t e s i d e a l l y need t o be 

a t l e a s t 10 nmol s c u t e l l u m *h 1 i n o r d e r t h a t t h e decrease i n t o t a l amount 

o f s u b s t r a t e p r e s e n t i n t h e i n c u b a t i o n medium i s l a r g e enough t o be 

measured w i t h p r e c i s i o n . 

I t must a l s o be n o t e d t h a t because t h e volume o f i n c u b a t i o n medium, 

b u t n o t t h e amount o f b i o l o g i c a l m a t e r i a l , i s reduced d u r i n g an uptake 

e x p e r i m e n t , a m u l t i p l i c a t i o n f a c t o r must be a p p l i e d t o t h e apparent 

amount o f s u b s t r a t e p r e s e n t i n a sample, w h i c h i s t h e r a t i o o f i n c u b a t i o n 

volume j u s t p r i o r t o s a m p l i n g t o i n c u b a t i o n volume a t z e r o t i m e . T h i s 

v a l u e , l e s s t h a n o r e q u a l t o one, w i l l m i n i m i s e any m i s l e a d i n g u n d e r e s t i m a t e s 

o f r a t e s . T h i s p r o b l em i s n o t e n c o u n t e r e d i n t h e f l u o r i m e t r i c assay o f 

u p t a k e by b a c t e r i a o r y e a s t s , because the m i c r o o r g a n i s m s themselves are 

removed i n commensurate amounts from t h e samples o f i n c u b a t i o n medium 

( N i s b e t & Payne, 1979) b e f o r e assay. 

I n c o n c l u s i o n , f l u o r e s c e n c e assays are q u i t e s a t i s f a c t o r y f o r 

d e t e r m i n i n g o v e r a l l r a t e s o f u p t a k e o f amino a c i d o r p e p t i d e i n t o b a r l e y 

s c u t e l l a , b u t because uptake i s g e n e r a l l y low (compared w i t h t h a t i n 

m i c r o o r g a n i s m s ) , t h e y cannot r e l i a b l y r e s o l v e s l i g h t changes i n r a t e e.g. 

b r o u g h t about by i n h i b i t o r s . 

2.5.3.3 Da n s y l C h l o r i d e P rocedure 

The b a s i c methodology employed i s adapted f r o m H a r t l e y ( 1 9 7 0 ) . 

D a n s y l c h l o r i d e i s more w i d e l y known as a r e a g e n t used i n p r o t e i n 

s e q u e n c i n g s t u d i e s . Amino a c i d and p e p t i d e d e r i v a t i e s were i d e n t i f i e d 

on chromatograms f r o m t h e i r p o s i t i o n s ( e i t h e r a f t e r two o r t h r e e s o l v e n t s ) 

and, a d d i t i o n a l l y f o r some t h e i r c o l o u r , a l t h o u g h most amino a c i d s f l u o r e s c e 

g r e e n . Two main b y - p r o d u c t s o f d a n s y l a t i o n , d a n s y l h y d r o x i d e and d a n s y l 

amide, f l u o r e s c e b l u e and b l u e - g r e e n r e s p e c t i v e l y , and p r o v i d e u s e f u l markers. 
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FIGURE 2.2 E f f e c t o f P e p t i d e C o n c e n t r a t i o n on F l u o r e s c e n c e Y i e l d i n 
t h e S t a n d a r d F l u o r e s c a m i n e Assay 

V a r y i n g amounts o f Gly-Sar wore assayed by u s i n g t h e f l u o r o s c a m i n e method 
( S e c t i o n 2.4.4.2). Values g i v e n arc t h e mean o f t h r e e d e t e r m i n a t i o n s . 



40 

<CZ2> 

1 

.3 

o 
Gly-Sar 

<cn> 
Dns-NhT 

(blue-green) * Val 

polyamines 

P r o H e 

CE2> 

o o 
Gin Thr o ^ 
Asn Ser 

Arg 

Ala 

Gly 

Glu 

O 
Asp 

Dns-OH (blue) 

Leu CZ> ^ s 

Hisforange) C_) 
Tyr (yellow) Phe 

o 
Orn 

CD 
Lys O 

Trp 

Cys O 
O 
GSH 

- P r e s e n t i n a s t a n d a r d 
s o l u t i o n 
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FIGURE 2.3 Chr o m a t o g r a p h i c L o c a t i o n s o f Some D a n s y l a t e d Amino A c i d s 
and P e p t i d e s 

The p o s i t i o n s o f some dansyl-amino a c i d s and d a n s y l - p e p t i d e s a f t e r two-
d i m e n s i o n a l t h i n - l a y e r chromatography as d e s c r i b e d i n S e c t i o n 2.4.4.3. 
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R o u t i n e l y , t o a i d i d e n t i f i c a t i o n , a known mix o f amino a c i d d e r i v a t i v e s 

was chromatographed on t h e r e v e r s e o f each p l a t e ( F i g u r e 2 . 3 ) . D a n s y l a t i o n 

s t u d i e s are most s u c c e s s f u l when m o n i t o r i n g s u b s t r a t e d isappearance f r o m 

an i n c u b a t i o n medium. U s u a l l y t h e r e are h i g h l e v e l s o f i n t r a c e l l u l a r 

p e p t i d a s e a c t i v i t y such t h a t p e p t i d e s are r a r e l y found i n t a c t w i t h i n t h e 

c e l l s ( S e c t i o n 3.3) and t h e consequent changes i n t h e i n t e r n a l amino a c i d 

p o o l s are d i f f i c u l t t o q u a n t i f y a c c u r a t e l y . 

2.5.3.4 C a l i b r a t i o n and S e n s i t i v i t y o f Dansyl Assay 

Q u a n t i f i c a t i o n o f f l u o r e s c e n c e was p e r f o r m e d v i s u a l l y by comparison 

w i t h t h a t o f known s t a n d a r d s , t h e r e f o r e no mora t h a n one runol o f an 

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

c o u l d be q u a n t i f i e d i f a l i n e a r r e l a t i o n s h i p between apparent i n t e n s i t y 

v e r s u s amount o f d e r i v a t i v e was t o be m a i n t a i n e d . S t u d i e s u s i n g 

t r i t i a t e d d a n s y l c h l o r i d e i n c o n j u n c t i o n w i t h a Pannax t h i n l a y e r scanner 

(Payne & B e l l , 1979) i n d i c a t e d t h a t v i s u a l e s t i m a t i o n was q u i t e r e l i a b l e 

and correspondence w i t h more o b j e c t i v e e s t i m a t e s was good. Approximate 

l o w e r l i m i t s o f d e t e c t i o n are as f o l l o w s ; f o r m o n i t o r i n g s u b s t r a t e 

d i s a p p e a r a n c e f r o m an i n c u b a t i o n medium,a r a t e o f about 1 nmol s c u t e l l u m 1 

h f o r appearance o f s u b s t r a t e w i t h i n s c u t e l l a t i s s u e , a r a t e o f about 

0.1 nmol s c u t e l l u m h b u t these v a l u e s are dependent upon f a c t o r s 

such as t h e t i m e o f i n c u b a t i o n , number o f s c u t e l l a employed and s u b s t r a t e 

c o n c e n t r a t i o n . 

2.5.4 E x p r e s s i o n o f Rates o f T r a n s p o r t 

R o u t i n e l y , t h r o u g h o u t t h i s t h e s i s , u p t a k e r a t e s are e x p r e s s e d as 

nmol s u b s t r a t e absorbed per s c u t e l l u m p e r h o u r , w h i c h i s v a l i d as l o n g as 

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

area does not r e m a i n c o n s t a n t d u r i n g development and f o r s t u d i e s i n v o l v i n g 

a comparison between t i s s u e o f d i f f e r e n t ages ( S e c t i o n 3.5) uptake r a t e s 

are q u o t e d as nmol s u b s t r a t e absorbed per gram f r e s h w e i g h t per hour. 

I t must n o t be assumed f r o m t h i s , however, t h a t t r a n s p o r t e d s u b s t r a t e i s 

u n i f o r m l y d i s t r i b u t e d t h r o u g h o u t t h e s c u t e l l a r mass. 
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2.5.5 T r a n s p o r t Assays : C o n c l u d i n g Remarks 

I t i s c l e a r f r o m t h e s t u d i e s d e s c r i b e d here and elsewhere t h a t 

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

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

are c a p a b l e o f complementing o r c o n f i r m i n g d a t a f r o m c o n v e n t i o n a l assays 

and p r o v i d i n g i n f o r m a t i o n i n t h e i r own r i g h t . The t r a n s p o r t o f any 

amino a c i d o r p e p t i d e can be measured by u s i n g t h e f l u o r e s c e n c e assays, 

and t h e s e m e t h o d o l o g i e s are i n v a l u a b l e i n cases where a p a r t i c u l a r 

s u b s t r a t e i s n o t a v a i l a b l e r a d i o a c t i v e l y , w i t h t h e e x c e p t i o n t h a t 

f l u o r e s c a m i n e does n o t g i v e f l u o r e s c e n t d e r i v a t i v e s w i t h secondary amines 

such as p r o l i n e o r p r o l y l p e p t i d e s . I n deed, t h e f l u o r e s c a m i n e assay has 

been automated t o m o n i t o r u p t a k e , on a c o n t i n u o u s b a s i s , o f p e p t i d e s or 

amino a c i d by m i c r o o r g a n i s m s (Payne & N i s b e t , 1 9 8 1 ) ; t h e o u t p u t from the 

f l o w - t h r o u g h f l u o r i m e t e r used i n t h i s system has been i n t e r f a c e d w i t h a 

m i c rocomputer a l l o w i n g d e t a i l e d k i n e t i c a n a l y s e s o f u p take s t u d i e s t o 

be p e r f o r m e d . The d a n s y l t e c h n i q u e , a l t h o u g h r a t h e r more l a b o r i o u s 

e x p e r i m e n t a l l y , has t h e advantage o f b e i n g a b l e t o m o n i t o r uptake oj' more 

t h a n one s u b s t r a t e s i m u l t a n e o u s l y and can p r o v i d e , u n i q u e l y , i n f o r m a t i o n 

on changes i n t h e amino a c i d complement b o t h i n t r a - and e x t r a c e l l u l a r l y 

d u r i n g an u p t a k e e x p e r i m e n t . However, f o r t h e m a j o r i t y o f the work 

p r e s e n t e d i n t h i s t h e s i s , when an assay c o m b i n i n g convenience w i t h 

r e l i a b i l i t y and s e n s i t i v i t y was r e q u i r e d , t h e use o f r a d i o a c t i v e l y 

l a b e l l e d s u b s t r a t e s p r o v e d t o be o p t i m a l . 

2.6 M i croscopy and A u t o r a d i o g r a p h y 

2.6.1 I n t r o d u c t i o n 

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

a u t o r a d i o g r a p h y , were used t o v i s u a l i z e t h e s i t e o f many o f the b i o c h e m i c a l 

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

t h e s c u t e l l u m w i t h i t s f u n c t i o n . 
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2.6.2 S c u t e l l a r S e c t i o n i n g Procedure 

For e l e c t r o n m i c r o s c o p y , s c u t e l l a were e x c i s e d , f i x e d i n 2.5% (w/v 

g l u t a r a l d e h y d e and 1.5% (w/v) f o rmaldehyde i n sodium c a c o d y l a t e (50 mM, pll 
3 

7.0) f o r l h . The t i s s u e was t h e n c u t i n t o p i e c e s o f a p p r o x i m a t e l y 1mm 

and f i x e d f o r a f u r t h e r I h . A f t e r washing i n sodium c a c o d y l a t e , the 

t i s s u e was p o s t - f i x e d i n l % ( w / v ) a q u e o u s osmium t e t r o x i d e f o r l h b e f o r e 

d e h y d r a t i o n by t a k i n g i t t h r o u g h a s e r i e s o f aqueous a l c o h o l t r e a t m e n t s , 

25%, 50%, 75%, 90%, 95% ( w / v ) , and 100% e t h a n o l , 10 min i n each w i t h two 

changes at 100% . The t i s s u e was t h e n embedded i n S p u r r r e s i n ( S p u r r , 

1969) and p o l y m e r i s e d o v e r n i g h t a t 80°C, p r i o r t o s e c t i o n i n g t o 80 nm on 

a microtome. T h i n s e c t i o n s were s t a i n e d w i t h u r a n y l a c e t a t e ( 1 % w/v) and 

Reynolds a l k a l i n e l e a d c i t r a t e , b e f o r e e x a m i n a t i o n under t h e EM. 

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

t i s s u e was p r e p a r e d as f o r e l e c t r o n m i c r o s c o p y , w i t h t h e e x c e p t i o n t h a t 

secondary s t a i n i n g w i t h u r a n y l a c e t a t e and a l k a l i n e l e a d c i t r a t e was 

o m i t t e d , and s e c t i o n s were c u t t o 1 p r o u t i n e l y . A f t e r s e c t i o n i n g , 

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

b l u e ( O ' B r i e n e t a l . , 1964). 

2.6.3 A u t o r a d i o g r a p h y 

2.6.3.1 Methods 

S c u t e l l a r t i s s u e was s u i t a b l y r a d i o a c t i v e l y l a b e l l e d ( S e c t i o n s 3.4 

5.1.6) f embedded, and s e c t i o n s p r e p a r e d as d e s c r i b e d above. S e c t i o n s were 

d r i e d o n t o c l e a n e d microscope s l i d e s . 

I l f o r d L4 n u c l e a r r e s e a r c h e m u l s i o n ( I l f o r d L t d . , B a s i l d o n , E s s e x ) , 

w h i c h i s s u p p l i e d as g e l a t i n s h r e d s , was m e l t e d and k e p t l i q u i d a t 50°C 

i n a w a t e r b a t h b e f o r e c o v e r i n g t h e s l i d e s w i t h a l a y e r 0 . 5 - 5 jum t h i c k . 

S a t i s f a c t o r y t h i n l a y e r s c o u l d be produced by s p r e a d i n g t h e e m u l s i o n 

e v e n l y w i t h a g l a s s r o d o r by d i l u t i n g t h e g e l a t i n w i t h an e q u a l volume 

o f p u r e d i s t i l l e d w a t e r and s i m p l y d i p p i n g i n t h e s l i d e s . The f o r m e r 
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method was a d e q u a t e l y r e p r o d u c i b l e and used r o u t i n e l y f o r most s t u d i e s . 
At a l l t i m e s t h e e m u l s i o n was h a n d l e d o n l y i n s a f e l i g h t i l l u m i n a t i o n 
( I l f o r d 'S' s a f e l i g h t No.902 - l i g h t b r o w n ) . A f t e r l e a v i n g t h e e m u l s i o n 
f o r l h a t room t e m p e r a t u r e t o d r y t h o r o u g h l y , s e c t i o n s were s t o r e d i n a 
l i g h t - t i g h t box a t 2°C f o r up t o 21 days. P e r i o d i c a l l y , s l i d e s were 
removed and developed i n I l f o r d 'Phenosol' (8 min a t 20°C, w i t h a g i t a t i o n ) , 
washed i n d i s t i l l e d w a t e r and f i x e d f o r 15 min (Kodak ' K o d a f i x ' ) . S l i d e s 
were r i n s e d , a l l o w e d t o d r y i n a i r , mounted i n o i l under a c o v e r s l i p and 
examined by l i g h t m i c r o s c o p y . Photographs were t a k e n on . I l f o r d XP1 b l a c k 
and w h i t e f i l m as soon as p o s s i b l e because some d e t e r i o r a t i o n i n the-
q u a l i t y o f t h e p r e p a r a t i o n o c c u r s w i t h i n 48h. 
2.6.3.2 D i s c u s s i o n 

G r e a t c a r e must be t a k e n i n s e l e c t i n g t h e c o n d i t i o n s f o r t h e 

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

s i l v e r g r a i n s produced i n t h e e m u l s i o n on exposure t o r a d i o a c t i v i t y 

r e p r e s e n t s f a i t h f u l l y t h e l o c a t i o n o f t h e p a r t i c u l a r l a b e l used. C l e a r l y , 

g r e a t e r r e s o l v i n g power i s r e q u i r e d i n t r a c e l l u l a r l y , when t h e d i s t r i b u t i o n 

o f l a b e l w i t h i n s p e c i f i c o r g a n e l l e s o r membranes i s b e i n g i n v e s t i g a t e d , 

t h a n when g r o s s comparisons are b e i n g made between c e l l o r t i s s u e t y p o s . 

P r e p a r a t i o n o f specimen 

P h o t o g r a p h i c e m u l s i o n s are s e n s i t i s e d n o t o n l y by a r a d i o a c t i v e l y 

l a b e l l e d specimen, b u t a l s o by l i g h t , "background" e f f e c t s and p h y s i c a l 

s t r e s s e s . The f o l l o w i n g s t e p s were t a k e n t o reduce these o t h e r f a c t o r s 

t o a minimum. 

1. L i g h t . The r e q u i r e m e n t t o p e r f o r m a l l a u t o r a d i o g r a p h i c 

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

i s paramount and f a i r l y o b v i o u s . 

2. P h y s i c a l s t r e s s i n g o i the p h o t o g r a p h i c l a y e r can i n d u c e a r t o f a c t u a l 

e x p o s u r e : t h i s can happen when t h e e m u l s i o n , a f t e r s p r e a d i n g o v e r t h e 

s e c t i o n s , i s d r i e d t o o q u i c k l y . A l t h o u g h I l f o r d i n c o r p o r a t e a p l a s t i c i s i n g 



45 

agent i n t o t h e i r p r o d u c t s , c a r e was always t a k e n t o d r y the c o a t e d specimens 
s l o w l y . H a n d l i n g o f p r e p a r e d s l i d e s , i n p a r t i c u l a r v e r t i c a l p r e s s u r e 
a p p l i e d t o t h e e m u l s i o n s u r f a c e , was a l s o k e p t t o a minimum. 

3. Background e f f e c t s . These are o f two main t y p e s ; e x t r a n e o u s 

r a d i o a c t i v i t y ( i n c l u d i n g cosmic r a y s and g e n e r a l e n v i r o n m e n t a l r a d i a t i o n ) 

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

These problems are m i n i m i z e d by o p t i m i s i n g on t h e d u r a t i o n o f exposure 

and t h e development t i m e ; i n p a r t i c u l a r , by i n c r e a s i n g t h e amount o f 

r a d i o a c t i v i t y i n t h e specimen t h e exposure t i m e can be reduced making 

background e f f e c t s n e g l i g i b l e . 

I t can be d e m o n s t r a t e d (Caro & van Tubergen, 1962) t h a t , d u r i n g 

development, s i l v e r g r a i n s o v e r a l a b e l l e d s o u r c e i n c r e a s e i n number and 

e v e n t u a l l y r e a c h a p l a t e a u v a l u e , whereas background g r a i n s i n c r e a s e 

s l o w l y a t f i r s t b e f o r e i n c r e a s i n g e x p o n e n t i a l l y . The i d e a l development 

t i m e i s t h a t w h i c h maximises t h i s ' s i g n a l t o n o i s e ' r a t i o and i t s 

d e t e r m i n a t i o n may o f t e n be a case o f t r i a l and e r r o r . I n t h e a u t o r a d i o 

g r a p h i c s t u d i e s p r e s e n t e d i n t h i s t h e s i s a development t i m e o f 8 min a t 

20°C was f o u n d t o g i v e good r e s u l t s w i t h m i n i m a l background i n t e r f e r e n c e . 

R e s o l v i n g Power 
14 

Carbon, used e x c l u s i v e l y i n t h e s e s t u d i e s , e m i t s J£ p a r t i c l e s w i t h 

a maximum energy o f about 30 keV and maximal range i n I l f o r d e m u l s i o n o f 

3 pm (Rogers, 1979). C o n s e q u e n t l y , a l a b e l l e d s o u rce covered by a l a y e r 

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

a d e c r e a s i n g , c o n c e n t r i c g r a d a t i o n o f g r a i n d e n s i t y , such t h a t more 

s i l v e r i s l i k e l y t o be formed n e a r e r t h e s o u r c e t h a n a t t h e maximal 

t r a c k l e n g t h o f 3 jum away. A q u a n t i t a t i v e f e a t u r e o f t h i s g r a d a t i o n , 

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

HD v a l u e ( S a l p e t e r e t a l . , 1974) w h i c h i s d e f i n e d as t h e r a d i a l d i s t a n c e 

f r o m t h e source d e l i m i t i n g t h e c i r c u l a r area c o n t a i n i n g h a l f o f t h e g r a i n s 
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p r o d u c e d by t h e s o u r c e . To decrease t h i s HD v a l u e ( i . e . i n c r e a s e 

r e s o l u t i o n ) , t h e c o v e r i n g o f e m u l s i o n i s made as t h i n as p o s s i b l e t o 

a l l o w p> p a r t i c l e s t o escape f r o m t h e e m u l s i o n w i t h o u t p r o d u c i n g more 

d i s t a l l y l o c a t e d s i l v e r g r a i n s . 

I n p r a c t i c e , s e c t i o n s are c u t on a microtome t o 1 jim and t h i n 

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

( c o l o u r e d b l u e - p u r p l e ) are v i s i b l e i n t h e g e l a t i n once d r i e d . Under 
14 

t h e s e c o n d i t i o n s , t h e HD v a l u e f o r Carbon i s 1.1 jum i n L4 e m u l s i o n 

( S a l p e t e r , 1 9 7 9 ) w h i c h i s adequate f o r t h e s t u d i e s d e s c r i b e d s u b s e q u e n t l y 

( S e c t i o n s 3.4, 5.1.6). 

W i t h c e r t a i n t r a c e r s , i n p a r t i c u l a r low m o l e c u l a r w e i g h t compounds 

w h i c h are u n l i k e l y t o be i n a 'bound' f o r m w i t h i n t h e c e l l , one must 

be aware o f t h e p o s s i b l e e f f e c t s o f f i x a t i o n , s t a i n i n g and embedding o f 

t h e specimen upon d i s t r i b u t i o n o f l a b e l . The l i k e l i h o o d o f such a r t e f a c t s 

a r i s i n g are d i s c u s s e d i n g r e a t e r d e t a i l l a t e r ( S e c t i o n 3.4.4). 



CHAPTER 3 

USE OF GLYCYLPHENYLALANINE AND LEUCINE AS MODEL SUBSTRATES 

TO INVESTIGATE SCUTELLA TRANSPORT SYSTEMS 
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3.1 I n t r o d u c t i o n 

The p e p t i d e t r a n s p o r t system p r e s e n t i n t h e b a r l e y s c u t e l l u m has 

been w e l l c h a r a c t e r i z e d as d e s c r i b e d i n Chapter 1. Thus, d a t a on pH 

dependency, k i n e t i c s t u d i e s , t h e number o f systems o p e r a t i n g and 

s t r u c t u r a l r e q u i r e m e n t s f o r t r a n s p o r t are w e l l documented ( H i g g i n s , 19 7 9 ) . 

S i n c e t r a n s p o r t d i s p l a y s s a t u r a t i o n k i n e t i c s , a r e q u i r e m e n t f o r m e t a b o l i c 

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

f u l f i l s t h e s e accepted c r i t e r i a f o r an a c t i v e , m e d i a t e d p r o c e s s . The 

p r e s e n t s t u d y a t t e m p t e d t o expand upon t h e i n f o r m a t i o n a l r e a d y a v a i l a b l e 

by c h a r a c t e r i z i n g t h e c a r r i e r s t h e mselves, w i t h r e s p e c t t o th o s e amino 

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

f u n c t i o n . T h i s was a c h i e v e d by p r e i n c u b a t i o n o f s c u t e l l a w i t h r e a g e n t s 

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

p r i o r t o a t r a n s p o r t assay t o m o n i t o r any e f f e c t . U s u a l l y , r a d i o a c t i v e l y 

l a b e l l e d Gly-Phe, Leu and t o a l e s s e r e x t e n t g l u c o s e , were employed as 

'probe' m o l e c u l e s i n th e s e s t u d i e s i n o r d e r t h a t a comparison c o u l d be 

made between e f f e c t s o f t h e p r e t r e a t m e n t s on amino a c i d and p e p t i d e 

t r a n s p o r t , hence a l l o w i n g any s e l e c t i v i t y o f a c t i o n t o be d e t e c t e d . 

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

s u i t a b i l i t y o f Leu and Gly-Phe as r e p r e s e n t a t i v e o f t h e i r c l a s s o f 

compounds and t o i n v e s t i g a t e , a l s o as an e x e r c i s e i n i t s own r i g h t , 

t h e m e t a b o l i c f a t e and i n t r a c e l l u l a r l o c a t i o n o f th e s e s u b s t r a t e s once 

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

These 'probes' have a l s o been used i n s t u d i e s o f t h e e n e r g e t i c s and 

development o f s c u t e l l a r t r a n s p o r t systems, aspects w h i c h have r e c e i v e d 

l i t t l e a t t e n t i o n i n p r e v i o u s work. 

3.2 A Comparison o f T r a n s p o r t Assays Us i n g E i t h e r a F l u o r e s c e n c e o r 
R a d i o a c t i v e L a b e l 

3.2.1 When a l t e r n a t i v e f l u o r e s c e n c e assays are a v a i l a b l e i t i s c l e a r l y 

p r u d e n t t o assess t h e s u i t a b i l i t y o f t h e r a t i i o a c t i v e l y l a b e l l e d s u b s t r a t e s 
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used i n an u p t a k e s t u d y t o d e t e r m i n e t h e l e v e l o f agreement i n t h e 

measured r a t e s o f t r a n s p o r t . S t u d i e s o f t h i s n a t u r e are p a r t i c u l a r l y 

i m p o r t a n t w i t h r e s p e c t t o Gly-Phe, w h i c h i s one o f the v e r y l i m i t e d 

number o f p e p t i d e s w h i c h has been c o m m e r c i a l l y s y n t h e s i s e d i n r a d i o -

a c t i v e l y l a b e l l e d f o r m and c o n s e q u e n t l y was used q u i t e e x t e n s i v e l y . 
1 1 14 Samples o f b o t h ( 1 - *C)Gly-Phe and Gly-(U C)Phe were a v a i l a b l e and a 

co m p a r i s o n was u n d e r t a k e n between t h e r a t e s o f u p t a k e as measured by 

u s i n g t h e r e a c t i o n w i t h f l u o r e s c a m i n e , and by u s i n g b o t h forms o f t h e 

l a b e l l e d p e p t i d e . 

3.2.2 Methods 

The u p t a k e o f Leu and Gly-Phe f r o m s t a n d a r d i n c u b a t i o n media was 

14 
m o n i t o r e d e i t h e r by u s i n g f l u o r e s c a m i n o , o r r a d i o a c L i v o l y u s i n g (;iy-(U C)Ph< 

,, 14 , 14 

( I - C)Gly-Phe and (U C) Lou as d e s c r i b e d p r e v i o u s l y ( t i o c L i o n 2 .4), 

u s i n g s c u t e l l a up t o 6 days o l d . 
3.2.3 R e s u l t s 

Rates o f p e p t i d e u p t a k e as d e t e r m i n e d by u s i n g f l u o r e s c a m i n e and 
14 

by u s i n g G l y - ( U C)Phe were i n good agreement, and c o n s i s t e n t l y h i g h e r t h a n 
14 

v a l u e s o b t a i n e d u s i n g ( 1 - C)Gly-Phe. 

No d i f f e r e n c e i n t h e measured r a t e o f Leu t r a n s p o r t by 1-6 day s c u t e l l a 

was o b s e r v e d when assayed e i t h e r by f l u o r e s c a m i n e o r by r a d i o a c t i v e 

a c c u m u l a t i o n ( F i g u r e 3 . 1 ) . 

3.2.3.1 Use o f A m i n o o x y a c c t i c a c i d 

When 1 day s c u t e l l a wore p r e i n c u b a t e d i n 5 mM amin o o x y a c e t a t c (AOA), 
o 14 pH 3.8, 20 C, f o r 90 min p r i o r t o an assay f o r u p t a k e o f ( 1 - C)Gly-Phe 

14 

o r G l y - ( U C)Phe, t r a n s p o r t o f t h e f o r m e r was " s t i m u l a t e d " by n e a r l y 80% 

whereas r a t e s o f t h e l a t t e r were u n a f f e c t e d . However, such d i s c r i m i n a t i o n 

between t h e two d i f f e r e n t l a b e l s i s a f u n c t i o n o f p r e i n c u b a t i o n t i m e i n 
14 

a m i n o o x y a c e t a t e ; t h u s , u p t a k e o f Gly-(U )Phe by s c u t e l l a g e r m i n a t e d f o r 
14 

1 day on agar c o n t a i n i n g 5 mM AOA was reduced c o n s i d e r a b l y , and ( 1 - C) 

Gly-Phe enhanced o n l y s l i g h t l y , as compared w i t h u n t r e a t e d c o n t r o l s . 
However, p r e i n c u b a t i o n w i t h AOA f o r j u s t 30 min had no d e t e c t a b l e e f f e c t 
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upon r a t e s o f u p t a k e o f e i t h e r l a b e l ( F i g u r e 3 . 2 ) . 
3.2.4 D i s c u s s i o n 

I t i s l i k e l y t h a t t h e d i f f e r e n c e i n u p t a k e r a t e s o b served between 

t h e two r a d i o a c t i v e l y l a b e l l e d s u b s t r a t e s a r i s e s f r o m t h e d e c a r b o x y l a t i o n 

o f accumulated g l y c i n e , and subsequent l o s s o f c o u n t s i n t h e f o r m o f 

14 
CO^, l e a d i n g t o an u n d e r e s t i m a t e o f t r a n s p o r t . Such l o s s e s w i l l have 

a more pronounced e f f e c t when, u n i q u e l y , the c a r b o x y l g r o u p i n g i s 
14 14 l a b e l l e d as i n ( 1 - C)Gly; c o n v e r s e l y , i f d e c a r b o x y l a t i o n o f (U C)Phe 

o c c u r s a t a l l , t h e n p r o p o r t i o n a t e l y l e s s r a d i o a c t i v i t y w i l l be l o s t . A 

s i m i l a r phenomenon has been r e p o r t e d i n m i c r o o r g a n i s m s d u r i n g t h e u p t a k e 

o f r a d i o a c t i v e l y l a b e l l e d Gly-Phe by E . c o l i (Payne &, N i s b e t , 1980) and 
14 

S t a p h y l o c o c c u s aureus ( P e r r y & Abraham, 1979). G l y - ( U C)Phe was 
14 

t h e r e f o r e used i n p r e f e r e n c e t o ( 1 - C)Gly-Phe i n a l l subsequent t r a n s p o r t 

s t u d i e s . 

The e f f e c t s o f a m i n o o x y a c e t a t e would i n d i c a t e t h a t t h e d c c u r b o x y l a t i o n 

i s e n z y m i c a l l y m e d i a t e d . AOA i s a g l y c i n e analogue and a r e c o g n i s e d 

i n h i b i t o r o f p y r i d o x a l phosphate-dependent enzymes (John e_t a l . , 1 9 7 8 ); 

t h e s e i n c l u d e t r a n s a m i n a s e s ( W a l l a c h , 1961; Hopper &, Seg a l , 1962) and a l s o 

d e c a r b o x y l a s e s ( R o b e r t s & Simonsen, 1963; L e i n w e b e r , 1968). 

D e c a r b o x y l a s e s are f o u n d i n m i c r o o r g a n i s m s , a n i m a l t i s s u e s ( s e e 

M o r r i s k F i l l i n g a m e , 1974 f o r a g e n e r a l r e v i e w ) and p l a n t s ( D i x o n &, 

Fowden, 1961; M i f l i n &, Lea, 1981). The r e s u l t s d e s c r i b e d here are 

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

d e c a r b o x y l a s e i n h i b i t a b l e by a m i n o o x y a c e t a t e . S i n c e AOA has o t h e r 

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

g e r m i n a t e d on AOA f o r 24h when o t h e r i n h i b i t i o n s presumably become more 

i m p o r t a n t ; c o n v e r s e l y , p r e i n c u b a t i o n f o r o n l y 30 m i n u t e s w i t h AOA has 
14 

no measurable e f f e c t upon t h e apparent t r a n s p o r t r a t e s o f e i t h e r G ly-(U C) 
14 

Phe o r ( 1 - C)Gly-Phe, w h i c h may r e p r e s e n t some l i m i t a t i o n on t h e 
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FIGURE 3.2 E f f e c t o f Aminooxyacetate on Apparent Uptake o f 
R a d i o a c t i v e l y L a b e l l e d Gly-Phe 

T r a n s p o r t o f G l y - ( U 1 4 C ) P h e and ( l - 1 4 C ) G l y - P h e by s c u t e l l a g e r m i n a t e d on 
5 mM AO A f o r 24 h (£S9), o r e l s e by 1 day s c u t e l l a p r e i n c u b a t e d i n 5 mM 
AO A f o r 30 rain (L"23) o r 1.5 h (| 1 ) . I \| r e p r e s e n t s u n t r e a t e d c o n t r o l 
r a t e s . 
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p e r m e a b i l i t y o f t h e i n h i b i t o r i t s e l f . 

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

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

sequence (Keys, 1980) by c a t a l y s i n g t h e o x i d a t i v e d e c a r b o x y l a t i o n o f 

g l y c i n e ( f o r m e d w i t h i n t h e peroxisomes by p h o t o r e s p i r a t i o n ) t o s e r i n e . 

A p r e p a r a t i o n o f t h i s enzyme, shown t o r e q u i r e p y r i d o x a l phosphate f o r 

maximal a c t i v i t y , has r e c e n t l y been i s o l a t e d f r o m pea l e a f t i s s u e ( S a r o j i n i 

& O l i v e r , 1983). The d e c a r b o x y l a t i o n o f g l y c i n e i s p a r t o f t h e g l y c o l l a t e 

pathway whereby sugars are r e g e n e r a t e d v i a g l y c e r a t e , and a l t h o u g h i t 

i n v o l v e s t h e l o s s o f c a r b o n t o t h e gas phase i t i s n e v e r t h e l e s s an i n t e g r a l 

p a r t o f g l u c o n e o g e n e s i s ( K i s a k i & T o l b e r t , 1970). However, whether t h i s 

p a r t i c u l a r enzyme complement i s l i k e l y t o be p r e s e n t i n b a r l e y s c u t e l l a 

and r e s p o n s i b l e f o r t h e observed r e s u l t s remains u n c l e a r . Gardestrom e t a l . 

( 1 9 8 0 ) , r e p o r t e d t h a t o n l y t h e g r e e n , p h o t o s y n t h e s i s i n g p a r t s o f spinach-

had a g l y c i n e d e c a r b o x y l a s e , b u t K i s a k i e t a l . , (1971) f o u n d d e c a r b o x y l a s e 

a c t i v i t y i n non-green t i s s u e s , such as e t i o l a t e d mung bean s e e d l i n g s , 

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

( a l t h o u g h m i c r o s c o p y cannot s u c c e s s f u l y i d e n t i f y them as peroxisomes or 

glyoxysomes) and m i t o c h o n d r i a , where g l y c i n e f o r m a t i o n and d e c a r b o x y l a t i o n 

r e s p e c t i v e l y may o c c u r ( F i g u r e 1.2 ) . 

3.3 C hromatographic S e p a r a t i o n o f A c e t a t e E x t r a c t s 

3.3.1 I n t r o d u c t i o n 

I t i s o f some i n t e r e s t t o e s t a b l i s h t h e n a t u r e o f t h e e x t r a c t e d 

r a d i o a c t i v i t y , as used i n t h e r a d i o c a r b o n assay, t o d e t e r m i n e t h e e x t e n t 

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

3.3.2 Methods 
14 

S t a n d a r d i n c u b a t i o n media c o n t a i n i n g e i t h e r G l y - ( U C)Phe, 
14 14 -1 ( 1 - C)Gly-Phe , o r ( U - C)Leu were p r e p a r e d ( l m o f 2 mM, 0.025 uCi mi , 
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i n sodium phosphate - c i t r a t e b u f f e r , pH 3 . 8 ) . 

2 day s c u t e l l a ( s i x p e r v i a l ) were i n c u b a t e d w i t h each s u b s t r a t e 

f o r 15 o r 60 m i n u t e p e r i o d s a f t e r w h i c h t i m e t h e y were removed, washed 

t h o r o u g h l y and e x t r a c t e d i n t o 1 ml o f 100 mM a c e t a t e f o r 4h. E x t r a c t s 

were l y o p h i l i z e d , resuspended i n 50 p i o f w a t e r and 5 u l samples r u n on 

c e l l u l o s e t h i n l a y e r s . The p l a t e s were s e c t i o n e d and scraped t o b u i l d 

up a r a d i o a c t i v i t y p r o f i l e as d e s c r i b e d p r e v i o u s l y ( S e c t i o n 2.4.3.3). 

As an a i d t o i d e n t i f i c a t i o n , s t a n d a r d s o f G l y , Phe, Leu and Gly-Phe 

( 5 p i o f aqueous 20 mM s o l u t i o n s ) were r u n i n p a r a l l e l and v i s u a l i z e d 

w i t h n i n h y d r i n s p r a y . C o n t r o l e x p e r i m e n t s i n d i c a t e d t h a t when t h e 

s t a n d a r d s were d i s s o l v e d i n an a c e t a t e e x t r a c t , i t had no e f f e c t upon 

t h e i r m o b i l i t i e s . 

3.3.3 R e s u l t s 

3.3.3.1 M e t a b o l i s m o f Gly-Phe 

A n a l y s i s o f an a c e t a t e e x t r a c t i o n a f t e r 15 and GO mi n u t e s 

i n c u b a t i o n w i t h p e p t i d e r e v e a l e d t h a t most o f t h e r a d i o a c t i v i t y was 

14 
p r e s e n t as t h e h y d r o l y s i s p r o d u c t s . Thus, a f t e r i n c u b a t i o n w i t h ( 1 - c ) 

14 

Gly-Phe, ( 1 - C)Gly p r e d o m i n a t e d , w i t h o n l y t r a c e amounts o f t h e i n t a c t 

p e p t i d e ( F i g u r e 3 . 3 ) . T h e r e f o r e , d e s p i t e t h e f a c t t h a t Phe and Gly-Phe 

co-chromatograph i n t h i s p a r t i c u l a r s o l v e n t system, one can be c o n f i d e n t 
14 

t h a t r a d i o a c t i v i t y e x t r a c t e d a f t e r i n c u b a t i o n w i t h Gly-(U C)Phe i s 

m a i n l y i n t h e f o r m o f l a b e l l e d p h e n y l a l a n i n e ( F i g u r e 3 . 3 ) . 

There i s no e v i d e n c e t o suggest t h a t w i t h i n t h e l i m i t s o f d e t e c t i o n , 
14 

any s i g n i f i c a n t m e t a b o l i s m o f (U C)Phe o c c u r s up t o 60 m i n u t e s a l t e r 
14 

i n c u b a t i o n i n p e p t i d e ; however, s i n c e ( 1 - C)Gly i s prone t o d e c a r b o x y l a t i o n 
14 

( S e c t i o n 3.2) and hence t h e l o s s o f i t s C t r a c e r , f i r m s t a t e m e n t s about 

i t s subsequent m e t a b o l i c f a t e cannot be made. 

3.3.3.2 M e t a b o l i s m o f L e u c i n e 
14 

Only (U C)Leu was d e t e c t e d i n an a c e t a t e e x t r a c t and no e v i d e n c e 
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FIGURE 3.3 Chromatographic A n a l y s i s o f A c e t a t e E x t r a c t s F o l l o w i n g Uptake 
o f R a d i o a c t i v e Gly-Phe and Leu 

R a d i o a c t i v e p r o f i l e s on c e l l u l o s e t h i n - l a y e r p l a t e s a f t e r chromatography 
o f a c e t a t e e x t r a c t s o f 2 day s c u t o l l a i n c u b a t e d f o r 15 min (<>—o) and (50 
min ( o - o ) w i t h G l y - ( U 1 4 C ) P h o ( A ) , ( 1 - J 4 C ) G l y - P h c ( B ) , and ( U 1 4 C ) L e u (C) 
as d e s c r i b e d i n S e c t i o n 3.3. The p o s i t i o n s o f Gly, Phe, Leu and Gly-Pho 
s t a n d a r d s are as i n d i c a t e d . 
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f o r i t s m e t a b o l i c p r o d u c t s was observed f o r up t o 60 m i n u t e s o f i n c u b a t i o n . 
3.3.4 D i s c u s s i o n 

These s t u d i e s s u p p o r t t h e c o n c l u s i o n reached p r e v i o u s l y u s i n g D a n s y l 

a n a l y s e s ( H i g g i n s & Payne, 1978a), t h a t p e p t i d e s are c l e a v e d v e r y r a p i d l y 

f o l l o w i n g t r a n s p o r t i n t o b a r l e y s c u t e l l a . However, u p t a k e i s independent 

o f h y d r o l y s i s , as shown by t h e a c c u m u l a t i o n o f p e p t i d a s e - r e s i s t a n t s u b s t r a t e s 

( H i g g i n s &, Payne, 1977a). D i - and t r i - p e p t i d a s e a c t i v i t y i s low i n t h e 

endosperm and i s l a r g e l y r e s t r i c t e d t o t h e s c u t e l l u m where t h e l e v e l s o f 

th e s e enzymes are p a r t i c u l a r l y h i g h ( S e c t i o n 1.4.3). 

Subsequent t o h y d r o l y s i s , e x t r a c t e d r a d i o a c t i v i t y was n o t observed i n 

any f o r m o t h e r t h a n t h e e x p e c t e d amino a c i d s , above t h e ap p r o x i m a t e l o w e r 

l i m i t f o r d e t e c t i o n ( 10 i n t h e a c e t a t e e x t r a c t ) . However, d e s p i t e t h e 

f a c t t h a t amino a c i d m e t a b o l i s m c o u l d n o t be d e t e c t e d , some i n c o r p o r a t i o n o f 

amino a c i d d i r e c t l y i n t o p r o t e i n i s l i k e l y t o have o c c u r r e d and i s r e a d i l y 

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

and o a t s (Cuming &, Osborne, 1978). 

14 
3.4 A u t o r a d i o g r a p h i c L o c a t i o n o f T r a n s p o r t e d G l y - ( U C) Phe 

3.4.1 I n t r o d u c t i o n 

An a t t e m p t was made, u s i n g l i g h t m i c r o s c o p y i n c o n j u n c t i o n w i t h 

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

Gly-Phe a f t e r t r a n s p o r t by b a r l e y s c u t e l l a . 

3.4.2 Methods 
14 

3 day s c u t e l l a were i n c u b a t e d f o r 15 min i n 2 mM Gl y - ( U C)Phe 

(pH 3,8, 20°C), p r e p a r e d t o a s p e c i f i c a c t i v i t y o f 1.22 u C i umol 'L. A f t e r 

w a s h i n g , s c u t e l l a were f i x e d and embedded, p r i o r t o c o v e r i n g t h i n s e c t i o n s 

( l u m ) on a microscope s l i d e w i t h a 5um l a y e r o f I l f o r d L4 a u t o r a d i o g r a p h i c 

e m u l s i o n ( S e c t i o n 2.6.3). A f t e r e x posure f o r 21 days, s l i d e s were developed 

and f i x e d as d e s c r i b e d p r e v i o u s l y ( S e c t i o n 2 . 6 ) , mounted i n o i l under a 

c o v e r s l i p and examined by l i g h t m i c r o s c o p y . R e s u l t s were r e c o r d e d p h o t o 

g r a p h i c a l l y on I l f o r d XP1 f i l m . 
3.4.3 R o s u i t s 

The d i s t r i b u t i o n o f r a d i o a c t i v i t y a f t e r 15 min i n c u b a t i o n i s shown 
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i n F i g u r e 3.4. Background exposure i s n e g l i g i b l e as i n f e r r e d f r o m t h e 

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

C o n s i d e r a b l e i n w a r d movement o f t r a c e r i s a p p a r e n t and l a b e l i s o b s e r v e d 

n o t o n l y i n t h e e p i t h e l i a l c e l l s b u t a l s o i n t h e 8-9 u n d e r l y i n g 

s u b e p i t h e l i a l l a y e r s . I n t r a c e l l u l a r l y , s i l v e r g r a i n s are r e s t r i c t e d 

l a r g e l y t o t h e p e r i p h e r a l c y t o p l a s m and absent f r o m t h e v a c u o l e s o f 

v a c u o l a t e d c e l l s ( b u t , see D i s c u s s i o n ) . 

3.4.4 D i s c u s s i o n 

S i n c e Gly-Phe has been shown t o be c l e a v e d v e r y r a p i d l y a f t e r 

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

14 

(U C)Phe, w h i c h i t s e l f i s u n l i k e l y t o have undergone s i g n i f i c a n t 

m e t a b o l i c c o n v e r s i o n w i t h i n t h e t i m e o f i n c u b a t i o n ( S e c t i o n 3.3.3.1). 

Because o f t h e low m o l e c u l a r w e i g h t o f t h e t r a c e r i t i s p r o b a b l e 

t h a t a l a r g e p r o p o r t i o n o f t r a n s p o r t e d s u b s t r a t e w i l l have been e l u t e d 

and l o s t f r o m t h e s e c t i o n by t h e p r e p a r a t i v e methods employed, b u t 

enough w i l l have been s e c u r e d i n s i t u by t h e c r o s s - l i n k i n g a c t i o n o f 

t h e f i x a t i v e . I t i s u n l i k e l y t h a t t h e p r o c e d u r e used had any 

s i g n i f i c a n t r e d i s t r i b u t i v e e f f e c t on t h e l a b e l b u t t h e s e l e c t i v e removal 

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

e l u t i o n e.g. s u r f a c e l a y e r s o r p r o b a b l y v a c u o l e s , cannot be r u l e d o u t 

( N . H a r r i s , p e r s o n a l c o m m u n i c a t i o n ) . A f t e r u p t a k e i n t o t h e s y m p l a s t has 

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

t h e plasmalemma o f t h e e p i t h e l i a l c e l l s ) , t h e r a p i d i n t e r c e l l u l a r movement 

o f m a t e r i a l o c c u r s most l i k e l y v i a plasmodesmata ( F i g u r e 1.2) i n t o t h e 

v a s c u l a r system ( F i g u r e 3„4) and thence t o t h e g r o w i n g p a r t s o f t h e 

s e e d l i n g . H i g g i n s (1977a) f o u n d t h a t t h e p e p t i d a s e - r e s i s t a n t p e p t i d e , 

g l y c y l s a r c o s i n e , was accumulated t o h i g h c o n c e n t r a t i o n s i n r o o t and 

sh o o t t i s s u e o f 2 day s e e d l i n g s a f t e r 6 h o f u p t a k e , so i t i s c l e a r t h a t 

t r a n s p o r t e d m a t e r i a l i s h i g h l y m o b i l e w i t h i n t h e embryo. 
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TABLE 3.1 

S e e d l i n g Growth Parameters 

S e e d l i n g Age 
(Days) 

1 

2 

3 

4 

5 

C o l e o p t i l e L e n g t h 
(mm) 

1.3 

4.6 

9.2 

19.0 

34.2 

S c u t e l l a r F r e s h 
Weight (mg) 

5.1 

7.4 

8.8 

9.3 

9.9 

S c u t e l l a r S u r f a c e 
Are a (mm^) 

4.1 

4.7 

5.0 

5.3 

5.9 

G r o w t h p a r a m e t e r s o f s e e d l i n g s o f up t o 5 days o f age grown on 

1.2% w/v w a t e r agar a t 20°C as d e s c r i b e d i n S e c t i o n 2.3.1. Values 

are t h e mean o f a t l e a s t 10 i n d i v i d u a l d e t e r m i n a t i o n s . N.B. The 

s c u t e l l a r f r e s h w e i g h t q u o t e d f o r 1 day s e e d l i n g s o n l y , r o p r o s o n t s 

t h a t o f t h e whole embryo. 
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3.5 Development o f C a p a c i t y f o r T r a n s p o r t o f Leu and Gly-Phe i n S c u t e l l a 

3.5.1 I n t r o d u c t i o n 
14 14 

Because r a t e s o f u p t a k e u s i n g (U C)Leu and G l y - ( U C)Phe 

were i n good agreement w i t h r e s u l t s o b t a i n e d u s i n g f l u o r e s c a m i n e , t h e s e 

two r a d i o a c t i v e l y l a b e l l e d s u b s t r a t e s were used e x c l u s i v e l y i n a s t u d y o f 

t h e t r a n s p o r t c a p a c i t y o f s c u t e l l a up t o 6 d o l d , s i n c e t h i s t o p i c has 

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

3.5.2 Methods 

Seeds were g e r m i n a t e d under t h e c o n d i t i o n s i n d i c a t e d i n Chapter 2 

( S e c t i o n 2.3) f o r up t o 6d. S c u t e l l a were e x c i s e d and u p t a k e o f Leu and 
14 

Gly-Phe assayed e i t h e r by u s i n g r a d i o a c t i v e l y l a b e l l e d s u b s t r a t e s , (U C) 
14 

Leu and G l y - ( U C)Phe, o r by u s i n g t h e f l u o r e s c a m i n e method w i t h s t a n d a r d 

i n c u b a t i o n media as d e s c r i b e d p r e v i o u s l y ( S e c t i o n 2.4). 

3.5.3 R e s u l t s 

F i g u r e 3.5 shows how t h e u p t a k e o f Leu and Gly-Phe changes d u r i n g 

t h e 6 days a f t e r t h e onset o f g e r m i n a t i o n . A l t h o u g h based l a r g e l y on 

t h e r a d i o a c t i v e assay, c o n f i r m a t o r y d a t a were a l s o o b t a i n e d w i t h 

f l u o r e s c a m i n e . Because s c u t e l l a r d i m e n s i o n s are n o t c o n s t a n t w i t h age 

( T a b l e 3.1),, r a t e s i n t h i s case are e x p r e s s e d as p n o l s u b s t r a t e accumulated 

p e r gram f r e s h w e i g h t p e r h o u r . Uptake o f Gly-Phe i s c o m p a r a t i v e l y h i g h 

j u s t 24 h a f t e r t h e onset o f i m b i b i t i o n , r e a c h i n g a maximal v a l u e a t 

3-4 days and d e c l i n i n g t h e r e a f t e r . T h i s p a t t e r n i s i n c o n t r a s t t o 

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

exceed p e p t i d e u p t a k e a t day 4 and c o n t i n u e t o r i s e t h e r e a f t e r t o 

a c h i e v e r a t e s a t l e a s t t e n f o l d o f t h o s e a f t e r j u s t 24h g e r m i n a t i o n . 

3.5.4 D i s c u s s i o n 

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

Gly-Phe and Leu are i n good agreement w i t h d e v e l o p m e n t a l d a t a i n d e p e n d e n t l y 

o b t a i n e d f o r G l y - G l y , Gly-Sar, Leu-Leu (Sopanen,1979), and Leu (Sopanen e t 
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FIGURE 3.5 Development o f C a p a c i t y f o r T r a n s p o r t o f Gly-Phe and Leu 
by S c u t e l l a 

14 14 
Uptake r a t e s o f (U C)Leu (©) and G l y - ( U C)Phe ( a ) by 1-6 day s c u t e l l a as 
assayed by t h e s t a n d a r d r a d i o a c t i v e p r o c e d u r e ( S e c t i o n 2.4.3) fr o m 2 mM 
s o l u t i o n s o Values g i v e n are t h e mean and range f o r a t l e a s t t h r e e 
s e p a r a t e d e t e r m i n a t i o n s . 
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1980) i n t h a t , as measured in v i t r o , t r a n s p o r t o f p e p t i d e s would appear 
t o be more s i g n i f i c a n t d u r i n g t h e e a r l y s t a g e s o f g e r m i n a t i o n , whereas 
movement o f amino a c i d s i s g r e a t e s t i n t o o l d e r s c u t e l l a . 

C a u t i o n must be t a k e n i n e x t r a p o l a t i n g d a t a such as these t o 

c o n s t r u c t a model f o r t h e development o f u ptake i n t h e l i v i n g system. 

A l t h o u g h t h e b a r l e y s c u t e l l u m i s capable o f t r a n s p o r t i n g a wide range 

o f p e p t i d e s ( H i g g i n s , 1979) and amino a c i d s ( S e c t i o n s 4.2.2, 4.4.2) i n 

v i t r o , a knowledge o f t h e endospermal ' p o o l ' o f o r g a n i c n i t r o g e n , and 

i d e a l l y k i n e t i c s o f u p t a k e o f each component i s r e q u i r e d t o assess 

r e a l i s t i c a l l y t h e r e l a t i v e movement o f m a t e r i a l s in v i v o . I n t h i s 

r e g a r d , i t has been shown t h a t g e r m i n a t i n g b a r l e y seeds do c o n t a i n peplid< 

and amino a c i d p o o l s w i t h i n t h e endosperm ( I l i g g i n s & Payne, 1981), whoso 

s i z e s c o r r e l a t e w e l l w i t h t h e u p t a k e r a t e s measured h e r e , a t l e a s t up t o 

3d o f g e r m i n a t i o n . 

Thus, t h r e e days a f t e r i m b i b i t i o n , maximal c o n c e n t r a t i o n s o f p e p t i d e 

and amino a c i d o f a p p r o x i m a t e l y 3-4 raM and 14 mM, r e s p e c t i v e l y , are 

r e a c h e d ( H i g g i n s & Payne,1981). L e u c i n e i t s e l f reaches a maximal 

endospermal c o n c e n t r a t i o n i n b a r l e y o f 1.4 mM, i n t h e g e r m i n a t i n g wheat 

g r a i n about 3 mM (based on t h e d a t a o f C h i t t e n d e n e>t aL. , 1978), and may 

j u s t i f i a b l y be t a k e n as an 'average' amino a c i d w i t h i n t h e ondosporm. 

Gly-Phe was s e l e c t e d p r i m a r i l y because o f i t s c o m m e r c i a l a v a i l a b i l i t y i n 

t h e r a d i o a c t i v e l y l a b e l l e d f o r m , and t h e r e i s no r e a s o n t o suspect t h a t 

i t i s n o t a ' t y p i c a l ' p e p t i d e w i t h i n t h e endospermal p o o l . 

3.6 E f f e c t o f C y c l o h e x i m i d e on T r a n s p o r t Development 

3.6.1 I n t r o d u c t i o n 

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

80s ribosomes i n e u k a r y o t i c systems ( L i n et_ a l . , 1966; Rees e t a l . , 1 9 7 1 ) , 

and was used t o i n v e s t i g a t e t h e e x t e n t o f de novo s y n t h e s i s o f p e p t i d e 

t r a n s p o r t p r o t e i n i n t h e b a r l e y s c u t e l l u m d u r i n g g e r m i n a t i o n . 
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3.6.2 Methods 

G r a i n s were g e r m i n a t e d f o r 24h on 1.2% (w/v) agar i n t o w h i c h 

was i n c o r p o r a t e d c y c l o h e x i m i d e t o a f i n a l c o n c e n t r a t i o n o f 0.2 mM. 

S c u t e l l a were e x c i s e d a f t e r t h i s p e r i o d , and assayed f o r t r a n s p o r t o f 

r a d i o a c t i v e l y l a b e l l e d Gly-Phe and Leu i n t h e r o u t i n e manner. 

3.6.3 R e s u l t s and D i s c u s s i o n 

G r a i n s showed r e t a r d e d g e r m i n a t i o n i n t h e presence o f c y c l o h e x i m i d e 

and e x c i s e d s c u t e l l a d i s p l a y e d v e r y l i t t l e u p t a k e a c t i v i t y a f t e r 24h; 
14 14 

t r a n s p o r t o f G l y - ( U C)Phe and (U C)Leu was reduced t o r e s i d u a l v a l u e s 

o f 2.5 and 0.5 nmol s c u t e l l u m ^h * r e s p e c t i v e l y . 

I n r e l a t e d s t u d i e s , Sopanen (1979) r e p o r t e d t h a t t r e a t m e n t w i t h 

c y c l o h e x i m i d e 12h a f t e r t h e s t a r t o f g e r m i n a t i o n caused a r e d u c t i o n i n 

p e p t i d e uptake a c t i v i t y o f o v e r 30% d u r i n g t h e f o l l o w i n g lOh. S i n c e 

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

o b s e r v a t i o n s can be i n t e r p r e t e d as a r a p i d t u r n o v e r ( i . e . s y n t h e s i s and 

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

Hence, i t can be t h e o r i s e d t h a t t h e i n c r e a s e d c a p a c i t y f o r u ptake d u r i n g 

development ,may a r i s e as a consequence o f t h e s y n t h e s i s o f more t r a n s p o r t 

p r o t e i n s ( i n i t i a l l y , p o s s i b l y f r o m a p o o l o f p r e f o r m e d mRNA known t o be 

p r e s e n t i n dormant embryos o f maize, o a t s and r y e (Sanchez de Jimenez 

e t a l . , 1981; Gordon & Payne, 19 76; Caers e t a l . , 19 7 9 ) , r a t h e r than 

an i n c r e a s e i n t h e a f f i n i t y f o r s u b s t r a t e ( d e c r e a s e i n K ) o f a s t a t i c 
m 

c a r r i e r complement. However, t h e p o s s i b i l i t y t h a t c a r r i e r s are a l r e a d y 

p r e s e n t i n s i t u b u t are u n a b l e t o f u n c t i o n because o f i n h i b i t i o n o f a 

secondary system v i t a l t o t h e i r a c t i v i t y ( e . g . energy s u p p l y ) , must n o t 

be d i s c o u n t e d . 

3.7 T r a n s p o r t by C u l t u r e d S c u t e l l a 

I f p e p t i d e t r a n s p o r t p r o t e i n s are b e i n g s y n t h e s i s e d de novo, t h i s 

f e a t u r e c o u l d o f f e r t h e p o t e n t i a l t o r a d i o a c t i v e l y l a b e l them w i t h 
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e x o g e n o u s l y s u p p l i e d r a d i o a c t i v e amino a c i d s . I n t h i s r e g a r d , a 

p r e l i m i n a r y s t u d y was u n d e r t a k e n t o assess t h e f e a s i b i l i t y o f i s o l a t i n g 

embryos soon a f t e r t h e s t a r t o f i n h i b i t i o n and c o n t i n u i n g t h e i r g r o w t h 

on an i n o r g a n i c , a r t i f i c i a l medium (minus amino a c i d s o r p e p t i d e s ) , and 

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

t r a n s p o r t amino a c i d s and p e p t i d e s . Thus, whole embryos were d i s s e c t e d 

f r o m g r a i n s t h a t had i m b i b e d f o r t h r e e h o u r s , and t r a n s f e r r e d o n t o 

n u t r i e n t agar ( W h i t e , 1934) f o r a f u r t h e r 48h p r i o r t o i s o l a t i n g t h e 

s c u t e l l a and a s s a y i n g f o r Leu and Gly-Phe t r a n s p o r t . 

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

r o o t s t h a t i s comparable t o c o n t r o l s ( i . e . i n t a c t g r a i n s ) and, moreover, 

r a t e s o f amino a c i d and p e p t i d e t r a n s p o r t by s c u t e l l a were 75% and 48% 

h i g h e r r e s p e c t i v e l y , t h a n u p t a k e i n t o s c u t e l l a f r e s h l y e x c i s e d from g r a i n s 

g e r m i n a t e d under i d e n t i c a l c o n d i t i o n s f o r an e q u i v a l e n t l e n g t h o f t i m e . 

R e c e n t l y , t hese r e s u l t s have been c o n f i r m e d by Nyman e_t al ( 1 9 8 3 ) , who 

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

s c u t e l l a can be i n h i b i t e d by t h e a d d i t i o n o f c y c l o h e x i m i d e o r g l u t a m i n e . 

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

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

G l u t a m i n e , however, cannot r e p r e s s t h e enhanced l e v e l o f p e p t i d e t r a n s p o r t 

by c u l t u r e d embryos, and t h e i d e n t i t y o f t h e m o l e c u l e s i n v o l v e d i n t h e 

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



CHAPTER 4 

THE EFFECTS OF CHEMICAL MODIFICATION OF 
SCUTELLAR PROTEINS UPON PEPTIDE 

AND AMINO ACID TRANSPORT 
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4.1 I n t r o d u c t i o n 

The s p e c i f i c c h e m i c a l m o d i f i c a t i o n o f amino a c i d s i d e c h a i n s i s a 

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

m o l e c u l e v i t a l t o i t s c o n t i n u e d i n t e g r i t y and f u n c t i o n , and has been 

t h e s u b j e c t o f s e v e r a l r e v i e w s (Cohen, 1968; Sigman & Mooser, 1975; 

G l a z e r , 19 7 0 ) . 

C l e a r l y , i n any m o d i f i c a t i o n s t u d y , c a r e must be t a k e n i n t h e 

i n t e r p r e t a t i o n o f an i n h i b i t i o n . Thus, t h e i n a c t i v a t i o n o f an enzyme 

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

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

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

a b u l k y r e a g e n t m o i e t y , o r e l s e by a g e n e r a l d i s t o r t i o n o f t h e p r o t e i n 

m o l e c u l e . Moreover, i n an e n e r g y - c o u p l e d p r o c e s s such as t r a n s p o r t , 

s u i t a b l e c o n t r o l e x p e r i m e n t s must be p e r f o r m e d t o ensure t h a t a d i r e c t 

e f f e c t i s b e i n g observed and n o t s i m p l y an i n t e r f e r e n c e w i t h an e l e c t r o 

c h e m i c a l g r a d i e n t o r ATP s u p p l y . The l i k e l i h o o d t h a t t h e observed 

i n h i b i t i o n s are secondary i n n a t u r e can be p a r t i a l l y e l i m i n a t e d by t h e 

a b i l i t y t o ' s u b s t r a t e s c r e e n ' ; i n s u b s t r a t e s c r e e n i n g , t r a n s p o r t - s u b s t r a t a 

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

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

t h e t r a n s p o r t p r o t e i n . However, such p r o t e c t i o n w i l l n o t n e c e s s a r i l y 

r e s t r i c t group m o d i f i c a t i o n o f n o n - c a t a l y t i c r e s i d u e s e l s e w h e r e on t h e 

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

o f a r e a g e n t upon t h e t r a n s p o r t o f a range o f s u b s t r a t e s , t h a t m i g h t 

r e a s o n a b l y be e x p e c t e d t o be m e d i a t e d by d i f f e r e n t p r o t e i n s , was 

a s c e r t a i n e d w i t h t h e hope o f a c h i e v i n g some s e l e c t i v i t y o f i n h i b i t i o n . 

I n p r a c t i c e , t h e r e i s s t i l l a r a t h e r l i m i t e d range o f compounds 

known w h i c h have t h e c a p a b i l i t y o f s p e c i f i c amino a c i d m o d i f i c a t i o n , 

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

a b s o l u t e s p e c i f i c i t y o f a c t i o n i s e x c e p t i o n a l . I n a d d i t i o n , n o t a l l t h e 
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amino a c i d r e s i d u e s w i t h i n a p r o t e i n w i l l n e c e s s a r i l y be a v a i l a b l e f o r 

r e a c t i o n w i t h a m o d i f y i n g c h e m i c a l . For example, t h e s u c c e s s f u l 

c h e m i c a l d e r i v a t i z a t i o n o f a f u n c t i o n a l group may be p r e v e n t e d by 

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

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

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

p r o t e i n s are s o m e t h i n g o f a s p e c i a l case i n a c o n s i d e r a t i o n o f group 

a c c e s s i b i l i t y , because a d d i t i o n a l f a c t o r s such as t h e p e n e t r a b i l i t y o f 

t h e r e a g e n t t o s i t e s on t h e i n s i d e o f t h e membrane come i n t o p l a y , and, 

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

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

d e s p i t e t h e f a c t t h a t many r e a g e n t s are o f t e n pronounced s p e c i f i c o r non

s p e c i f i c depending upon t h e i r b e h a v i o u r w i t h s i m p l e m o l e c u l e s i n a t e s t 

system, c a r e must be t a k e n i n e x t r a p o l a t i n g t h i s a pparent s e l e c t i v i t y 

t o t h e s i t u a t i o n i n a p r o t e i n m o l e c u l e jLn v i v o , where f u n c t i o n a l groups 

can have v e r y d i f f e r e n t r e a c t i v i t i e s as a r e s u l t o f t h e i r m i c r o -

e n v i r o n m e n t . 

I n t h e s t u d i e s p r e s e n t e d h e r e , t h e e f f e c t s o f a range o f c h e m i c a l 

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

d e s c r i b e d , w i t h a v i e w t o t h e s e l e c t i v e i n h i b i t i o n and u l t i m a t e 

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

4.2 E f f e c t o f N - E t h y l m a l e i m i d e on T r a n s p o r t A c t i v i t y 

4.2.1 I n t r o d u c t i o n - Chemical P r o p e r t i e s 

N - s u b s t i t u t e d m a l e i m i d e s , o f w h i c h N - e t h y l m a l e i m i d e (NEM) i s t h e 

most w i d e l y used, f o r m a f a m i l y o f compounds w h i c h r e a c t r e a d i l y w i t h 

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

r e a c t i v e m a l e i m i d e m o i e t y , bonded t o a s i d e c h a i n s u b s t i t u t e n t whose 

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

upon t h e m o l e c u l e as a whole ( F i g u r e 4 . 1 ) . I n t h i s r e s p e c t , m aleimides 

c a r r y i n g h y d r o p h i l i c , b u l k y s i d e - c h a i n s such as g l u t a t h i o n e , d e x t r a n 
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FIGURE 4.1 M a l e i m i d e S t r u c t u r e and t h e R e a c t i o n o f N - E t h y l m a l e i m i d e 
w i t h S u l p h y d r y l Groups 

General m a l e i m i d e s t r u c t u r e ( A ) showing a c t i v a t e d d o u b l e bond ( a b * ) and 
p o s i t i o n o f v a r i a b l e s i d e - c h a i n m o i e t y ( R ) . NEM r e a c t s w i t h p r o t o i n -
bound t h i o l s t o f o r m a s t a b l e a d d i t i o n p r o d u c t , a l t h o u g h a competing 
r e a c t i o n i n v o l v i n g t h e h y d r o l y t i c r i n g - o p e n i n g o f NEM can o c c u r , 
e s p e c i a l l y a t a l k a l i n e pi I , t o f o r m N - o t h y l muloamute (J5). 
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( A b b o t & S c h a c t e r , 1976) o r p o l y m e t h y l e n e - c a r b o x y l g r o u p i n g s ( G r i f f i t h s 
e t a l . , 1981) have been s y n t h e s i s e d w h i c h cannot p e n e t r a t e membrane 
b a r r i e r s . Hence, t h e y can m o d i f y o n l y t h o s e SH groups exposed a t t h e 
membrane s u r f a c e . I n c o n t r a s t , NEM homologues such as N - b u t y l m a l e i m i d e 
and N - b e n z y l m a l e i m i d e are more s u c c e s s f u l i n d e r i v a t i z i n g SH groups 
w i t h i n t h e more h y d r o p h o b i c e n v i r o n m e n t s o f t h e membrane ( H e i t z e_t a l . , 
1968; Le-Quoc e t a l . , 1 9 8 1 ) . F l u o r e s c e n t d e r i v a t i v e s e.g. N - ( l - p y r e n e ) 
mal e i r a i d e (Wu e t a l . , 1 9 7 6 ) and c o l o u r e d m a l e i m i d e s ( W i t t e r & Tuppy, 1960) 
have a l s o been d e v e l o p e d . 

However, t h e r e a g e n t o f g r e a t e s t v e r s a t i l i t y i s N - e t h y l m a l e i m i d e , 

whose c h e m i c a l b e h a v i o u r , e s p e c i a l l y i n s i m p l e m o l e c u l a r systems, has 

been i n v e s t i g a t e d i n some d e t a i l (Smyth e t a l . , 1960, 1964; 

Webb, 1966a). NEM has been used h e r e , i n common w i t h many o t h e r s t u d i e s , 

as a s e l e c t i v e r e a g e n t f o r m o d i f i c a t i o n o f c y s t e i n e ( t h i o l ) r e s i d u e s . 

The a c t i v a t e d d o u b l e bond o f NEM r e a c t s r a p i d l y , s e l e c t i v e l y and 

i r r e v e r s i b l y w i t h SH groups i n n a t i v e p r o t e i n s a t pH 5-7 t o f o r m a 

s t a b l e a d d i t i o n p r o d u c t ( F i g u r e 4 . 1 ) . Above pH 7, s u l p h y d r y l s p e c i f i c i t y 

i s p r o g r e s s i v e l y l o s t and some r e a c t i o n w i t h amino groups and w i t h 

h i s t i d i n e r e s i d u e s may a l s o o c c u r . I n a d d i t i o n , t h e r e a g e n t undergoes 

h y d r o l y s i s a t a l k a l i n e pH t o N-ethylmaleamate ( 6 0 % h y d r o l y s e d a t pH 8 

w i t h i n 6 h o u r s ) b u t i t i s f a i r l y s t a b l e below pH 7 ( G r e g o r y , 1955). 

NEM i s a h i g h l y p e n e t r a n t s p e c i e s , p a r t l y because o f i t s s m a l l s i z e and 

uncharged n a t u r e , a l l o w i n g i t t o t r a v e r s e membranes ( K l i n g e n b e r g e_t a l . , 

1974; Gaudemer & L a t r u f f e , 1 9 7 5 ) so t h a t , i n p r i n c i p l e , a l l p a r t s o f 

t h e c e l l are a c c e s s i b l e t o i t s a c t i o n . I n as much as most enzymes 

possess t h i o l g r o u p s , most are s u s c e p t i b l e t o s u l p h y d r y l r e a g e n t s , and 

NEM has been shown t o i n h i b i t a wide range o f c y t o p l a s m i c enzymes (Webb, 

1966a), e x c e p t i n cases where ' b u r i e d ' s u l p h y d r y l groups p r e c l u d e 

s u c c e s s f u l m o d i f i c a t i o n e.g. y g - l a c t o g l o b u l i n ( S t a r k e t a l . , 1960 ) 
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S i m i l a r l y , p e n e t r a t i o n t h r o u g h i n t r a c e l l u l a r membranes can b r i n g about 
t h e i n h i b i t i o n o f o r g a n e l l a r enzymes e.g., r a t l i v e r m i t o c h o n d r i a l 
h y d r o x y b u t y r a t e dehydrogenase (Gaudemer &, L a t r u f f e , 1 9 7 5 ) . F i n a l l y , 
t h e r e i s an e x t e n s i v e l i t e r a t u r e c o n c e r n i n g t h e e f f e c t s o f s u l p h y d r y l 
r e a g e n t s , NEM i n c l u d e d , on membrane-bound t r a n s p o r t systems. T h i s 
s u b j e c t i s d i s c u s s e d e l s e w h e r e i n g r e a t e r d e t a i l ( S e c t i o n 5.3 ) . 
4.2.2 K i n e t i c s o f I n h i b i t i o n o f T r a n s p o r t 

4.2.2.1 Methods 

I n o r d e r t o measure t h e i n h i b i t i o n o f t r a n s p o r t by N - e t h y l m a l e i m i d e , 

2 day s c u t e l l a were p r e i n c u b a t e d f o r up t o 30 min i n NEM (5 mM i n 50 mM 

sodium p h o s p h a t e - c i t r a t e b u f f e r pH 6.8, made f r e s h l y b e f o r e use) a t 20°C 

on a s h a k i n g w a t e r b a t h . S c u t e l l a were removed, washed, and assayed 
14 14 

f o r t r a n s p o r t o f t h e r a d i o a c t i v e l y l a b e l l e d amino a c i d s (U C)Leu, (U C)Phc, 

( U 1 4 C ) G l y , ( U 1 4 C ) P r o , ( U 1 4 C ) A s p , ( 4 , 5 - 3 H ) L y s ; t h e p e p t i d e s G l y - ( U 1 4 C ) P h e , 

A l a - ( U 1 4 C ) A l a ( a l l a t 2 mM); and f i n a l l y f o r ( U 1 4 C ) g l u c o s e (20 mM) as 

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

(pH 6.8) f o r t h e a p p r o p r i a t e t i m e p r i o r t o assay. 

4.2.2.2 R e s u l t s 

The time-dqjendent k i n e t i c s o f i n h i b i t i o n o f t r a n s p o r t by NEM o f 

a range o f s u b s t r a t e s i s shown i n F i g u r e 4.2. Uptake o f A l a - A l a and 

Gly-Phe, w h i c h i n u n t r e a t e d c o n t r o l s was 50 and 32 nmol s c u t e l l u m ''"h 1 

r e s p e c t i v e l y , was i n h i b i t e d by 90-97% a f t e r 4 min p r e i n c u b a t i o n i n NEM 

( T a b l e 4 . 1 ) . I n c o n t r a s t , t h e i n h i b i t i o n o f t r a n s p o r t o f s e v e r a l amino 

a c i d s and o f g l u c o s e was o n l y 10-38% a f t e r t h e same p r e i n c u b a t i o n p e r i o d 

( T a b l e 4 . 1 ) . 

I n o r d e r t o e s t a b l i s h t h a t NEM i n h i b i t e d u p t a k e p e r se, r a t h e r t h a n 

p r e v e n t i n g a c c u m u l a t i o n by f a c i l i t a t i n g exodus, a c o n t r o l e x p e r i m e n t was 
14 

p e r f o r m e d i n w h i c h s c u t e l l a were f i r s t p r e l o a d e d w i t h G l y - ( U C)Phe f r o m 

a 2 mM s o l u t i o n f o r 2h i n t h e r o u t i n e manner. These were t h e n t r e a t e d 

w i t h NEM as above f o r 4 min, washed, and t r a n s f e r r e d t o p h o s p h a t e - c i t r a t e 
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FIGURE 4.2 K i n e t i c s o f I n h i b i t i o n o f P e p t i d e , Amino A c i d and Glucose 
T r a n s p o r t by N - E t h y l m a l e i m i d e 

Uptake o f G l y - ( U 1 4 C ) P h e ( a ) , A l a - ( U 1 4 C ) A l a ( • ) , (U' L 4C)Leu ( • ) , ( U 1 4 C ) P h e ( O ) , 
and ( U 1 4 e ) G l u c o s e ( A ) , by 2 day s c u t e l l a a f t e r p r e i n c u b a t i o n i n 5 mM NEM f o r 
t h e i n d i c a t e d t i m e s . Rates are e x p r e s s e d as a p e r c e n t a g e o f u n t r e a t e d 
c o n t r o l s . Each v a l u e i s t h e average o f a t l e a s t 2 s e p a r a t e d e t e r m i n a t i o n s . 



TABLE 4.1 

I n h i b i t i o n o f P e p t i d e , Amino A c i d and Glucose T r a n s p o r t by NEM 

S u b s t r a t e 

C o n t r o l Rate o f 
U p t a k e _ 1 

(nmol s c u t h ) 
% I n h i b i t i o n o f 
C o n t r o l by NEM 

Leu 

Phe 

Pro 

G l y 

Lys 

Asp 

A l a - A l a 

Gly-Phe 

D-Glucose 

20 

15 

22 

40 

13 

8 

50 

32 

48 

30 

10 

26 

29 

38 

25 

97 

90 

30 

I n h i b i t i o n o f u p t a k e ( e x p r e s s e d as a p e r c e n t a g e o f u n t r e a t e d c o n t r o l 

r a t e s ) a f t e r p r e i n c u b a t i o n w i t h NEM (5 mM, 4 min ) i n 2 day s c u t e l l a . 

A l l amino a c i d s and p e p t i d e s are o f t h e L c o n f i g u r a t i o n and p r e s e n t 

a t 2 mM. Glucose was used a t 20 mM. Values are t h e mean o f a t 

l e a s t two s e p a r a t e d e t e r m i n a t i o n s . 



73 

b u f f e r (pH 3.8) on a s h a k i n g w a t e r b a t h f o r up t o 2h, t o g e t h e r w i t h 

c o n t r o l s c u t e l l a w h i c h had been p r e l o a d e d w i t h p e p t i d e b u t n o t 

s u b s e q u e n t l y exposed t o NEM. S c u t e l l a were removed e v e r y 20 min and 

assayed f o r r a d i o a c t i v e c o n t e n t by e x t r a c t i o n i n t o 5M a c e t i c a c i d . 

No s i g n i f i c a n t exodus o f c o u n t s f r o m t h e s c u t e l l a was n o t e d f o r e i t h e r 

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

f u r t h e r m o r e , 50 u l samples o f s u s p e n s i o n medium removed p e r i o d i c a l l y 

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

components was n e g l i g i b l e i n b o t h cases. 

4.2.3 S u b s t r a t e S c r e e n i n g and NEM I n h i b i t i o n 

4.2.3.1 Methods 

1-3 day s c u t e l l a were p r e i n c u b a t e d w i t h amino a c i d o r p e p t i d e 

p r o t e c t a n t (60-100 mM) f o r 10 min p r i o r t o t r a n s f e r t o NEM ( 5 mM, pH 6.8) 

w i t h o r w i t h o u t t h e f u r t h e r presence o f c o m p e t i t o r (60 - 100 mM) f o r up 

t o 20 min. S c u t e l l a were removed, washed t h r o u g h l y and assayed f o r 
14 14 

t r a n s p o r t o f G l y - ( U C)Phe and (U C)Leu. A l l i n c u b a t i o n s were p e r f o r m e d 
o 

on a s h a k i n g w a t e r b o t h o f 20 c. 

4.2.3.2 R e s u l t s 

S u b s t r a t e s c r e e n i n g a g a i n s t NEM i n h i b i t i o n o f Gly-Phe t r a n s p o r t 

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

and a range o f p r e i n c u b a t i o n t i m e s w i t h NEM ( T a b l e 4 . 2 ) . S i m i l a r l y , 
14 

A l a o r V a l ( a t 100 mM) c o u l d n o t p r o t e c t a g a i n s t i n h i b i t i o n o f (U C)Leu 

u p t a k e b r o u g h t about by i n c u b a t i o n w i t h NEM f o r 20 min. 

4.2.4 Recovery o f T r a n s p o r t C a p a b i l i t y a f t e r NEM I n h i b i t i o n 

The e x p e r i m e n t s d e s c r i b e d below were p e r f o r m e d t o e s t a b l i s h 

w h e t h e r t h e i n h i b i t i o n o f t r a n s p o r t bought about by NEM was temporary 

and r e c o v e r a b l e , o r e l s e was o f a more permanent n a t u r e . 

4.2.4,1 Methods 

Whole 1 day embryos were e x c i s e d and t r e a t e d w i t h 5 mM NEM f o r 

4 min, pH 6.8, 20°C. A f t e r t h o r o u g h w a s h i n g , embryos were a l l o w e d t o 
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TABLE 4.2 

P e p t i d e S u b s t r a t e - S c r e e n i n g and NEM I n h i b i t i o n 

14 
Uptake Gly-(U C) Phe 

(nmol s c u t h " I ) T r e a t m e n t Time p r o t e c t a n t S c u t e l l a r C o n t r o l NEM w i t h NEM 
w i t h NEM Age (Days) ( U n t r e a t e d P r o t e c t a n t Alone 

w i t h NEM) _ _ _ _ _ _ 

40s A l a - A l a 16 
2 28 17 

Cly-Pho 18 

1.5 min A l a - A l a 16 
3 35 15 

Gly-Phe 16 

3 min A l a - A l a 9 
2 30 10.5 

Gly-Leu 8.5 

20 min V a l - V a l 8 
3 37 8.5 

G l y-Leu 8 

Uptake o f G l y - ( U C)Phe by 2-3 day s c u t e l l a a f t e r p r e i n c u a b t i o n i n 

5 mM NEM f o r up t o 20 min, w i t h o r w i t h o u t added p e p t i d e p r o t e c t a n t . 

A l l p r o t e c t a n t s were o f t h e L c o n f i g u r a t i o n , and a l l were p r e s e n t a t a 

f i n a l c o n c e n t r a t i o n o f 100 mM, e x c e p t V a l - V a l a t 60 mM. 
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o 
r e c o v e r i n b u f f e r (pH 3.8, 20 C) b e i n g removed h o u r l y , f o r up t o 5 h, t o 

14 

assay f o r G l y - ( U C)Phe t r a n s p o r t . For l o n g e r r e c o v e r y p e r i o d s , embryos 

were e i t h e r m a i n t a i n e d i n b u f f e r (pH 3.8) f o r 18 h, o r e l s e on agar f o r 

72 h, b o t h w i t h a g l u c o s e supplement ( 1 % w / v ) , p r i o r t o a p e p t i d e 

t r a n s p o r t assay. P e p t i d e u p t a k e by embryos n o t t r e a t e d w i t h NEM, b u t 

s u b j e c t e d t o i d e n t i c a l ' r e c o v e r y ' c o n d i t i o n s , was assayed i n p a r a l l e l 

as a c o n t r o l . 

4.2.4.2 R e s u l t s 

T y p i c a l l y , a 90-95% i n h i b i t i o n o f Gly-Phe t r a n s p o r t was achieved 

by 4 min NEM t r e a t m e n t , and t h i s remained c o n s t a n t i r r e s p e c t i v e o f any 

p o s t - i n h i b i t o r y r e c o v e r y p e r i o d . Thus, t h e r e was no e v i d e n c e t o 

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

t i m e ; t r a n s p o r t shown by t h e u n t r e a t e d , c o n t r o l embryos was e s s e n t i a l l y 

comparable w i t h f r e s h l y e x c i s e d m a t e r i a l . 

The p h y s i c a l appearance o f embryos e x c i s e d a f t e r 24 h i m b i b i t i o n , 

t r e a t e d w i t h 5 mM NEM f o r 4 min o r 30 min, and t h e n t r a n s f e r r e d t o 1 % 

g l u c o s e agar f o r a f u r t h e r 48 h , was a l s o n o t e d . As compared 

w i t h u n t r e a t e d t i s s u e , embryos were s t i l l v i a b l e b u t g r o w t h , p a r t i c u l a r l y 

a f t e r 30 min i n h i b i t i o n w i t h NEM was d r a m a t i c a l l y i m p a i r e d . 

4.2.5 D i s c u s s i o n 

I t w ould appear t h a t t h e r a p i d and e s s e n t i a l l y complete i n h i b i t i o n 

o f p e p t i d e u p t a k e by N - e t h y l m a l e i m i d e , presumably by d i r e c t m o d i f i c a t i o n 

o f a t r a n s p o r t p r o t e i n component, i s s e l e c t i v e . The l e s s d r a m a t i c 

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

t h e same c o n d i t i o n s may r e p r e s e n t secondary i n h i b i t i o n o f o t h e r processes 

consequent upon NEM u p t a k e , e.g. energy c o u p l i n g , b u t tie p o s s i b i l i t y t h a t 

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

groups on these c a r r i e r s c annot be r u l e d o u t . A l t h o u g h t h e number o f 

amino a c i d t r a n s p o r t systems i n b a r l e y s c u t e l l u m i s n o t known, t h e 

range o f amino a c i d s used, w h i c h d i f f e r i n t h e i r c h e m i c a l n a t u r e and 
m i g h t have s e p a r a t e c a r r i e r p r o t e i n s , w a s s u f f i c i e n t t o r e i n f o r c e t h e 
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c o n c l u s i o n t h a t i n h i b i t i o n was s p e c i f i c f o r t h e s i n g l e p e p t i d e permease 
known t o be p r e s e n t i n b a r l e y . 

S u b s t r a t e p r o t e c t i o n by p e p t i d e s a g a i n s t NEJW i n h i b i t i o n c o u l d n o t 

be d e m o n s t r a t e d , b u t f a c t o r s such as t h e r e l a t i v e a c c e s s i b i l i t y o f t h e 

s u s c e p t i b l e g r o u p i n g ( s ) t o a h i g h l y p e n e t r a n t r e a g e n t , and a p r o t e c t a n t 

l i m i t e d l a r g e l y t o t h e o u t s i d e o f t h e membrane make i t d i f f i c u l t t o draw 

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

a s u b s t r a t e b i n d i n g s i t e o r e l s e w h e r e on t h e p r o t e i n . Thus, because 

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

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

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

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

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

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

membrane where t h e c o n c e n t r a t i o n o f competing s u b s t r a t e i s h i g h , 

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

i n t e r i o r o f t h e membrane w h i c h may be exposed t o NEM b u t n o t t o h i g h 

c o n c e n t r a t i o n s o f s u b s t r a t e . T h e r e f o r e , because s u b s t r a t e p r o t e c t i o n 

c o u l d n o t be d e m o n s t r a t e d , t h i s does n o t n e c e s s a r i l y mean t h a t t h e 

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

membrane. 

The p o s s i b i l i t y t h a t i n h i b i t i o n o f t r a n s p o r t i s , a t l e a s t i n p a r t , 

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

so a s p e c t s o f t h e a c c u m u l a t i o n o f NGM and i t s a t t a c k upon i n t r a c e l l u l a r 

t a r g e t s were a l s o s t u d i e d and are d i s c u s s e d e l s e w h e r e ( S e c t i o n 5.2 ) . 

To g a i n f u r t h e r e v i d e n c e f o r permease i n t e r a c t i o n , i n h i b i t i o n and p r o t e c t i o n 

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

s u l p h o n i c a c i d were c a r r i e d o u t ( S e c t i o n 4 . 3 ) . 

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

i n h i b i t e d l e v e l s w i t h i n 3 days f o l l o w i n g NEM i n h i b i t i o n . T h i s i s perhaps 



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

undergoes w i t h s u l p h y d r y l g r o u p s . Moreover, s i n c e i t can be demon s t r a t e d 

t h a t NEM r a p i d l y p e n e t r a t e s t h e t i s s u e s ( S e c t i o n 5 . 2 ) , t h e i n t r a c e l l u l a r 

e f f e c t s o f NEM a r e l i k e l y t o be w i d e s p r e a d , and t h i s c o u l d p r e c l u d e t h e 

de novo s y n t h e s i s o r i n s t a l l a t i o n o f c a r r i e r p r o t e i n s t h a t p r o b a b l y 

o c c u r d u r i n g t h i s phase o f g e r m i n a t i o n ( S e c t i o n 3 . 6 ) , 

4.3 E f f e c t o f ^ - C h l o r o m e r c u r i b e n z e n e s u l p h o n i c a c i d on T r a n s p o r t A c t i v i t y 

4.3.1 I n t r o d u c t i o n - Chemical P r o p e r t i e s 

To g a i n f u r t h e r i n s i g h t i n t o t h e r o l e o f t h i o l groups i n p e p t i d e 

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

NEM i n t h e i r s e l e c t i v i t y and membrane p e r m e a b i l i t y , were s t u d i e d . For 

example, t h e o r g a n i c compounds o f mercury are w i d e l y employed r e a g e n t s w h i c h 

r e a c t w i t h s u l p h y d r y l groups r a p i d l y and s p e c i f i c a l l y a t about pH5 t o f o r m 

m e r c a p t i d e s ( e q u a t i o n ( a ) ) . 

( a ) R 1 SH + Hg R 2 R 1 S Hg R 2 

( b ) R 1 S Hg R 2 + R- SH^R 1 SH + R — S — H g — R 2 

The r e a c t i o n i s r e a d i l y r e v e r s i b l e by t h e a d d i t i o n o f excess low m o l e c u l a r 

w e i g h t t h i o l t o r e g e n e r a t e t h e o r i g i n a l SH group ( E q u a t i o n ( b ) ) . 

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

and i n c l u d e ft-mercuribenzoate (PMB) , y° - c h l o r o m e r c u r i b e n z o a t e (PCMBS), 

f> - m e r c u r i b e n z e n e s u l p h o n a t e (PMBS) a n d ^ - c h l o r o m e r c u r i b e n z e n e s u l p h o n a t e 

(PCMBS). Most o f t h e s e compounds are a v a i l a b l e as t h e sodium s a l t and hence 

d i s s o l v e f r e e l y i n aqueous s o l u t i o n . The u n s u b s t i t u t e d p h e n y l m e r c u r i c 

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

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

o f t h e charged c a r b o x y l o r s u l p h o n a t e g r o u p i n g s on t h e m o l e c u l e (Webb, 

1966b). I n t h i s r e g a r d , PCMBS, t h e m e r c u r i a l used i n th e s e s t u d i e s as 

a s u l p h y d r y l - s p e c i f i c r e a g e n t , i s c o n s i d e r e d t o be v e r y p o o r l y permeable; 

however, l i m i t e d access t o t h e i n t e r i o r o f c e l l s , e.g., i n t h e e r y t h r o c y t e , 

may be a f f o r d e d by a n i o n c h a n n e l s ( R o t h s t e i n , 1 9 7 0 ). Hence, t h e 

p e n e t r a t i v e p r o p e r t i e s o f PCMBS c o n t r a s t m a r k e d l y w i t h NEM, and t h e 
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FIGURE 4.3 K i n e t i c s o f I n h i b i t i o n o f P e p t i d e , Amino A c i d and Glucose 
T r a n s p o r t by PCMBS 
14 14 14 Uptake o f Gly - ( U C)Phe ( f f l ) , (U C)Leu (®), and (U C)Glucose (A) by 

s c u t e l l a a f t e r p r e i n c u b a t i o n i n 1 mM PCMBS f o r t h e i n d i c a t e d t i m e s as 
d e s c r i b e d i n S e c t i o n 4.3.2. Rates are e x p r e s s e d as a p e r c e n t a g e o f 
u n t r e a t e d c o n t r o l s . Each v a l u e i s t h e average o f a t l e a s t 2 separate; 
d e t e r m i n a t i o n s . 
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r e a g e n t s can be used i n c o n j u n c t i o n t o d i s t i n g u i s h between s u l p h y d r y l 
l i g a n d s l o c a t e d on the i n s i d e and/or t h e o u t s i d e o f a membrane 
( G i a q u i n t a , 1 9 7 6 ; D e l r o t e t a l . , 1980; Despheghel & D e l r o t , 1 9 8 3 ). 
T h e r e f o r e , a l t h o u g h PCMBS i s w i d e l y employed i n t h e i n h i b i t i o n o f 
p u r i f i e d enzyme p r e p a r a t i o n s ( V e l i c k , 1953; G a l a n t a &, H a t e f i , 1978; 
Chen e t a l . , 1 9 64), i t f i n d s a p a r t i c u l a r l y u s e f u l a p p l i c a t i o n i n t h e 
s t u d y o f membrane-bound t r a n s p o r t p r o t e i n s , and t h i s i s d i s c u s s e d i n 
g r e a t e r d e p t h e l s e w h e r e ( S e c t i o n 5.3 ) . 
4.3.2 K i n e t i c s o f I n h i b i t i o n o f T r a n s p o r t 

4.3.2.1 Methods 

S c u t e l l a were e x c i s e d and p r e i n c u b a t e d f o r up t o 30 min w i t h 

1 mM PCMBS, i n 50 mM sodium p h o s p h a t e - c i t r a t e b u f f e r , pH 5 at 20°C, 

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

o f G l y - ( U 1 4 C ) P h e , ( U 1 4 C ) L e u , ( b o t h 2 mM), and ( U 1 4 C ) g l u c o s e (20 mM) i n 

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

a t pH 5 f o r 30 min b e f o r e assay. 

4.3.2.2 R e s u l t s 

The time-dependent i n h i b i t i o n o f t r a n s p o r t by PCMBS i s shown i n 

F i g u r e 4.3 . Rates o f t r a n s p o r t o f Gly-Phe, Leu and g l u c o s e are e x p r e s s e d 

as p e r c e n t a g e s o f t h e u p t a k e i n c o n t r o l s n o t exposed t o i n h i b i t o r . There 

i s a c l e a r d i s t i n c t i o n between t h e k i n e t i c s o f i n h i b i t i o n o f Leu and o f 

Gly-Phe i n t h a t t r a n s p o r t o f t h e p e p t i d e shows an i n i t i a l , r a p i d decrease 

f o l l o w e d by a s l o w e r d e c l i n e f o r up t o 30 min p r e i n c u b a t i o n w i t h PCMBS. 

I n c o n t r a s t , p r e i n c u b a t i o n o f up t o 5 m i n i n PCMBS has l i t t l e e f f e c t on 

l e u c i n e u p take and about 80% o f t h e t r a n s p o r t a c t i v i t y o f c o n t r o l s i s s t i l l 

p r e s e n t a f t e r 30 min p r e t r e a t m e n t w i t h i n h i b i t o r . Thus, a l t h o u g h t h e 

r e a g e n t was used as ImM and o v e r a l l l e v e l s o f i n h i b i t i o n are l o w e r , 

PCMBS resembles NEM a t l e a s t i n i t s d i f f e r e n t i a l e f f e c t upon amino a c i d 

v e r s u s p e p t i d e t r a n s p o r t ; however, g l u c o s e u p t a k e , w h i c h i t l a r g e l y 

u n a f f e c t e d by N - e t h y l m a l e i m i d e , appears t o be f a r more s e n s i t i v e t o t h e 
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TABLE 4.3 

S u b s t r a t e P r o t e c t i o n A g a i n s t I n h i b i t i o n o f Gly-Phe 
T r a n s p o r t by p - C h l o r o m e r c u r i b o n z e n e s u l p h o n i c A c i d 

P e r c e n t I n h i b i t i o n o f 
S u b s t r a t e Added P e p t i d e T r a n s p o r t 

None 72 

D-Ala-D-Ala-D-Ala 71 

L - A l a - L - A l a - L - A l a 31 

D-AJLa-D-Ala 70 

L - A l a - L - A l a 37 

L-Met 73 

L-Leu 74 

L - A l a 75 

2-3 day s c u t e l l a were i n c u b a t e d w i t h 5 raM p - c h l o r o m e r c u r i b e n z e n e -

s u l p h o n i c a c i d f o r 4 min a t 20°C, pH 3.8 w i t h o r w i t h o u t added s u b s t r a t e 

(100 mM). A f t e r w ashing, s c u t e l l a were used i n a s t a n d a r d assay f o r 
14 

G l y - ( U c)Phe t r a n s p o r t . V a l u e s r e p r e s e n t t h e p e r c e n t a g e i n h i b i t i o n o f 

u p t a k e r e l a t i v e t o an u n t r e a t e d c o n t r o l . 
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m e r c u r i a l . The i m p l i c a t i o n s o f t h i s are d i s c u s s e d l a t e r ( S e c t i o n 4 . 3 . 5 ) . 

4.3.3 S u b s t r a t e S c r e e n i n g and PCMBS I n h i b i t i o n 

4.3.3.1 Methods 

2-3 day s c u t e l l a were p r e i n c u b a t e d i n p r o t e c t a n t (100 mM amino 

a c i d o r p e p t i d e , 200-2000raM g l u c o s e , P H 3.8) f o r 10 m i n p r i o r t o t r a n s f e r 

t o 5 mM PCMBS f o r 4 m i n a t pH 5 w i t h added c o m p e t i t o r (100 irM amino a c i d 
14 

o r p e p t i d e , 200-2000 mM g l u c o s e ) . A f t e r washing, u p t a k e o f Gly - ( U C)Phe, 
14 14 ( C)Leu and (U C ) g l u c o s e was assayed i n t h e r o u t i n e way. 

4.3.3.2 R e s u l t s 

1 . S u b s t r a t e p r o t e c t i o n o f p e p t i d e t r a n s p o r t 

The i n h i b i t i o n o f Gly-Phe t r a n s p o r t by PCMBS i n t h e presence o f 

a range o f c o m p e t i t o r s i s shown i n T a b l e 4.3. D i - and t r i p e p t i d e s 

c o n t a i n i n g L - r e s i d u e s p r o v i d e d p r o t e c t i o n . I n c o n t r a s t , t h e c o r r e s p o n d i n g 

D - p e p t i d e analogues and f r e e L-amino a c i d s were i n e f f e c t i v e as p r o t e c t a n t s . 

2. S u b s t r a t e p r o t e c t i o n o f amino a c i d t r a n s p o r t 

T r e atment o f 2 day s c u t e l l a w i t h 5 mM PCMBS f o r 4 min i n h i b i t e d 

Leu t r a n s p o r t by o n l y 10-15% r e l a t i v e t o u n t r e a t e d c o n t r o l s , i r r e s p e c t i v e 

o f t h e presence o r absence o f 100 mM L - A l a , L-Met, L-Leu, Gly-L-Leu o r 

L - A l a - L - A l a . However, s i n c e amino a c i d u p t a k e i s l a r g e l y u n a f f e c t e d 

by PCMBS, a s u c c e s s f u l p r o t e c t i o n a t t e m p t m i g h t go u n d e t e c t e d , hence 

c a s t i n g some d o u b t ove r t h e v a l i d i t y o f s u b s t r a t e s c r e e n i n g e x p e r i m e n t s 

i n t h i s case. 

3. S u b s t r a t e p r o t e c t i o n o f g l u c o s e t r a n s p o r t 

Glucose a t c o n c e n t r a t i o n s up t o 2M f a i l e d t o p r o t e c t a g a i n s t t h e 

70% i n h i b i t i o n ( r e l a t i v e t o u n t r e a t e d c o n t r o l s ) o f g l u c o s e t r a n s p o r t 

( f r o m 2 mM o r 20 mM s o l u t i o n s ) a c h i e v e d by i n c u b a t i o n w i t h PCMBS ( 5 mM 

f o r 4 m i n ) . As an a d d i t i o n a l c o n t r o l , p r e i n c u b a t i o n w i t h h i g h 

c o n c e n t r a t i o n s o f g l u c o s e o n l y (1M f o r 15 min ) d i d n o t a f f e c t t h e 

subsequent uptake o f g l u c o s e (20 mM) measured over l h . T h i s e l i m i n a t e d 

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

due t o t h e i n h i b i t o r y e f f e c t o f t h e p r o t e c t a n t i t s e l f . 
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4.3.4 Recovery o f T r a n s p o r t C a p a b i l i t y A f t e r PCMBS I n h i b i t i o n 
S i m i l a r e x p e r i m e n t s t o those a l r e a d y d e s c r i b e d f o r MKM ( S e c t i o n 

4.2.4) were p e r f o r m e d w i t h PCMBS, t o e s t a b l i s h t h e degree o f permanence 

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

4.3.4.1 Methods 

Whole 1 day embryos were e x c i s e d and t r e a t e d w i t h 5 mM PCMBS ( i n 
o 

sodium p h o s p h a t e - c i t r a t e b u f f e r , pH5, 20 c f o r 7 m i n ) . A f t e r t h o r o u g h 

w a s h i n g , embryos were t r a n s f e r r e d o n t o agar ( c o n t a i n i n g a g l u c o s e 

supplement, 1 % w/v) f o r a ' r e c o v e r y ' p e r i o d o f 30 h, p r i o r t o e x c i s i n g 

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

r o u t i n e manner. As c o n t r o l s , u n t r e a t e d embryos were c u l t u r e d as d e s c r i b e d 

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

t r e a t e d w i t h 5 mM PCMBS (pH 5, 20°C f o r 7 min) j u s t p r i o r t o t h e t r a n s p o r t 

assay. As a d d i t i o n a l c o n t r o l s , r a t e s o f Gly-Phe t r a n s p o r t by s c u t e l l a 

f r e s h l y e x c i s e d f r o m i n t a c t , 2 day s e e d l i n g s w i t h o r w i t h o u t an i d e n t i c a l 

PCMBS t r e a t m e n t j u s t p r i o r t o t h e u p t a k e assay were a l s o e s t a b l i s h e d . 

4.3.4.2 R e s u l t s 
14 

The u p t a k e o f Gl y - ( U C)Phe by s c u t e l l a s u b j e c t e d t o t h e v a r i o u s 

t r e a t m e n t s d e s c r i b e d above i s shown i n T a b l e 4.4. I t can be seen t h a t 

t h e r a t e o f p e p t i d e t r a n s p o r t shown by s c u t e l l a t r e a t e d w i t h PCMBS, b u t 

a l l o w e d subsequent r e c o v e r y o r agar, i s e s s e n t i a l l y comparable w i t h t h e 

r a t e s shown by f r e s h , o r c u l t u r e d s c u t e l l a n o t t r e a t e d w i t h PCMBS. I n 

c o n t r a s t , c u l t u r e d o r f r e s h s c u t e l l a t r e a t e d w i t h PCMBS j u s t b e f o r e t h e 

p e p t i d e t r a n s p o r t assay show v e r y l i t t l e u p t a k e a c t i v i t y . I t i s c l e a r , 

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

i s f u l l y r e s t o r a b l e a f t e r a t l e a s t a 30 h r e c o v e r y p e r i o d . 

4.3.5 D i s c u s s i o n 

The impermeable n a t u r e o f PCMBS and t h e a b i l i t y o f p e p t i d e s t o 

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

NEM and t h e f a i l u r e o f p e p t i d e s t o l i m i t i t s u n h i b i t o r y e f f e c t . These 
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TABLE 4.4 

Recovery o f Gly-Phe T r a n s p o r t A c t i v i t y A f t e r PCMBS I n h i b i t i o n 

T r e a t m e n t 

14 

Uptake Hate Gly-(U C)Phe 

(nmol s c u t e l l u m ^h ^) 

T r e a t w i t h PCMBS, t h e n 
c u l t u r e on agar f o r 30 h: 

Agar c u l t u r e f o r 30 h o n l y : 

36 

30 

F r e s h s c u t e l l a , t r e a t w i t h PCMBS: 

Agar c u l t u r e , t h e n t r e a t w i t h PCMBS: 

4 

5 

F r e s h s c u t e l l a , u n t r e a t e d : 33 

14 
Uptake r a t e o f G l y - ( C)Phe by s c u t e l l a t r e a t e d w i t h PCMBS (5 mM, 

o 

pH 5 f o r 7 min, 20 c) p r i o r t o a r e c o v e r y p e r i o d on 1.2% w/v w a t e r agar 

( w i t h a 1 % w/v g l u c o s e s u p p l e m e n t ) . As c o n t r o l s , p e p t i d e t r a n s p o r t 

by c u l t u r e d o r f r e s h l y e x c i s e d s c u t e l l a n o t t r e a t e d w i t h PCMBS, and by 

f r e s h o r c u l t u r e d s c u t e l l a t r e a t e d w i t h PCMBS under i d e n t i c a l c o n d i t i o n s 

j u s t p r i o r t o t h e t r a n s p o r t assay, i s a l s o i n d i c a t e d . 
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r e s u l t s t i r e c o n s i s t e n t w i t h t h e e x i s t e n c e o f two t y p e s o f t h i o l s 
e s s e n t i a l t o p e p t i d e t r a n s p o r t . One s e t , l o c a t e d e i t h e r on t h e 
i n s i d e o f t h e membrane o r ' b u r i e d ' w i t h i n t h e l i p i d b i l a y e r w i l l be 
s e n s i t i v e t o NEM b u t n o t t o PCMBS. Because t h e s e " i n t e r n a l " g r o u p i n g s 
w o u l d be i n a c c e s s i b l e t o h i g h l e v e l s o f s u b s t r a t e (and even a f t e r 
s i g n i f i c a n t a c c u m u l a t i o n o f p e p t i d e s , i t w i l l have been r a p i d l y c l e a v e d 
and w i d e l y d i s t r i b u t e d ) , p r o t e c t i o n a g a i n s t NEM m o d i f i c a t i o n cannot be 
c o n f e r r e d . A n o t h e r c l a s s o f s u l p h y d r y l s , l o c a t e d on t h e " o u t s i d e " 
o f t h e s c u t e l l a r plasmalemma, can be m o d i f i e d by b o t h PCMBS and NEM. 
S u b s t r a t e s c r e e n i n g o f t h e s e exposed g r o u p i n g s a g a i n s t e i t h e r i n h i b i t o r 
i s f e a s i b l e , b u t can be d e t e c t e d o n l y w i t h t h e m e r c u r i a l when presumably 
t h e i n t e r n a l t h i o l s r e m a i n u n m o d i f i e d and f u n c t i o n a l . 

The a b i l i t y o f L - p e p t i d e s t o p r o t e c t a g a i n s t PCMBS i n h i b i t i o n can 

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

c o m p e ting f o r same b i n d i n g s i t e . Because D - p o p t i d e s and L-;imino a c i d s , 

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

t h e p o s s i b i l i t y o f an i n a c t i v a t i o n o f PCMBS by t h e p r o t e c t a n t , w h i c h 

c o u l d be m i s c o n s t r u e d as a p o s i t i v e p r o t e c t i o n , can be e l i m i n a t e d . 

These r e s u l t s , t o g e t h e r w i t h t h e k i n e t i c s o f i n h i b i t i o n o f u p t a k e 

by b o t h NEM and PCMBS, p o i n t towards t h e e x i s t e n c e o f a p e p t i d e t r a n s p o r t 

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

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

groups are i m p o r t a n t i n amino a c i d t r a n s p o r t , f i r m s t a t e m e n t s about t h e i r 

r o l e i n g l u c o s e t r a n s p o r t are more d i f f i c u l t t o make. A l t h o u g h 

i n h i b i t i o n o f g l u c o s e t r a n s p o r t by NEM i s c o n s i d e r e d t o be slow and 

secondary i n n a t u r e , c o n s i d e r a b l e i n a c t i v a t i o n i s a c h i e v e d by PCMBS. 

T h i s may be a r e f l e c t i o n o f t h e d i f f e r i n g r e a c t i v i t i e s and a c c e s s i b i l i t i e s 

o f t h e s e i n h i b i t o r s t o t h e t h i o l s i n v o l v e d , y e t p a r a d o x i c a l l y , NEM i s 

c o n s i d e r e d t o be t h e more p e n t r a t i n g r e a g e n t o f t h e two. C l e a r l y , t h e r e 

i s scope here f o r t h e f u r t h e r e l u c i d a t i o n o f t h e r o l e o f s u l p h y d r y l groups 

i n g l u c o s e u p t a k e . 
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S c u t e l l a t r e a t e d w i t h PCMBS can r e c o v e r p e p t i d e t r a n s p o r t a c t i v i t y , 

a f e a t u r e n o t shown by NEM t r e a t e d t i s s u e ( S e c t i o n 4.2.4). T h i s may 

be a r e f l e c t i o n o f b o t h t h e impermeable n a t u r e o f PCMBS, such t h a t 

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

r e v e r s i b l e n a t u r e o f t h e m o d i f i c a t i o n r e a c t i o n i t s e l f , such t h a t t h e 

f u n c t i o n a l s u l p h y d r y l groups can be s p o n t a n e o u s l y r e g e n e r a t e d . I n 

c o n t r a s t , NEM i s h i g h l y p e n e t r a n t , and m o d i f i e s t h i o l s i n an i r r e v e r s i b l e 

a l k y l a t i o n r e a c t i o n , so i t i s perhaps n o t s u r p r i s i n g t h a t t r e a t e d t i s s u e 

c a nnot r e c o v e r f r o m i t s a c t i o n . 

4.4 E f f e c t o f P h e n y l a r s i n e Oxide on T r a n s p o r t A c t i v i t y 

4.4.1 I n t r o d u c t i o n - Chemical P r o p e r t i e s 

A t h i r d s u l p h y d r y l r e a g e n t , p J i o n y l a r s i n o o x i d e , d i f f e r s f rom NI'.M 

and PCMBS i n t h a t i t complexes s e l e c t i v e l y w i t h v i c i n a l d i t h i o l s . S t u d i e s 

were u n d e r t a k e n t o d e t e r m i n e i t s e f f e c t s a l s o upon s c u t e l l a r t r a n s p o r t . 

The t o x i c e f f e c t s o f a r s e n i c a l compounds upon b i o l o g i c a l systems 

have been known f o r many y e a r s and as e a r l y as 1909, i t was suggested t h a t 

t h e p a r t i c u l a r 'chemoreceptors' i n v o l v e d were e i t h e r s u l p h y d r y l o r 

h y d r o x y l l i g a n d s ( E r l i c h , 1 9 0 9 ) . The b i o c h e m i s t r y o f a r s e n i c has been 

t h e s u b j e c t o f a r e c e n t r e v i e w (Knowles & Benson, 1983). The t r i v a l e n t 

a r s e n i c a l s , a l l d e r i v a t i v e s o f a r s i n e (AsH^), r e a c t r e a d i l y and h i g h l y 

s p e c i f i c a l l y w i t h t h i o l groups i n a s u b s t i t u t i o n mechanism w h i c h i s 

n o t f u l l y u n d e r s t o o d (Webb, 19 6 6 c ) . T r i v a l e n t a r s e n i c a l s f a l l i n t o 

two c a t e g o r i e s , t h e m o n o s u b s t i t u t e d a l k y l d i h a l o a r s i n e s (RAsX^) and 

a l k y l a r s e n o x i d e s (RAsO), o r t h e d i a l k y l h a l o a r s i n e s (R R AsX) ( L o t s p e i c h & 
1 2 

P e t e r s , 1 9 5 1 ) . C h e m i c a l l y , t h i s d i s t i n c t i o n i s i m p o r t a n t because t h e 

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

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

r i n g s t r u c t u r e . R e a c t i o n w i t h m o n o t h i o l s does o c c u r b u t t h e p r o d u c t 

i s u n s t a b l e ( F i g u r e 4 . 4 ) . I n C o n t r a s t , t h e d i a l k y l h a l o a r s i n e s g i v e 
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s t a b l e d e r i v a t i v e s w i t h s i n g l e c y s t e i n e r e s i d u e s o n l y (Webb, 1966c; 
W h i t t a k e r , 1947; S t o c k e n & Thompson, 1946a). The d e c o m p o s i t i o n o f 
c y c l i c t h i o a r s i n i t e s , t o r e g e n e r a t e t h e o r i g i n a l s u l p h y d r y l groups, 
i s r e a d i l y b r o u g h t about by t h e a d d i t i o n o f excess v i c i n a l d i t h i o l 
e.g., d i m e r c a p t o p r o p a n o l ( S t o c k e n & Thompson, 1946b), d i t h i o t h r e i t o l 
( K o n i n g s & R o b i l l a r d , 1982) o r d i t h i o a l k a n e s ( W h i t t a k e r , 1947) w h i c h 
compete f o r r e a c t i o n w i t h t h e i n h i b i t o r . Thus, many enzymes have been 
c l a s s i f i e d as d i t h i o l - d e p e n d e n t on t h e b a s i s o f t h e i r i n h i b i t i o n by 
a l k y l a r s e n o x i d e s (Webb, 1966c; Stevenson e t a l . , 1978; S t o r e y , 1964) 
and more r e c e n t l y , s e v e r a l r e p o r t s p o i n t towards an i m p o r t a n t r o l e o f 
v i c i n a l t h i o l s i n t r a n s p o r t p r ocesses i n p a r t i c u l a r ( G o u l d , 1978; 
R o b i l l a r d Sc Ko n i n g s , 1981; T u r n e r & George, 1 9 8 3 ) . However, t h e 
p o s s i b i l i t y t h a t , o c c a s i o n a l l y , enzymic i n a c t i v a t i o n i s brought about 
by t h e a r s e n i c a l c o m b i n i n g w i t h two somewhat d i s t a l l y l o c a t e d SH groups 
on a p a r t i c u l a r l y f l e x i b l e p r o t e i n m o l e c u l e , cannot be c o m p l e t e l y 
d i s c o u n t e d . The a b i l i t y t o r e s t o r e f u n c t i o n t h r o u g h t h e use o f a 
low m o l e c u l a r w e i g h t d i t h i o l as d e s c r i b e d above, wo u l d , however, i n d i c a t e 
t h a t i n h i b i t i o n i s n o t a c h i e v e d t h r o u g h t h i s s o r t o f c o n f o r m a t i o n a l 
change o f t h e enzyme m o l e c u l e , w h i c h may o f t e n be i r r e v e r s i b l e i n n a t u r e . 

The t r i v a l e n t a r s e n i c a l , p h e n y l a r s i n e o x i d e , PAO ( a l s o known as 

arsenosobenzene o r p h e n y l a r s e n o x i d e ) was s e l e c t e d here t o examine t h e 

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

( F i g u r e 4 . 4 ) . T h i s i n h i b i t o r i s o n l y s l i g h t l y s o l u b l e i n aqueous 

s o l u t i o n b u t because o f i t s h y d r o p h o b i c , uncharged n a t u r e i t i s c o n s i d e r e d 

t o be l i p i d s o l u b l e and t o possess some a b i l i t y t o pass t h r o u g h c e l l 

membranes (Webb, 19 6 6 c ) . 

4.4.2 K i n e t i c s o f I n h i b i t i o n o f T r a n s p o r t 

4.4.2.1 Methods 

2-3 day s c u t e l l a were e x c i s e d and p r e i n c u b a t e d i n PAO (0.5 mM 

i n 50 mM sodium p h o s p h a t e - c i t r a t e b u f f e r , pH 3.8 a t 20°C) f o r p e r i o d s 

o f up t o 30 min, p r i o r t o washing and c a r r y i n g o u t a s t a n d a r d assay f o r 

p e p t i d e , amino a c i d o r g l u c o s e t r a n s p o r t . C o n t r o l s c u t e l l a were 
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FIGURE 4.4. R e a c t i o n o f P h e n y l a r s i n e Uxide w i t h T h i o l s and V i c i n a l 
D i t h i o l s 

P h e n y l a r s i n e Oxide can r e a c t w i t h v i c i n a l d i t h i o l groups t o fo r m a s t a b l e , 
c y c l i c d i t h i o a r s i n i t e ( A ) , whereas t h e m o n o t h i o a r s i n i t e produced by 
r e a c t i o n w i t h a s i n g l e t h i o l g r oup i s u n s t a b l e . P h e n y l a r s i n e Oxide 
may i n p r i n c i p l e combine w i t h two s e p a r a t e d m o n o t h i o l s , b u t t h e consequent 
d i s t o r t e d p r o d u c t i s o n l y l i k e l y t o be t r a n s i e n t i n n a t u r e ( B ) . 
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p r e i n c u b a t e d i n b u f f e r o n l y f o r 30 min b e f o r e assay. I t must be 
n o t e d t h a t PAO i s o n l y s l i g h t l y s o l u b l e i n w a t e r , and t h e c o n c e n t r a t i o n 
q u o t e d (0.5 mM) r e p r e s e n t s t h a t d e t e r m i n e d f o r a s a t u r a t e d s o l u t i o n . 
4.4.2.2 R e s u l t s 

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

c o n t r o l s ) o f amino a c i d s , p e p t i d e s and g l u c o s e a f t e r 4 min p r e i n c u b a t i o n 

w i t h PAO i s shown i n T a b l e 4.5, and t h e t i m e dependent i n a c t i v a t i o n o f 

u p t a k e i s p l o t t e d k i n e t i c a l l y f o r a r e p r e s e n t a t i v e range o f t h e se 

s u b s t r a t e s i n F i g u r e 4.5. The i n h i b i t o r y e f f e c t s o f PAO are analogous 

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

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

w i t h i n a 10 m i n i n c u b a t i o n . I n t e r e s t i n g l y , t h e t r a n s p o r t o f Gly-Phe i s 

a p p a r e n t l y n o t i n h i b i t e d as r a p i d l y o r as c o m p l e t e l y as t h a t o f A l a - A l a -

A l a . Thus, a f t e r 30 min i n c u b a t i o n w i t h PAO, 2 day s c u t e l l a c o n t i n u e t o 

t r a n s p o r t Gly-Phe a t a r a t e o f 9 nmol s c u t e l l u m \ i *. T h i s v a l u e can 

be i n h i b i t e d f u r t h e r , however, by a subsequent t r e a t m e n t w i t h DNP (10 uM 

f o r 30 min a t 20°C) w h i c h reduces t h e r a t e o f u p t a k e t o t h e r e s i d u a l 

v a l u e c h a r a c t e r i s t i c o f t h e p a s s i v e component o n l y (3-4 nmol s c u t e l l u m "̂ h 

4.4.3 S u b s t r a t e S c r e e n i n g and PAO I n h i b i t i o n 

4.4.3.1 Methods 

2-3 day s c u t e l l a were p r e i n c u b a t e d i n p e p t i d e (60 - 200 mM) f o r 

5 min, andthen t r a n s f e r r e d t o PAO (0.5 mM, pH 3.8) , w i t h added p e p t i d e 

c o m p e t i t o r (up t o 200 mM) f o r 3 min a t 20°C. S c u t e l l a were xemovod, 
14 

washed and assayed f o r G l y - ( U C)Phe t r a n s p o r t i n t h e r o u t i n e manner. 

C o n t r o l t i s s u e was t r e a t e d w i t h PAO under t h e c o n d i t i o n s s p e c i f i e d , b u t 

w i t h o u t c o m p e t i t o r p r e s e n t . 

4.4.3.2 R e s u l t s 

The p r o t e c t a n t s L - A l a - L - A l a , D-Ala-D-Ala ( a t 200 mM), Gly-L-Leu 

( a t 100 mM) and L - V a l - L V a l , D-Val-D-Val ( a t 60 m M), were a l l i n e f f e c t i v e 
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FIGURE 4.5 K i n e t i c s o f I n h i b i t i o n o f P e p t i d e , Amino A c i d and Glucose 
T r a n s p o r t by P h e n y l a r s i n e Oxide 

14 14 14 14 Uptake o f G l y - ( U C)Phe (@), A l a - A l a - ( U C ) A l a ( Q ) , (U C)Leu ( • ) , (U C)Pro 
(A), and(U- L^C)Glucose ( A ) , by s c u t e l l a a f t e r p r e i n c u b a t i o n i n 0.5 mM 
p h e n y l a r s i n e o x i d e f o r t h e i n d i c a t e d t i m e s . T r a n s p o r t r a t e s are e x p r e s s e d 
as a p e r c e n t a g e o f u n t r e a t e d c o n t r o l s and each v a l u e i s t h e average o f a t 
l e a s t 2 s e p a r a t e d e t e r m i n a t i o n s . 
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TABLE 4.5 

I n h i b i t i o n o f Amino a c i d , P e p t i d e and Glucose T r a n s p o r t 
by P h e n y l a r s i n e o x i d e 

I n h i b i t i o n o f T r a n s p o r t by P h e n y l a r s i n e o x i d e 
S u b s t r a t e ( P e r c e n t a g e o f U n t r e a t e d C o n t r o l s ) 

Gly 22 

Pro 26 

Asn 32 

Lys 30 

H i s 25 

Asp 29 

Leu 20 

A l a - A l a - A l a 89 

Gly-Phe 70 

D-Glucose 35 

Percentage i n h i b i t i o n o f t r a n s p o r t o f s u b s t r a t e ( r e l a t i v e t o u n t r e a t e d 

c o n t r o l s ) by 2-3 day s c u t o l l a a f t e r p r e i n c u b a t i o n w i t h 0.5 mM P h e n y l a r s i n e 

o x i d e (pH 3.8, 20°C f o r 4 m i n ) . A l l amino a c i d s and p e p t i d e s were o f th e 

L c o n f i g u r a t i o n , and used a t 2 mM; g l u c o s e was used a t 20 mM. Values 

are t h e mean o f a t l e a s t two s e p a r a t e d e t e r m i n a t i o n s . 
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i n s c r e e n i n g a g a i n s t PAO i n h i b i t i o n o f Gly-Phe t r a n s p o r t . Thus, t h e 
i n h i b i t i o n o f t r a n s p o r t was u n a f f e c t e d by t h e presence o f any c o m p e t i t o r 
t e s t e d . 

4.4.3.3 D i s c u s s i o n 

The s i m i l a r i t y i n t h e i n h i b i t o r y e f f e c t s o f NEM and PAO upon 

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

n a t u r e o f b o t h t h e s e r e a g e n t s , such t h a t e s s e n t i a l l y t h e same s u l p h y d r y l s 

are s u s c e p t i b l e t o m o d i f i c a t i o n i n each case. As argued p r e v i o u s l y f o r 

NEM, t h e m o d i f i c a t i o n o f i n t e r n a l t h i o l groups by PAO t h a t are 

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

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

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

r e a g e n t s p o i n t towards a p e p t i d e t r a n s p o r t system w h i c h i s dependent 

upon two c l a s s e s o f s u l p h y d r y l groups l o c a t e d a t d i f f e r e n t l e v e l s i n the 

s c u t e l l a r plasmalemmae. I t i s l i k e l y t h a t a t l e a s t one c l a s s o f 

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

i n t h e reduced f o r m i s p r o v i d e d i n t h e n e x t s e c t i o n . F u r t h e r e v i d e n c e 

on t h e n a t u r e o f t h e s e g r o u p s , and f o r t h e s p e c i f i c i t y o f i n h i b i t i o n , 

i s p r o v i d e d by t h e a b i l i t y t o r e s t o r e p e p t i d e , b u t n o t amino a c i d t r a n s p o r t , 

by t h e use o f d i t h i o t h r e i t o l a f t e r PCMBS o r PAO i n h i b i t i o n ; these a s pects 

are c o n s i d e r e d l a t e r ( S e c t i o n 5.1.2). 

4.5 E f f e c t o f D i t h i o t h r e i t o l on T r a n s p o r t A c t i v i t y 

4.5.1 I n t r o d u c t i o n 

D i t h i o t h r e i t o l ( C l e l a n d ' s r e a g e n t , DTT) i s h i g h l y w a t e r s o l u b l e 

w i t h a low r e d o x p o t e n t i a l , and i s c apable o f r e d u c i n g c y s t i n e r e s i d u e s 

t o t h e c o n s t i t u e n t m o n o t h i o l s w i t h g r e a t s p e c i f i c i t y ( C l e l a n d , 1964). 

Hence t h e use o f DTT s h o u l d e s t a b l i s h w hether t h e v i c i n a l d i t h i o l s 

d e s c r i b e d above are f u n c t i o n a l as o x i d i s e d c y s t i n e b r i d g e s . 
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FIGURE 4.6 E f f e c t o f D i t h i o t h r e i t o l on Gly-Phe and Leu T r a n s p o r t 

Time course o f u p t a k e o f G l y - ( U 1 4 C ) P h e ( • ) , and ( U 1 4 C ) L e u (O) by 2 day 
s c u t e l l a a f t e r t r e a t m e n t w i t h l u mM d i t h i o t h r e i t o l f o r 20 min. As 
c o n t r o l s , t h e u p t a k e o f b o t h Gly-Phe (B) and L e u c i n e (®) a f t e r p r e i n c u b a t i o n 
i n b u f f e r o n l y was assayed i n p a r a l l e l . 
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4.5.2 Methods 

2 day s c u t e l l a were e x c i s e d and t r e a t e d w i t h DTT (10 mM i n sodium 
o 

p h o s p h a t e - c i t r a t e b u f f e r , pH 7 a t 20 C) f o r 30 min. S c u t e l l a were washed 

p r i o r t o a s t a n d a r d t r a n s p o r t assay w i t h r a d i o a c t i v e l y l a b e l l e d Gly-Phe 

and Leu. C o n t r o l s c u t e l l a were p r e i n c u b a t e d i n b u f f e r a l o n e b e f o r e 

assay. 

4.5.3 R e s u l t s 

A comparison o f t h e r a t e s o f a c c u m u l a t i o n o f Leu and Gly-Phc 

a f t e r DTT t r e a t m e n t w i t h u n t r e a t e d c o n t r o l s r e v e a l s t h a t , up t o about 

40 min, u p t a k e i s u n a f f e c t e d b u t s u b s e q u e n t l y , f u r t h e r t r a n s p o r t i n t o 

t r e a t e d t i s s u e i s i n h i b i t e d q u i t e m a r k e d l y ( F i g u r e 4 . 6 ) . 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 as DTT e x e r t i n g some secondary, i n d i r e c t 

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

4.5.4 D i s c u s s i o n 

Assuming t h a t DTT w i l l have g a i n e d some access t o t h e c a r r i e r 

p r o t e i n s , o x i d i s e d d i s u l p h i d e s ( c y s t i n e b r i d g e s ) would n o t appear t o p l a y 

a d i r e c t r o l e as components o f t h e p e p t i d e o r amino a c i d t r a n s p o r t 

systems, and t h e d i t h i o l s i n h i b i t a b l e by NEM, PCMiiS and PAO must be 

f u n c t i o n a l i n t h e reduc e d f o r m . 

4.6 E f f e c t o f Plumbagin on T r a n s p o r t A c t i v i t y 

4.6.1 I n t r o d u c t i o n - Chemical P r o p e r t i e s 

Quinones comprise a l a r g e f a m i l y o f compounds t h a t can m o d i f y 

b o t h t h i o l and amino groups i n an o x i d a t i o n o r a d d i t i o n p r o c e s s . The 

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

mechanisms and can be r e v e r s e d w i t h s u i t a b l e r e d u c i n g agents such as d i t h i o -

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

t h e q u i n o n e s have been d i s c u s s e d t h r o u g h l y by Webb ( 1 9 6 6 d ) . 

P lumbagin ( 5 - h y d r o x y - 2 - m e t h y l - l , 4-napthoquinone) i s a n a t u r a l l y 

o c c u r r i n g q u inone f o u n d i n p l a n t s o f t h e genus Plumbago ( t h e L e a d w o r t s ) . 

I t i s l i p o p h i l i c and s o l u b l e i n membranes. To d a t e , p l u m b a g i n has seen 

l i t t l e a p p l i c a t i o n t o t r a n s p o r t s t u d i e s , b u t i t has been shown t o 
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e f f e c t i v e l y i n h i b i t t h e a c c u m u l a t i o n o f l a c t o s e and p r o l i n e i n 
E s c h e r i c h i a c o l i by o x i d i s i n g t h e v i c i n a l d i t h i o l s e s s e n t i a l t o t h e 
u p t a k e o f t h e se s o l u t e s ( K o n i n g s & R o b i l l a r d , 1982). E x p e r i m e n t s 
were p e r f o r m e d t o d e t e r m i n e w h e t h e r p l u m b a g i n c o u l d i n h i b i t p e p t i d e 
t r a n s p o r t i n t h e b a r l e y s c u t e l l u m i n t h e same way. 

4.6.2 Methods 

3 day s c u t e l l a were t r e a t e d f o r up t o 2.5 h i n 0.2 mM p l u m b a g i n 

( i n sodium p h o s p h a t e - c i t r a t e b u f f e r , pH 3.8 a t 20°c), washed, and 

assayed f o r t r a n s p o r t o f r a d i o a c t i v e Gly-Phe i n t h e r o u t i n e manner. 

C o n t r o l s were p r e i n c u b a t e d i n b u f f e r o n l y b e f o r e assay. 

4.6.3 R e s u l t s 

The i n h i b i t i o n o f p e p t i d e t r a n s p o r t by p l u m b a g i n ( F i g u r e 4.7) 

i s c o n s i d e r a b l y s l o w e r t h a n t h a t a c h i e v e d by t h e o t h e r r e a g e n t s t e s t e d 

p r e v i o u s l y such as NEM o r PAO. I n an a t t e m p t t o r e c o v e r t h e i n h i b i t e d 

u p t a k e a c t i v i t y , s c u t e l l a were t r e a t e d w i t h p l u m b a g i n f o r 2.5 h and 

t h e n t r a n s f e r r e d t o d i t h i o t h r e i t o l (10 mM sodium p h o s p h a t e - c i t r a t e b u f f e r , 

pH 3.8, 20°C) f o r 2 h b e f o r e an assay f o r Gly-Phe u p t a k e . Under t h e s e 

c o n d i t i o n s , no d e t e c t a b l e r e s t o r a t i o n o f t r a n s p o r t was a c h i e v e d by 

d i t h i o t h r e i t o l ( r e s u l t s n o t shown). 

4.6.4 D i s c u s s i o n 

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

can have at l e a s t two i n t e r p r e t a t i o n s . The i n h i b i t o r y a c t i o n o f p l u mbagin 

may be secondary i n n a t u r e , such t h a t t h e v i c i n a l d i t h i o l s on t h e p e p t i d e 

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

u n a b l e t o g a i n access t o s i t e s m o d i f i e d s u c c e s s f u l l y by p l u m b a g i n . 

However, t h e a b i l i t y o f d i t h i o t h r e i t o l t o r e s t o r e t h e i n h i b i t i o n o f 

t r a n s p o r t b r o u g h t about by p h e n y l a r s i n e o x i d e a n d ^ d - c h l o r o m c r u u r i b c n z o n t : 

s u l p h o n a t o ( S e c t i o n 5.1.2) would s u p p o r t t h e v i e w t h a t t h e e f f e c t s o f 

p l u m b a g i n are secondary and n o t r e v e r s i b l e w i t h a r e d u c i n g agent. 

I t must be n o t e d i n r e t r o s p e c t however, t h a t t h e pH v a l u e a t w h i c h 
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FIGURE 4.7 K i n e t i c s o f I n h i b i t i o n o f Gly-Phe T r a n s p o r t by Plumbagin 

T r a n s p o r t r a t e s o f G l y - ( C)Phe a f t e r p r e i n c u b a t i o n f o r up t o 3 h i n 
0.2 mM Plumbagin. Values are e x p r e s s e d as p e r c e n t a g e s o f u n t r e a t e d 
c o n t r o l s . 
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incubations w i t h plumbagin were performed may not have been optimal f o r 
i t s a c t i o n . Furthermore, plumbagin i s only poorly s o l u ble i n aqueous 
s o l u t i o n , which might have had some bearing on i t s i n a b i l i t y t o achieve 
h i g h l e v e l s of i n h i b i t i o n . 

4.7 E f f e c t of 1,5-Dimethylaminonaphthalene-sulphoethyleneimide 
(N-Dans y l a z i r i d i n e ) on Transport A c t i v i t y 

4.7.1 I n t r o d u c t i o n - Chemical P r o p e r t i e s 

Since t h i o l groups c l e a r l y play an important r o l e i n peptide t r a n s p o r t 

by the scutellum, i t was considered of some i n t e r e s t t o attempt to " v i s u a l i s e " 

under the microscope the t h i o l b i n d i n g s i t e s , by using s u l p h y d r y l reagents 

w i t h a coloured or f l u o r e s c e n t moiety. Several flucrophores have been 

synthesised f o r the s p e c i f i c l a b e l l i n g of s u l p h y d r y l l i g a n d s . Of these 

reagents, some are au t o f l u o r e s c e n t , such as N-(l-pyrene) maleimide (Wu 

et a l . , 1976; Rasched &, Bayne, 1982), and N - d a n s y l a z i r i d i n e (Scouten et a l . , 

1974), whereas others such as N-(/>-(2-benzoxazolyl)phenyl) raaleimide 

(Kanoaka et a l . , 1967, 1968) and N-(1-anilinonaphthy1-4) maleimido 

(Kanaoka et. j i l . , 1973) are only f l u o r e s c e n t a f t e r r e a c t i o n witJi c y s t e i n y l 

residues. Of these, only N - d a n s y l a z i r i d i n c (NDA) i s commercially 

a v a i l a b l e , and so was chosen f o r use. The r e a c t i o n of NDA w i t h s u l p h y d r y l 

groups i s s e l e c t i v e at pH 6.5 - 8.6, but the r a t e of d e r i v a t i z e . t i o n i s much 

slower than t h a t , f o r example, w i t h NEM (Staples h R e i t h e l , 1976), and 

i n c u b a t i o n times of several hours may be r e q u i r e d f o r complete m o d i f i c a t i o n 

w i t h most p r o t e i n s (Scouten e t _ a l . , 1974; Mutus e t j a l . , 1981). The 

l a r g e l y a l k y l and a r y l nature of NDA w i l l confer h y d r o p h o b i c i t y on the 

molecule, yet i t s s i z e may preclude r a p i d permeation through a membrane 

b a r r i e r . Hence, i n t h i s respect, the p r o p e r t i e s of NDA may be considered 

as intermediate between those of NEM ( h i g h l y p enetrant) and PCMBS (non 

p e n e t r a n t , h y d r o p h i l i c ) . Supporting evidence f o r t h i s i s provided by 

fluorescence spectra which show t h a t the f l u o r e s c e n t moieties of NDA-

l a b e l l e d p r o t e i n s w i t h i n the e r y t h r o c y t e membrane are surrounded by a 

hydrophobic environment (Borochov &. S h i n i t z k y , 1976), yet the same r e p o r t 

i n d i c a t e s t h a t NDA i s p o o r l y s o l u b l e i n ( a r t i f i c i a l ) b i l a y e r s . Therefore 
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i t i s l i k e l y t h a t , at l e a s t i n the e r y t h r o c y t e , some d e r i v a t i z a t i o n of 

t h i o l s w i t h i n the membrane can occur. 

4.7.2 Methods 

2-3 day s c u t e l l a were excised and stored i n b u f f e r (2 ml sodium 
o 

ph o s p h a t e - c i t r a t e , pH 8 c o n t a i n i n g 20 u l ethanol, 25 C) f o r 0 - 4 h 

p r i o r to t r a n s f e r and i n c u b a t i o n i n 0.35 mM NDA ( 1 ml of sodium phosphate-

c i t r a t e b u f f e r pH 8, c o n t a i n i n g 10 u l of an e t h a n o l i c s o l u t i o n o f NDA, 

-1 o 

10 mg ml , 25 C) f o r up t o 4 h. Storage txme plus m o d i f i c a t x o n txme 

t o t a l l e d 4 h i n each case and f i n i s h e d simultaneously, hence ensuring 

t h a t a l l s c u t e l l a experienced the same exposure t o an e t h a n o l i c s o l u t i o n . 

Thus, c o n t r o l s were suspended f o r 4 h i n e t h a n o l i c b u f f e r only. A f t e r 

a l l p r e i n c u b a t i o n s , s c u t e l l a were removed, washed and subjected t o 

standard t r a n s p o r t assays using r a d i o a c t i v e Gly-Phe, Leu and glucose. 

4.7.3 Results 

The time-dependent i n a c t i v a t i o n of Gly-Phe, Leu and glucose 

t r a n s p o r t by NDA i s hown i n Figure 4.8 . Controls i n which s c u t e l l a 

were suspended i n ethanol alone ( w i t h o u t NDA) f o r 4 h, i n d i c a t e d t h a t 

the alcohol i t s e l f had an i n h i b i t o r y e f f e c t over t h i s prolonged pro-

i n c u b a t i o n p e r i o d and reduced t r a n s p o r t of Gly-Phe, Leu and glucose by 

36%, 40% and 3 1 % r e s p e c t i v e l y . Therefore, s u i t a b l e c o r r e c t i o n s were 

made t o the p l o t t e d values t o allow f o r the e f f e c t s of ethanol. Peptide 

t r a n s p o r t i s s e l e c t i v e l y i n h i b i t e d , but as a n t i c i p a t e d , the r a t e of 

i n a c t i v a t i o n i s slower than t h a t achieved by NEM or PCMBS. 

4.7.4 Discussion 

The use of N- d a n s y l a z i r i d i n e confirms t h a t peptide t r a n s p o r t i s 

p a r t i c u l a r l y s e n s i t i v e t o s u l p h y d r y l reagents, and p o t e n t i a l l y , the use 

of t h i s fluorophore o f f e r s an o p p o r t u n i t y t o s e l e c t i v e l y l a b e l the 

t r a n s p o r t p r o t e i n s w i t h a view t o t h e i r e x t r a c t i o n and separation, or 

else t h e i r v i s u a l i z a t i o n i n s i t u using fluorescence microscopy. Those 



98 

• o 100 

90 

80 s 
c 70 

o 60 
0) 

50 

AO 

30 0) 

20 

10 V) 

£ 0 » i 1 " 1 i 

0 1 2 3 U 
Preincubation Time with NDA (h) 

(FIGURE 4.8 K i n e t i c s of I n h i b i t i o n o f Gly-Phc, Leu and Glucose Transport 
by N-Dansylaziridino 
14 14 14 Uptake of Gly-(U C)Phe (s), (U C)Leu ( • ) , and (U C)Glucose (A) a f t e r 

treatment w i t h 0„35 raM N-dansylaziridine f o r up t o 4 h. Rates are 
expressed as percentages of untreated c o n t r o l s . 



99 

p o s s i b i l i t i e s are explored elsewhere (Section 5.1.7) . 

Substrate p r o t e c t i o n of NDA i n h i b i t i o n could not be demonstrated 

( r e s u l t s not shown), but because of the long i n c u b a t i o n times i n v o l v e d , 

such experiments are considered t o be u n s u i t a b l e and l a r g e l y i n v a l i d . 

This i s because su b s t r a t e screening i s e s s e n t i a l l y a dynamic competition 

process f o r access t o su s c e p t i b l e s i t e s on the p r o t e i n , and hence i s 

only l i k e l y t o be detectable a f t e r short periods of time when the 

p r o t e c t a n t can s u c c e s s f u l l y delay group d e r i v a t i z a t i o n t o a measurable 

e x t e n t . 

4.8 E f f e c t of N-Ethyl-5-Phenylisoxazolium-3'-Sulphonato (Woodward's 
Reagent K) on Transport A c t i v i t y 

4.8.1 I n t r o d u c t i o n - Chemical P r o p e r t i e s 

I n a d d i t i o n t o the several s u l p h y d r y l reagents discussed above, 

other compounds capable of the group-selective m o d i f i c a t i o n of d i f f e r e n t 

amino acid residues were t e s t e d f o r the i n h i b i t i o n of s o l u t e t r a n s p o r t 

by the scutellum. 

For example, isoxazolium s a l t s , i n c l u d i n g Woodward's reagent K (WRK), 

were o r i g i n a l l y developed as a c t i v a t o r s f o r c a r b o x y l i c acids i n the 

chemical synthesis of peptides (Woodward & Olofson 1966; Woodward e_t a l . , 

1966), but t h e i r use has since been extended t o p r o t e i n m o d i f i c a t i o n 

s t u d i e s . WRK reacts s p e c i f i c a l l y w i t h carboxyl groups t o form an onol 

e s t e r d e r i v a t i v e over a wide pH range (Bodlaender e t al.,1969). 

Although the p e n e t r a b i l i t y of t h i s reagent across a membrane b a r r i e r 

does not appear t o have been discussed i n the l i t e r a t u r e , i t i s l i k e l y 

t h a t the aromatic nature of WRK w i l l confer some s o l u b i l i t y i n the l i p i d 

b i l a y e r despite the n e g a t i v e l y charged sulphonate group which i s present 

on the molecule. WRK has been used s u c c e s s f u l l y i n e s t a b l i s h i n g the 

existence of c a t a l y t i c a l l y e s s e n t i a l carboxylate groups i n a v a r i e t y of 

enzymes, i n c l u d i n g bovine carboxy-peptidase (Potra, 1971; P c t r a &, Nourath, 

1971), yoast phosphoglycorate kinase (Drake &, Wobor, 1974), c h l o r o p l a s t i c 
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ATPase (Arana & V a l l e j o s , 1980) and ferrodoxin-NADP + oxidoreductase 

( C a r r i l l o e t a l . , 1981). 

4.8.2 Methods 

2-3 day s c u t e l l a were preincubated i n WRK (5-10 mM i n sodium 

ph o s p h a t e - c i t r a t e b u f f e r , pH 4 f o r 30 min at 20°C), washed and then 

assayed f o r uptake o f r a d i o a c t i v e Leu, Gly-Phe and glucose ( a l l at 2 m M) 

i n the r o u t i n e way. 

4.8.3 Results 

WRK, at the concentrations used (up t o 10 mM) d i d not a f f e c t the 

uptake o f any substrate t e s t e d , r e l a t i v e t o untreated c o n t r o l s . 

4.8.4 Discussion 

The importance of carboxyl groups to uptake by the barley scutollum 

cannot be demonstrated here, although i t might not bo unreasonable t h a t 

the /S and if s ide-chain carboxyl groups of aspartate and glutamato residues 

r e s p e c t i v e l y , t h a t both have pK values of about 4, might be involved i n 

the low pH optima displayed by amino acid and peptide t r a n s p o r t . However, 

the i n h i b i t i o n of uptake by DCCD (Sect i o n 6.1.3.4)implies the i n d i r e c t 

involvement of carboxyl groups v i a ATP a c t i o n , and i t must be assumed the 

a c c e s s i b i l i t y o f WRK t o these residues i s l i m i t e d . 

4.9 E f f e c t of Diethylpyrocarbonate on Transport A c t i v i t y 

4.9.1 I n t r o d u c t i o n - Chemical P r o p e r t i e s 

Other amino acid side chains are s u s c e p t i b l e t o s e l e c t i v e 

d e r i v a t i z a t i o n , i n c l u d i n g the imidazole r i n g of h i s t i d i n e . Studies 

were undertaken to e s t a b l i s h the r o l e of t h i s residue also i n uptake 

by the scute Hum. 

Cu r r e n t l y , two main techniques are a v a i l a b l e f o r the m o d i f i c a t i o n 

of h i s t i d i n e residues. One methodology involves the p h o t o - o x i d a t i o n 

of h i s t i d i n e , a f t e r f i r s t s e n s i t i z i n g the residue w i t h the dye Rose 

Bengal (Westhead, 1965; Tsai e t a l . , 1982); the other employs 

dieth y l p y r o c a r b o n a t e (ethoxyformic anhydride), as a modifying reagent. 
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Diethylpyrocarbonate (DEPC) was chosen t o evaluate the r o l e of h i s t i d i n e 
i n s c u t e l l a r t r a n s p o r t because of i t s g r e a t e r s l e c t i v i t y . I t s use i n 
p r o t e i n chemistry has been the subject of a recent review ( M i l e s , 1977). 
DEPC w i l l modify the unprotonated form of a range of n u c l e o p h i l i c amino 
acid side-chains; hence, at a l k a l i n e pH, s u l p h y d r y l , guanidyl, t y r o s y l 
and amino moieties are e a s i l y d e r i v a t i z e d (Burch &, Ticku, 1981). However 
at pH 6-7 the reagent i s f a i r l y s p e c i f i c f o r the imidazole r i n g of 
h i s t i d i n e , and forms an N - e t h y l o x y f o r m y l - h i s t i d i n e complex i n a r e a c t i o n 
t h a t can be fol l o w e d s p e c t r o p h o t o m e t r i c a l l y (Roosemont, 1978). Excess DEPC 
i s hydrolysed t o carbon d i o x i d e and water w i t h a h a l f l i f e of 24 min at 
25°C. N - e t h y l o x y f o r m y l - h i s t i d i n e i s of l i m i t e d s t a b i l i t y (Melchior & 
Fahrney, 1970) and i t s breakdown t o regenerate the amino acid i s r a p i d l y 
achieved by the a d d i t i o n of hydroxylamine (Padan et a l . , 1979). 

The use of DEPC has i n d i c a t e d t h a t h i s t i d i n e residues are v i t a l t o 

the a c t i v i t y of many enzymes, i n c l u d i n g m i t o c h o n d r i a l succinate 

dehydrogenase(Vik & H a t e f i , 1981), c h l o r o p l a s t i c r i b u l o s e bisphosphato 

carboxylase ( S a l u j a & McFadden, 1982), fungal amylase ( K i t a e t a l . , 1982) 

and succinyl-CoA synthetase from E . c o l i ( C o l l i e r & Nishimura, 19 79). DEPC 

has seen l i m i t e d a p p l i c a t i o n t o t r a n s p o r t studies but uptake of lactose 

and of p r o l i n e by E . c o l i v e s i c l e s was i n h i b i t e d by the reagent (Padan 

e t al.,1979). 

4.9.2 K i n e t i c s o f I n h i b i t i o n o f Transport 

4.9.2.1 Methods 

DEPC was d i l u t e d w i t h ethanol (50% v/v) and 5-20 u l of t h i s wore 

added t o 5 ml sodium phosphate-citrate b u f f e r (50 mM, pll 6) w i t h vigorous 

s t i r r i n g t o give standard s o l u t i o n s i n the concentration range 3.5 - 14 mM. 

These were always made up j u s t p r i o r t o use. 1-3 day s c u t o l l a were 

preincubated i n a standard s o l u t i o n at 3.5 mM f o r up t o 1 h at 2°C i n an 

ice bath; because the reagent undergoes some h y d r o l y s i s i n aqueous 

s o l u t i o n , those s c u t e l l a which were t r e a t e d f o r longer periods w i t h 
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i n h i b i t o r were t r a n s f e r r e d t o a f r e s h batch of DEPC a f t e r 30 min t o 
continue t h e i r p r e i n c u b a t i o n . As c o n t r o l s , s c u t e l l a were suspended 
i n b u f f e r f o r 1 h w i t h the a d d i t i o n of equi v a l e n t volumes of ethanol 
on l y . 

A f t e r p r e i n c u b a t i o n , s c u t e l l a were removed, washed and assayed f o r 

uptake o f r a d i o a c t i v e Gly-Phe and Leu i n the r o u t i n e way. 

4.9.2.2 Results 

The time-dependent i n h i b i t i o n o f Gly-Phe and Leu t r a n s p o r t by 

DEPC i s shown i n Figure 4.9 . Both substrates have s i m i l a r k i n e t i c s 

of i n a c t i v a t i o n i n t h a t p r e i n c u b a t i o n times of up t o 10 min w i t h DEPC 

b r i n g about a r a t h e r gradual r e d u c t i o n o f t r a n s p o r t a c t i v i t y i n both 

cases, and some 30-407o of the uptake of untreated c o n t r o l s remains a f t e r 

1 h treatment w i t h the i n h i b i t o r . 

4.9.3 Substrate Screening and DEPC I n h i b i t i o n 

4.9.3.1 Methods 

2-3 day s c u t e l l a were proincubatod i n 100 mM peptide or .unino 

acid f o r 10 min and then t r a n s f e r r e d d i r e c t l y t o DEPC (7 mM standard 

s o l u t i o n i n sodium ph o s p h a t e - c i t r a t e b u f f e r pH 6, at 2°C) w i t h added 

competitor (100 mM) f o r a f u r t h e r 30 min. Control t i s s u e was t r e a t e d 

w i t h DEPC only under the same c o n d i t i o n s . A f t e r washing, a l l s c u t e l l a 

were assayed f o r Gly-Phe and Leu t r a n s p o r t . 

4.9.3.2 Results 

The i n a c t i v a t i o n of r a d i o a c t i v e Gly-Phe and Leu t r a n s p o r t by DEPC 

i n the presence of a range of competitors i s shown i n Table 4.6. Peptides 

of both the L and D c o n f i g u r a t i o n s , but none of tho amino acids tested, 

were apparently able t o confer some p r o t e c t i o n against i n h i b i t i o n of Gly-

Phe uptake. Conversely, Ala and Leu (bo t h L and D forms) wore i n e f f e c t i v e 

as p r o t e c t a n t s o f DEPC i n h i b i t i o n o f Leu t r a n s p o r t , whereas some p r o t e c t i o n 

w i t h the peptides Gly-L-Phe and L-Ala-L-Ala was achieved. 
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FIGURE 4.9 K i n e t i c s of I n h i b i t i o n of Gly-Phe and Leu Transport by 
Diethylpyrocarbonate 

14 14 Uptake of Gly-(U C)Phe ( s ) and (U C)Leu (0) a f t e r treatment w i t h 3.5 mM 
diethylpyrocarbonate f o r up t o 60 min. Each value i s the average of at 
l e a s t 2 separate determinations and are expressed as percentages of 
untreated c o n t r o l s . 
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TABLE 4.6 

Substrate Screening and Diethylpyrocarbonate I n h i b i t i o n 

P r o t e c t a n t 
Gly-Phe Transport 

(Percentage of Untreated C o n t r o l s ) 

None 

D-Ala-D-Ala 

L-Ala-L-Ala 

L-Ala-L-Ala-L-Ala 

D-Ala-D-Ala-D-Ala 

L-Leu 

L-Ala 

Protectant 

None 

L-Al a 

D-Ala 

L-Leu 

D-Leu 

Gly-L-Phe 

L-Al a-L-Ala 

25 

69 

58 

63 

52 

22 

28 

Leu Transport 
(Percentage of Untreated Controls) 

32 

30 

26 

22 

26 

62 

56 

Transport of Gly-(U C)Phe and (U C)Leu (expressed as a percentage 

of untreated c o n t r o l s ) by 2-3 day s c u t e l l a a f t e r p r e i n c u b a t i o n i n DEPC 

(7 mM, f o r 30 min, i n sodium phosphate-citrate b u f f e r , pH 6 at 2°C) w i t h 

or w i t h o u t added peptide or amino acid competitor (100 mM) . 
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4.9.4 Discussion 

Firm statements cannot be made about the d i r e c t r o l e o f h i s t i d i n e 

residues i n Gly-Phe or Leu absorption by the barley scutellum, i n t h a t 

DEPC does not appear to be d i s c r i m i n a t o r y i n i t s i n h i b i t i o n of peptide 

versus amino acid uptake, and i n a c t i v a t i o n o f t r a n s p o r t i n both cases 

i s n e i t h e r r a p i d nor complete. 

Substrate screening experiments give r i s e t o r e s u l t s which are 

d i f f i c u l t t o e x p l a i n b i o l o g i c a l l y . I t would not be p r e d i c t e d , f o r 

example, t h a t unnatural D-peptide stereoisomers could confer p r o t e c t i o n 

against the i n h i b i t i o n of Gly-Phe uptake. Moreover, peptides can 

apparently cross-compete w i t h the DEPC i n h i b i t i o n of amino acid t r a n s p o r t , 

but not vice-versa. As a poss i b l e e x p l a n a t i o n , a chemical i n t e r a c t i o n 

between peptides ( b o t h D and L forms), but not amino acids, and DEPC 

would lead t o an e f f e c t i v e r e d u c t i o n i n c o n c e n t r a t i o n of the i n h i b i t o r , 

and give r i s e t o elevated uptake r a t e s . Hence the e f f e c t s of i n c u b a t i n g 

peptide w i t h DEPC could be r e a d i l y m i s i n t e r p r e t e d as a successful substrate 

screening of DEPC i n h i b i t i o n . To t e s t t h i s hypothesis, p r e l i m i n a r y 

experiments were performed i n which DEPC (7 mM, pH 6, 2°C) was incubated 

w i t h Ala-Ala (100 mM) f o r up to 1 h. Samples of t h i s mix were taken at 

15 min i n t e r v a l s and used t o t r e a t 2 day s c u t e l l a (30 min at 2°C), p r i o r 

t o a standard r a d i o a c t i v e Gly-Phe t r a n s p o r t assay. I n t h i s way, any 

progressive i n a c t i v a t i o n of the i n h i b i t o r y p r o p e r t i e s of DEPC a r i s i n g 

from an i n t e r a c t i o n w i t h the peptide could be monitored. However, r e s u l t s 

i n d i c a t e d t h a t no such decrease i n the e f f e c t i v e c o n c e n t r a t i o n of DEPC 

occurred a f t e r p r e i n c u b a t i o n w i t h peptide. C l e a r l y , a greater knowledge 

of the somewhat complicated chemistry of the reagent i s needed before a 

deeper understanding of these anomalous substrate screening studies can 

be acquired, and f o r the time being the p r o t e c t i o n experiments described 

hero cannot bo s a t i s f a c t o r i l y explained. 
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4.10 E f f e c t of Phenylglyoxal on Transport A c t i v i t y 

4.10.1 I n t r o d u c t i o n - Chemical P r o p e r t i e s 

The m o d i f i c a t i o n of a r g i n i n e residues was also performed as p a r t 

of the e x p l o r a t o r y studies on the nature of the possible groups involved 

i n t r a n s p o r t by the scutellum. Arginine residues are considered to be 

e s p e c i a l l y important t o enzymic f u n c t i o n , because the guanidyl group 

c a r r i e s a p o s i t i v e charge at most p h y s i o l o g i c a l pH values and s p e c i f i c 

r o l e s have been assigned t o a r g i n i n e i n p r o t e i n s by v i r t u e of t h i s 

c a t i o n i c nature. For example, i t i s o f t e n l o c a l i z e d at the binding s i t e 

of enzymes whose substrates or c o f a c t o r s bear a negative charge. Thus, 

a l k a l i n e phosphatase from E.Coli (Daemen & Riordan, 1974) and molluscan 

c h o l i n e a c e t y l t r a n s f e r a s e (Mautner e t a l . , 1971) have e s s e n t i a l arginine 

residues at the phosphate and CoA binding s i t e s r e s p e c t i v e l y , both of 

these species being anionic. Arginine residues may also be numerous 

on the surface of an enzyme t o promote i t s s o l u b i l i t y , e.g. egg white 

lysosyme (Patthy 86 Smith, 1975). 

Several h i g h l y s e l e c t i v e reagents are a v a i l a b l e f o r the covalent 

d e r i v a t i z a t i o n of the a r g i n y l guanido group. These include 1,2, 

cyclohexanedione ( T o i e t a l , , 1967), butanedione (Riordan, 1973), 

camphorquinine-10-sulphonic acid (Pande e t _ a l . , 1980) and phenylglyoxal 

(Takahaski, 1968). D e r i v a t i v e s of phenylglyoxal have also been 

developed, e.g.p-hydroxyphenylglyoxal, which has a g r e a t e r s o l u b i l i t y 

i n water (Yamasaki e t a l , , 1980), and ^ - n i t r o p h e n y l g l y o x a l , which allows 

a c o l o r i m e t r i c d e t ermination of a r g i n i n e residues i n a p r o t e i n t o bo 

performed (Yamasaki £t al.,1981). 

Phenylglyoxal (PG) has been used widely by others, i s commercially 

a v a i l a b l e , and thus has been used i n these studies i n an attempt to assess 

the possible r o l e of a r g i n i n e residues w i t h i n the s c u t e l l a r plasmalemma 

t o t r a n s p o r t processes. One guanidyl group reacts w i t h two molecules of 

phenyglyoxal at pH 7-8 t o give a complex r i n g s t r u c t u r e i n a r e a c t i o n 
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t h a t can be reversed at elevated temperatures (80% decomposed at pH7, 
40°C, a f t e r 48 h (Takahaski, 1968)). The d e r i v a t i z a t i o n i s h i g h l y 
s p e c i f i c , although some i n t e r a c t i o n w i t h amino groups may occur 
(Takahaski, 1968). 

4.10.2 K i n e t i c s of I n h i b i t i o n of Transport 

4.10.2.1 Methods 

2-3 day s c u t e l l a were excised and preincubated i n phenylglyoxal 
o 

(10 mM i n 50 mM sodium phosphate-citrate b u f f e r , pH 7.8 at 20 C) f o r up 

t o 1 h, then washed w i t h d i s t i l l e d water and assayed f o r t r a n s p o r t of 

r a d i o a c t i v e Leu, Gly-Phe and glucose. Control s c u t e l l a were preincubated 

i n b u f f e r alone before assay. 

4.10.2.2 Results 

The i n h i b i t i o n of Gly-Phe and Leu t r a n s p o r t a f t e r p r e i n c u b a t i o n 

w i t h PG f o r up t o 1 h i s shown i n Figure 4.10; uptake i s expressed a s a 

percentage of the r a t e of untreated c o n t r o l s . Although the i n i t i a l 

k i n e t i c s of i n h i b i t i o n are s i m i l a r f o r the amino acid and peptide, almost 

complete i n a c t i v a t i o n of Gly-Phe uptake i s achieved a f t e r 1 h pre

i n c u b a t i o n w i t h PG, whereas 50% of Leu t r a n s p o r t a c t i v i t y remains a f t e r 

t h i s time. A separate experiment revealed t h a t glucose t r a n s p o r t (from 

a 2 mM s o l u t i o n ) was i n h i b i t e d by 40%, r e l a t i v e t o untreated c o n t r o l s , 

by p r e i n c u b a t i o n i n 10 mM PG f o r 1 h. 

4.10.3 Substrate Screening and Phenylglyoxal I n h i b i t i o n 

4.10,3.1 Methods 

S c u t e l l a were preincubated i n amino acid or peptide p r o t e c t a n t 

(100 mM, a l l of the L c o n f i g u r a t i o n ) f o r 10 min, then t r a n s f e r r e d to PG 

(10 mM at pH 7.8) i n the f u r t h e r presence of p r o t e c t a n t ( a t 100 mM) f o r 

30 min at 20°C. Control s c u t e l l a were t r e a t e d w i t h PG under i d e n t i c a l 

c o n d i t i o n s but w i t h o u t the presence of competitor. A f t e r treatment, 

s c u t e l l a were washed and assayed f o r t r a n s p o r t of r a d i o a c t i v e Leu and 

Gly-Phe. 
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FIGURE 4.10 K i n e t i c s of I n h i b i t i o n of Gly-Phe and Leu Transport by 
Phenylglyoxal 

Uptake o f Gly-(U C)Phe (B) , and (U C)Leu (@) by 2-3 day s c u t e l l a a f t e r 
treatment w i t h 10 mM phenylglyoxal f o r up t o 60 min. Values i r e 
expressed as percentages of untreated c o n t r o l s . 
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4.10.3.2 Results 

Under these c o n d i t i o n s , the p r o t e c t a n t s Ala-Ala, Lys-Lys, 

Gly-Leu or Met-Ala could not p r o t e c t against the i n h i b i t i o n of peptide 

t r a n s p o r t brought about by PG. S i m i l a r l y , Ala, Val and Leu were also 

i n e f f e c t i v e i n p r o t e c t i n g against PG i n h i b i t i o n of Leu t r a n s p o r t . 

4.10.4 Discussion 

The k i n e t i c s of i n h i b i t i o n of t r a n s p o r t would i n d i c a t e t h a t 

a r g i n i n e r e s i d u e ( s ) may be important i n peptide uptake, but substrate 

p r o t e c t i o n experiments o f f e r no evidence f o r the l o c a t i o n of the r e s i d u e ( s ) 

at the binding or a c t i v e s i t e of the c a r r i e r p r o t e i n . However, i n order 

t o achieve enough i n h i b i t i o n ( r e l a t i v e t o untreated c o n t r o l s ) , such t h a t 

any p r o t e c t i o n e f f e c t could be detected, i t i s necessary t o preincubate 

the phenylglyoxal w i t h p r o t e c t a n t f o r long periods of time (30 min). 

As argued f o r N - d a n s y l a z i r i d i n e ( S e c t i o n 4.7.4) a s u s c e p t i b l e group w i l l 

u l t i m a t e l y be modified i f l e f t exposed f o r long enough t o an i n h i b i t o r 

i r r e s p e c t i v e of the presence of competitor, and so i t i s d i f f i c u l t t o be 

a b s o l u t e l y c o n f i d e n t about these r e s u l t s . 

The incomplete i n a c t i v a t i o n of amino acid t r a n s p o r t by PG i s c o n s i s t e n t 

w i t h the existence of at l e a s t two t r a n s p o r t e r s of leucine such t h a t one 

system i s i n h i b i t e d r a p i d l y , but others are l e f t u naffected and s t i l l 

o p e r a t i v e . L i t t l e i s known of the number and nature of amino acid 

t r a n s p o r t systems i n b a r l e y s c u t e l l a , but i t i s c l e a r from these i n h i b i t i o n 

data t h a t there i s scope here f o r f u r t h e r study. Although p r o t e c t i o n 

experiments could not demonstrate competition between PG and substrate f o r 

the same r e a c t i v e s i t e on the p r o t e i n , i t i s nevertheless possible t h a t 

c a t i o n i c a r g i n i n e residues might play a r o l e i n the e l e c t r o s t a t i c binding 

of peptides or amino acids t h a t c a r r y a n e g a t i v e l y charged carboxyl 

grouping. 



CHAPTER 5 

FURTHER STUDIES CONCERNING THE SPECIFIC ROLE OF SULPHYDRYL 

GROUPS IN PEPTIDE TRANSPORT BY THE SCUTELLUM 



I l l 

5.1 S p e c i f i c Radioactive L a b e l l i n g of Peptide Transport P r o t e i n s 

5.1.1 I n t r o d u c t i o n 

The r e s u l t s presented i n Chapter 4 give strong i n d i c a t i o n s t h a t 

the use o f t h i o l reagents o f f e r s an o p p o r t u n i t y f o r the s e l e c t i v e 

i n a c t i v a t i o n of peptide uptake i n b a r l e y . Further evidence i s 

described below i n support of a s p e c i f i c r o l e f o r s u l p h y d r y l groups i n 

peptide t r a n s p o r t , and i n h i b i t i o n o f uptake w i t h a r s e n i c a l and m e r c u r i a l 

reagents i s shown to be r e v e r s i b l e , thus p e r m i t t i n g a methodology f o r 

the s p e c i f i c l a b e l l i n g of the peptide t r a n s p o r t p r o t e i n s themselves w i t h 

r a d i o a c t i v e l y l a b e l l e d NEM. 

5.1.2 Reversible I n h i b i t i o n of Peptide Transport 

5.1.2.1 Methods 

2-3 day s c u t e l l a were t r e a t e d w i t h phenylarsine oxide (o.5 mM 
o 

f o r 4 min at 20 C, i n sodium ph o s p h a t e - c i t r a t e b u f f e r pH 3.8) or 

p-chloromercuribenzenesulphonic acid (4 raM f o r 30 min at 20°C, i n sodium 

phos p h a t e - c i t r a t e b u f f e r , pH 5 ) . A f t e r washing w i t h d i s t i l l e d water, 

s c u t e l l a were t r a n s f e r r e d t o d i t h i o t h r e i t o l (10 mM, pH 3.8 at 20°C) f o r 

periods of up t o 1 h before assaying f o r uptake of r a d i o a c t i v e Gly-Phe 

and Leu i n the r o u t i n e manner. Transport r a t e s are expressed as a 

percentage of the r a t e s shown by c o n t r o l s taken through the same 

i n c u b a t i o n but w i t h o u t added i n h i b i t o r s . 

5.1.2.2 Results 

The i n h i b i t i o n of peptide t r a n s p o r t brought about by PCMBS or 

PAO ( l e a v i n g only 15-30% of t i e t r a n s p o r t a c t i v i t y o f untreated c o n t r o l s ) 

i s r e v e r s i b l e by subsequent treatment w i t h d i t h i o t h r e i t o l which can 

regenerate f r e e SH groups (Figure 5.1). Thus, a f t e r 1 h i n DTT, the 

r e s t o r a t i o n of Gly-Phe t r a n s p o r t i s e s s e n t i a l l y complete (95-100% of 

t h a t shown by c o n t r o l s c u t e l l a ) . I n c o n t r a s t however, DTT i s unable 

t o r e s t o r e the much smaller r e d u c t i o n i n leucine t r a n s p o r t brought about 

by PAO or PCMBS (see i n s e t ) . C o n t r o l s , performed horo and olsowhoro 
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FIGURE 5.1 E f f e c t of D i t h i o t h r e i t o l on the I n h i b i t i o n of Oly-Phu and 
Lou Transport R e s u l t i n g from P.'.O or PUMPS Treatment 

Two day s c u t e l l a were t r e a t e d w i t h 0.5 mM phenylarsine oxide f o r 4 min ( • ) , 
or 4 mM -chloromercuribenzenesulphonic acid f o r 30 min (B) , washed, and then 
incubated i n 10 mM d i t h i o t h r e i t o l f o r the i n d i c a t e d times before assaying 
f o r t r a n s p o r t of Gly-(U^-^C)Phe. I n s e t : S c u t e l l a were t r e a t e d w i t h 0.5 
mM PAO f o r 30 min (O), or 4 mM PCMBS (®) f o r 30 min, washed, and incubated 
i n 10 mM DTT f o r the i n d i c a t e d times before assaying f o r t r a n s p o r t of (U 1^C)Leu. 
Rates are expressed as a percentage of those shown by s c u t e l l a taken through 
the same incubations but w i t h o u t added i n h i b i t o r s . 
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( S e c t i o n 4.5), show t h a t p r e i n c u b a t i o n i n DTT alone has no e f f e c t upon 
the uptake of any s o l u t e t e s t e d . 
5.1.2.3 Discussion 

Presumably, degradation of the mercaptide or t h i o a r s i n i t e complex 

(formed by the r e a c t i o n of s u l p h y d r y l groupings w i t h PCMBS and PAO 

r e s p e c t i v e l y ) using d i t h i o t h r e i t o l , re-exposes the o r i g i n a l , reduced 

t h i o l ligands and concommitantly r e s t o r e s peptide t r a n s p o r t a c t i v i t y . 

The i n a b i l i t y t o reverse the i n h i b i t i o n of l e u c i n e t r a n s p o r t would suggest 

t h a t the e f f e c t s of PAO and PCMBS i n t h i s case are probably of a more 

i n d i r e c t nature. These observations o f f e r more support f o r the 

occurrence of a d i t h i o l - d i s u l p h i d e conversion p l a y i n g a c e n t r a l r o l e 

i n peptide uptake. 

The r e v e r s a l of a t r a n s p o r t i n h i b i t i o n , induced by mercurials or 

ar s e n i c a l s , w i t h low molecular weight s u l p h y d r y l s such as d i t h i o t h r e i t o l 

( o r i t s isomer d i e r y t h r i t o l ) has been reported i n various other systems 

(Nelson e t a l . , 1975; Giaquinta, 1976; Kaback & P a t e l , 1978; K l i p 

est a i l . , 1979; Lucas & Alexander, 1980), and i t i s not unreasonable t o 

suggest t h a t , i f t e s t e d , reducing agents such as these would be e f f e c t i v e 

i n most t r a n s p o r t processes which are claimed to be d i r e c t l y s e n s i t i v e 

t o reagents such as PCMBS or PAO. 

5.1.3 P r o t e c t i o n of Peptide Transport - Dependent V i c i n a l D i t h i o l s by 
Phenylarsine Oxide Against NEM M o d i f i c a t i o n 

5.1.3.1 I n t r o d u c t i o n 

At the present time, phenylarsine oxide i s not a v a i l a b l e 

commercially i n r a d i o a c t i v e form, and so i t was decided t o develop an 

a l t e r n a t i v e procedure t o t r y and s e l e c t i v e l y r a d i o a c t i v e l y l a b e l the 

v i c i n a l d i t h i o l s ( i n c l u d i n g those involved i n peptide t r a n s p o r t ) . I t 

was considered t h a t t h i s could be achieved by f i r s t masking a l l v i c i n a l 

d i t h i o l s w i t h phenylarsine oxide, modifying the remaining monothiols 

i r r e v e r s i b l y w i t h NEM, and then re-exposing the v i c i n a l ligands using 

d i t h i o t h r e i t o l t o allow t h e i r subsequent r a d i o a c t i v e l a b e l l i n g w i t h 
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FIGURE 5 e2 P r o t e c t i o n of Peptide Transport - Dependent V i c i n a l 
D i t h i o l s w i t h Phenylarsine Oxide against NEM M o d i f i c a t i o n 

14 
Curves represent the uptake of Gly-(U C)Phe w i t h time by s c u t e l l a subjected 
t o the f o l l o w i n g treatments: phenylarsine oxide, N-ethylmaleimide ( a ) ; 
N-ethylmaleimide, d i t h i o t h r e i t o l ( b ) ; phenylarsine oxide, N-ethylmaleimide, 
d i t h i o t h r e i t o l ( c ) ; c o n t r o l incubated i n b u f f e r only ( d ) . Treatment 
c o n d i t i o n s are as described i n Section 5.1„3.2. 
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(14C)-NEM. The success of t h i s methodology was evaluated by monitoring 
the peptide t r a n s p o r t c a p a b i l i t y of s c u t e l l a at each stage i n the 
procedure. 

5.1.3.2 Methods 

2-3 day s c u t e l l a were t r e a t e d i n f o u r d i f f e r e n t ways w i t h the 

f o l l o w i n g reagents i n the order given: 

1. Phenylarsine oxide, N-ethylmaleimide, d i t h i o t h r e i t o l 

2. N-Ethylmaleimide, d i t h i o t h r e i t o l 

3. Phenylarsine oxide, N-ethylmaleimide 

4. Control i n c u b a t i o n (sodiumphosphate-citrate b u f f e r , pH 3.8 

20°C f o r 1 h) 

A l l preincubations w i t h phenylarsine oxide were at 0.5 mM, pll 3.8 

f o r 4 min, 20°C; w i t h NEM at 5 mM, pH 6.8 f o r 3 min, 20°C; and w i t h 

d i t h i o t h r e i t o l at 10 raM, pH 3.8 f o r 1 h, 20°C. S c u t e l l a were washed 

thoroughly between treatments w i t h d i s t i l l e d water and t r a n s p o r t of 

r a d i o a c t i v e l y l a b e l l e d Gly-Phe then assayed i n each case i n the r o u t i n e 

manner. 

5.1.3.3 Results 

Peptide t r a n s p o r t by s c u t e l l a subjected t o the various treatments 

i s shown i n Figure 5.2. Almost complete i n a c t i v a t i o n of Gly-Phe 

t r a n s p o r t was achieved by combined treatment of s c u t e l l a w i t h PAO and 

NEM (curve a ) , and NEM i n h i b i t i o n alone was not r e v e r s i b l e by d i t h i o t h r e i t o l 

(curve b ) . However, complexing v i c i n a l s i t e s w i t h PAO could protect 

against subsequent NEM m o d i f i c a t i o n , such t h a t some t r a n s p o r t a c t i v i t y was 

demonstrable a f t e r the v i c i n a l t h i o l s were re-exposed w i t h d i t h i o t h r e i t o l 

(curve c ) . Uptake shown by the untreated c o n t r o l s i s shown i n curve d. 

5.1.4 S p e c i f i c Radioactive L a b e l l i n g of V i c i n a l D i t h i o l s 

5.1.4.1 I n t r o d u c t i o n 

A q u a n t i t a t i v e comparison was made between the extent of i n c o r p o r a t i o n 

of r a d i o a c t i v e l y l a b e l l e d NEM both i n t o t i s s u e 'masked' w i t h phenylarsine 
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oxide as described above, and w i t h s c u t e l l a simply l e f t unprotected 
from NEM m o d i f i c a t i o n . I n t h i s way an estimate could be made of the 
amount of l a b e l l e d v i c i n a l d i t h i o l , and hence the f e a s i b i l i t y of i t s 
e x t r a c t i o n and f u r t h e r c h a r a c t e r i z a t i o n . 
5.1.4.2 Methods 

1. L a b e l l i n g of S c u t e l l a 

2 day s c u t e l l a were t r e a t e d w i t h 0.5 mM phenylarsine oxide (pH 3.8, 

20°c f o r 10 min), washed, and t r a n s f e r r e d t o 5 mM N-ethylmaleimide 

(pH 6.8, 20°C f o r 10 min). A f t e r washing,scutella were then incubated 

i n d i t h i o t h r e i t o l 10 mM (pH 3.8, 20°C f o r 1 h ) , before l a b e l l i n g w i t h 
14 -1 o N-ethyl(2,3- C) maleimide ( 5 mM, 2 uCi umol , at 20 C at pH 6.8, 2.5 

min). As c o n t r o l s , s c u t e l l a were t r e a t e d i d e n t i c a l l y t o the above 

except t h a t i n i t i a l l y , i n s t e a d of i n c u b a t i o n w i t h phenylarsine oxide, 

t i s s u e was suspended i n b u f f e r w i t h o u t added i n h i b i t o r . 

2. E s t i m a t i o n of Bound and Soluble R a d i o a c t i v i t y 

To estimate the amount of s o l u b l e r a d i o a c t i v i t y w i t h i n the s c u t e l l a 
14 

( i . e . unbound ( C)-NEM), 2-4 t r e a t e d s c u t e l l a were e x t r a c t e d i n ace t i c 

acid (500 ; j l of 5M) on a heated water bath f o r 30 min. Acetate has 

been shown t o be an e f f i c i e n t e x t r a c t a n t of unbound N-ethylmaleimide 

( S e c t i o n 5.2.3). The acetate e x t r a c t was added t o s c i n t i l l a n t and 

assayed f o r r a d i o a c t i v i t y on a s c i n t i l l a t i o n counter i n the r o u t i n e 

manner. To estimate the r e s i d u a l i n s o l u b l e r a d i o a c t i v i t y ( i n c l u d i n g 

a l l protein-bound( 1 4c)-NEM), or else the t o t a l r a d i o a c t i v e content (bound 

p l u s s o l u b l e ) , t i s s u e was l e f t overnight t o d i s s o l v e completely i n 

t i s s u e s o l u b i l i z e r ('Soluene',Packard Instruments, 500 u l ) , which was 

then added t o s c i n t i l l a n t and assayed f o r counts also. S u i t a b l e 

c o n t r o l s , i n which known amounts of r a d i o a c t i v i t y were added t o equivalent 

volumes of s o l u b i l i z e r , i n d i c a t e d t h a t the 'Soluene' i t s e l f d i d not have 

a s i g n i f i c a n t quenching e f f e c t . 
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FIGURE 5.3 S p e c i f i c Radioactive L a b e l l i n g of Peptide Transport -
Dependent V i c i n a l D i t h i o l s 

Bound r a d i o a c t i v e NEM (V///A) associated w i t h s c u t e l l a ( a f t e r removal o f a l l 
sol u b l e r a d i o a c t i v i t y w i t h 5M a c e t i c acid (V7H) w i t h or wi t h o u t p r i o r 
treatment w i t h phenylarsine oxide as described i n Section 5.1.4. The 
d i f f e r e n c e i n bound counts between PAO-protected and non-protected 
s c u t e l l a can be taken t o be s p e c i f i c r a d i o a c t i v e b i n d i n g t o v i c i n a l 
d i t h i o l s alone. Values represent the mean and range of three 
determinations. 
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5.1.4.3 Results 

The bound and s o l u b l e counts associated w i t h the t r e a t e d s c u t e l l a 

are represented i n a histogram (Figure 5.3). Both phenylarsine oxide-

t r e a t e d and untreated t i s s u e c o n t a i n l a r g e amounts o f soluble r a d i o a c t i v i t y , 

and smaller amounts of bound l a b e l . The sma l l , y et reproducible 

d i f f e r e n c e i n t h i s bound r a d i o a c t i v i t y can be taken as representing, 

s p e c i f i c a l l y , v i c i n a l d i t h i o l groupings which can be protected from NEM 

m o d i f i c a t i o n w i t h phenylarsine oxide. 

5.1.4.4 Discussion 

These data enable a rough estimate of the amount of peptide 

t r a n s p o r t p r o t e i n w i t h i n the scutellum t o be c a l c u l a t e d (Appendix 3 ) . 

Several assumptions are made, and t h e r e f o r e i t must be stressed t h a t the 

value obtained "Will be very approximate but nevertheless the amount quoted 

(10 ug per scutellum) i s l i k e l y t o be of the c o r r e c t order of magnitude. 

Therefore, r a d i o a c t i v e l y l a b e l l e d v i c i n a l d i t h i o l i s l i k e l y t o be 

present i n s u f f i c i e n t q u a n t i t y t o allow both i t s d e t e c t i o n a f t e r 

e x t r a c t i o n , and also i t s l o c a l i z a t i o n i n s i t u w i t h i n the s c u t e l i a r 

e p i t h e l i u m by means of microautoradiography. 

5.1.5 K i n e t i c s of Binding of R a d i o a c t i v e l y L a b e l l e d NEM t o S c u t e l l a 

5.1.5.1 Methods 

4 day s c u t e l l a , of approximately the same surface area, were 

excised and t r e a t e d i n batches of f o u r , w i t h 0.5 mM phenylarsine oxide 

(sodium phosphate-citrate b u f f e r , pH 3.8, 20°C) f o r 20 min. A f t e r 

thorough washing w i t h d i s t i l l e d water, s c u t e l l a were t r a n s f e r r e d t o 

5 mM N-ethyl(2,3-' L 4C)maleimide (2 uCi umol 1 , pH 6.8 at 20°C) f o r periods 

of up t o 30 min, As c o n t r o l s , s c u t e l l a were preincubated i n b u f f e r 

o n ly f o r 20 min, p r i o r t o treatment w i t h r a d i o a c t i v e NEM under the samo 

c o n d i t i o n s . A f t e r washing f o r 3 min w i t h a f l o w of d i s t i l l e d water, 

the t o t a l r a d i o a c t i v e content of t r e a t e d s c u t e l l a was determined by 

d i s s o l v i n g them t o completion, i n batches of f o u r , i n t i s s u e s o l u b i l i z e r 

("Soluene", 500 M l ) . 
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FIGURE 5.4 K i n e t i c s of Binding of Rad i o a c t i v e l y Labelled NEM to S c u t e l l a 

Curve A represents the time course of bin d i n g of r a d i o a c t i v e N-ethylniaieimido 
to s c u t e l l a p r e t r e a t o d w i t h phenylarsine oxide (<J.5 mM, min); curve is 
represents the binding of C)-NEM used at the same s p e c i f i c a c t i v i t y , to 
s c u t e l l a preincubated i n b u f f e r only. Curve C represents the d i f f e r e n c e 
i n these binding c h a r a c t e r i s t i c s and can be taken to represent the 
as s o c i a t i o n of (^4C)-NEM w i t h v i c i n a l d i t h i o l s only. 
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5.1.5.2 Results 

Figure 5.4 shows the k i n e t i c s of bi n d i n g of r a d i o a c t i v e l y 

l a b e l l e d NEM t o s c u t e l l a e i t h e r a f t e r previous i n c u b a t i o n i n 

phenylarsine oxide (curve A), which p r o t e c t s v i c i n a l d i t h i o l s from 

d e r i v a t i z a t i o n , or a f t e r previous suspension i n b u f f e r only (curve B), 

such t h a t a l l SH groups are s u s c e p t i b l e t o m o d i f i c a t i o n . The r e d u c t i o n 

i n r a d i o a c t i v e l a b e l l i n g brought about by p r i o r treatment w i t h phenylarsine 

oxide i s shown i n curve C, and may be taken t o represent b i n d i n g of 

r a d i o a c t i v e NEM to j u s t the v i c i n a l d i t h i o l s . 

5.1.5.3 Discussion 

The b i n d i n g of NEM t o v i c i n a l d i t h i o l s ( i n c l u d i n g those i n v o l v e d 

i n p e ptide t r a n s p o r t ) i s i n i t i a l l y f a s t (up t o 30s), suggesting t h a t 

the s e n s i t i v e s i t e s are r e a d i l y accessible at the membrane b a r r i e r . 

This r a p i d b i n d i n g c o r r e l a t e s w e l l w i t h the r a p i d k i n e t i c s of i n h i b i t i o n 

of peptide t r a n s p o r t associated w i t h t h i s i n h i b i t o r (Figure 4.2). The 

slower r a t e of r a d i o a c t i v e b i n d i n g subsequently may be a t t r i b u t e d t o 

the m o d i f i c a t i o n of other less accessible d i t h i o l s e.g., those l o c a t e d 

i n t r a c e l l u l a r l y . 

5.1.6 Autoradiographic L o c a t i o n of the Peptide Transport P r o t e i n s 

5.1.6.1 I n t r o d u c t i o n 

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

NEM described i n these studies o f f e r s the p o s s i b i l i t y t h a t the exact 

l o c a t i o n of the l a b e l l e d peptide t r a n s p o r t p r o t e i n s may bo v i s u a l i s e d 

m i c r o s c o p i c a l l y by means of microautoradiography w i t h i n a t h i n s e c t i o n 

of s c u t e l l a r t i s s u e . 

5.1.6.2 Methods 

3 day s c u t e l l a were excised and the v i c i n a l d i t h i o l s s p e c i f i c a l l y 

r a d i o a c t i v e l y l a b e l l e d as described i n Section 5.1.4.2 except t h a t 
14 

N-ethyl(2,3- C)maleimide was used at a higher s p e c i f i c a c t i v i t y of 

5 uCi nmol \ To remove a l l unbound, i n t r a c e l l u l a r r a d i o a c t i v i t y , 
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s c u t e l l a were t r e a t e d w i t h three changes of 5 raM acetate (1 ml at pH 
3.8, 2 h i n each, w i t h thorough washing between changes); acetate at 
t h i s c o n c e n t r a t i o n has been shown t o be an e f f i c i e n t e x t r a c t a n t of 
unbound N-ethylmaleimide (Section 5.2.3) w i t h o u t permanently d e s t r o y i n g 
peptide t r a n s p o r t a c t i v i t y ( Section 6.1.3.1). S c u t e l l a were then f i x e d , 
sectioned and autoradiograms prepared as described p r e v i o u s l y (Section 
2.6.3). 

5.1.6.3 Results and Discussion 

The s p e c i f i c l o c a l i z a t i o n of v i c i n a l d i t h i o l s w i t h i n the b a r l e y 

s c u t e l l u m as shown by t h e i r m o d i f i c a t i o n w i t h r a d i o a c t i v e NEM i s shown 

i n Figure 5.5. The plasmalcmmao of the e p i t h e l i a l c e l l s show most 

r a d i o a c t i v e l a b e l l i n g , but some r a d i o a c t i v i t y i s also present i n the 

c e l l membranes of the 2-3 u n d e r l y i n g s u b e p i t h e l i a l l a y e r s . Although 

N-ethylmaleimide i s a h i g h l y penetrant molecule, i n t r a c e l l u l a r l a b e l l i n g 

e.g., of o r g a n e l l a r membranes, i s not s i g n i f i c a n t . 

5.1.7 L o c a l i z a t i o n of the Peptide Transport P r o t e i n s Using a Fluorescence 
Label 

5.1.7.1 I n t r o d u c t i o n 

I n p r i n c i p l e , the s p e c i f i c r a d i o a c t i v e l a b e l l i n g of the peptide 

transport-dependent, v i c i n a l d i t h i o l s as described here should permit 

t h e i r s p e c i f i c l a b e l l i n g w i t h the f l u o r e s c e n t l a b e l N - d u n s y l u z i r i d i n e i n 
14 

an analogous procedure t o t h a t described above using N-othyl(2,3- C)malcimidc 

I t was then a n t i c i p a t e d t h a t the use of fluorescence microscopy could 

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

obtained using autoradiography. 
5.1.7.2 Methods 

3 day s c u t e l l a were t r e a t e d w i t h 0.5 mM phenylarsine oxide (p H 

3.8, 20°C f o r 10 min), then t r a n s f e r r e d t o N-ethylmaleimide (pH 6.8, 20°C) 

f o r a f u r t h e r 10 min. A f t e r washing, v i c i n a l d i t h i o l s were re-exposed 

by treatment w i t h d i t h i o t h r e i t o l (10 mM, pll 3.8, 25°c f o r 1 h ) . S c u t o l l a 



123 

were then modified w i t h 0.35 mM N-d a n s y l a z i r i d i n e f o r 3 h as described 

i n Section 4.7, before excess reagent was removed from the c e l l w a l l s 

by several washes under vacuum i n a small Buchner f l a s k ( a i r bubbles 

t h a t come out of s o l u t i o n w i t h i n the dead-space of the t i s s u e under 

reduced pressure provide e f f e c t i v e a g i t a t i o n w i t h i n t h i s ' u n s t i r r e d ' 

l a y e r ) . V e r t i c a l sections of s c u t e l l a r t i s s u e 50-100 uM t h i c k were 

then cut w i t h a f r e s h razor blade. Sections were mounted i n water 

under a c o v e r s l i p , and examined by i n c i d e n t - l i g h t fluorescence 

microscopy ( e x c i t a t i o n wavelength 340 nm). As a c o n t r o l , sections 

of untreated s c u t e l l a were examined also. 

5.1.7.3 Results 

V i s u a l i s a t i o n of the s p e c i f i c l a b e l l i n g of v i c i n a l d i t h i o l s w i t h 

the fluorophore N - d a n s y l a z i r i d i n e was unsuccessful due t o a high 

background fluorescence w i t h i n the t i s s u e . The background fluorescence 

had two components; an auto-fluorescent p r o p e r t y of the c e l l w a l l s 

themselves, demonstrable i n the untreated s e c t i o n s , and also r e s i d u a l 

( i n t r a c e l l u l a r ) N - d a n s y l a z i r i d i n e , which could not be removed by 

washing. 

5.1.7.4 Discussion 

The h i g h autofluorescence of the c o l l w a l l s of cereal s c u t o l l a , 

which has also been re p o r t e d elsewhere (Smart & O'Dr.i.en, 1979b), would 

seem t o preclude the v i s u a l l o c a l i z a t i o n of a f l u o r e s c e n t l a b e l w i t h i n 

the c e l l membranes. However, t o maximise the p o s s i b i l i t i e s of 

success i n f u t u r e s t u d i e s , t h i s background fluorescence could be reduced 

t o a minimum by means of a modified procedure i n which a d i f f e r e n t , 

more i n t e n s e l y f l u o r e s c e n t reagent was used t o l a b e l t h i n n e r t i s s u e 

s e c t i o n s , cut on a microtome. However, t h i n sections can only 

s u c c e s s f u l l y be cut from embedded t i s s u e , but i t must be ensured f i r s t 

t h a t the embedding medium i t s e l f i s not f l u o r e s c e n t , and t h a t i t does 

not quench the fluorescence emitted by the embedded specimen. 
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5.1.8 I s o l a t i o n of R a d i o a c t i v e l y Labelled P r o t e i n by PolyaeryIamide Gel 
E l e c t r o p h o r e s i s 

5.1.8.1 I n t r o d u c t i o n 

Membrane-bound p r o t e i n s , i n c l u d i n g most of those involved i n 

t r a n s p o r t , are u s u a l l y f i r m l y anchored w i t h i n the b i l a y e r , and are found 

i n close a s s o c i a t i o n w i t h a surrounding 'domain' of l i p i d molecules, 

such t h a t t h e i r successful e x t r a c t i o n i n t o an aqueous medium, and t h e i r 

subsequent i s o l a t i o n , i s o f t e n q u i t e d i f f i c u l t . The most successful 

e x t r a c t i o n s t r a t e g y t h a t i s g e n e r a l l y adopted involves the treatment of 

the membrane w i t h a detergent s o l u t i o n , such t h a t the l i p i d domain 

surrounding each membrane p r o t e i n i s replaced by an aggregation of 

detergent molecules. The p r o t e i n s may r e s i d e w i t h i n a m i c e l l e or a 

monolayer of detergent, but whatever form the a s s o c i a t i o n between the 

two takes, the p r o t e i n s are e f f e c t i v e l y s o l u b i l i z e d and can then be 

separated and c h a r a c t e r i z e d by e l e c t r o p h o r e t i c techniques. 

Several detergents are a v a i l a b l e commercially f o r membrane 

s o l u b i l i z a t i o n , and have been used i n other s t u d i e s w i t h v a r y i n g degrees 

of success. Of these, detergents of the ' T r i t o n ' s e r i e s (isooctylphenoxy-

p o l y e t h o x y e t h a n o l ) , i n p a r t i c u l a r T r i t o n X100, have probably seen the most 

use (e.g. Lim &, Tadayyon, 1970; Scheule & Gaffney, 1981; LoMairc o t a l . , 

1983), but others such as the a l k y l glycosides (Baron & Thompson, 1975; 

Rosevear e t al.,1980; Gould e t a l . , 1981, Matsushita e t a l . , 1983), 

l i t h i u m d i o d o s a l i c y l a t e (Marchesi & Andrews, 1971) and the c h o l i c acid 

d e r i v a t i v e 'CHAPS' (Simmonds e t a l . , 1980; Hjelmeland, 1980), maybe 

eq u a l l y e f f e c t i v e . 

Two o f these detergents, T r i t o n X100, and the a l k y l glycoside, n - o c t y l 

P -D-glucopyranoside, were selected f o r use i n a p r e l i m i n a r y study i n 

which an attempt was made t o e x t r a c t the peptide t r a n s p o r t p r o t e i n s 

s p e c i f i c a l l y l a b e l l e d w i t h r a d i o a c t i v e NEM as described i n Section 

5.1.4.2, and t o separate and i s o l a t e thorn by moans of polyacrylamide 

g e l e l e c t r o p h o r e s i s . 

5.1.8.2 Methods 
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14 w i t h ( C)-NEM e x a c t l y as described i n Section 5.1.4.2,except t h a t the 
NEM was used at a higher a c t i v i t y of 5 uCi ml ^. A l l unbound, unreacted 
r a d i o a c t i v i t y was e x t r a c t e d by several changes i n 5 mM acetate as described 
i n Section 5.1.6.2. S c u t e l l a were then washed thoroughly and t r a n s f e r r e d 
t o e l e c t r o p h o r e t i c sample b u f f e r (500 u l of 50 mM Tris/HCl, pH 6.8, w i t h 
added sucrose, 10% w/v) c o n t a i n i n g e i t h e r T r i t o n X100, at a f i n a l 
c o n c e n t r a t i o n of 1 % v/v, or else n - o c t y l giucopyranoside, at a f i n a l 

c o n c e n t r a t i o n of 1 % w/v. S c u t e l l a were e x t r a c t e d i n these s o l u t i o n s 

on a shaking water bath f o r 3 h at 37°C. Samples o f the e x t r a c t were 

then c e n t r i f u g e d (12000g, 4 min) and 5 u l a l i q u o t s of the supernatant 

assayed f o r r a d i o a c t i v i t y . 

Samples of e x t r a c t (up t o 60 u l ) were then loaded onto non-

d i s s o c i a t i n g polyacrylamide rod gels ( 7 x 0.5 cm, 3% w/v acrylamide 

s t a c k i n g g e l , 7% w/v a c r y l a m i d e running g e l ) before performing e l o c t r o p h o r o s i 

w i t h a continuous a l k a l i n e b u f f e r (25 mM T r i s , 200 mM gl y c i n e pH 8.3) 

according t o the procedure of Laemmli (1970). E l e c t r o p h o r e s i s was 

c a r r i e d out at 3 mA u n t i l the t r a c k i n g dye (bromophenol blue) had 

migrated t o w i t h i n 3 mm o f the g e l base. I n order t o e s t a b l i s h the 

l o c a t i o n of any r a d i o a c t i v e l y l a b e l l e d species, gels were wrapped i n aluminium 

f o i l , f r ozen i n l i q u i d a i r , and then sectioned t r a n s v e r s e l y w h i l s t f r o z e n 

w i t h a razor blade i n t o approximately 30 sections of 2mm thickness. The 

g e l sections were t r a n s f e r r e d t o s c i n t i l l a t i o n v i a l s , d r i e d overnight at 

32°C, and s o l u b i l i z e d t o completion i n 50 u l of 30% w/v hydrogen peroxide, 

a f t e r ensuring t h a t the v i a l s were t i g h t l y capped. S c i n t i l l a t i o n f l u i d 

(NE260) was then added t o each v i a l , and each one assayed f o r r a d i o a c t i v e 

content t o allow a r a d i o a c t i v e p r o f i l e t o be constructed along the g e l . 

I n a d d i t i o n , the p o s i t i o n of e x t r a c t e d p r o t e i n s on the gels was 

v i s u a l i z e d a f t e r s t a i n i n g o v e r n i g h t w i t h Kenacid R250 (0.05% w/v, i n 

methanol: a c e t i c a c i d : water, 50:7:43 v / v / v ) , and d e s t a i n i n g i n methanol; 

a c e t i c a c i d ; water, 40:7.5:52.5 v/v/v. 
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As c o n t r o l s , 50 u l samples of a s o l u t i o n of three standard p r o t e i n s 

(cytochrome C, bovine serum albumin, and ovalbumin, a l l 1 mg ml 1 i n 

sample b u f f e r ) were electrophoresed under the same c o n d i t i o n s , and 

v i s u a l i z e d a f t e r Kenacid s t a i n i n g . A sample o f r a d i o a c t i v e NEM ( 1 uCi ml 

was also electrophoresed and l o c a l i z e d by gel s e c t i o n i n g , s o l u b i l i z a t i o n , 

and s c i n t i l l a t i o n counting. 

5.1.8.3 Results 

1. T r i t o n Although Kenacid s t a i n i n g revealed t h a t T r i t o n X100 was 

an e f f e c t i v e s o l u b i l i z e r of membrane p r o t e i n , no r a d i o a c t i v e peak was 

found on the g e l , apart from an accumulation of counts at the l o c a t i o n 

of the b u f f e r f r o n t (as shown by the marker dye), which corresponded t o 

the p o s i t i o n o f n a t i v e NEM a f t e r e l e c t r o p h o r e s i s . 

2. n-0ctylfi-D-glucopyranoside I n a d d i t i o n t o the presence of 
14 

r a d i o a c t i v i t y corresponding t o the p o s i t i o n of ( C)-NEM, a s i n g l e , 

a d d i t i o n a l r a d i o a c t i v e peak was observed on the sectioned g o l , which, by 

comparison w i t h the p o s i t i o n s of the p r o t e i n standards, had an approximate 

molecular weight of 30,000. 

5.1.8.4 Discussion 

Although the stu d i e s described here are only of a very p r e l i m i n a r y 

nature, a r a d i o a c t i v e l y l a b e l l e d p r o t e i n can be e x t r a c t e d w i t h o c t y l 

glucoside, and i t i s a n t i c i p a t e d t h a t f u r t h e r studies might i n v o l v e both 

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

and c o n f i r m a t i o n of i t s i d e n t i t y as a component of the peptide t r a n s p o r t 

system. However, i t must be noted t h a t i n other p r e l i m i n a r y experiments, 

an e s t i m a t i o n of the t o t a l 'bound' r a d i o a c t i v e content of s c u t e l l a , 

before and a f t e r treatment w i t h detergent (as determined by d i g e s t i o n w i t h 

'Soluene' t i s s u e s o l u b i l i z e r ) revealed t h a t o nly some 8-11% of the bound 

r a d i o a c t i v i t y could be e x t r a c t e d by T r i t o n or o c t y l g l y c o s i d e , despite 

performing the e x t r a c t i o n under r a t h e r more r i g o r o u s c o n d i t i o n s (up t o 
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10% detergent at 60°C). C l e a r l y , f u r t h e r studies are r e q u i r e d t o 

optimise on the co n d i t i o n s under which the e x t r a c t i o n i s performed 

i n order t o e x t r a c t a r a t h e r l a r g e r p r o p o r t i o n of the t o t a l bound 

r a d i o a c t i v i t y . 

5.2 The Role of Glutathione i n Transport by the Barley Scutellum 

5.2.1 I n t r o d u c t i o n 

The r e s u l t s presented so f a r do not e l i m i n a t e the p o s s i b i l i t y 

t h a t an i n t r a c e l l u l a r component, c o n t a i n i n g an NEM r e a c t i v e s u l p h y d r y l 

group, i s i n v o l v e d . I n p a r t i c u l a r , the ubiq u i t o u s peptide X - g l u t a m y l -

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

and i t was considered of i n t e r e s t t o determine i t s importance t o the 

s c u t e l l a r system. 

The occurrence and possible f u n c t i o n s o f g l u t a t h i o n e , which can 

e x i s t i n reduced (GSH) or o x i d i s e d (GSSG) forms, has received most 

a t t e n t i o n i n animal c e l l s and microorganisms (Meister, 1975; Meister & 

Tate,1976). However, g l u t a t h i o n e i s also widespread i n p l a n t s (Higgins & 

Payne, 1982; Rennenberg, 1982), where i t has been assigned several r o l e s . 

I t s primary f u n c t i o n i s probably i n the maintenance of reducing c o n d i t i o n s 

w i t h i n the c e l l necessary f o r enzymic a c t i v i t y ( G i l b e r t , 1982), e s p e c i a l l y 

i n the c h l o r o p l a s t (Schaedle & Bassham, 1977), where concentrations as 

high as 2 mM have been found. S i m i l a r l y , i n i t s capacity as a reductant, 

l e v e l s of GSH are known t o increase i n l e a f t i s s u e under co n d i t i o n s of 

f r o s t i n g (De Kok & Oosterhuis, 1983) or atmospheric oxygen enrichment 

(Foster & Hess, 1980), and may serve t o minimize the e f f e c t s o f harmful 

o x i d a t i o n r e a c t i o n s which these stresses induce. I n a d d i t i o n , a r o l e 

f o r GSH i n the long distance t r a n s p o r t and storage of sulphur has been 

reported (Rennenberg e t a l . , 1979; Ronnenborg &, Bergmann, 1979). 

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

the "ft -glutamyl cycle has generated the g r e a t e s t i n t e r e s t (Prusiner e t a l . , 

1976; Meister, 1980), and although any involvement i n the uptake of amino 
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a c i d s i n p l a n t s has y e t to be demonstrated, s e v e r a l enzymes of the c y c l e 

have been i s o l a t e d from p l a n t m a t e r i a l i n c l u d i n g Jf-glutamyl t r a n s p e p t i d a s e 

(Thompson e t a l . , 1964), and 5-oxo-prolinase (Rennenberget a l . , 1980; 

M a z e l i s & C r e v e l i n g , 1978). I n a mechanism completely d i s t i n c t from 

the ^ -glutamyl c y c l e , GSH i s a l s o reported to be v i t a l to potassium 

uptake and r e t e n t i o n i n E . c o l i (Meury e t a l . , 1980. 

Experiments were t h e r e f o r e performed to see i f i n c u b a t i o n w i t h 

reduced or o x i d i s e d g l u t a t h i o n e a f f e c t e d t r a n s p o r t , and a l s o to see 

whether f o l l o w i n g an NEM treatment, g l u t a t h i o n e could have a r e s t o r a t i v e 

e f f e c t upon subsequent peptide t r a n s p o r t by b a r l e y s c u t e l l a (by 

t h e o r e t i c a l l y r e p l e n i s h i n g a GSH pool and not by any e f f e c t upon 

modified p r o t e i n r e s i d u e s ) . Experiments were a l s o performed to f i n d 

evidence f o r the production of an NEM-GSH adduct under the usual 

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

5.2.2 E f f e c t of G l u t a t h i o n e Upon Peptide T r a n s p o r t by S c u t e l l a T r e a t e d 
w i t h NEM 

5.2.2.1 Methods 

2-3 day s c u t e l l a were e x c i s e d and t r e a t e d with NEM (5 mM at 

pH 6.8, f o r 3 min at 20°C) washed, and incubated w i t h e i t h e r GSH (250 

mM) or GSSG (125 mM) (pH 3.8 f o r 2 h at 20°C) p r i o r to a standard 
14 

G l y - ( U )Phe t r a n s p o r t assay. I n c o n t r o l s t u d i e s , s c u t e l l a were 

p r e t r e a t e d w i t h g l u t a t h i o n e alone, or held i n b u f f e r f o r 2h p r i o r 

to t r a n s p o r t a s s a y s . 

5.2.2.2 R e s u l t s 

Under the c o n d i t i o n s s t u d i e d , n e i t h e r o x i d i s e d nor reduced 

g l u t a t h i o n e could r e v e r s e the i n h i b i t i o n of t r a n s p o r t caused by NEM 

( T a b l e 5.1); furthermore, p r e i n c u b a t i o n w i t h GSH or GSSG alone a c t u a l l y 

reduced uptake of Gly-Phe by comparison w i t h u n t r e a t e d c o n t r o l s . 

5.2.3 A n a l y s i s of the I n t r a c e l l u l a r R e a c t i o n Products of NEM 

5.2.3.1 Methods 

1. Acetate e x t r a c t i o n 
14 

2 day s c u t e l l a were e x c i s e d and t r e a t e d w i t h N-ethyl ( 2 , 3 - C)maleimide 
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TABLE 5.1 

E f f e c t of Gl u t a t h i o n e on I n h i b i t i o n of P e p t i d e T r a n s p o r t by NEM 

Treatment T r a n s p o r t Rate Gly-Phe 
(nmol s c u t c h - 1 ) 

Untreated c o n t r o l 26 

GSSG Alone 14 

NEM Alone 3.4 

NEM, then GSSG 5.6 

Untreated c o n t r o l 34 

GSH Alone 18 

NEM Alone 11 

NEM, then GSH 8.2 

Uptake of Gly-(U C)Phe by 2-3 day s c u t e l l a a f t e r i n c u b a t i o n 

i n 5 mM NEM (3 rain, 20°C, pH 6.8) w i t h or without a subsequent treatment 

w i t h reduced g l u t a t h i o n e (GSH, 250 mM, pH 3.8, f o r 2 h at 20°c) or o x i d i s e d 

g l u t a t h i o n e (GSSG, 125 mM, pH 3.8 f o r 2 h at 20°C). Sodium phosphate-

c i t r a t e b u f f e r used throughout. Values are the mean of at l e a s t two 

de t e r m i n a t i o n s . 
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( 5 mM, 2 uCi umol 1 at pH 6.8, 20°C f o r 4 min) p r i o r to washing thoroughly 

w i t h d i s t i l l e d water. S c u t e l l a , i n batches of four, were then e x t r a c t e d 

by simply suspending i n buf f e r e d a c e t i c a c i d (500 u l of 5 mM, 50 mM and 

500 mM at pH 3.8) f o r peri o d s of up to 2 h. Samples of acet a t e e x t r a c t s 

were then added to s c i n t i l l a t i o n f l u i d and counted f o r r a d i o a c t i v i t y . 
14 

To determine r e s i d u a l c content w i t h i n the t i s s u e a f t e r t h i s primary 

a c e t a t e treatment, s c u t e l l a were t r a n s f e r r e d to 5 M a c e t a t e (500 p i ) 

i n stoppered tubes, and b o i l e d f o r 60 min. A l i q u o t s of t h i s e x t r a c t 

were counted as before. 

2. A n a l y s i s of a c e t a t e e x t r a c t 

25 s c u t e l l a were t r e a t e d w i t h r a d i o a c t i v e NEM, and e x t r a c t e d 

i n aqueous 50 mM a c e t a t e (500 u l ) f o r 1 h as d e s c r i b e d above. Because 

n a t i v e NEM i s v o l a t i l e and does not chromatograph s u c c e s s f u l l y on a 

t h i n l a y e r p l a t e , i t s presence i n the e x t r a c t was estimated as a NEM-

c y s t e i n e adduct. C y s t e i n e i t s e l f i s not pr e s e n t to any s i g n i f i c a n t 

e x t e nt i n the s o l u b l e amino a c i d pool of b a r l e y s c u t e l l u m (Higgins 84 

Payne, 1981). Thus, 50 u l samples of e x t r a c t were incubated f o r 30 

min w i t h c y s t e i n e (20 u l of 20 mM), then evaporated to dryness i n vacuo 

and the r e s i d u e resuspended i n 10 p.1 H O. 5 p i samples were chromatographod 

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

as d e s c r i b e d p r e v i o u s l y ( S e c t i o n 2.4.3.3). Known standards (5 p i of 

aqueous GSH, Cys, GSH-NEM and Cys-NEM adducts, a l l a t 2 mM) were 

chromatographed alongside and v i s u a l i z e d w i t h n i n h y d r i n . GSH-NEM and 

Cys-NEM adducts were prepared by i n c u b a t i n g GSH or Cys (250 pi of 4 mM) 

wi t h a l a r g e e x c e s s of NEM (250 yx\ of 50 mM) f o r 30 min at 20°c. A 
14 

standard s o l u t i o n of N-ethyl ( 2 , 3 - C)maleamate, the h y d r o l y s i s 
14 

product of NEM was a l s o prepared by i n c u b a t i n g N - e t h y l ( 2 , 3 - C)maleimide 

(2.5 mM, 1 p C i mmol) i n 1M N-ethyl morpholine b u f f e r , pH 8.2 f o r 24 h. 

B u f f e r was removed by eva p o r a t i o n i n vacuo, the r e s i d u e resuspendod i n 

water, and s u i t a b l e volumes analysed c hromulographically f o r r a d i o a c t i v i t y 

i n the u s u a l way. 
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5.2.3.2 R e s u l t s 

1. Acetate e x t r a c t i o n 

The e x t r a c t i o n of r a d i o a c t i v i t y i n t o a c e t a t e , from s c u t e l l a 

p r e t r e a t e d w i t h r a d i o a c t i v e NEM, i s shown as a f u n c t i o n of time 

( F i g u r e 5.6). A l l c o n c e n t r a t i o n s of a c e t a t e used (5 mM, 50 mM and 

500 mM) were e q u a l l y e f f e c t i v e as e x t r a c t a n t s , and 80-90% of t o t a l 

e x t r a c t i o n o c c u r s w i t h i n the f i r s t 30 min. A f t e r 2 h, the r a d i o a c t i v i t y 

remaining w i t h i n the t i s s u e probably r e p r e s e n t s an e q u i l i b r i u m c o n c e n t r a t i o n 

w i t h the e x t e r n a l medium, as w e l l as, presumably, protein-bound (14c)-NEM. 

2. A n a l y s i s of a c e t a t e e x t r a c t 

The only r a d i o a c t i v e s p e c i e s p r e s e n t i n an a c e t a t e e x t r a c t 

of t r e a t e d s c u t e l l a , as determined by comparison w i t h standards, was 

N-ethylmaleamate, the h y d r o l y s i s product of NEM. I n c o n t r a s t , c y s t e i n e -

NEM adduct was not detected, implying the absence of n a t i v e NEM i n the 

e x t r a c t which would have r e a c t e d r a p i d l y and completely w i t h added 

c y s t e i n e (Webb, 1966a). Glutathione-NEM adduct was not found, although 

i t s amounts may l i e beneath the lower l i m i t o f d e t e c t i o n i n v o l v e d i n 

the methodology, which i n t h i s case i s a c e l l u l a r c o n c e n t r a t i o n of 

approximately 100 uM. 

5.2.4 D i s c u s s i o n 

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

uptake of s m a l l molecules by b a r l e y s c u t e l l u m , and hence the primary 

t a r g e t of NEM i s probably the t r a n s p o r t p r o t e i n ( s ) per se. The 

i n h i b i t o r y e f f e c t s of o x i d i s e d and reduced g l u t a t h i o n e alone may be 

due to d e l e t e r i o u s redox r e a c t i o n s a f f e c t i n g t r a n s p o r t d i r e c t l y or 

i n d i r e c t l y . Although g l u t a t h i o n e has not yet been found w i t h i n the 
.14 \ 

b a r l e y s c u t e l l u m as an adduct w i t h ( C/-NEM, or p r e v i o u s l y by use of 

d a n s y l a t i o n s t u d i e s (Higgins, 1979), amounts may be too low f o r d e t e c t i o n . 

Thus, v a c u o l a r and c y t o p l a s m i c c o n c e n t r a t i o n s of GSH at 20-60 uM, which 

have been c a l c u l a t e d f o r tobacco mesophyll c e l l s (Rennenberg,1982), would 
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FIGURE 5.6 E x t r a c t i o n of R a d i o a c t i v e NEM from S c u t e l l a by Treatment 
w i t h Acetate 

S c u t e l l a were t r e a t e d w i t h ( C)NEM as d e s c r i b e d i n S e c t i o n 5.2„3.1 and the 
incubated w i t h 5 mM, 50 mM or 500 mM ac e t a t e ( a t pH 3.8) f o r the i n d i c a t e d 
times before determing both the e f f l u x e d r a d i o a c t i v i t y p resent w i t h i n the 
a c e t a t e (mean va l u e i n d i c a t e d thus: ® ) and r e s i d u a l r a d i o a c t i v i t y s t i l l 
remaining w i t h i n the t i s s u e (mean va l u e i n d i c a t e d thus» • ) . The range 
of v a l u e s of e f f l u x e d and r e s i d u a l r a d i o a c t i v i t y obtained with a l l three 
c o n c e n t r a t i o n s of a c e t a t e i s i n d i c a t e d by b a r s . 
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not be d e t e c t e d w i t h the techniques used here, and only j u s t d e t e c t a b l e 
by u s i n g the d a n s y l a t i o n technique ( a minimal dete.ctable c o n c e n t r a t i o n 
o f about 30 uM). 

The absence of unreacted, n a t i v e N-ethylmaleimide i n the a c e t a t e 

e x t r a c t may be e x p l a i n e d , at l e a s t i n p a r t , by an a l k a l i n e pH w i t h i n 

the s c u t e l l u m l e a d i n g to h y d r o l y s i s of the reagent. An optimal a c t i v i t y 

at pH 8 i s shown by s e v e r a l s c u t e l l a r p e p t i d a s e s of b a r l e y (Sopanen & 

Mikola, 1975; Sopanen, 1976), and f o r maize s c u t e l l u m an i n t r a c e l l u l a r 

v a l u e of pH 8.5 was determined e x p e r i m e n t a l l y (Humphreys, 1982). 

However, an a l k a l i n e environment alone i s probably i n s u f f i c i e n t to 

e x p l a i n the complete h y d r o l y s i s observed and other, unknown f a c t o r s 

are probably p a r t l y r e s p o n s i b l e . The e x t r a c t i o n of r a d i o a c t i v i t y by 

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

t h a t t h i s i n h i b i t o r has upon the p r o p e r t i e s of the s c u t e l l a r membranes 

as an e f f e c t i v e p e r m e a b i l i t y b a r r i e r , such t h a t an i n t e r n a l pool of 

N-ethylmaleimide and i t s d e r i v a t i v e s cannot be maintained. 

5.3 F i n a l D i s c u s s i o n - The Role of S u l p h y d r y l Groups i n Mediated Transport 

5,3.1 I n t r o d u c t i o n 

There are s t i l l r e l a t i v e l y few reagents w i t h the c a p a b i l i t y of 

s e l e c t i v e m o d i f i c a t i o n of amino a c i d r e s i d u e s . S e v e r a l of the more 

important ones have been used here, w i t h v a r y i n g degrees of s u c c e s s , 

i n an attempted i n h i b i t i o n of t r a n s p o r t p r o t e i n s l o c a t e d w i t h i n the 

s c u t e l l a r e p i t h e l i u m . 

The t h i o l - s p e c i f i c reagents are of g r e a t e s t i n t e r e s t i n t h a t they 

show r a p i d and s e l e c t i v e i n h i b i t i o n of peptide uptake, and o f f e r an 

opportunity f o r the l a b e l l i n g and subsequent i s o l a t i o n of the t r a n s p o r t 

p r o t e i n s i n v o l v e d . The use of p h e n y l a r s i n e oxide p o i n t s towards the 

l i k e l i h o o d of t h e s e t h i o l s e x i s t i n g as p a i r e d , or v i c i n a l on the peptide 

c a r r i e r , and s u c c e s s f u l s u b s t r a t e s c r e e n i n g a g a i n s t PCMBS i n a c t i v a t i o n 

would i n d i c a t e t h e i r l o c a t i o n at the binding s i t e of the p r o t e i n i t s e l f . 
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Over the past f i v e y e a r s t h e r e has been a p r o l i f e r a t i o n of r e p o r t s 

emphasising the importance of s u l p h y d r y l groups to mediated t r a n s p o r t 

a c r o s s a membrane b a r r i e r i n many systems. T h i s l i t e r a t u r e i s 

d i s c u s s e d below and i n c l u d e s a c o n s i d e r a t i o n of how t h i o l s are thought 

to f u n c t i o n on a molecular b a s i s i n the t r a n s p o r t mechanism. 

5.3.2 T r a n s p o r t Across P l a n t Plasmalemmae 

5.3.2.1 Higher P l a n t s 

One aspect of t r a n s p o r t to have r e c e i v e d some a t t e n t i o n 

r e c e n t l y concerns the mechanism of phloem loading, i . e . the movement of 

sugars from s i t e s of production i n the mesophyll c e l l s of l e a v e s i n t o 

the s i e v e elements of the phloem f o r export (Reviewed i n 'Giaquinta, 

1983). I n t e r c e l l u l a r movement could occur s y m p l a s t i c a l l y v i a 

plasmodesmata (C a t a l d o , 1974), or v i a the apoplast (Baker ej, a l . , 

1980), which would n e c e s s a r i l y i n v o l v e some mediated t r a n s p o r t 

a c r o s s at l e a s t two membrane b a r r i e r s . S u l p h y d r y l reagents, i n c l u d i n g 

PCMBS and NEM, are h i g h l y e f f e c t i v e as i n h i b i t o r s of sucrose and amino 

a c i d uptake i n t o the l e a f phloem of V i c i a faba ( D e l r o t e t _ a l . , 1980; 

Despheghel & D e l r o t , 1983) Be t a v u l g a r i s ( G i a q u i n t a , 1976, 1977a) and 

G l y c i n e max ( S e r v a i t e s e t _ a l . , 1979), i n d i c a t i n g an important r o l e of 

t h i o l l i g a n d s . The non-penetrant s p e c i e s PCMBS presumably e x e r t s 

i t s e f f e c t s at the outer s u r f a c e of the plasraalemma, and pr o v i d e s 

good evidence f o r the a p o p l a s t i c pathway ope r a t i n g i n these systems. 

The s e n s i t i v e s u l p h y d r y l groups are probably l o c a t e d on the c a r r i e r 

p r o t e i n s themselves ( D e l r o t e_t a l . , 1980) but s i n c e phloem l o a d i n g 

i s thought to be p r o t o n - l i n k e d ( G i a q u i n t a , 1977b), the p o s s i b i l i t y 

t h a t the m e r c u r i a l i s a l s o i n h i b i t i n g proton-pumping ATPase molecules 

must a l s o be con s i d e r e d ( G i l d e r & Cronshaw, 1974). 

I n r e l a t e d s t u d i e s , s e v e r a l other t r a n s p o r t p r o c e s s e s i n p l a n t s 

i n v o l v i n g i n t e r c e l l u l a r a p o p l a s t i c movement of m a t e r i a l s have been 
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shown to be t h i o l dependent. These i n c l u d e the movement of s u c r o s e 

through the i n t e r n o d a l t i s s u e of sugar cane (Bowen, 1972), t r a n s p o r t 

of sugars a c r o s s the plasmalemma of i s o l a t e d mesophyl p r o t o p l a s t s (Huber L 

Moreland, 1981), and sucrose uptake by developing soybean cotyledons 

( L i e h t n e r &, Spanswick, 1981). The glucose and amino a c i d c a r r i e r s 

i n the fronds of the a q u a t i c duckweed Lemna gibba a l s o have e s s e n t i a l 

SH groups ( G o l l e & L u t t g e , 1983) which are d i r e c t l y i n h i b i t a b l e w i t h 

mercurous i o n s . 

5.3.2.2 Algae 

Bicarbonate t r a n s p o r t a c r o s s i n t e r n o d a l plasraalemmae of the 

a l g a Chara c o r a l l i n a was markedly i n h i b i t e d by NEM and i n o r g a n i c 

mercury ions (both h i g h l y p e n e t r a n t ) , but l e s s sensitive to PCMBS 

(Lu c a s &, Alexander, 1980), i m p l y i n g t h a t f u n c t i o n a l s u l p h y d r y l groups 

were l o c a t e d on the i n s i d e of the membrane. However, the i n h i b i t i o n 

of uptake observed may be p a r t l y due to the more widespread d i s r u p t i v e 

e f f e c t s e x e r t e d by these t h i o l reagents upon the i n t e g r i t y of Chara 

membranes ( L i c h t n e r e t _ a l . , 1981). 

With more s p e c i f i c i t y , a d i r e c t r o l e of t h i o l l i g a n d s i n the 

hexose c a r r i e r of the u n i c e l l u l a r a l g a C h l o r e l l a has been e s t a b l i s h e d . 

Sucrose t r a n s p o r t and uptake can be uncoupled from the e n e r g i s e r u s i n g 

the a n t i b i o t i c n y s t a t i n (Komor e t <xL. , 1974). The system i s 

transformed i n t o one of f a c i l i t a t e d d i f f u s i o n , and i f the c a r r i e r 

p r o t e i n i s b i o c h e m i c a l l y i s o l a t e d from i t s energy supply i n t h i s way, 

a complete i n h i b i t i o n of e f f l u x of s u b s t r a t e from preloaded c e l l s 

can be achieved with NEM, p r o v i d i n g good evidence f o r d i r e c t 

i n a c t i v a t i o n of the t r a n s p o r t system i t s e l f (Komor ejt j a l . , 1978). 

Phosphate t r a n s p o r t i n C h o r e l l a pyrenoidosa i s a l s o SH-dependent 

( J e a n j e a n , 1976). 
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5.3.2.3 C e l l C u l t u r e s 

Although the v a l i d i t y of studying the physiology of 

a r t i f i c i a l l y induced c a l l u s c u l t u r e s may be c a l l e d i n t o question, 

s e v e r a l r e p o r t s have shown that, i n c u l t u r e d c e l l s of N i c o t i a n a 

tabacum, the uptake of a r g i n i n e ( B e r r y e t a l . , 1981), c y s t e i n e 

( H a r r i n g t o n &, Smith, 1977) and l y s i n e ( H a r r i n g t o n & Henke, 1981) i s 

i n h i b i t a b l e by NEM. 

5.3.3 T r a n s p o r t Across Fungal Plasmalemmae 

Tr a n s p o r t of C^ d i c a r b o x y l i c a c i d s (Wolfinbarger & Kay, 1973) 

and glucose ( N e v i l l e e t _ a l . , 1971) by the Ascomycete Neurospora c r a s s a 

are both h i g h l y s e n s i t i v e to s u l p h y d r y l m o d i f i c a t i o n . The n e u t r a l , 

g e n e r a l , and b a s i c amino a c i d t r a n s p o r t systems of t h i s organism are 

a l s o i n h i b i t e d by t h i o l reagents (Nelson e t a^. , 1975). Although 

these o b s e r v a t i o n s were i n t e r p r e t e d as a d i r e c t e f f e c t on the permeases 

themselves, the plasmalemma ATPase of Neurospora i s a l s o s e n s i t i v e to 

c y s t e i n e m o d i f i c a t i o n (Scarborough, 1977; Brooker &, Slayman, 1983), 

implying t h a t i n t e r f e r e n c e w i t h t h i s energy source might be p a r t i a l l y 

r e s p o n s i b l e f o r some o f the observed i n h i b i t i o n s . I n y e a s t s , l e u c i n e 

t r a n s p o r t by Saccharomyces c e r e v i s i a e i s dependent on t h i o l s , 

presumed to be l o c a t e d on the i n n e r s u r f a c e of the plasmalerama, 

s i n c e they are s e n s i t i v e to NEM but not to PCMB (Ramos e t _ a l . , 1980; 

1983). Peptide t r a n s p o r t by Candida a l b i c a n s i s reported to be 

completely i n h i b i t e d by 10 mM NEM (Logan e t a l . , 1979). 

5.3.4 T r a n s p o r t by Prokaryotes 

5.3.4.1 I n t r o d u c t i o n 

B a c t e r i a p o s s e s s many t r a n s p o r t systems which f a l l i n t o 

s e v e r a l d i s t i n c t c a t e g o r i e s (Rosen, 1978), and although a d e t a i l e d 

d e s c r i p t i o n of the d i f f e r e n t systems themselves i s not r e l e v a n t here, 

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

d i f f e r e n t mechanisms of op e r a t i o n . Work, p r i m a r i l y on i s o l a t e d membrane 
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v e s i c l e s of E s c h e r i c h i a c o l i , has demonstrated t h a t a d i t h i o l -
d i s u l p h i d e interchange, i n response to a changing redox environment, 
i s l i k e l y to be c e n t r a l to the mechanisms c o n t r o l l i n g the a f f i n i t i e s 
o f a t r a n s p o r t p r o t e i n f o r a s u b s t r a t e molecule during the uptake 
c y c l e of some s o l u t e s ( S e c t i o n 5 . 3 . 7 ) . 

5 . 3 . 4 . 2 PEP-Dependent Hexose Tra n s p o r t 

The phosphoenolpyruvate-dependent hexose phosphotransferase 

system i s o p e r a t i v e i n organisms such as E . c o l i , S a l m o n e l l a typhimurium 

and Staphylococcus aureus, and o b l i g a t i v e l y couples the t r a n s p o r t of 

sugars to t h e i r p h o s p h o r y l a t i o n u s i n g phosphoenolpyruvate as the 

phosphate source. NEM i s a potent i n h i b i t o r of a membrane-bound 

enzyme ( t h e p r o t e i n ) of t h i s group t r a n s l o c a t i o n . However, i t has 

been re p o r t e d t h a t the maleimide i s only e f f e c t i v e when added during 

a c t i v e phosphorylation, when, presumably, t h i o l s which are normally 

'buried' w h i l s t the system i s i n o p e r a t i v e become exposed by an 

a l t e r a t i o n i n the c o n f i g u r a t i o n of the enzyme when i n i t s f u n c t i o n a l 

s t a t e (Haguenauer-Tsapis 8c Kepes, 1 9 7 7 ) . I t has been suggested t h a t 

these s u l p h y d r y l s e x i s t as v i c i n a l d i t h i o l s on the E ^ p r o t e i n , and 

t h a t t h e i r redox s t a t e c o n t r o l s the a f f i n i t y of the system f o r s u b s t r a t e 

( R o b i l l a r d 8c Konings, 1 9 8 1 ) . 

5 . 3 . 4 . 3 0- G a l a c t o s i d e Transport 

E a r l y work on E . c o l i e s t a b l i s h e d the r o l e of a membrane-bound 

p r o t e i n , designated the M p r o t e i n , i n the t r a n s p o r t of yQ - g a l a c t o s i d e s 

(e.g. l a c t o s e ) v i a the lac-permease. T h i s p r o t e i n was found to be 

s u l p h y d r y l - s e n s i t i v e . S p e c i f i c l a b e l l i n g of the M p r o t e i n w i t h 

r a d i o a c t i v e NEM f a c i l i t a t e d i t s i s o l a t i o n and c h a r a c t e r i z a t i o n (Fox & 

Kennedy, 1 9 6 5 ; Fox e t a l . , 1 9 6 7 ) . L i k e the E component of the 

phosphotransferase system, the s u l p h y d r y l groups on the l a c t o s e 

t r a n s p o r t e r apparently e x i s t as p a i r e d , v i c i n a l d i t h i o l s , the redox 
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s t a t e of which a l t e r the a f f i n i t i e s of the c a r r i e r during an uptake 
c y c l e to allow binding, t r a n s l o c a t i o n , and r e l e a s e of a s o l u t e 
molecule. 

5.3.4.4 D i c a r b o x y l i c Acid Transport 

R e l a t e d s t u d i e s have been made on d i c a r b o x y l i c acid permeases 

which show s e n s i t i v i t y to s u l p h y d r y l reagents i n E . c o l i (Murakowa e t 

a l . , 1972), Pseudomonas pu t i d a (Ondrako & Ornston, 1980), and B a c i l l u s 

s u b t i l i s ( F o u r n i e r & Pardee, 1974), en a b l i n g a s e l e c t i v e l a b e l l i n g 

of the c a r r i e r to be performed i n the l a s t case. 

5.3.4.5 Amino Acid Transport 

I n E . c o l i s e v e r a l amino a c i d p o r t e r s , i n c l u d i n g those f o r 

o r n i t h i n e , p h e n y l a l a n i n e and p r o l i n e , possess SH groups v i t a l to 

t h e i r a c t i v i t y ( J a n i c k ert a l . , 1977) which, i n the p r o l i n e c a r r i e r , 

e x i s t as p a i r e d , r e d o x - s e n s i t i v e d i t h i o l s (Poolman et_ a l . , 1983). 

However, other permeases t r a n s p o r t i n g g l y c i n e , t y r o s i n e , glutamate, 

l y s i n e and l e u c i n e are not i n h i b i t e d by m o d i f i c a t i o n of c y s t e i n e r e s i d u e 

(Kaback & P a t e l , 1978). I n t h i s r e s p e c t , a p o s i t i v e c o r r e l a t i o n 

e x i s t s between s u l p h y d r y l dependence and r e s i s t a n c e to osmotic shock; 

those systems i n v o l v i n g a p e r i p l a m i c binding p r o t e i n ( i . e . shock-

s e n s i t i v e ) are g e n e r a l l y l e s s s u s c e p t i b l e to NEM i n a c t i v a t i o n ( J a n i c k 

e t a l . , 1977, Berger &, Heppel, 1974). The reasons f o r t h i s d i s t i n c t i o n 

however, are not c l e a r at the p r e s e n t time. 

5.3.5 T r a n s p o r t by Animal C e l l s 

Animal membranes are c o n s i d e r a b l y more d i v e r s e i n s t r u c t u r e 

and f u n c t i o n than those of p l a n t s or microorganisms and a r e p r e s e n t a t i v e 

range of r e p o r t s c o v e r i n g those animal t i s s u e s used most wi d e l y i n 

i n h i b i t i o n s t u d i e s i s c i t e d below. For example, t h i o l reagents, 

i n c l u d i n g NEM and m e r c u r i a l s , i n h i b i t amino a c i d and glucose t r a n s p o r t 

by e r y t h r o c y t e s (Young, 1980; W h i t f i e l d & Schworer, 1981; B a t t e t a l . , 

19 78; Smith & Ellman, 1973), but PCMBS i n p a r t i c u l a r i s known to have 
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d e l e t e r i o u s e f f e c t s upon the i n t e g r i t y of the red blood c e l l membrane 
and can cause the d i s s o c i a t i o n of up to 40% of the t o t a l bound p r o t e i n 
from the l i p i d b i l a y e r ( C a r t e r , 1973) which may have c o n t r i b u t e d to the 
i n h i b i t o r y e f f e c t upon t r a n s p o r t . D i s u l p h i d e - d i t h i o l interchange i s 
p o s t u l a t e d to p l a y a d i r e c t r o l e i n the uptake of hexose by white blood 
c o r p u s c l e s (thymocytes) (Regan e t a l . , 1981; Kwock, 1981) and by f a t 
c e l l s ( a d i p o c y t e s ) , (Czech, 1976,1977). Glucose and amino a c i d t r a n s p o r t 
by i n t e s t i n a l brush border membranes, which i n mammalian systems i s l i n k e d 
to sodium movement i n a c o t r a n s p o r t mechanism, i s a l s o s e n s i t i v e to t h i o l 
m o d i f i c a t i o n , but i n h i b i t i o n i s due to a d i s s i p a t i o n of the sodium 
g r a d i e n t , r a t h e r than a d i r e c t i n a c t i v a t i o n of the t r a n s p o r t p r o t e i n s 
themselves ( W i l l & Hopfer, 1979; B i b e r & Hauser, 1979; K l i p e t a l . , 
1979). A d i s u l p h i d e - d i t h i o l interchange i s c r i t i c a l to the uptake of 
g l u c o s e by r e n a l brush border membrane (Turner & George, 1983), and a 
s p e c i f i c l a b e l l i n g of the t r a n s p o r t e r w i t h r a d i o a c t i v e NEM has enabled i t s 

i s o l a t i o n and c h a r a c t e r i z a t i o n ( P o i r e e e t a l , , 1979). I n r e l a t e d 

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

i n c l u d i n g tumorous l i n e s , has a l s o been e s t a b l i s h e d (Hare, 1975; L o f f l e r 

& Niebch 1976; Dowd e t a l . , 1977). 

5.3.6 T r a n s p o r t by O r g a n e l l e s 

5.3.6.1 C h l o r o p l a s t s 

The c h l o r o p l a s t envelope i s a double membrane, the s t r u c t u r e and 

f u n c t i o n of which has been reviewed (e.g. Heber, 1974; Douce & Joyard, 

1979). The o u t e r membrane of the envelope i s f r e e l y permeable to most 

low molecular weight compounds, whereas the i n n e r membrane i s the s i t e 

of s p e c i f i c t r a n s p o r t systems (H e l d t & Sauer, 1971), whose a c t i v i t y can 

c o n t r o l the amounts of v a r i o u s s o l u t e s w i t h i n the stroma. Such c o n t r o l 

i s important because the r a t e of p h o t o s y n t h e s i s i s r e g u l a t e d by the 

c o n c e n t r a t i o n of many of these m e t a b o l i t e s w i t h i n the c h l o r o p l a s t . 

S e v e r a l d i s t i n c t t r a n s p o r t systems are known which opor.ito across tho 
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i n n e r membrane (see below). Although the r o l e of t h i o l s i n the s e 
c a r r i e r s has r e c e i v e d l i t t l e a t t e n t i o n , PCMBS, the non-penetrant 
m e r c u r i a l , has seen the most use because i t does not i n t e r f e r e w i t h 
metabolism i n s i d e the c h l o r o p l a s t . I t shows some s e l e c t i v i t y of 
i n h i b i t i o n which would imply a d i r e c t e f f e c t on the t r a n s p o r t systems 
themselves and not on a component (e . g . an energy source) common to a l l . 

A s p e c i f i c phosphate c a r r i e r t r a n s p o r t s i n o r g a n i c phosphate i n t o 

the c h l o r o p l a s t i n exchange f o r f i x e d phosphates, produced by photosynthesi 

which are t r a n s p o r t e d out i n t o the cytoplasm (Flugge & Heldt, 1976, 1981; 

Heldt & Rapley, 1970); the c a r r i e r i s i n h i b i t e d by PCMBS. An adenine 

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

when photophosphorylatory a c t i v i t y i s low (Heldt & Sauer, 1971); PCMBS 

does not a f f e c t i t s a c t i v i t y (Robinson & Wiskich, 1977). A d i c a r b o x y l i c 

a c i d t r a n s p o r t e r c o n t r o l s the exchange of s o l u t e s such as malate and 

s u c c i n a t e but i s not PCMBS s e n s i t i v e (Werdan & Heldt, 1971). G l y c o l a t e , 

produced by p h o t o r e s p i r a t i o n , i s exported from the c h l o r o p l a s t v i a a 

s p e c i f i c g l y c o l a t e t r a n s p o r t e r . The system i s i n h i b i t a b l e w i t h NEM 

and the s e n s i t i v e t h i o l s are probably l o c a t e d at the binding s i t e of 

the c a r r i e r because s u b s t r a t e - s c r e e n i n g can confer p r o t e c t i o n a g a i n s t 

t h e i r m o d i f i c a t i o n (Howitz & McCarty, 1983). A s p e c i f i c pyruvate c a r r i e r 

has a l s o been reported, which, i n D i g i t a r i a c h l o r o p l a s t s , i s i n h i b i t a b l e 

by the SH reagent m e r s a l y l , but not by NEM (Huber &, Edwards, 1977). 

5.3.6.2 Mitochondria 

Although the outer m i t o c h o n d r i a l membrane i s f r e e l y permeable to 

most s o l u t e s , t r a n s p o r t across the i n n e r membrane i s s e l e c t i v e , and, 

analogously w i t h the c h l o r o p l a s t , s e v e r a l s p e c i f i c t r a n s p o r t systems a r c 

l o c a t e d h e r e . These are mainly anion/anion exchange systems which are 

concerned w i t h the maintenance of a r e g u l a t e d i n i r a m i t o c h o n d r i a l balance 

of Kreb's c y c l e i n t e r m e d i a t e s , and i n c l u d e c a r r i e r s of d i - and t r i 

c a r b o x y l i c a c i d s , ATP/ADP, and i n o r g a n i c phosphate. The r o l e of 
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s u l p h y d r y l groups i n the m i t o c h o n d r i a l t r a n s p o r t of anions has r e c e n t l y 

been reviewed (Fonyo, 1978) and w i l l not be d i s c u s s e d i n depth here. 

To summarise, almost every c a r r i e r w i t h i n the i n n e r membrane i s reported 

to c o n t a i n t h i o l s e s s e n t i a l to a c t i v i t y ( e . g., Wiskich, 1974; Klingenberg 

e t a l . , 1974; HadVary & Kadenbach, 1976; Klingenberg, 1977; Wohlrab, 

1978; A q u i l a & Klingenburg, 1982). M e r c u r i a l s and maleimides a l s o 

profoundly a f f e c t the exchange and r e t e n t i o n of c a t i o n s by mitochondria 

e-g«> potassium (BoguckagsWojtczak, 1979; B r i e r l e y e t a l . , 1967, S c o t t 

e t a l . , 1970) and c a l c i u m (Raraachandran & Bygrave, 1978; Lofrumento e t a l . , 

1979). I t i s proposed t h a t m e r c u r i a l s may e x e r t t h e i r e f f e c t s by 

exposing l a t e n t imnophores w i t h i n the membrane, which subsequently allow 

the f r e e f l u x of c a t i o n i n and out of the mitochondrion (Southend o_t a l . , 

1973). 

5.3.7 A Model f o r Thiol-Dependent T r a n s p o r t 

The r o l e of s u l p h y d r y l groups i n s o l u t e uptake, i n p a r t i c u l a r a 

d i t h i o l - d i s u l p h i d e interchange, has been e s t a b l i s h e d i n many d i v e r s e 

systems throughout the p l a n t , animal and m i c r o b i a l kingdoms, and i t seems 

l i k e l y t h a t they p l a c e a g e n e r a l , c e n t r a l r o l e i n membrane t r a n s p o r t 

p r o c e s s e s . The mechanism of any mediated t r a n s p o r t system must i n v o l v e 

the a b i l i t y of a c a r r i e r to bind a s u b s t r a t e molecule w i t h high a f f i n i t y 

(low K ) on one s i d e of the membrane, and to t r a n s l o c a t e i t ac r o s s to m 
the other s u r f a c e . Concommitantly w i t h t h i s t r a n s l o c a t i o n , the a f f i n i t y 

of the c a r r i e r f o r the s u b s t r a t e must somehow be reduced ( h i g h e r K ) e.g., 
m 

by means of a c o n f i g u r a t i o n a l change of the t r a n s p o r t p r o t e i n , thereby 

a l l o w i n g the s o l u t e molecule to be r e l e a s e d to the other s i d e . Kaback 

and h i s co-workers f i r s t r e ported t h a t the c a r r i e r p r o t e i n r e s p o n s i b l e 

f o r l a c t o s e uptake by E s c h e r i c h i a c o l i could e x i s t i n an o x i d i s e d or 

reduced form, which i n v o l v e d an SH HS to S-S co n v e r s i o n (Kaback & Barnes, 

1971; Kaback & Hong, 1973). The o x i d i s e d c a r r i e r had a high a f f i n i t y 

f o r l a c t o s e , but i n the reduced s t a t e had low a f f i n i t y . The c a r r i e r 
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p r o t e i n i t s e l f was envisaged as a r e s p i r a t o r y e l e c t r o n t r a n s f e r i n t e r m e d i a t e 
the a f f i n i t y of the c a r r i e r f o r a s o l u t e molecule was dependent upon 
i t s redox state,presumably by means of the c o n f i g u r a t i o n a l change i n the 
p r o t e i n molecule brought about by a d i t h i o l - d i s u l p h i d e c o nversion. The 
redox s t a t e of the c a r r i e r was c o nsidered to be a l t e r e d by the o x i d a t i o n 
of s u b s t r a t e during r e s p i r a t i o n . 

I n p r i n c i p l e , t h i s model i s s t i l l thought to apply, except that the 

c a r r i e r s are no longer c o n s i d e r e d as e l e c t r o n t r a n s f e r i n t e r m e d i a t e s , 

but as d i s c r e t e permease p r o t e i n s (Kaback, 1974), and redox c o n d i t i o n s 

are now thought to be a l t e r e d i n the membrane by means of a transmembrane 

e l e c t r i c a l p o t e n t i a l or by a pH g r a d i e n t , which are generated independently 

( R e i d e r e t a l . , 1979; Cohn e t a l . , 1981). Over the l a s t few y e a r s , 

s t u d i e s p r i m a r i l y by Konings and h i s a s s o c i a t e s , have c l e a r l y e s t a b l i s h e d 

a d i t h i o l - d i s u l p h i d e interchange c r u c i a l to the a c t i v i t y of s e v e r a l 

t r a n s p o r t systems i n E s c h e r i c h i a c o l i i n c l u d i n g phosphoenolpyruvate-

dependent hexose uptake ( R o b i l l a r d &, Konings, 1981), and the l a c t o s e 

(Konings & R o b i l l a r d , 1982) and p r o l i n e (Poolman e t a±_., 1983) permeases. 

General f o r m u l a t i o n s , together w i t h a model of r e d o x - s e n s i t i v e t r a n s p o r t , 

have been d e r i v e d from these s t u d i e s (Lombardi, 1981; R o b i l l a r d & 

Konings, 1982) and are o u t l i n e d below. 

I t i s proposed t h a t a v i c i n a l d i t h i o l grouping e x i s t s at each of 

two binding s i t e s on the t r a n s p o r t p r o t e i n . These s i t e s are l o c a t e d 

at e i t h e r end of a channel, or pore, running through the p r o t e i n , which 

t r a v e r s e s the membrane. The binding s i t e s are f r e e l y a c c e s s i b l e to 

e i t h e r the e x t e r i o r or the i n t e r i o r of the c e l l r e s p e c t i v e l y . The 

o x i d a t i o n s t a t e s of the d i t h i o l s at these two s i t e s are coupled, such 

t h a t when one i s o x i d i s e d , the other i s reduced, and the a f f i n i t y of 

e i t h e r of the two b i nding s i t e s f o r a s o l u t e molecule depends upon i t s 

redox s t a t e . The redox s t a t e at each l o c a t i o n i s a l t e r e d by the inward 

movements of protons. T h e r e f o r e , i n a s i n g l e t r a n s p o r t c y c l e , a s u b s t r a t e 
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molecule binds to the outer binding s i t e , which i s i n i t i a l l y i n the 
h i g h - a f f i n i t y ( d i t h i o l ) form. Then, proton binding at the e x t e r i o r 
causes a d i t h i o l - d i s u l p h i d e conversion, r e d u c i n g the a f f i n i t y of t h i s 
s i t e f o r the s u b s t r a t e . The proton moves through the membrane, reduces 
the i n t e r i o r b i n d i n g s i t e (disulphide-»dithiol) thus r a i s i n g i t s a f f i n i t y . 
Hence, the s o l u t e molecule i s drawn through the pore. To complete the 
c y c l e , the i n n e r s i t e i s r e o x i d i s e d and the s o l u t e r e l e a s e d to the 
i n t e r i o r of the c e l l . 

T h e r e f o r e , the peptide t r a n s p o r t p r o t e i n s of the b a r l e y s c u t e l l u m 

h a v e f e a t u r e s i n common with c e r t a i n of the l a c t o s e , hexose and p r o l i n e 

permeases of E . c o l i , i n t h a t d i f f e r e n t c l a s s e s of s u l p h y d r y l groups 

are i n v o l v e d which e x i s t as r e d o x - s e n s i t i v e , v i c i n a l d i t h i o l s . As 

d i s c u s s e d i n a l a t e r s e c t i o n ( S e c t i o n 6 . 3 ) , the s e n s i t i v i t y of v i c i n a l 

d i t h i o l groups to s u l p h y d r y l m o d i f i c a t i o n i s dependent upon the presence 

or absence of a H + g r a d i e n t , which would suggest that i n b a r l e y a l s o , 

the a f f i n i t y of the bi n d i n g s i t e s i s d i r e c t l y a f f e c t e d by the movement 

of protons a c r o s s the membrane. 



CHAPTER 6 

ENERGETICS OF TRANSPORT BY THE BARLEY SCUTELLUM 
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6.1 I n h i b i t i o n of Energy Coupling 

6.1.1 Reagents Used t o I n h i b i t Energy Coupling - An I n t r o d u c t o r y Survey 

Previous studies have shown t h a t s c u t e l l a r uptake o f peptides and 

amino acids f u l f i l s the g e n e r a l l y accepted c r i t e r i a f o r a c t i v e t r a n s p o r t ; 

namely, i n t a c t accumulation against a c o n c e n t r a t i o n g r a d i e n t , s a t u r a t i o n 

k i n e t i c s and a requirement f o r metabolic energy. The f o l l o w i n g s t u d i e s 

are concerned w i t h the mechanism whereby metabolic energy i s coupled to 

the uptake o f a substrate molecule i n the barley scutellum. 

To e f f e c t t r a n s p o r t , a membrane-bound c a r r i e r has t o have an 

asymmetrical a f f i n i t y f o r the s u b s t r a t e , t o permit binding of the molecule 

on one side, w i t h i t s subsequent t r a n s l o c a t i o n and release, followed by 

the r e t u r n of the system t o i t s o r i g i n a l s t a t e . Maintenance of t h i s 

asymmetry r e q u i r e s an i n p u t of energy, which may be achieved e i t h e r at 

the d i r e c t expense of ATP or by the establishment o f an electrochemical 

g r a d i e n t across the membrane. The g r a d i e n t i t s e l f may be generated 

e i t h e r through ATP h y d r o l y s i s , or through r e s p i r a t o r y a c t i v i t y (see Spanswick, 

1981; Ferguson & Sorgato, 1982, f o r reviews). Higgins & Payne (1977b), 

i n p r e l i m i n a r y work on the energetics o f peptide uptake by b a r l e y s c u t e l l a , 

t e n t a t i v e l y concluded t h a t a proton g r a d i e n t might be i n v o l v e d , as has 

been suggested f o r some other t r a n s p o r t processes i n p l a n t s . Studies 

here were aimed at c h a r a c t e r i s i n g t h i s e n e r g i s a t i o n i n greater depth, 

through the use of reagents which are capable of e i t h e r d e s t r o y i n g the 

proton g r a d i e n t or i n h i b i t i n g membrane-bound ATPases. 

6.1.1.1 Acetate 

Although not w i d e l y recognised as a metabolic i n h i b i t o r , the 

p o s s i b l e a c t i o n o f acetate, and other weak acids, t o act as d i t r u p t o r s 

of the p r o t o n g r a d i e n t has been discussed (Heuting "i Tempest, 1977; Kaiser 

& Heber, 1983). The e f f e c t i s pH dependent; thus, i t i s the undissociated 

molecule (predominating below i t s pK value at pH 4.8), t h a t i s presumably 
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mobile w i t h i n membranes and acts as a proton s h u t t l e t o break down 
H + g r a d i e n t s . 

6.1.1.2 Carbonylcyanide-m-chlorophenylhydrazone 

Carbonylcyanide-m-chlorophenylhydrazone (CCCP) also acts as a 

protonophore t h a t destroys proton gradients (Langmuller & Springer-

Lederer 1974; Harold, 1972); i t s e f f e c t s are o f t e n very rapid,e.g. 

complete i n h i b i t i o n of peptide t r a n s p o r t by Streptococcus f a e c a l i s and 

E . c o l i w i t h i n 15s (J.W.Payne, personal communication). As w e l l as 

being a c t i v e i n m i c r o b i a l systems, CCCP has also been found t o i n h i b i t 

many t r a n s p o r t processes i n higher p l a n t s , e.g., leucine uptake by 

c u l t u r e d c e l l s of tobacco (Blackman 84 McDaniel, 1980), sucrose accumulation 

by vacuoles of sugar beet (Saf t n e r et _ a l . , 1983), loading of amino acids 

and sucrose i n t o soybean phloem (Servaites e_t a l . , 1979), and movement of 

glutamine i n t o tomato internode t i s s u e (van Bel & van Erven, 1979). 

6.1.1.3 2-4, D i n i t r o p h e n o l 

The protonophore 2-4, d i n i t r o p h e n o l (DNP) d i s r u p t s many p l a n t 

t r a n s p o r t systems dependent on a proton g r a d i e n t , e.g., i n h i b i t i o n of 

amino acid uptake by castor bean cotyledons (Robinson & Beevers, 1981), 

and sucrose uptake by immature barley embryos (Cameron-Mills & Duffus, 

1979). D i r e c t e f f e c t s upon proton movement e.g., across the scutellum 

of wheat (Mukhtar &, Laidman, 1982) and maize (Humphreys,1975), have 

also been reported. 

6.1.1.4 N,N'-Dicyclohexylcarbodiimide 

E l e c t r o g e n i c proton pumps d r i v e n by membrane-bound ATPases 

are u b i q u i t o u s , being present i n b a c t e r i a (Haddock &, Jones, 1977), c h l o r o p l a s t s 

(Nelson,1976), mitochondria (Senior, 1973, 1979), the plasma membranes of 

f u n g i (Scarborough, 1977, 1980; Blasco e t a l . , 1981) and p l a n t s 

(Higinbotham &, Anderson, 1974; Hodges, 1976; Dupont e t al_. , 1981; Lc-ppert, 

1979). These enzymes are capable ( r e v e r s i b l y ) of generating a proton 



147 

gr a d i e n t at the expense of ATP h y d r o l y s i s . The ATPase enzyme has two 
p a r t s , a hydrophobic, membrane-bound 'F ' moiety t h a t acts as the 
protonophore, and an 'F 'component t h a t catalyses ATP h y d r o l y s i s 
( F i l l i n g a m e , 1980). N,N'-Dicyclohexylcarbodiimide (DCCD) i n h i b i t s 
ATPase a c t i v i t y by covalent m o d i f i c a t i o n of the carboxyl group of a 
s i n g l e glutamic acid residue w i t h i n the F q proton channel; however, 
the reagent can also modify c y s t e i n e , t y r o s i n e and amino groups under 
c e r t a i n c o n d i t i o n s , and there has been some u n c e r t a i n t y over the 
s p e c i f i c i t y of t h i s i n h i b i t i o n . Moreover, several r e p o r t s i n d i c a t e 
t h a t the i n h i b i t o r y e f f e c t s of DCCD maybe due, i n p a r t , t o s t o i c h i o m e t r i c 
b i n d i n g w i t h the F^ component also (Yoshida e t al., 1982; C e c c a r e l l i & 
V a l l e j o s , 1983; Kopecky e t a l . , 1982). 

6.1.1.5 Sodium azide 

The possible a c t i o n of sodium azide may be t h r e e - f o l d ; i t i s 

an i n h i b i t o r of cytochrome oxidase and membrane-bound ATPase and can 

also act as a protonophore (Harold, 1972). I t i s e f f e c t i v e i n 

i n h i b i t i o n of p l a n t t r a n s p o r t processes e.g., uptake of amino acids 

i n t o pea l e a f t i s s u e (Cheung & Nobel, 1973) and oat mesophyll p r o t o p l a s t s 

( R u b i n s t e i n & T a t t a r , 1980). 

6.1.1.6 Valinomycin 

Valinomycin i s an a n t i b i o t i c substance produced by Streptomyces 

f u l v i s s i m u s t h a t i s f r e e l y s o l u b l e i n membranes and h i g h l y e f f e c t i v e as 

a potassium ionophore (Pressman, 1976). The i n t e r n a l dimensions of i t s 

cage-like s t r u c t u r e (Shemyakin e t a l . , 1969) enable i t t o act s p e c i f i c a l l y 

as a potassium s h u t t l e f e r r y i n g K + ions across a membrane and 

e q u i l i b r a t i n g any gradie n t t h a t might be present. I t i s t h e r e f o r e a 

potent i n h i b i t o r of uptake mechanisms i n v o l v i n g a potassium f l u x , and 

i t s a c t i o n was f i r s t demonstrated i n the i n h i b i t i o n of K + movement 

across m i t o c h o n d r i a l membranes (Moore & Pressman, 1964). 
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6.1.2 Methods 

T y p i c a l l y , 2-3 day s c u t e l l a were preincubated i n i n h i b i t o r 

( b u f f e r e d t o s p e c i f i e d pH w i t h sodium p h o s p h a t e - c i t r a t e ) f o r up to l h 
o 14 at 20 C, p r i o r t o a standard assay f o r the t r a n s p o r t of Gly-(U C)Phe, 

14 14 

(U C)Leu or (U C)glucose t r a n s p o r t e i t h e r d x r e c t l y , or a f t e r a 

'recovery' p e r i o d of up t o 5 h i n 2 ml sodium phosphate-citrate b u f f e r 

pH 3.8, 20°C. As c o n t r o l s , s c u t e l l a were subjected t o a p r e i n c u b a t i o n 

of up t o 5 h i n b u f f e r w i t h o u t i n h i b i t o r before assay; others were 

exposed t o i n h i b i t o r present i n both p r e i n c u b a t i o n and assay mix. Stock 

s o l u t i o n s of CCCP, DNP, DCCD and valinomycin were e t h a n o l i c , but ethanol 

was never present i n an i n c u b a t i o n at concentrations g r e a t e r than 0.5% v/v. 

I n these cases, c o n t r o l r a t e s were e s t a b l i s h e d by incubations w i t h ethanol 

alone. 

6.1.3 Results 

6.1.3.1 Acetate 

Figure 6.1 shows the e f f e c t of p r e i n c u b a t i o n of 2 day s c u t e l l a 

w i t h 5 mM and 50 mM acetate (pH 3.8, f o r 1 h ) , w i t h subsequent recovery 
14 

p e r i o d s , i n a standard Gly-(U C)Phe t r a n s p o r t assay. Rates of uptake shown 

by s c u t e l l a consecutively preincubated i n acetate f o r lh,and then assayed 

f o r t r a n s p o r t i n the f u r t h e r presence of i n h i b i t o r ( a t 5 mM or 50 mM), i s 

taken as the maximally i n h i b i t e d value w i t h no recovery allowed. Recovery 

periods include the d u r a t i o n o f the uptake assay; thus, s c u t e l l a 

preincubated i n acetate and assayed d i r e c t l y afterwards were, i n e f f e c t , 

recovered f o r 45 min. Rates are expressed as a percentage of those 

e x h i b i t e d by acetate-untreated s c u t e l l a which were preincubated i n b u f f e r 

only, f o r 4 h, p r i o r t o assay. I t can be seen t h a t the 80-85% i n h i b i t i o n 

o f peptide uptake achieved by 50 mM acetate i s not r e s t o r e d at l e a s t 4 h 

a f t e r treatment,whereas considerable recovery of Gly-Phe t r a n s p o r t i s 

p o s s i b l e a f t e r p r e i n c u b a t i o n w i t h 5 mM i n h i b i t o r . Acetate proved to be 
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somewhat less e f f e c t i v e as an i n h i b i t o r of amino acid t r a n s p o r t ; thus 

2 day s c u t e l l a both preincubated and assayed f o r t r a n s p o r t i n the 
14 14 14 presence of 5 mM acetate accumulated (U C)Leu, (U C)Pro and (U C)Phe 

from 2 mM s o l u t i o n s at rat e s 55%, 63% and 75% r e s p e c t i v e l y of untreated 

c o n t r o l s (Table 6.1). At the present time, no s a t i s f a c t o r y e x p l a n a t i o n 

can be o f f e r e d as t o why acetate i s a less e f f e c t i v e i n h i b i t o r of amino 

acid t r a n s p o r t . 

6.1.3.2 Carbonylcyanide-m- Chlorophenylhydrazone 
14 

Figure 6.1 shows the response of Gly-(U C)Phe t r a n s p o r t by 

2 day s c u t e l l a t o p r e i n c u b a t i o n f o r 10 min w i t h 10 uM and 100 uM CCCP 

at pH 3.8, followed by recovery times of up t o 4£h (which included the 

d u r a t i o n o f assay). Rates of uptake are expressed as a percentage of 

r a t e s shown by untreated s c u t e l l a preincubated i n b u f f e r only f o r 5 h. 

A f t e r the p r e i n c u b a t i o n , some s c u t e l l a were prevented from*recovery' by 

assaying f o r t r a n s p o r t i n the presence of 10 uM or 100 uM CCCP. I t i s 

apparent t h a t CCCP i s more e f f e c t i v e than acetate as an uncoupler, since 

lower concentrations and a sh o r t e r p r e i n c u b a t i o n time achieve s i m i l a r 

l e v e l s of i n h i b i t i o n . S c u t e l l a s t i l l r e t a i n the cap a c i t y however, at 

the lower c o n c e n t r a t i o n of CCCP, t o recover n e a r l y 70% of the t r a n s p o r t 

a c t i v i t y of.-control t i s s u e w i t h i n 2 h a f t e r removal of CCCP. 

Uptake of other substrates, i n c l u d i n g amino acids and glucose, by 

2-3 day s c u t e l l a was also i n h i b i t e d q u i t e markedly (Table 6.1) when 

assayed i n the presence of 100 uM CCCP. 

6.1.3.3 2-4,Dinitrophenol 

Preincubation of 2 day s c u t e l l a i n b u f f e r e d 10 uM d i n i t r o p h e n o l 

(50 mM sodium phosphate-citrate pH 3.8,20°C) f o r 30 min p r i o r t o t r a n s p o r t 
i 14 

assays i n the presence of 10 uM DNP reduced uptake of (U C)Leu (2 raM) t o 

39%, Gly-(U 1 4C)Phe ( 2 mM) t o 18%, and (U 1 4C)glucose (20| mM) t o 28% 

r e s p e c t i v e l y , of the values of untreated c o n t r o l s . 
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A 

Recovery time in buffer (h) after treatment with inhibitor 

FIGURE 6.1 Recovery of Gly-Phe Transport A f t e r I n h i b i t i o n w i t h Acetate 
or CCCP 

14 
Uptake of Gly-(U C)Phe by s c u t e l l a t r e a t e d w i t h acetate (A) at 5 mM (B) 
and or 50 mM (a) f o r 1 h, pH 3.8, or CCCP (B) at 10 uM (S) and 1U0 uM (•; 
f o r 10 min, pH 3.8, before t r a n s f e r r i n g t o b u f f e r (sodium phosphate-
c i t r a t e , pH 3o8) f o r up t o 4 h p r i o r t o the t r a n s p o r t assay. Rates of 
uptake are expressed as a percentage of those shown by untreated s c u t e l l a 
preincubated i n b u f f e r only f o r 5 h. 
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TABLE 6.1 

I n h i b i t i o n of Peptide, Amino Acid and Glucose Transport by CCCP and Acetate 

Control Rate Transport Percentage Transport of Control. 
Substrate (nmol s c u t " 1 h" 1) CCCP Acetate 

Gly-Phe 35 20 21 

Ala-Ala-Ala 37 11 ND 

Gly 56 17 ND 

Leu 20 28 55 

Pro 32 31 63 

Phe 38 ND 75 

Glucose 19 13 ND 

Transport of substrate from 2 mM s o l u t i o n s by 2-3 day s c u t e l l a both 

preincubated (60 min) and assayed f o r uptake i n the presence of e i t h e r 

100 uM CCCP or 5 mM acetate. A l l peptides and amino acids are of the 

L c o n f i g u r a t i o n (ND = Not Determined). 
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FIGURE 6.2. K i n e t i c s of I n h i b i t i o n o f Gly-Phe and Leu Uptake by DCCD 

14 14 Uptake of Gly-(U C)Phe ( a ) , and (U C)Leu (O), by 3 day s c u t e l l a a f t e r 
p r e i n c u b a t i o n i n 2 mVl d i c y c l o h e x y l c a r b o d i i m i d e f o r up t o 60 min as 
described i n Section 6.1.3.4. Rates are expressed as a percentage o f 
untreated c o n t r o l s . 
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6.1.3.4 N,N'-Dicyclohexylcarbodiimide 

3 day s c u t e l l a were preincubated i n 2 mM dicy c l o h e x y l c a r b o d i i m i d e 

(DCCD) (20°C, sodium pho s p h a t e - c i t r a t e pH 6.9) f o r periods of up t o 60 min 
14 14 

p r i o r t o standard assays f o r Gly-(U C)Phe and (U C)Leu t r a n s p o r t . A l l 

preincubations were timed t o f i n i s h simultaneously. Results are 

expressed i n a p l o t of t r a n s p o r t r a t e s (as a percentage of c o n t r o l s i n 

which s c u t e l l a were preincubated i n b u f f e r f o r 1 h only) versus 

p r e i n c u b a t i o n time w i t h DCCD (Figure 6.2). 

I n h i b i t i o n of Leu and Gly-Phe uptake f o l l o w s e s s e n t i a l l y the same 

k i n e t i c s comprising an i n i t i a l , r a p i d a c t i o n w i t h i n 10 min f o l l o w e d by 

a more gradual d e c l i n e of r a t e s . These r e s u l t s are i n marked c o n t r a s t 

t o the use of an a l t e r n a t i v e carboxyl reagent, Woodward's Reagent K 

(Sec t i o n 4.8) which, when preincubated w i t h s c u t e l l a f o r up t o 30 min at 

10 mM, had no e f f e c t upon Leu or Gly-Phe t r a n s p o r t r e l a t i v e t o untreated 

c o n t r o l s . 

6.1.3.5 Sodium azide 
Preincubation of 2 day s c u t e l l a i n b u f f e r e d 20 uM sodium azide 

o 

f o r 1 h (pH 3.8, 20 C) p r i o r t o assay f o r uptake i n the f u r t h e r presence 

of 20 mM azide reduced t r a n s p o r t of r a d i o a c t i v e l y l a b e l l e d Leu (2 mM), 

Gly-Phe (2 mM), and glucose (20 mM) t o 30%, 20% and 37% r e s p e c t i v e l y of 

the values of u n i n h i b i t e d c o n t r o l s . 

6.1.3.6 Valinomycin 

Preincubation of 2 day s c u t e l l a w i t h 100 uM valinomycin f o r 1 h 

(sodium p h o s p h a t e - c i t r a t e , pH 3.8, 20°C) d i d not a f f e c t the uptake of 

Leu (2 mM), Gly-Phe (2 mM) or glucose (20 mM)in a standard, r a d i o a c t i v e 

t r a n s p o r t assay. 

6.1.4 Discussion 

I t i s c l e a r t h a t the protonophores employed here, acetate, CCCP 

and DNP are a l l e f f e c t i v e as i n h i b i t o r s of Leu, Gly-Phe and glucose 

t r a n s p o r t at p h y s i o l o g i c a l concentrations (2 mM) i m p l i c a t i n g the requirement 
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of a hydrogen i o n g r a d i e n t f o r uptake. The peptide uptake system i s 
capable of recovering from CCCP and acetate a c t i o n , suggesting t h a t the 
s c u t e l l a r t i s s u e can r e - e s t a b l i s h a proton g r a d i e n t f o l l o w i n g d i l u t i o n 
of the i n h i b i t o r . Acetate, at low concentrations, has also been shown 
t o be e f f e c t i v e as an e x t r a c t a n t of accumulated m a t e r i a l s (Section 5.2.3). 
This would imply t h a t the maintenance of i n t e r n a l pools against a 
con c e n t r a t i o n g r a d i e n t i s also dependent on the presence of a proton 
g r a d i e n t , and acetate e q u i l i b r a t e s i n t e r n a l and e x t e r n a l concentrations. 
Thus, i n the presence of i n h i b i t o r s such as acetate, CCCP and DNP, p a r t 
of the r e s i d u a l r a t e s of uptake observed (15-30% of c o n t r o l values) from 
2 mM s o l u t i o n s may be due t o a simple, d i f f u s i o n a l e q u i l i b r a t i o n o f 
r a d i o a c t i v i t y . This i s borne out by the less e f f e c t i v e i n h i b i t i o n of 
tr a n s p o r t by these uncouplers from s o l u t i o n s at higher concentrations. 
The elevated uptake rates observed at h i g h concentrations a r i s e presumably 
from d i f f u s i o n of substrate down a gra d i e n t i n t o s c u t e l l a r t i s s u e , a 
passive process independent of a proton d r i v e ( S e c t i o n 5.3.5). The 
pos s i b l e r e l a t i o n s h i p between the proton g r a d i e n t and the maintenance 
o f d i t h i o l groupings i n the redox s t a t e which i s v i t a l t o the f u n c t i o n i n g 
o f the peptide t r a n s p o r t p r o t e i n s , i s discussed l a t e r ( Section 5.3.6). 

I t i s known t h a t many p l a n t t i s s u e s take up potassium ions i n 

exchange f o r protons, or vice-versa, i n an a n t i p o r t mechanism t o maintain 

e l e c t r i c n e u t r a l i t y , e.g. i n roots (MarrS, 1979). Although the wheat 

scutellum contains a H+/K+ exchange system (Mukhtar & Laidman, 1982), 

t r a n s p o r t i n the b a r l e y scutellura i s independent of exogenously supplied 

cations (Sopajuen e t al.,1978), and valinomycin, a potassium ionophore, 

has been shown here t o have no e f f e c t on uptake. These observations 

would imply t h a t i f a proton/potassium counterflow also occurs i n 
+ + barl e y , H e f f l u x i s not o b l i g a t o r i l y coupled t o K i n f l u x and e l e c t r i c 

n e u t r a l i t y must be maintained i n some other way. This independence of 
+ + 

a c t i o n has been reported i n the a n t i p o r t o f K and H by pea r o o t segments 
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(Bellando e t a l . , 1979) but Poole (1974), claims t h a t the exchange i n 
beet r o o t t i s s u e i s s t r i c t l y coupled and mediated by the same c a r r i e r . 

DCCD reduces both Leu and Gly-Phe t r a n s p o r t presumably by i n h i b i t i o n 

of ATPase a c t i v i t y which, i n p a r t , i s responsible f o r production of the 

p r o t o n g r a d i e n t . The ATPases are most probably l o c a t e d i n the plasmalemmao 

of the e p i t h e l i a l c e l l s and supplied w i t h ATP by the many mitochondria 

t h a t are aligned i n close p r o x i m i t y t o the membrane (Sec t i o n 1.2.1). 

Although DCCD i s h i g h l y r e a c t i v e w i t h ATPase carboxyl l i g a n d s , the group 

s p e c i f i c i t y of i t s a c t i o n i s not absolute and the p o s s i b i l i t y of secondary 

i n h i b i t o r y e f f e c t s must be taken i n t o c o n s i d e r a t i o n . I n c o n t r a s t t o 

DCCD, Woodward's reagent K does not a f f e c t t r a n s p o r t of amino acid or 

pept i d e . This d i s t i n c t i o n between the e f f e c t s of isoxazolium or 

carbodiimide reagents i n the attempted d e r i v a t L z a t i o n of carboxyl groups 

has been observed i n other systems (Homandberg, 1982; C e c c a r e l l i & V a l l e j o s , 

1983), and probably r e f l e c t s d i f f e r i n g a c c e s s i b i l i t i e s of the a c t i v e s i t e 

t o m o d i f i c a t i o n . 

6.2 Evidence f o r a Passive Component t o Uptake 

The f o l l o w i n g s t u d i e s describe the steps t h a t were taken t o 

cha r a c t e r i z e uptake r a t e s at high concentrations of substrate (up t o 100 mM) 

i n an attempt to d i s t i n g u i s h between the r o l e s of a c t i v e versus passive 

movement, and to describe k i n e t i c parameters of t r a n s p o r t i n terms of 

Km and Vmax. 

6.2.1 Methods 

2-3 day s c u t e l l a were assayed f o r uptake by e x t r a c t i o n of 
14 

r a d i o a c t i v i t y i n the r o u t i n e way f o l l o w i n g i n c u b a t i o n i n Gly-(U C)Phe, 
14 14 -1 (U C)Leu, or (U Oglucose (1ml of 10-100 mM, 0.5 uCi ml , i n sodium 

pho s p h a t e - c i t r a t e b u f f e r pH 3.8, at 20°C). Uptake of D-Val-D-Val was 

assayed by a s l i g h t l y modified fluorescamine method (Section 2.4.4.2) i n t h a t 

30 s c u t e l l a were used per i n c u b a t i o n , removing 5 u l samples hourly f o r 

assaying i n the usual way. 
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6.2.2 Results 

Figure 6.3 shows the k i n e t i c s of uptake of Leu and Gly-Phe i n the 

co n c e n t r a t i o n range 10 mM t o 100 mM by 3 day s c u t e l l a . Preincubation 

( f o r 30 min, 20°C, pH 3.8) and assay f o r uptake, both i n the presence 

o f 10 uM DNP, reduced t r a n s p o r t of 100 mM Leu, Gly-Phe and glucose to 

73%, 75% and 71% r e s p e c t i v e l y of the values of untreated c o n t r o l s . Also, 

p r e i n c u b a t i o n of 3 day s c u t e l l a f o r 30 min i n 5 mM N-ethylmaleimide (pH 6.8, 

20°C) i n h i b i t e d subsequent uptake of 100 mM Gly-(U 1 4C)Phe by only 26% 

r e l a t i v e t o untreated c o n t r o l s . This i s i n c o n t r a s t t o the 90% 

i n h i b i t i o n achieved under s i m i l a r c o n d i t i o n s when assaying f o r uptake 

of 2 mM peptide (Section 4.2.2). Uptake of 60 mMDVal-DVal by 3 day 
-1 -1 

s c u t e l l a was 100 nmol scutellum h as assayed by fluorescamine, whereas 

the uptake of t h i s peptide at 2 mM, as assayed by using fluorescamine or 

dansyl c h l o r i d e , was not d e t e c t a b l e . 

6.2.3 Discussion 

These stu d i e s were i n i t i a t e d t o determine the a c t i v e t r a n s p o r t 

o f several substrates over a wide c o n c e n t r a t i o n range and t o d e r i v e 

parameters i n terms of Km and Vmax. However, i t seems t h a t passive 

uptake, s e n s i t i v e n e i t h e r t o DNP nor N-ethylraaleimide become prevalent 

at a r t i f i c i a l l y h i gh non-physiological concentrations of amino ac i d or 

peptide,and makes c h a r a c t e r i z a t i o n o f the k i n e t i c s of the a c t i v e component 

d i f f i c u l t . S i m i l a r l y , the experiment w i t h D-Val-D-Val would i n d i c a t e 

t h a t uptake at h i g h substrate m o l a r i t y i s not p r i m a r i l y c a r r i e r mediated 

but i s probably d i f f u s i o n a l i n nature. Any concentration-dependent 

passive component w i l l be o p e r a t i n g , although at a less s i g n i f i c a n t l e v e l , 

at the 2 mM substrate concentrations used r o u t i n e l y i n i n h i b i t o r s tudies 

f o r example, where the a c t i v e component has been i n h i b i t e d completely. 

I t i s p o s s i b l e t o c o n s t r u c t models i n which a mediated and non-

mediated component are ope r a t i v e and t o e x t r a c t k i n e t i c parameters from 

the data. A computer program (devised by Dr.J.T.Gleaves, U n i v e r s i t y of 
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FIGURE 6.3 Transport Rates of Gly-Phe and Leu at High Substrate 
Concentration 

Transport r a t e of (U C)Leu (©) and Gly-(U C)Phe (a) by 3 day s c u t e l l a 
was monitored from s o l u t i o n s i n the range 10-100 mM. Values are the 
means of at l e a s t 3 separate determinations. 
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Durham) i s a v a i l a b l e f o r t h i s purpose but i n the present studies i t 

was decided not t o pursue t h i s l i n e of study e x t e n s i v e l y . 

6.3 Binding of N-ethylmaleimide to Energised and De-Energised Membranes 

6.3.1 I n t r o d u c t i o n 

Work described so f a r i n t h i s t h e s i s e s t a b l i s h e s the c r i t i c a l 

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

p r o t e i n s . Thus, almost complete i n h i b i t i o n (95%) of peptide uptake can 

be achieved by p r e t r e a t i n g s c u t e l l a w i t h s e l e c t i v e s u l p h y d r y l - m o d i f y i n g 

reagents such as N-ethylmaleimide or phenylarsine oxide, which modify 

c o v a l e n t l y the f u n c t i o n a l t h i o l l i g a n d s . I n studies r e l a t e d t o the 

e n e r g i s a t i o n of s o l u t e t r a n s p o r t i n t o the barley scutellum, experiments 
were performed t o e s t a b l i s h whether the presence or absence o f the 

proton gradient across the s c u t e l l a r e p i t h e l i u m a f f e c t e d the s e n s i t i v i t y 

o f the v i c i n a l d i t h i o l s t o s u l p h y d r y l - m o d i f y i n g reagents. Hence, 

the importance of the electrochemical g r a d i e n t i n m a i n t a i n i n g s u l p h y d r y l 

groups i n t h e i r f u n c t i o n a l s t a t e could be assessed. This was achieved 

by determining the l e v e l of b i n d i n g of r a d i o a c t i v e l y l a b e l l e d NEM t o 

s c u t e l l a i n the presence and absence of a protonophore. 

6.3.2 Methods 

2 day s c u t e l l a were t r e a t e d as f o l l o w s to s e l e c t i v e l y expose the 

v i c i n a l t h i o l s w i t h i n the membrane (see also Section 5.1.3): s p e c i f i c 

m o d i f i c a t i o n of v i c i n a l d i t h i o l s w i t h phenylarsine oxide (0.5 mM i n 

sodium pho s p h a t e - c i t r a t e b u f f e r pH 3.8, f o r 4 min at 20°C); a f t e r 

washing, s c u t e l l a were t r a n s f e r r e d t o N-ethlymaleimide (NEM), f o r 

i r r e v e r s i b l e m o d i f i c a t i o n of a l l other t h i o l groups (5 mM i n sodium 
o 

phosphate-citrate b u f f e r pH 6.8, f o r 10 mm at 20 C) p r i o r t o treatment 

w i t h the reducing agent d i t h i o t h r e i t o l (10 mM pH 3.8, f o r l h at 20°C) 

t o s p e c i f i c a l l y ro-oxposo only those v i c i n a l d i t h i o l s m o d i f i a b l e by 

pheylarsine oxide (these v i c i n a l s u l p h y d r y l groups w i l l i n c lude those 

involved i n peptide t r a n s p o r t ) . S c u t e l l a were then t r a n s f e r r e d t o 
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carbonylcyanide-m-chlorophenylhydrazone (CCCP, 10 uM, pH 3.8, f o r 15 

min at 20°C) t o collapse the proton g r a d i e n t , hence de-energising the 

s c u t e l l a r membranes. The t i s s u e was then t r a n s f e r r e d , w i t h o u t washing, 
14 -1 t o a s o l u t i o n of N-ethyl (2,3- C) maleimide (5 mM, 1-5 uCi umol , pH 

6.8, f o r 3 min at 20°C) c o n t a i n i n g CCCP (lOuM) t o r a d i o a c t i v e l y l a b e l 

the re-exposed v i c i n a l d i t h i o l s . Stock CCCP s o l u t i o n s wereethanolic, 

and, as c o n t r o l s , s c u t e l l a were t r e a t e d i d e n t i c a l l y but w i t h the omission 

of CCCP from the ethanol. F i n a l ethanol concentrations i n a l l i n c u b a t i o n 

media were 0.5% v/v. F i n a l l y , unbound ( i . e . s o l u b l e ) N-ethyl (2,3- 1 4Q) 

maleimide was ex t r a c t e d w i t h a series of d i l u t e acetate s o l u t i o n s as 

described p r e v i o u s l y (Section 5.1.4.2). The r e s i d u a l r a d i o a c t i v i t y 

( i n c l u d i n g t h a t bound t o v i c i n a l d i t h i o l s ) was estimated by d i s s o l v i n g 

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

assayed by s c i n t i l l a t i o n counting, again as described p r e v i o u s l y (Section 

5.1.4.2). 

6.3.3 Results 

The counts per minute associated w i t h energised and de-energised 

s c u t e l l a i s shown i n Table 6.2. The experiment was performed twice 

using d i f f e r e n t s p e c i f i c a c t i v i t i e s o f r a d i o a c t i v e NEM, and each treatment 

was performed i n t r i p l i c a t e . W i t h i n each treatment, r a d i o a c t i v e b i n d i n g 

i s h i g h l y reproducible and there i s a cl e a r r e d u c t i o n i n r a d i o a c t i v e 

l a b e l l i n g associated w i t h the de-energised, CCCP-treated m a t e r i a l , as 

compared w i t h the energised, untreated c o n t r o l s . 

6.3.4 Discussion 

On the assumption t h a t the d i f f e r e n c e i n r a d i o a c t i v e l a b e l l i n g 

i s s i g n i f i c a n t , and t h a t the s u l p h y d r y l reagents themselves do not 

i n t e r f e r e w i t h the produc t i o n or maintenance of the proton g r a d i e n t , 
14 

then the decrease i n bin d i n g of C-NEM to de-energised membranes might 

be i n d i c a t i v e of a s h i f t i n the redox s t a t e of the v i c i n a l t h i o l s from 
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TABLE 6.2 

14 ( QNEM Binding t o Energised and De-energised 
Membranes 

De-energised Energised 
(CCCP Treated) (Ethanol C o n t r o l ) 

206 235 

EXPT A 220 238 

218 239 

594 825 

EXPT B 630 811 

587 822 

N-ethyl (2,3- C)maleimide b i n d i n g (Expt A, s p e c i f i c a c t i v i t y 1 uCi umol ; 

Expt B , s p e c i f i c a c t i v i t y 5 i£i umol ^; both 5 mM f o r 3 min at pH 6.8, 

20°c) t o v i c i n a l d i t h i o l s i n the absence (CCCP-treated) o r presence 

(ethanol c o n t r o l ) of membrane e n e r g i s a t i o n . Values represent counts 

per minute associated w i t h f o u r s c u t e l l a , and were performed i n t r i p l i c a t e . 

CCCP treatment comprised an i n i t i a l p r e i n c u b a t i o n (10 uM CCCP, pH 3.8, f o r 

15 min at 20°C), p r i o r t o t r a n s f e r t o the r a d i o a c t i v e l y l a b e l l e d NEM 

w i t h the f u r t h e r presence of CCCP (10 uM). 
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the r e a c t i v e d i t h i o l (reduced) c o n d i t i o n t o the non-reactive 
d i s u l p h i d e ( o x i d i s e d ) c o n d i t i o n . A l t e r n a t i v e l y , the d i f f e r e n c e i n 
bind i n g may be due to a s t r u c t u r a l or conformational a l t e r a t i o n of 
the membrane p r o t e i n ( s ) i n response to the d e s t r u c t i o n of the proton 
g r a d i e n t , such t h a t the t h i o l ligands are s t i l l i n the r e a c t i v e (reduced) 
s t a t e , but are p h y s i c a l l y made less accessible t o N-ethylmaleimide. 
Therefore, i t would seem t h a t the v i c i n a l d i t h i o l s are more s e n s i t i v e 
t o s u l p h y d r y l group m o d i f i c a t i o n when the system i s i n the energised 
s t a t e . The degree of i n a c t i v a t i o n o f peptide t r a n s p o r t i t s e l f by 
su l p h y d r y l reagents, i n r e l a t i o n t o the s t a t e of e n e r g i s a t i o n of the 
system, i s explored i n the next s e c t i o n . 

6.4 I n h i b i t i o n o f Peptide Transport by Sulphydryl Reagents i n Relation 
t o Membrane En e r g i s a t i o n 

6.4.1 I n t r o d u c t i o n 

As de-energisation of the membrane apparently decreases the 

s u s c e p t i b i l i t y o f t h i o l ligands t o covalent m o d i f i c a t i o n , an attempt 

was made t o determine whether peptide t r a n s p o r t i t s e l f showed changed 

s e n s i t i v i t y t o i n h i b i t i o n w i t h t h i o l reagents when the proton gradient 

had been t e m p o r a r i l y destroyed. 

6.4.2 Methods 

1-2 day s c u t e l l a were p r e t r e a t e d w i t h CCCP (10 uM) to e l i m i n a t e 

the proton g r a d i e n t , then incubated separately w i t h the f o l l o w i n g 

s u l p h y d r y l reagents: 1. 5mM N-ethylmaleimide (NEM); 2. 0.5 mM 

Phenylarsine oxide (PAO); 3. 4mM p-chloromercuribenzene sulphonate (PCMBS); 

a l l i n the f u r t h e r presence of CCCP (10 uM), f o r the times and pH's as 

in d i c a t e d below: 

1. CCCP (pH 3.8, 3 min), NEM + CCCP (pH 6.8, 2 min) 

2. CCCP (pH 3.8, 20 min), PAO + CCCP (pH 3.8, 5 min) 

3. CCCP (pH 3.8, 4 min), PCMBS + CCCP (pH 5, 4 min) 

A l l s c u t o l l i i were then removed, washed thoroughly and suspended i n 



162 

b u f f e r (pH 3.8) f o r 1 h t o recover from CCCP ac t i o n (Section 6.1.3.2), 
14 

p r i o r t o a standard peptide t r a n s p o r t assay using r a d i o a c t i v e Gly-(U C)Ph 
14 

or Ala-(U C)Ala. 

Control incubations were performed w i t h each s u l p h y d r y l reagent, 

i n which a l l e t h a n o l i c CCCP s o l u t i o n s were replaced w i t h equivalent 

volumes of ethanol alone. A l l ethanol concentrations were 0.5% v/v. 

A l l s o l u t i o n s were b u f f e r e d w i t h 50 mM sodium ph o s p h a t e - c i t r a t e , and 
o 

a l l incubations performed on a shaking water bath at 20 C. 

6.4.3 Results and Discussion 

With a l l three of the s u l p h y d r y l i n h i b i t o r s used, the degree of 

i n h i b i t i o n of peptide t r a n s p o r t achieved was unaf f e c t e d by the s t a t e 

of e n e r g i s a t i o n of the membrane (Table 6.3). However, a p o s i t i v e e f f e c t , 

even i f i t occurs, i s l i k e l y t o be d i f f i c u l t t o demonstrate. This i s 

because the optimal p r e i n c u b a t i o n times i n CCCP and the s u l p h y d r y l reagent 

are d i f f i c u l t t o assess. Thus, the p r e i n c u b a t i o n p e r i o d i n CCCP must 

be s u f f i c i e n t t o collapse the proton g r a d i e n t (and thus i n theory t o 

des e n s i t i z e the t h i o l l i g a n d s ) and yet the system must be able to 

recover a f t e r removal of the protonophore. Overexposure to CCCP may 

lead t o permanent i n a c t i v a t i o n of the t r a n s p o r t system. S i m i l a r l y , 

overexposure t o s u l p h y d r y l reagent may s t i l l achieve m o d i f i c a t i o n of 

the d e s e n t i s t i s e d t h i o l s despite the presence of protonophore. Therefore, 

a range of pr e i n c u b a t i o n times i n CCCP and s u l p h y d r y l reagent were used 

i n t h i s study i n an attempt t o approach the optimal c o n d i t i o n s required 

t o detect a p o s i t i v e e f f e c t . 

Thus, although CCCP could not be shown t o a f f e c t the s e n s i t i v i t y 

of the peptide t r a n s p o r t system to t h i o l m o d i f i c a t i o n , the degree of 

sulphydryl-reagent i n a c t i v a t i o n has been shown to be dependent upon 

the s t a t e of e n e r g i s a t i o n of the membranes f o r the f o l l o w i n g systems: 

the phosphate c a r r i e r i n mammalian mitochondria (Le-Quoc e t _ a l . , 1977), 
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TABLE 6.3 
I n h i b i t i o n of Peptide Transport by Sulphydryl Reagents 
i n the Presence or Absence of Membrane En e r g i s a t i o n 

Percent I n h i b i t i o n of Percent I n h i b i t i o n of Percent I n h i b i t i o n of 
Gly-Phe Transport by Ala-Ala Transport by Ala-Ala Transport by 

NEM PAO PCMBS 

De-Energised 
(CCCP-Treated) 73 72 71 

Energised 
(Ethanol C o n t r o l ) 71 71 72 

Percentage i n h i b i t i o n of e i t h e r Gly-(U 1 4C)Phe or A l a - ( U 1 4 c ) A l a uptake ( r e l a t i v e 

t o u n treated c o n t r o l s ) by 1-2 day s c u t e l l a , preincubated i n 10 urn CCCP 

( f o r times i n d i c a t e d i n t e x t ) before treatment w i t h e i t h e r 5 mM NEM ( 2 min), 

0.5 mM PAO (5 min) or 4 mM PCMBS (4 min), each c o n t a i n i n g f u r t h e r CCCP 

(10 urn). S c u t e l l a were washed and resuspended i n b u f f e r (sodium phosphate-

c i t r a t e , pH 3.8) f o r 1 h before assaying f o r peptide t r a n s p o r t . As 

c o n t r o l s , s c u t e l l a were t r e a t e d w i t h s u l p h y d r y l reagents under i d e n t i c a l 

c o n d i t i o n s except t h a t a l l CCCP s o l u t i o n s were replaced w i t h ethanol. 
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the leucine permease i n Saccharomyces c e r e v i s i a e (Ramos e_t al.,1983), 

and i n Escherichia c o l i , lactose (Cohn e_t j a l . , 1981), glucose 

(Haguenauer-Tsapis &, Kepes, 1973, 1977), g l u c u r o n i c acid (Abendano & 

Kepes, 1973) and amino acid uptake (Janick e_t _ a l . , 1977). 

6.5 F i n a l Discussion - E n e r g i s a t i o n of Transport i n Other Plant Systems 

6.5.1 General Considerations 

I t i s g e n e r a l l y agreed t h a t of the a c t i v e , mediated t r a n s p o r t 

systems t h a t operate across the c e l l membranes of higher p l a n t s , most 

are energised by means of an electrochemical g r a d i e n t of ions i n 

accordance w i t h M i t c h e l l ' s chemiosmotic hypothesis ( M i t c h e l l , 1966, 

19 76). I n the chemiosmotic model, s o l u t e t r a n s p o r t i s e f f e c t e d i n 

response t o the e l e c t r i c a l and/or the pH d i f f e r e n t i a l t o e i t h e r side 

of the membrane which e x i s t s when a gradient of ions has been produced. 

The electrochemical g r a d i e n t i t s e l f i s produced and maintained by an i o n 

pump using energy derived from ATP h y d r o l y s i s . Solute cotransport i s 

associated w i t h the r e t u r n movement of ions down the g r a d i e n t , e i t h e r 

i n the same d i r e c t i o n (symport) or i n counterflow ( a n t i p o r t ) . Cotransport 

has been the subject of several reviews (Crane,1977; Harold, 1977; 

Poole, 1978; Baker, 1978; Spanswick, 1981; Ferguson & Sorgato, 1982). 

U n t i l q u i t e r e c e n t l y , the exact i d e n t i t y of the i o n ( s ) involved 

i n the electro-chemical g r a d i e n t i n higher p l a n t systems had not been 

es t a b l i s h e d (Poole, 1974; Higinbotham & Anderson, 1974) but now, 

several l i n e s of evidence support the view t h a t s o l u t e uptake i s l i n k e d 

t o p r o t o n movement by means of the so - c a l l e d proton-motive f o r c e , or 

pmf. I n support of t h i s hypothesis, a plasmalemma-bound ATPase capable 

of generating a proton g r a d i e n t has been i d e n t i f i e d i n several p l a n t s 

( f o r a review, see Hodges, 1976). I n a d d i t i o n , the a p p l i c a t i o n of 

sugars or amino acids t o p l a n t t i s s u e s may o f t e n induce a t r a n s i e n t 

d e p o l a r i s a t i o n o f the c e l l membranes, as measured by the use of glass 

microelectrodes (Novacky e t a i l . , 1978), an observation c o n s i s t e n t w i t h 
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the movement of protons from one side t o the other (Bocher e_t al.,1980; 
Jones e t al., 1975; Etherton & Nuovo, 1974; Etherton 8c Rubinstein, 1978; 
Jung & L u t t g e , 1980). Furthermore, compounds t h a t s t i m u l a t e proton 
e x t r u s i o n , e.g. f u s i c o c c i n and i n d o l e a c e t i c acid, enhance so l u t e uptake 
( L u t t g e e t a l . , 1981; Marre,1980; Fischer & L u t t g e , 1980; Colombo et a l . , 
1978), whereas protonophores such as CCCP, DNP and acetate, t h a t have 
the reverse e f f e c t and destroy proton g r a d i e n t s , i n h i b i t t r a n s p o r t 
( S e c t i o n 6.1.1). As a d d i t i o n a l evidence f o r the r o l e of hydrogen ions 
i n s o l u t e absorption, many t r a n s p o r t processes show an a c i d i c e x t r a c e l l u l a r 
pH optimum (e.g. van Bel & Reinhold, 1975; van Bel &. Hermans, 1977; 
Guy e t £l., 1979) and uptake may lead t o the increased a l k a l i z a t i o n of 
the e x t e r n a l medium as protons are removed (van Bel & van Erven, 1976; 
Hutchings, 1978). 

6.5.2 Cotransport of Organic Solutes 

Using the above c r i t e r i a as i n d i c a t i v e of the trans-membrane 

movement of hydrogen ions, proton symport i s reported t o operate i n the 

t r a n s p o r t of sugars by a range of p l a n t t i s s u e s , e.g., sucrose by maize 

s c u t e l l a (Humphreys, 1978, 1981; Humphreys &. Smith, 1980), developing 

soybean embryos (Thorne, 1982), cotyledons of soybean ( L i c h t n e r & 

Spanswick 1981a, 1981b) castor bean cotyledons (Hutchings, 1978; 

M a r t i n & Komor, 1980; Komor e t a l . , 1980) tomato internode t i s s u e (van 

Bel & Reinhold, 1975), vacuoles of sugar beet tap r o o t (Saftner e t a l . , 

1983), and C h l o r e l l a (Komor &. Tanner 1974), and glucose by maize r o o t s 

(Kennedy, 1977). 

S i m i l a r l y , evidence has been presented f o r p r o t o n - l i n k e d amino acid 

t r a n s p o r t i n soybean embryos (Bennett and Spanswick, 1983) soybean phloem 

(Ser v a i t e s e t a l , , 1979), oat mesophyll c e l l s ( R u b i n s t e i n &. T a t t a r , 1980), 

oat c o l e o p t i l e s ( E t h e r t o n & Rubinstein, 1978), fronds of the duckweed 
t r n i l 

Lemna (Jung & Lutt g e , 1980; Fischer & Lut t g e , 1980; Luttge et a l . , 1981 ) 

t h a l l i of the aquatic l i v e r w o r t R i c c i a f l u i t a n s ( F e l l e , 1981), tomato 
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i n t e r n o d a l t i s s u e (van Bel &, van Erven, 1976; 1979) and c u l t u r e d c e l l s 
of tobacco (Smith, 1978; H a r r i n g t o n & Henke, 1981). However, i n t h i s 
regard, there i s some evidence t h a t basic amino acids are t r a n s p o r t e d 
v i a a separate c a r r i e r , at l e a s t i n some p l a n t systems ( K i n r a i d e & 
Etherton, 1978; K i n r a i d e , 1981), and the uptake of a r g i n i n e by sugar 
cane parenchyma i s not o b l i g a t o r i l y coupled t o p r o t o n movements (Komor 
e t a l . , 1981. Basic amino acids, which w i l l c a r r y a net p o s i t i v e charge 
at p h y s i o l o g i c a l pH's,could be accumulated i n response t o the membrane 
p o t e n t i a l alone ( i n t e r i o r n e g a t i v e ) , i n a s o - c a l l e d " u n i p o r t " mechanism. 

6.5.3 Transport of Inorganic Solutes 

The p r o t o n - l i n k e d c o t r a n s p o r t of several ions has also been 

demonstrated i n p l a n t s , i n c l u d i n g the symport of c h l o r i d e (Jacoby & 

Rudich, 1980), ammonium ions (Dejaegere & N e i r i n c k z , 1978), and the 

a n t i p o r t of sodium (Ratner & Jacoby, 1976). However, the r o l e of 

potassium ions i n s o l u t e uptake i s of the grea t e s t i n t e r e s t , although 

being somewhat c o n t r o v e r s i a l . A potassium-dependentcotransport of 

sugars has been reported i n l e a f mesophyll p r o t o p l a s t s (Huber & Moreland, 

1981) and Ricinus phloem (Malek &, Baker, 1977), and o f amino acids i n the 

l i v e r w o r t R i c c i a ( F e l l e e t al.,1979) and tomato xylem parenchyma (van Bel & 

van der Schoot, 1980). I n other t i s s u e s , a counterflow of potassium ions 

occurs, sometimes only t r a n s i e n t l y , as a countercurrent t o maintain 

e l e c t r i c a l n e u t r a l i t y when p r o t o n - l i n k e d uptake i s op e r a t i n g (Bellando 

e t a l . , 1979; van Bel & van Erven, 1979; Komor e t a l . , 1980), although 

as an a l t e r n a t i v e , protons may be r e c i r c u l a t e d immediately a f t e r cotransport 

by means of the proton pump ( S t e i n m u l l e r & Bentrup, 1981) t o e l i m i n a t e 

the need f o r such a counterion. C l e a r l y , f u r t h e r studies are needed t o 

e s t a b l i s h w i t h greater c e r t a i n t y the importance of potassium t o s o l u t e 

t r a n s p o r t . 

6.5.4 Other Systems 

Plant t r a n s p o r t processes o f t e n show mu l t i p h a s i c k i n e t i c s 

(e.g., L i e n & Rognes, 1977; Soldal & Nissen, 1978; S h t a r k s h a l l & 

Reinhold, 1974) and i t seems t h a t other modes of uptake, t h a t are independent 
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o f a proton gradient and non-saturable, are o p e r a t i v e , e s p e c i a l l y at 

high substrate concentrations. For example, i n a d d i t i o n t o a proton-

d r i v e n component to t r a n s p o r t , a non-saturable phase also c o n t r i b u t e s 

t o uptake i n several systems e.g. phloem lo a d i n g i n Bet a v u l g a r i s 

(Maynard & Lucas, 1982), leucine uptake by c u l t u r e d tobacco c e l l s 

(Blackman & McDaniel, 1980 ) and sucrose t r a n s p o r t by soybean cotyledons 

( L i chtner &, Spanswick, 1981b). I n both soya and Beta, s o l u t e movement 

v i a the non-saturable system i s at l e a s t as important as the proton 

d r i v e n system. 

These non-saturable systems g e n e r a l l y become i n c r e a s i n g l y s i g n i f i c a n t 

at higher concentrations of substrate ( u s u a l l y i n excess of 50 mM), and 

i n most cases s o l u t e uptake i s energy-independent ( B i r t & H i r d , 1956; 

Cameron & Duffus, 19 79; Maretski & Thorn, 1970; Stewart, 1971; 

H a r r i n g t o n & Smith, 1977; S t e i n m u l l e r & Bentrup, 1981; Thorne, 1982) 

which i s i n d i c a t i v e of a s i m p l e , d i f f u s i v e process. They are t h e r e f o r e 

e x a c t l y analogous t o t h a t described here f o r amino acids and peptides. 

However, the non-saturable components of amino acid t r a n s p o r t by 

developing soybean embryos (Bennett & Spanswick, 1983), phloem loading 

i n Beta v u l g a r i s (Maynard & Lucas, 1982) and leucine t r a n s p o r t by 

tobacco c e l l s (Blackman & McDaniel, 1980) are energy-dependent by a process, 

as yet unknown, d i s t i n c t from p r o t o n c o t r a n s p o r t ; however, i t i s p o s s i b l e 

t h a t t h i s energy-dependence i s i n d i r e c t and represents t h a t r e q u i r e d f o r 

the maintenance of c e l l i n t e g r i t y and the a b i l i t y t o r e t a i n i n t r a c e l l u l a r 

s o l u t e s . 



CONCLUDING REMARKS 



169 

Throughout t h i s t h e s i s , a t t e n t i o n has been drawn t o those t o p i c s 
which could not be i n v e s t i g a t e d i n depth as p a r t of t h i s study, but 
which nevertheless,could provide i n t e r e s t i n g avenues f o r f u t u r e work. 
I n general germs, the t r a n s p o r t of organic n i t r o g e n across membrane 
b a r r i e r s , as opposed t o the long-distance t r a n s l o c a t i o n of m a t e r i a l 
v i a the vascular system, has only r e c e n t l y been the subject of c r i t i c a l 
study, and t r a n s p o r t experiments have l a r g e l y been confined t o uptake 
i n t o i n t a c t t i s s u e s or t i s s u e fragments from r o o t s , leaves or internodes. 
However, studies l i k e t h i s provide l i t t l e i n f o r m a t i o n about the i n t e r 
c e l l u l a r or i n t r a c e l l u l a r movement of nitrogenous m a t e r i a l i n v i v o ; 
s o l u t e movement may have symplastic and a p o p l a s t i c components i n the 
p l a n t , and t h e r e f o r e the exact l o c a t i o n of a t r a n s p o r t system may be 
d i f f i c u l t t o i d e n t i f y . Considerable movement of n u t r i e n t s and 
photosynthate must occur at the c e l l t o c e l l l e v e l , and knowledge o f t h i s 
movement i s l i m i t e d , although there i s some understanding of the mechanism 
whereby the products of photosynthesis are loaded i n t o the l e a f phloem 
(Section 5.3.2.1). S i m i l a r l y , l i t t l e i s known about the extent of 
a c t i v e , trans-membrane t r a n s p o r t i n t r a c e l l u l a r l y . A p a r t i c u l a r l y 
important r o l e f o r the movement of organic n i t r o g e n across the membranes 
of organelles and vacuolar tonoplasts might be envisaged i n any t i s s u e 
undergoing r a p i d p r o t e i n degradation, e.g., d u r i n g the m o b i l i z a t i o n of 
proteinaceous reserves i n cereal grains or i n legume cotyledons, and 
also i n t i s s u e s undergoing senescence. 

Compared w i t h studies on amino acid t r a n s p o r t , the u t i l i z a t i o n and 

t r a n s p o r t of peptides by higher p l a n t s has been l a r g e l y neglected, p a r t l y 

because of the need t o devise a l t e r n a t i v e t r a n s p o r t assays t o the use of 

r a d i o a c t i v e l y l a b e l l e d peptides which are unav a i l a b l e commercially. The 

peptide t r a n s p o r t system i n the ba r l e y scutollum i s the f i r s t t o be f u l l y 

c h a r acterized i n a higher p l a n t and i t seems not u n l i k e l y t h a t other 
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peptide uptake systems are yet t o be discovered. S u r p r i s i n g l y , amino 
acid t r a n s p o r t by the c e r e a l embryo has s t i l l t o be thoroughly i n v e s t i g a t e d . 
C e r t a i n l y i n b a r l e y , next to nothing i s known of the number or s p e c i f i c i t i e s 
of systems t r a n s p o r t i n g amino acids, although the predominance of c e r t a i n 
amino acids w i t h i n the endospermal reserves might be accompanied by 
s p e c i f i c c a r r i e r s w i t h i n the s c u t e l l a r e p i t h e l i u m . 

One aspect of peptide t r a n s p o r t about which nothing i s known concerns 

i t s mechanism of r e g u l a t i o n . Amino acid t r a n s p o r t i s apparently 

r e g u l a t e d by the presence of glutamine (Nyman e t a l . , 1983), but the 

nature of the compounds ( i f any) c o n t r o l l i n g peptide t r a n s p o r t a c t i v i t y 

remain t o be i d e n t i f i e d . I f t r a n s p o r t p r o t e i n s are l a i d down de novo 

w i t h i n the scutellum, then the p r e l i m i n a r y experiments on the developing 

t r a n s p o r t systems performed i n Sections 3.6 and 3.7 p o i n t towards the 

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

they are synthesised. This might permit a d i r e c t , q u a n t i t a t i v e 

measurement t o be made of t r a n s p o r t p r o t e i n synthesis i n response t o 

e x t e r n a l l y applied i n f l u e n c e s . 

The c r u c i a l r o l e of r e d o x - s e n s i t i v e , v i c i n a l d i t h i o l s i n peptide 

t r a n s p o r t by the b a r l e y scutellum has been e s t a b l i s h e d . The system 

shows p a r a l l e l s w i t h others operating elsewhere, e s p e c i a l l y the uptake 

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

groups, i n p a r t i c u l a r a d i t h i o l - d i s u l p h i d e interchange, may place a 

general, c e n t r a l r o l e i n membrane t r a n s p o r t . I n t h i s study, a procedure 

f o r the s e l e c t i v e r a d i o a c t i v e l a b e l l i n g of the peptide transport-dependent 

v i c i n a l d i t h i o l s has been e s t a b l i s h e d . Autoradiography of sections o f 

r a d i o a c t i v e l y l a b e l l e d s c u t e l l a i n d i c a t e d t h a t these v i c i n a l d i t h i o l s were 

loc a t e d almost e x c l u s i v e l y i n the plasmalemmae of the e p i t h e l i a l c o l l s . 

Radioactive l a b e l l i n g was not observed i n any i n t r a c e l l u l a r membranes, 

e.g. t o n o p l a s t s , suggesting t h a t d i t h i o l - d e p e n d e n t t r a n s p o r t d i d not 

occur i n t o the vacuolar compartment. The s p e c i f i c r a d i o a c t i v e l a b e l l i n g 
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of the v i c i n a l d i t h i o l s i s c l e a r l y a p r e r e q u i s i t e f o r any attempt t o 
e x t r a c t and t o i s o l a t e the t r a n s p o r t p r o t e i n s themselves. P r e l i m i n a r y 
experiments ( S e c t i o n 5.1.8) i n d i c a t e d t h a t protein-bound r a d i o a c t i v i t y 
could be e x t r a c t e d w i t h a membrane s o l u b i l i z e r and i s o l a t e d on a 
polyaery1amide g e l . Further studies are r e q u i r e d t o optimize the 
co n d i t i o n s f o r e x t r a c t i n g s c u t e l l a r p r o t e i n s , and moreover any e x t r a c t e d 
r a d i o a c t i v i t y must f i r s t be p o s i t i v e l y i d e n t i f i e d as a component of 
the peptide t r a n s p o r t system. I t should then be possible t o c h a r a c t e r i z e 
the p r o t e i n s i n depth, u l t i m a t e l y i n terms of sequence a n a l y s i s . 

The c r i t i c a l r o l e of t h i o l s i n amino acid and glucose t r a n s p o r t 

could not be shown here, although the p o s s i b i l i t y t h a t e s s e n t i a l t h i o l 

residues are i n v o l v e d , but are i n a c c e s s i b l e t o the p a r t i c u l a r i n h i b i t o r s 

used, must not be r u l e d out. No doubt the use of other s u l p h y d r y l -

s p e c i f i c reagents, which d i f f e r i n t h e i r p e n e t r a b i l i t y and r e a c t i v i t y , 

could help r e s o l v e t h i s question. S i m i l a r l y , other reagents w i t h 

d i f f e r e n t amino acid s e n s i t i v i t i e s might be studied,for not a l l of the 

reagents c u r r e n t l y a v a i l a b l e w i t h h i g h s p e c i f i c i t y were used here, 

notably the t o x i c s e r i n e - s p e c i f i c chemicals. I n t h i s respect, the 

use of p h o t o a f f i n i t y l a b e l s o f f e r s e x c i t i n g prospects i n the f i e l d o f 

t r a n s p o r t biochemistry. The use of a s u i t a b l y designed p h o t o a f f i n i t y 

l a b e l , e s p e c i a l l y i f i t can be synthesised i n a r a d i o a c t i v e l y l a b e l l e d form, 

allows the o p p o r t u n i t y t o l a b e l w i t h considerable s p e c i f i c i t y the t a r g e t 

t r a n s p o r t p r o t e i n s . T h e i r use should complement and extend the present 

chemical m o d i f i c a t i o n approach. 

Studies described i n chapter 6 provide good evidence t h a t peptide , 

amino acid and glucose uptake by the scutellum i s coupled t o the 

movement of protons i n a cotransport mechanism. The i n h i b i t i o n of 

t r a n s p o r t by DCCD would i n d i c a t e t h a t the proton gradient i s generated, 

at l e a s t i n p a r t , by means of ATPase a c i v i t y . Further research could be 
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aimed at c h a r a c t e r i z i n g the development, l o c a l i z a t i o n and a c t i v i t y of 
the ATPase complexes i n the ba r l e y scutellum, since these enzymes, 
g e n e r a l l y , have p r e v i o u s l y received l i t t l e a t t e n t i o n i n p l a n t s . 

F i n a l l y , t o summarise, the barley scutellum has proved t o be an 

i d e a l t i s s u e w i t h which t o study i n some depth the c h a r a c t e r i s t i c s of 

peptide t r a n s p o r t . Experimentally, s c u t e l l a are quick and easy t o 

prepare, are h i g h l y amenable t o use i n v i t r o , and d i s p l a y r a t e s of uptake 

t h a t are s u f f i c i e n t l y r a p i d t o be r e a d i l y detectable over a conveniently 

s h o r t p e r i o d of time. Moreover, a c l e a r r o l e can be e s t a b l i s h e d f o r the 

purpose of the t r a n s p o r t system i n v i v o . I t i s t o be hoped, t h e r e f o r e , 

t h a t f u r t h e r work on the scutellum w i l l help t o shed more l i g h t on the 

comple x i t i e s of a c t i v e t r a n s p o r t i n a higher p l a n t , and hence enable 

comparisons t o be made w i t h the more w i d e l y studied mammalian and m i c r o b i a l 

systems. 



APPENDIX 1 Abbreviations 

AOA aminooxyacetic acid 

NEM N-ethylmaleimide 

PCMBS p-chloromercuribenzenesulphonic acid 

PAO phenylarsine oxide 

DTT d i t h i o t h r e i t o l 

NDA N- d a n s y l a z i r i d i n e 

WRK N-ethyl-5-phenylisoxazolium-3'-sulphonate 
(Woodward's Reagent K) 

DEPC die t h y l p y r o c a r b o n a t e 

PG phenylglyoxal 

DNP 2,4-dinitrophenol 

DCCD dicyclohexylcarbodiinri.de 

CCCP Carbonylcyanide-m-chlorophenylhydrazone 

GSH g l u t a t h i o n e (reduced) 

GSSG g l u t a t h i o n e ( o x i d i s e d ) 

http://dicyclohexylcarbodiinri.de


APPENDIX 2 

Culture Medium f o r I s o l a t e d Embryos (White,1934) 

mg per 1 

Ca( N 0 3 ) 2 200 

MgS04 720 

Na SO, 200 2 4 
KC1 60 

NaH PO 16 

F e 2 ( S 0 4 ) 3 2 

MnSO,, 4 4 
ZnS0„ 2 4 
H3 B°3 2 

Thiamin 0.2 

N i a c i n 1 

Glucose 10 g 



APPENDIX 3 

C a l c u l a t i o n of the Amount of Peptide Transport 
P r o t e i n Present Per Scutellum 

S c u t e l l a were t r e a t e d w i t h NEM w i t h a s p e c i f i c r a d i o a c t i v i t y of 
-1 4 2 ^iCi umol . But, since 1 uCi = 3.7 x 10 d i s i n t e g r a t i o n s per 

4 

second (dps), then, 1 umol NEM = 2 x 3.7 x 10 x 60 d i s i n t e g r a t i o n s 

per minute (dpm). I f the e f f i c i e n c y of s c i n t i l l a t i o n count of 

carbon-14 i s about 70%, then, 1 umol NEM = 1.55 x 10 cpm. 

From Figure 5.3, the d i f f e r e n c e i n bound counts between phenylarsine 

o x i d e - t r e a t e d , and untreated s c u t e l l a i s 1500 cpm, which represents 

b i n d i n g t o v i c i n a l d i t h i o l . 
6 

Therefore, i f 1 umol NEM = 1.55 x 10 cpm, 

Then 1500 cpm = 1 nmol NEM bound per scutellum. 

Assuming t h a t a l l v i c i n a l d i t h i o l s e x c l u s i v e l y represent peptide 

t r a n s p o r t p r o t e i n , and assuming t h a t each p r o t e i n has two v i c i n a l 

d i t h i o l groupings, then 0.25 nmol of peptide t r a n s p o r t p r o t e i n are 

present per scutellum. 

I f an average p r o t e i n molecular weight i s taken as 40,000 

This represents 10 Tag of peptide t r a n s p o r t p r o t e i n per scutellum. 
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