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ABSTRACT 

The number and s p e c i f i c i t i e s o f p e p t i d e t r a n s p o r t s y s t e m s i n 

E s c h e r i c h i a c o l i a r e i n v e s t i g a t e d u s i n g d i r e c t and s e n s i t i v e 

f l u o r e s c e n c e a s s a y s and t r a n s p o r t - d e f i c i e n t mutants i s o l a t e d as 

r e s i s t a n t to p e p t i d e m i m e t i c a n t i b i o t i c s . I t i s shown t h a t t h e r e 

a r e t h r e e p e p t i d e permeases o f w h i c h the o l i g o p e p t i d e permease 

(Opp) i s c o n f i r m e d a s b e i n g c a p a b l e o f t r a n s p o r t i n g a wide range 

o f d i - and o l i g o p e p t i d e s and the d i p e p t i d e permease (Dpp) and 

t h i r d p e p t i d e permease (Opt) a r e both shown to have w i d e r 

s p e c i f i c i t i e s than has been p r e v i o u s l y r e p o r t e d . The Opt i s 

shown to be e n e r g i s e d d i r e c t l y by phosphate bond ene r g y and i s 

coded f o r by a gene mapping between 84 and 88 min. 

The a p p l i c a b i l i t y of m o n i t o r i n g the k i n e t i c s of p e p t i d e uptake 

a s a means o f m e a s u r i n g o u t e r membrane p e r m e a b i l i t y i s s t u d i e d . 

U s i n g t h i s method w i t h w i l d type and o u t e r membrane p r o t e i n 

d e f i c i e n t s t r a i n s , t h e p o r i n s a r e shown to be the major r o u t e f o r 

p e p t i d e d i f f u s i o n a c r o s s the o u t e r membrane. The a d v a n t a g e s o f 

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

i n p e r m e a b i l i t y c a u s e d by l o s s of OmpA, a r e d i s c u s s e d . 
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I n t a c t p e p t i d e uptake i s shown i n Pseudomonas a e r u g i n o s a . 

Uptake a p p e a r s t o be c o n s t i t u t i v e , a l t h o u g h slow compared w i t h 

t h a t i n o t h e r b a c t e r i a , and d i s t i n c t from amino a c i d t r a n s p o r t . 

T h e r e a r e p r o b a b l y two t r a n s p o r t s y s t e m s , a n a l o g o u s to t he Dpp 

and Opp of c o l i , both c o u p l e d to phosphate bond ene r g y and 

c a p a b l e of t r a n s p o r t i n g a range o f d i - and o l i g o p e p t i d e s . 
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1 INTRODUCTION 

1.1 INTRODUCTION 

F o r a long time p e p t i d e s have been known to be 

n u t r i t i o n a l l y v a l u a b l e f o r a wide range o f m i c r o o r g a n i s m s . 

Many c o m m e r c i a l l y a v a i l a b l e growth media c o n t a i n peptones 

( s e e f o r example, D i f c o Manual, 9 t h e d i t i o n , 1953) which 

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

a c i d s . O n l y i n the l a s t 20 y e a r s however, s i n c e d e f i n e d 

s m a l l p e p t i d e s have become a v a i l a b l e , have p e p t i d e t r a n s p o r t 

s y s t e m s been s t u d i e d i n d e t a i l . I n t a c t p e p t i d e uptake h a s 

now been d e m o n s t r a t e d i n a v a r i e t y o f o r g a n i s m s i n c l u d i n g : 

p r o k a r y o t e s , e u k a r y o t i c m i c r o o r g a n i s m s , p r o t o z o a n s , mammalian 

org a n s and p l a n t s ( f o r r e v i e w s s e e Payne, 1980; B e c k e r and 

N a i d e r , 1980; W o l f i n b a r g e r , 1980; Rasmussen and Zdanowski 

1980; Matthews, 1975; H i g g i n s and Payne, 1980; Matthews and 

Payne, 1 9 8 0 ) . 

Much o f the work on p e p t i d e t r a n s p o r t i n m i c r o o r g a n i s m s 

has c e n t r e d on t he E n t e r o b a c t e r i a c e a e and on E s c h e r i c h i a c o l i 

i n p a r t i c u l a r . A l a c k of s u i t a b l e a s s a y s f o r p e p t i d e 

t r a n s p o r t has g r e a t l y h i n d e r e d work on p e p t i d e t r a n s p o r t so 

t h a t not even the t r a n s p o r t s y s t e m s o f E . c o l i a r e w e l l 
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c h a r a c t e r i s e d . R e c e n t a d v a n c e s i n a s s a y t e c h n i q u e s (Payne 

and B e l l , 1979; N i s b e t and Payne 1979a; Payne and N i s b e t , 

1981) have a l l o w e d t r a n s p o r t s y s t e m s t o be d i r e c t l y 

i n v e s t i g a t e d i n d e t a i l . I n the p r e s e n t work, t h e s e new 

t e c h n i q u e s have been used to c h a r a c t e r i s e the p e p t i d e 

t r a n s p o r t s y s t e m s o f E ^ c o l i i n more d e t a i l t h a n was 

p r e v i o u s l y p o s s i b l e . 

R e c e n t l y t h e r e has been i n t e r e s t i n the p o s s i b i l i t y of 

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

o t h e r w i s e impermeant t o x i c m o i e t i e s i n t o the c e l l . To d e s i g n 

the most e f f e c t i v e a n t i b i o t i c s , t h e p e p t i d e t r a n s p o r t 

s p e c i f i c i t i e s o f t he t a r g e t o r g a n i s m must f i r s t be w e l l 

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

i m p o r t a n t o r g a n i s m and i s r e s i s t a n t to most o f the 

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

p a r t i c u l a r a new c l a s s o f a n t i b i o t i c a gent, would be u s e f u l . 

I t was w i t h t h i s i n mind t h a t an i n v e s t i g a t i o n o f p e p t i d e 

t r a n s p o r t i n P^ a e r u g i n o s a was a l s o u n d e r t a k e n h e r e . 

Payne (1968) deduced, from the r e s u l t s o f c o m p e t i t i o n 

s t u d i e s , t h a t t h e upper s i z e l i m i t f o r p e p t i d e t r a n s p o r t i n 

E. c o l i was l i k e l y to be a p r o p e r t y of the c e l l e n v e l o p e 

r a t h e r than the p e p t i d e permease per se . At t h a t time v e r y 

l i t t l e was known about the p e r m e a b i l i t y p r o p e r t i e s o f the 

c e l l e n v e l o p e o f Gram-negative b a c t e r i a . S i n c e then t h e r e 
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has been c o n s i d e r a b l e i n t e r e s t i n t h i s a r e a and we now have a 

much b e t t e r u n d e r s t a n d i n g o f t h e f u n c t i o n o f t h e o u t e r 

membrane. I t seemed an opportune time, i n the l i g h t o f t h e s e 

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

membrane i n p e p t i d e t r a n s p o r t i n E ^ c o l i . The e f f e c t s o f the 

l o s s o f o u t e r membrane p r o t e i n s on p e p t i d e t r a n s p o r t have 

been s t u d i e d h e r e . 

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

f o l l o w i n g a r e a s i s s u r v e y e d : 

S e c t i o n 1.2. The s t r u c t u r e and f u n c t i o n o f t h e o u t e r 

membrane o f Gram n e g a t i v e b a c t e r i a . 

S e c t i o n 1.3. P e p t i d e t r a n s p o r t i n m i c r o o r g a n i s m s . 

S e c t i o n 1.4. Methods f o r s t u d y i n g p e p t i d e t r a n s p o r t . 

S e c t i o n 1.5. N i t r o g e n m e t a b o l i s m i n Pseudomonas 

a e r u g i n o s a . 

1.2 STRUCTURE AND FUNCTION OF THE OUTER MEMBRANE OF 

GRAM-NEGATIVE BACTERIA 

I n t r o d u c t i o n 
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Almost a l l b a c t e r i a have a l i p i d b i l a y e r c y t o p l a s m i c 

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

G r am-negative b a c t e r i a a l s o p o s s e s s a second membrane o u t s i d e 

the p e p t i d o g l y c a n l a y e r , known a s t h e o u t e r membrane. I n 

between the i n n e r membrane and the o u t e r membrane i s an a r e a 

c a l l e d the p e r i p l a s m i c s p a c e ( s e e F i g u r e 1 . 1 ) . Gram-negative 

b a c t e r i a a r e g e n e r a l l y more r e s i s t a n t t o d e t e r g e n t s and 

hyd r o p h o b i c a n t i b i o t i c s than a r e G r a m - p o s i t i v e b a c t e r i a , 

w hich c a n l a r g e l y be a s c r i b e d to the p r e s e n c e or absence 

r e s p e c t i v e l y o f the o u t e r membrane. The r e l a t i v e 

i m p e r m e a b i l i t y o f t he o u t e r membrane to c e r t a i n m o l e c u l e s , 

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

n u t r i e n t m o l e c u l e s , has l e a d to much r e c e n t i n t e r e s t i n t h e 

s t r u c t u r e and f u n c t i o n o f t he o u t e r membrane. A complete 

r e v i e w o f the i n v e s t i g a t i o n s o f the o u t e r membrane i s 

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

to c o n c e n t r a t e m a i n l y on the a s p e c t s most r e l e v a n t t o t h e 

work p r e s e n t e d h e r e . F u r t h e r d e t a i l s o f a r e a s not c o v e r e d 

h e r e may be o b t a i n e d from the r e c e n t r e v i e w s o f o u t e r 

membrane s t r u c t u r e and f u n c t i o n ( I n o u y e , 1979; L u g t e n b e r g , 

1981; L u g t e n b e r g and Van Alphen, 1 9 8 3 ) . 

C e l l e n v e l o p e s t r u c t u r e 

The c y t o p l a s m i c membrane i s m a i n l y p h o s p h o l i p i d and 

p r o t e i n . I t i s i n v o l v e d i n a c t i v e t r a n s p o r t o f n u t r i e n t s 
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i n t o t h e c e l l and a l s o p l a y s a r o l e i n the s y n t h e s i s and 

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

and p e r i p l a s m i c and o u t e r membrane p r o t e i n s . 

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

N - a c e t y l m u r a m i c a c i d and N - a c e t y l g l u c o s a m i n e r e s i d u e s , 

c r o s s - l i n k e d to g i v e the s t r u c t u r e r i g i d i t y . The 

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

a l l o w s t h e c e l l t o grow i n h y p o t o n i c e n v i r o n m e n t s where 

t u r g o r p r e s s u r e would o t h e r w i s e c a u s e c e l l l y s i s . I n 

h y p o t o n i c c o n d i t i o n s , t h e c y t o p l a s m i c membrane w i l l be pushed 

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

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

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

p e p t i d o g l y c a n i s l i n k e d to the o u t e r membrane v i a p r o t e i n s 

and h e l p s to anchor the o u t e r membrane i n p l a c e . 

The p e r i p l a s m i c s p a c e l i e s between the i n n e r and o u t e r 

membranes and may be as much as 40% of the t o t a l c e l l volume 

( S t o c k e t a l . , 1 9 7 7 ) . The p e r i p l a s m i c s p a c e c o n t a i n s 

p r o t e i n s and o l i g o s a c c h a r i d e s . The p r o t e i n s have a range o f 

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

f o r some a c t i v e t r a n s p o r t s y s t e m s ) , enzymes f o r c o n v e r t i n g 

n u t r i e n t m o l e c u l e s i n t o s u b s t r a t e s f o r permeases and enzymes 

i n v o l v e d i n c e l l u l a r d e f e n c e mechanisms e.g. B - l a c t a m a s e s . 

The o l i g o s a c c h a r i d e s a r e p r o b a b l y i n v o l v e d i n r e g u l a t i n g t h e 
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c e l l u l a r o s m o t i c b a l a n c e (Kennedy, 1 9 8 2 ) . 

The o u t e r membrane c o n t a i n s p h o s p h o l i p i d , 

l i p o p o l y s a c c h a r i d e ( L P S ) , l i p o p r o t e i n and p r o t e i n . The 

l i p o p r o t e i n a n c h o r s t h e o u t e r membrane to the p e p t i d o g l y c a n . 

The o u t e r membrane p r o v i d e s a b a r r i e r to d e t e r g e n t s , enzymes 

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

o f p e r i p l a s m i c p r o t e i n s . The o u t e r membrane i s a l s o i n v o l v e d 

i n c e l l - c e l l i n t e r a c t i o n s and h o s t - c e l l i n t e r a c t i o n s i n 

p a t h o g e n i c s p e c i e s and c o n t a i n s r e c e p t o r s i t e s f o r phages, 

e t c . ( I n o u y e , 1 9 7 9 ) . 

T h e r e a r e s e v e r a l hundred s o - c a l l e d zones o f a d h e s i o n 

between the i n n e r and o u t e r membranes ( B a y e r , 1 9 7 9 ) , w h i c h 

a r e b e l i e v e d to be i n v o l v e d i n t he t r a n s l o c a t i o n of o u t e r 

membrane components from t h e i r s i t e of s y n t h e s i s on the i n n e r 

membrane t o t h e i r s i t e s i n t h e o u t e r membrane. 

A d d i t i o n a l l a y e r s may be p r e s e n t o u t s i d e the o u t e r 

membrane e.g. a c a p s u l a r l a y e r o f p o l y s a c c h a r i d e or an 

A - l a y e r of r e p e a t e d p r o t e i n s u b - u n i t s . T h e s e a d d i t i o n a l 

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

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

( L u g t e n b e r g and Van Alphen 1983) . F l a g e l l a e and t he sex p i l i 

(when p r e s e n t ) a r e anchored i n the c e l l e n v e l o p e . 
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Outer membrane components 

The development o f t e c h n i q u e s f o r s e p a r a t i n g t h e i n n e r and 

o u t e r membranes, by s u c r o s e d e n s i t y g r a d i e n t c e n t r i f u g a t i o n 

(Miura and Mizushima, 1969) or by d i f f e r e n t i a l s o l u b i l i s a t i o n 

i n d e t e r g e n t s ( S c h n a i t m a n , 1 9 7 0 ) , a l l o w e d the c o n s t i t u e n t s o f 

the o u t e r membrane to be a n a l y s e d . The major c o n s t i t u e n t s 

were shown to be h i g h l y v a r i a b l e (De L e i j and W i t h o l t , 1977; 

S c h w e i z e r e t a l . , 1976; Smit e t a l . , 1975; Gmeiner and 

S c h l e c h t , 1979,1980) even between s t r a i n s o f E s c h e r i c h i a 

c o l i . , a l t h o u g h t h i s may be due i n p a r t to d i f f e r e n t growth 

c o n d i t i o n s and a s s a y p r o c e d u r e s . Most o f the work i n t h i s 

a r e a has been done on E n t e r o b a c t e r i a . 

P h o s p h o l i p i d 

Over 90% o f the p h o s p h o l i p i d i n the o u t e r membrane i s 

p h o s p h a t i d y l e t h a n o l a m i n e (compared w i t h 50-60% i n the i n n e r 

membrane), w h i l e the r e s t i s a m i x t u r e o f 

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

and P e t e r s , 1976; B a y e r , 1 9 7 9 ) . The p h o s p h a t i d y l e t h a n o l a m i n e 

i n the o u t e r membrane c o n t a i n s more s a t u r a t e d f a t t y a c i d s and 

fewer s p e c i e s w i t h two u n s a t u r a t e d f a t t y a c i d s than t h e 

p h o s p h a t i d y l e t h a n o l a m i n e i n the i n n e r membrane ( L u g t e n b e r g 

and P e t e r s , 1976; I s h i n a g a e t a l • , 1 9 7 9 ) . T h e r e i s a r a p i d 

i n t e r c h a n g e between p h o s p h o l i p i d i n the i n n e r and o u t e r 
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membranes ( J o n e s and Osborn, 1 9 7 7 a , b ) , but t h e asymmetry 

between the membranes i s m a i n t a i n e d . I t has been s u g g e s t e d 

t h a t t h i s asymmetry i s m a i n t a i n e d b e c a u s e 

p h o s p h a t i d y l e t h a n o l a m i n e forms s t a b l e b i l a y e r s w i t h LPS 

( F r i e d and R o t h f i e l d , 1 9 7 8 ) . I n S a l m o n e l l a typhimurium i t 

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

enough to f i l l one s i d e o f the l i p i d b i l a y e r (Smit e t a l . , 

1975; Kamio and N i k a i d o , 1 9 7 6 ) . S e v e r a l s t u d i e s have shown 

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

(Tamaki e t a l . , 1971; Tamaki and M a t s u h a s h i , 1973; W i l k i n s o n , 

1972; S c h i n d l e r and Teuber, 1978; Van Alphen e t a l . , 1 9 7 7 ) . 

These e x p e r i m e n t s i n d i c a t e t h a t t h e p h o s p h o l i p i d i s a l m o s t 

e n t i r e l y r e s t r i c t e d t o the i n n e r l e a f l e t o f t he o u t e r 

membrane i n c o l i and S_̂  typhimur ium. I n o t h e r 

G ram-negative o r g a n i s m s t h a t a r e s e n s i t i v e t o h y d r o p h o b i c 

a n t i b i o t i c s , t h e r e may a l s o be some p h o s p h o l i p i d i n the o u t e r 

l a y e r o f the membrane ( L y s k o and Morse, 1 9 8 1 ) . 

L i p o p o l y s a c c h a r i d e 

LPS i s o n l y found i n the o u t e r membrane of Gram-negative 

b a c t e r i a ( M uhlradt and G o l e c k i , 1 9 7 5 ) . I t i s an a m p h i p a t h i c 

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

a h y d r o p h i l i c s u g a r c h a i n which i s o f t e n branched (a 

s c h e m a t i c r e p r e s e n t a t i o n of the s t r u c t u r e o f LPS i s shown i n 

F i g u r e 1 . 2 ) . 
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L i p i d A, i s a h i g h l y c o n s e r v e d s t r u c t u r e i n t h e 

E n t e r o b a c t e r i a c e a e ( L u d e r i t z e t a l . , 1 9 7 1 ) , b e i n g a 

g l y c o l i p i d c o n t a i n i n g a B - ( l - 6 ) l i n k e d g l u c o s a m i n e 

d i s a c c h a r i d e u n i t , w i t h a phosphate i n p o s i t i o n 1 and a 

phosphate or py r o p h o s p h a t e i n p o s i t i o n 4', and a p p r o x i m a t e l y 

6 f a t t y a c y l c h a i n s c o m p r i s i n g p r e d o m i n a n t l y 12 or 14 c a r b o n 

atoms ( R i e t s c h e l _et a l . , 1972; Rosner e t a l . , 1979; 

Wollenweber e t a l . , 1 9 8 2 ) . 

The p o l y s a c c h a r i d e c h a i n , which i s c o v a l e n t l y a t t a c h e d t o 

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

which i s h i g h l y c o n s e r v e d amongst t h e E n t e r o b a c t e r i a c e a e , and 

the O - a n t i g e n which shows g r e a t d i v e r s i t y even among s t r a i n s 

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

s u g a r s 3-deoxy D-manno o c t u l o s o n i c a c i d and L - g l y c e r o D-manno 

h e p t o s e i n E n t e r o b a c t e r i a c e a e . T h e r e a r e a l s o s e v e r a l o t h e r 

s u g a r s p r e s e n t e.g. g l u c o s e and g a l a c t o s e (Osborn, 1969; 

L u d e r i t z e t a l . , 1 9 7 1 ) . The O - a n t i g e n c o n s i s t s o f u n i t s o f 

3-6 suga r r e s i d u e s w i t h up to f o r t y or more r e p e a t i n g u n i t s . 

A wide range o f d i f f e r e n t and o f t e n c h a r g e d s u g a r s a r e found 

i n the O - a n t i g e n , and the l e n g t h of the c h a i n c a n v a r y even 

among c e l l s i n the same c u l t u r e (Goldman and L e i v e , 1 9 8 0 ) . 

F o r a more d e t a i l e d a c c o u n t o f t he s t r u c t u r e of t he LPS s e e 

G a l a n o s e t a l . (1977) or L u g t e n b e r g and Van Alphen ( 1 9 8 3 ) . 
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S t u d i e s u s i n g mutants c o n t a i n i n g p a r t i a l l y d e f e c t i v e LPS 

have shown t h a t LPS i s m a i n l y r e s p o n s i b l e f o r the 

i m p e r m e a b i l i t y of t h e o u t e r membrane to h y d r o p h o b i c 

m o l e c u l e s . The o u t e r l a y e r o f t h e o u t e r membrane i s thou g h t 

t o c o n s i s t e n t i r e l y of LPS and p r o t e i n i n a 60:40 r a t i o 

( L u g t e n b e r g and Van Alphen, 1 9 8 3 ) . Both the h y d r o p h i l i c 

p o r t i o n o f p r o t e i n s exposed a t the c e l l s u r f a c e and t he 

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

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

o r g a n i s m s w h i c h a r e r e l a t i v e l y permeable to h y d r o p h o b i c 

m o l e c u l e s i t has been s u g g e s t e d ( L y s k o and Morse, 1981) t h a t 

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

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

m o l e c u l e s . 

E n t e r o b a c t e r i a l common a n t i g e n 

E n t e r o b a c t e r i a l common a n t i g e n (ECA) i s found i n t he o u t e r 

membrane of most E n t e r o b a c t e r i a c e a e (Makela and Mayer, 1 9 7 6 ) . 

ECA i s a polymer o f N - a c e t y l D-glucosamine and 

D-mannosaminuronic a c i d p a r t l y e s t e r i f i e d by p a l m i t i c a c i d 

( f o r r e v i e w s o f t h e s t r u c t u r e and f u n c t i o n o f ECA s e e Makela 

and Mayer, 1976; Mayer and Schmidt, 1 9 7 9 ) . ECA can e i t h e r 

e x i s t i n a f r e e form, or a t t a c h e d to LPS i n a s i m i l a r way to 

O - a n t i g e n . 
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P r o t e i n s 

The o u t e r membrane c o n t a i n s l a r g e numbers o f r e l a t i v e l y 

few p r o t e i n s p e c i e s (major o u t e r membrane p r o t e i n s ) and s m a l l 

numbers o f a f u r t h e r 10-20 p r o t e i n s p e c i e s (minor o u t e r 

membrane p r o t e i n s ) , a l t h o u g h t h e s e terms c a n be m i s l e a d i n g a s 

under c e r t a i n growth c o n d i t i o n s t h e p r o d u c t i o n o f some minor 

p r o t e i n s c a n be i n c r e a s e d . The major p r o t e i n s c o n s i s t o f t h e 

l i p o p r o t e i n , t h e OmpA p r o t e i n and the p o r i n p r o t e i n s . The 

minor p r o t e i n s i n c l u d e s p e c i f i c pore p r o t e i n s and r e c e p t o r 

p r o t e i n s f o r phages and c o l i c i n s . 

V e r y few enzymic a c t i v i t i e s have been r e p o r t e d t o be 

a s s o c i a t e d w i t h the o u t e r membrane but t h o s e which have 

i n c l u d e : i n c o l i , p h o s p o l i p a s e , UDP-glucose h y d r o l a s e , 

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

s i g n a l p e p t i d a s e ( L u g t e n b e r g and Van Alphen, 1 9 8 3 ) , i n 

S e r r a t i a m a r c e s c e n s , l i p a s e , n u c l e a s e and p r o t e a s e a c t i v i t i e s 

have been found a s s o c i a t e d w i t h the o u t e r membrane (Braun and 

S c h m i t z , 1980; W i n k l e r e t a l . , 1978) a l t h o u g h t h i s may o n l y 

be an i n t e r m e d i a t e l o c a t i o n i n p r o t e i n e x c r e t i o n ( H e l l e r , 

1 9 7 9 ) . N e i s s e r i a m e n i n g i t i d i s o u t e r membranes have been 

shown to c o n t a i n t e t r a m e t h y l p h e n y l d i a m i n e o x i d a s e a c t i v i t y 

(De Voe and G i l c h r i s t , 1 9 7 6 ) . 

L i p o p r o t e i n 
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The l i p o p r o t e i n i s t h e most abundant p r o t e i n i n t h e 

b a c t e r i a l c e l l w i t h a p p r o x i m a t e l y 7.5x10 s c o p i e s p r e s e n t . I t 

was f i r s t d i s c o v e r e d by B r a u n and Rehn (1969) and i s o f t e n 

known a s B r a u n ' s l i p o p r o t e i n . I n E ^ c o l i t h e l i p o p r o t e i n has 

a m o l e c u l a r w e i g h t o f 7,200 and c o n t a i n s 58 amino a c i d 

r e s i d u e s . I t i s bound by the E-amino group o f i t s C - t e r m i n a l 

l y s i n e t o t h e °< - c a r b o x y l group o f e v e r y t e n t h to t w e l f t h 

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

N - t e r m i n a l g l y c e r y l c y s t e i n e r e s i d u e has t h r e e f a t t y a c i d 

c h a i n s a t t a c h e d , two by e s t e r l i n k a g e s and one by an amide 

l i n k a g e . The l i p o p r o t e i n does not c o n t a i n h i s t i d i n e , 

t r y p t o p h a n , g l y c i n e , p r o l i n e or p h e n y l a l a n i n e . O n l y one 

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

p e p t i d o g l y c a n , the o t h e r two t h i r d s b e i n g i n a f r e e form. 

Both forms have been i s o l a t e d and sequenced (Braun and B o s c h , 

1972; Inouye e t a l . , 1 9 7 6 ) . P u r i f i e d l i p o p r o t e i n i s r i c h i n 

<x-helix and p r o b a b l y forms a h e l i c a l rod s t r u c t u r e i n v i v o 

( I n o u y e , 1 9 7 4 ) . F o r r e v i e w s o f t h e s t r u c t u r e o f t h e 

l i p o p r o t e i n s e e D i R i e n z o ejt a l . (1978) , and I n o u y e (1979) . 

The s t r u c t u r e of the l i p o p r o t e i n i s h i g h l y c o n s e r v e d among 

the E n t e r o b a c t e r i a c e a e (Nakamura and Inouye, 1979, 1980) and 

i s a l s o found i n Aeromonas s a l m o n i c i d a (Evenberg e t a l . , 

u n p u b l i s h e d d a t a i n L u g t e n b e r g and Van Alphen, 1 9 8 3 ) , 

Pseudomonas a e r u g i n o s a (Mizuno and Kageyama, 1979a) and 

Rhodopseudomonas s p h e r o i d e s (Baumgartner e t a l . , 1 9 8 0 ) , 
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a l t h o u g h the l i p o p r o t e i n i n t h e s e s p e c i e s has no homology 

w i t h t h a t o f the E n t e r o b a c t e r i a c e a e . 

The s t r u c t u r a l gene f o r the l i p o p r o t e i n ( l p p ) has been 

mapped a t 36.3min and mutants d e f e c t i v e i n t h i s gene have 

been i s o l a t e d . T h e s e mutants l e a k p e r i p l a s m i c enzymes and 

produce o u t e r membrane v e s i c l e s ( H i r o t a e t a l . , 1 9 7 7 ) , 

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

o u t e r membrane. 

The l p p genes o f E_^ c o l i K12 (Nakamura and I n o u y e , 1979) , 

S e r r a t i a m a r c e s c e n s (Nakamura and I n o u y e , 1980) and E r w i n i a 

a mylovora (Yamagata ^ t a l . , 1981) have been c l o n e d and 

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

l i p o p r o t e i n . M u l t i p l e c o p i e s o f the I p p gene on p l a s m i d s 

r e s u l t i n a r i s e i n the l e v e l s o f f r e e l i p o p r o t e i n but do not 

a f f e c t t h e l e v e l s of bound l i p o p r o t e i n (Lee e t a l . , 1 9 8 1 ) , 

however the use o f a h i g h copy number p l a s m i d p r o d u c e s l e t h a l 

o v e r p r o d u c t i o n o f l i p o p r o t e i n (Lee e t a l . , 1 9 8 1 ) . 

M c L a c h l ^ n (1978) has p roposed t h a t the a c y l c h a i n s o f the 

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

membrane w h i l e the C - t e r m i n a l end i s a t t a c h e d to the 

p e p t i d o g l y c a n . I n c r o s s - l i n k i n g s t u d i e s , f r e e l i p o p r o t e i n 

was shown to form d i m e r s and t o l i n k w i t h OmpA ( R e i t h m e i e r 

and Bragg, 1 9 7 7 ) . I t i s not y e t c l e a r whether the 
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l i p o p r o t e i n a l s o i n t e r a c t s w i t h the p o r i n p r o t e i n s . 

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

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

p r o t e i n s and t he l i p o p r o t e i n have not been s u c c e s s f u l ( f o r 

r e v i e w s e e In o u y e , 1 9 7 9 ) . However a l l t h e amino groups i n 

p o r i n p r o t e i n s a r e p r o b a b l y l o c a t e d w i t h i n t h e pore (Tokunaga 

e t a l . , 1981) and a r e t h e r e f o r e u n a v a i l a b l e f o r 

c r o s s - l i n k i n g . Thus i t s t i l l r e m a i n s an open q u e s t i o n a s t o 

whether t h e r e may be an i n t e r a c t i o n between l i p o p r o t e i n and 

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

R e c e n t l y a new group o f l i p o p r o t e i n s has been d i s c o v e r e d . 

T h e s e a r e l o o s e l y a s s o c i a t e d w i t h the p e p t i d o g l y c a n but a r e 

not r e l a t e d to Br a u n ' s l i p o p r o t e i n ( I c h i h a r a ejb a l . , 1981) . 

T h i s t y p e o f l i p o p r o t e i n has a l s o been found i n P r o t e u s 

m i r a b i l i s (Mizuno, 1979) and Pseudomonas a e r u g i n o s a (Mizuno, 

1979; Mizuno and Kageyama, 1 9 7 9 a ) . 

OmpA p r o t e i n 

The OmpA p r o t e i n h a s a m o l e c u l a r w e i g h t o f 35,000 and 

c o n t a i n s 325 amino a c i d r e s i d u e s (Chen e t a l . , 1 9 8 0 ) . I t i s 

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

has an a p p a r e n t m o l e c u l a r w e i g h t o f 28,000 i n the 

non-denatured form and 35,000 i n the h e a t - m o d i f i e d form 

( S c h n a i t m a n , 1973; R e i t h m e i e r and Bragg, 1 9 7 4 ) . T h i s 



- 17 -

d i f f e r e n c e i s p r o b a b l y due to the h i g h c o n t e n t o f B - s t r u c t u r e 

and e x c e s s i v e b i n d i n g o f SDS t o t h e non-denatured form 

( H e l l e r , 1978; Chen e t a l . , 1 9 8 0 ) . Up t o 25% o f the l y s i n e 

r e s i d u e s i n OmpA a r e o x i d i s e d t o a l l y s i n e (<x-amino a d i p i c 

a c i d s e m i a l d e h y d e ) and i t has been s u g g e s t e d t h a t t h e s e 

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

( D i e d r i c h and Sc h n a i t m a n , 1 9 7 8 ) . 

The s t r u c t u r a l gene (ompA) has been mapped a t 21.5min on 

the c o l i K12 chromosome (Henning e t a l . , 1 9 7 6 ) . Mutants 

d e f e c t i v e i n ompA have been s e l e c t e d by u s i n g r e s i s t a n c e t o 

phages K3 or T u l l o r c o l i c i n L ( C h a i and F o u l d s , 1 9 7 4 ) . 

Mutants d e f e c t i v e i n ompA have i n c r e a s e d amounts o f 

p h o s p h o l i p i d s (Van A l p h e n e t a l . , 1977) and p o r i n s (Henning 

and H a l l e r , 1975) and a r e a l s o d e f e c t i v e i n F - p i l u s m e d i a t e d 

c o n j u g a t i o n ( S k u r r a y e t a l . , 1 9 7 4 ) . E x p r e s s i o n of ompA on a 

low copy number p l a s m i d c a n i n c r e a s e t h e l e v e l s o f OmpA 

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

membrane p r o t e i n s (Henning e t a l . , 1 9 7 9 ) . H i g h e r l e v e l s o f 

OmpA p r o d u c t i o n a r e l e t h a l (Henning e t a l . , 1 9 7 9 ) . 

S t u d i e s u s i n g p r o t e o l y t i c enzymes and c l o n e d gene 

fragments show t h a t OmpA p r o t e i n c o n s i s t s o f two domains. 

The N - t e r m i n a l 180 r e s i d u e s a r e thought to be l o c a t e d i n t h e 

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

s p a c e ( S c h w e i z e r e t a l . , 1 9 7 8 ) . 
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Mutants d e f e c t i v e i n both OmpA p r o d u c t i o n and l i p o p r o t e i n 

p r o d u c t i o n , l o s e t h e i r c e l l shape and become 

s p h e r i c a l ( S o n n t a g e t a l . , 1 9 7 8 ) , i n d i c a t i n g t h a t both t h e s e 

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

p r o b a b l y by b i n d i n g i t t o t he r i g i d p e p t i d o g l y c a n l a y e r . 

C r o s s - l i n k i n g s t u d i e s have shown t h a t OmpA p r o t e i n forms 

o l i g o m e r s w i t h i t s e l f , d i m e r s w i t h the f r e e form l i p o p r o t e i n 

( R e i t h m e i e r and Bragg, 1977) and a l s o i n t e r a c t s w i t h t h e 

p e p t i d o g l y c a n ( H a l l and S i l h a v y , 1 9 7 9 ) . The OmpA p r o t e i n i s 

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

phages and c o l i c i n s (Van Alphen e t a l . , 1 9 7 7 ) . T h e r e f o r e i t 

i s c o n c l u d e d t h a t OmpA p r o t e i n e x t e n d s r i g h t through the 

o u t e r membrane and p e r i p l a s m i c s p a c e . 

P o r i n p r o t e i n s 

The p o r i n p r o t e i n s ( a l s o known as m a t r i x p r o t e i n s or 

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

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

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

found a s s o c i a t e d w i t h a l i p o p r o t e i n - p e p t i d o g l y c a n complex, 

u n l e s s h i g h t e m p e r a t u r e s or h i g h s a l t c o n c e n t r a t i o n s a r e used 

when the p o r i n p r o t e i n s c a n be s e p a r a t e d from t h i s complex 

(Rosenbusch, 1 9 7 4 ) . I t was a l s o noted d u r i n g t h e s e s t u d i e s 

t h a t t h e l i p o p r o t e i n - p e p t i d o g l y c a n complex formed a 
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l a t t i c e - l i k e s t r u c t u r e i n t h e p r e s e n c e o f p o r i n p r o t e i n b u t 

not i n t h e i r a b s e n c e (Rosenbusch, 1 9 7 4 ) . T h e s e o b s e r v a t i o n s 

form t h e b a s i s f o r t he a l t e r n a t i v e names which were used i n 

e a r l y work w i t h the p o r i n p r o t e i n s . 

The p o r i n s have m o l e c u l a r w e i g h t s o f 35,000-40,000 and 

have been i s o l a t e d from many E n t e r o b a c t e r i a c e a e ( L u g t e n b e r g 

e t a l . , 1977) and Pseudomonas a e r u g i n o s a (Hancock e t a l . , 

1 9 8 1 ) . A l l t h e p o r i n p r o t e i n s o f t h e E n t e r o b a c t e r i a c e a e a r e 

h i g h l y c o n s e r v e d a s shown by t h e i r r e a c t i o n s w i t h a n t i b o d i e s 

r a i s e d a g a i n s t a n o t h e r p o r i n ( H o f s t r a and D a n k e r t , 1979, 

1 9 8 0 ) , and t he homology between t h e DNA se q u e n c e s o f t h e i r 

s t r u c t u r a l genes (Mizuno e t a l . , 1 9 8 2 b ) . 

T h e s e p r o t e i n s have been most e x t e n s i v e l y s t u d i e d i n 

c o l i where t h e r e a r e n o r m a l l y two p o r i n s p e c i e s 

c o n s t i t u t i v e l y produced, OmpC and OmpF. I n a d d i t i o n to 

t h e s e , t h e r e a r e a l s o s e v e r a l o t h e r p o r i n t y p e s produced b u t 

o n l y under c e r t a i n c i r c u m s t a n c e s . PhoE p r o d u c t i o n i s i n d u c e d 

by phosphate l i m i t a t i o n (Overbeeke and L u g t e n b e r g , 1 9 8 0 ) , L c 

p r o t e i n i s o n l y produced when c e l l s undergo l y s o g e n i c 

i n f e c t i o n w i t h phage PA2 (Lee and Sc h n a i t m a n , 1 9 8 0 ) , p r o t e i n 

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

a l . , 1979) and a new membrane p r o t e i n (NmpC) a p p e a r s i n some 

p o r i n d e f e c t i v e mutants (Lee e t a l . , 1979) . S_o_ typhimurium 

c o n s t i t u t i v e l y p r o d u c e s t h r e e p o r i n s OmpC, OmpF and 
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OmpD,whereas J?_. a e r u g i n o s a c o n s t i t u t i v e l y p r o d u c e s p r o t e i n F . 

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

was i n d i c a t e d by e x p e r i m e n t s i n w h i c h v a r i o u s o u t e r membrane 

components were i n s e r t e d i n t o l i p o s o m e s . O n l y t h e 

p e p t i d o g l y c a n - a s s o c i a t e d p r o t e i n s were a b l e to i n c r e a s e t h e 

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

(Nakae, 1 9 7 6 ) . The f a c t t h a t when the p o r i n s were i n s e r t e d 

i n t o t h e l i p o s o m e s t h e y d i s p l a y e d a s i m i l a r upper s i z e l i m i t 

f o r m o l e c u l e s ( a p p r o x i m a t e l y 600 m o l e c u l a r w e i g h t ) t o t h a t o f 

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

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

t h e o u t e r membrane. F u r t h e r e v i d e n c e on t h i s p o i n t came from 

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

membranes upon i n s e r t i o n o f p o r i n s (Benz e t a l . , 1978) and 

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

membrane i n p o r i n - d e f i c i e n t mutants (Zimmermann and R o s s e l e t , 

1977; Van Alphen e t a l . , 1 9 7 8 a ) . T h e r e have been many 

s t u d i e s o f t h e p o r i n p o r e s u s i n g t h e s e t e c h n i q u e s to 

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

typ e ( f o r r e v i e w s e e L u g t e n b e r g and Van Alphen, 1983) but, 

d e s p i t e t h e s e s t u d i e s , t h e s e f e a t u r e s remain u n c l e a r . 

I n c o l i the p o r e s formed by OmpC, OmpF and PhoE have 

s l i g h t l y d i f f e r e n t d i a m e t e r s o f 1.3nm, 1.4nm and 1.2nm 

r e s p e c t i v e l y , ( e s t i m a t e d by Benz and Hancock, 1981) or 
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0.54nm, 0.58nm and 0.5 3nm r e s p e c t i v e l y ( e s t i m a t e d by N i k a i d o 

and Rosenberg, 1 9 8 3 ) . I n typhimurium however i t a p p e a r s 

t h a t a l l t h r e e p o r e s have a d i a m e t e r o f 1.4nm (Benz e t a l . , 

1980) . The d i a m e t e r o f t h e pore formed by p r o t e i n F i n P. 

a e r u g i n o s a has been c a l c u l a t e d a t 2.2nm (Benz and Hancock, 

1981) . I t has been s u g g e s t e d t h a t m o l e c u l e s w i t h m o l e c u l a r 

w e i g h t s up t o 6,000 c a n p e n e t r a t e t h e o u t e r membrane of P. 

a e r u g i n o s a and t h a t s u c h l a r g e p o r e s might be more 

r e p r e s e n t a t i v e o f most p o r e s t h a n t h e narrow p o r e s i n the 

E n t e r o b a c t e r i a c e a e (Hancock and N i k a i d o , 1 9 7 8 ) . I n an 

at t e m p t to r e c o n c i l e t h e a p p a r e n t l y l a r g e pore s i z e o f P. 

a e r u g i n o s a w i t h i t s undoubted r e s i s t a n c e t o many a n t i b i o t i c s , 

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

o f t h e s e p o r e s i n an open c o n f i g u r a t i o n (Benz and Hancock, 

1981) A r e c e n t r e p o r t however, c l a i m s t h a t t h e r e i s an 

e x c l u s i o n l i m i t f o r m o l e c u l e s o f m o l e c u l a r w e i g h t around 400 

i n P^ a e r u g i n o s a ( C a u l c o t t e t a l . , 1 9 8 4 ) . P r e l i m i n a r y 

e v i d e n c e i n d i c a t e s t h a t N e i s s e r i a g o n o r r h e a e a l s o p o s s e s s e s 

w i d e r p o r e s t h a n E ^ c o l i or typhimurium (Douglas ^ t a l . , 

1 9 8 1 ) . C l e a r l y t h i s i s an a r e a which r e q u i r e s f u r t h e r s t u d y . 

A l t h o u g h o r i g i n a l l y proposed as b e i n g n o n - s p e c i f i c 

d i f f u s i o n p o r e s ( N i k a i d o , 1 9 7 9 ) , i t has become a p p a r e n t t h a t 

t h e r a t e o f d i f f u s i o n through each pore i s a f f e c t e d by 

s e v e r a l p a r a m e t e r s e.g. 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 i t y and 

s i z e . I n E ^ c o l i , t h e PhoE pore p r e f e r e n t i a l l y t r a n s p o r t s 
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a n i o n i c m o l e c u l e s (Overbeeke and L u g t e n b e r g , 1982; N i k a i d o e t 

a l . , 1983) whereas w i t h OmpF and OmpC p o r e s a p o s i t i v e c h a r g e 

enhances d i f f u s i o n . H y d r o p h i l i c m o l e c u l e s g e n e r a l l y d i f f u s e 

t h rough p o r i n s b e t t e r t h a n h y d r o p h o b i c m o l e c u l e s , as might be 

e x p e c t e d f o r aqueous p o r e s ( N i k a i d o e t a l . , 1 9 8 3 ) , and 

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

as one might a l s o e x p e c t ( N i k a i d o and Rosenberg, 1 9 8 1 ) . The 

OmpF pore t e n d s t o be more i m p o r t a n t i n t h e d i f f u s i o n o f many 

m o l e c u l e s than t h e OmpC po r e , p a r t l y , a t l e a s t b e c a u s e o f i t s 

l a r g e r d i a m e t e r ( N i k a i d o and Rosenberg, 1983) a l t h o u g h 

a d d i t i o n a l e f f e c t s o f pore s t r u c t u r e o t h e r than d i a m e t e r 

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

f o r a n i o n s might be e x p e c t e d a s i t i s in d u c e d under 

c o n d i t i o n s o f phosphate l i m i t a t i o n and presumably i s d e s i g n e d 

t o a c t a s an e f f i c i e n t pore f o r phosphate i o n s and phospha t e 

c o n t a i n i n g m o l e c u l e s . 

F r e e z e - f r a c t u r e s t u d i e s i n d i c a t e the p r e s e n c e o f p o r i n - L P S 

complexes i_n v i v o and t he p o r e - f o r m i n g a c t i v i t y o f a l l t h e 

p o r i n p r o t e i n s i s dependent on the p r e s e n c e of LPS (Van 

Alphen e t a l . , 1 9 7 8 b ) . The p o r i n t r i m e r s a r e formed 

e x c l u s i v e l y from t h e same pore t y p e , w i t h each monomer 

forming i t s own pore (Nakae e t a l . , 1 9 7 9 ) . The p o r i n s c a n n o t 

be c r o s s - l i n k e d e i t h e r t o t h e p e p t i d o g l y c a n or t o the 

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

i s o l a t e d a s s o c i a t e d i n a complex w i t h both t h e s e components 
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i n d i c a t e s t h a t t h e r e i s some i n t e r a c t i o n i n v i v o . 

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

t h e y have been i n t e n s i v e l y s t u d i e d r e c e n t l y , t h e y a r e not y e t 

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

pho r e g u l o n a t 6min on t he chromosome (Tommassen and 

L u g t e n b e r g , 1 9 8 1 ) . T r a n s c r i p t i o n of t h i s r e g u l o n i s i n d u c e d 

by growth i n l i m i t i n g phosphate c o n c e n t r a t i o n s (Overbeeke and 

L u g t e n b e r g , 1 9 8 0 ) . The p r o d u c t o n o f OmpF and OmpC i s 

c o n t r o l l e d by t h r e e l o c i , ompF (2 1 m i n ) , ompC (47min) and ompB 

(74m i n ) . The ompF and ompC l o c i c o n t a i n the s t r u c t u r a l genes 

f o r OmpF and OmpC p o r i n s r e s p e c t i v e l y ( R e e v e s , 1 9 7 9 ) . The 

ompB l o c u s c o n s i s t s o f two genes ompR and envz w h i c h a r e 

r e g u l a t o r y ( H a l l and S i l h a v y , 1979, 1 9 8 1 ) . A l t h o u g h both 

OmpC and OmpF a r e produced c o n s t i t u t i v e l y , t h e r e l a t i v e 

p r o p o r t i o n s o f each p o r i n i n t h e o u t e r membrane c a n v a r y 

w i d e l y depending on t he c u l t u r e c o n d i t i o n s u s e d . The changes 

i n the l e v e l o f one p o r i n a r e compensated f o r by a r e c i p r o c a l 

change i n the o t h e r p o r i n so t h a t t h e o v e r a l l l e v e l o f p o r i n 

r e m a i n s a p p r o x i m a t e l y c o n s t a n t ( L u g t e n b e r g e t a l . , 1 9 7 6 ) . 

OmpF i s p r e f e r e n t i a l l y produced under c o n d i t i o n s o f low 

o s m o l a r i t y or h i g h cAMP ( K a w a j i e t a l . , 1979; S c o t t and 

Harwood, 1980) w h i l e OmpC l e v e l s a r e r a i s e d i n media w i t h 

h i g h o s m o l a r i t y . T h i s c o n t r o l h a s been shown to o c c u r a t t h e 

t r a n s c r i p t i o n a l l e v e l ( H a l l and S i l h a v y , 1979, 1 9 8 1 ) . 
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G e n e t i c s t u d i e s o f t h e ompB l o c u s have shown t h a t mutants 

i n ompR c a n show e i t h e r an OmpF OmpC or an OmpF OmpC 

phenotype, w h i l e envZ mutants show an OmpF OmpC phenotype. 

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

l e v e l s o f s e v e r a l o t h e r p e r i p l a s m i c and o u t e r membrane 

p r o t e i n s a r e reduced ( L u n d r i g ^ n and E a r h a r t , 1 9 8 1 ) . H a l l and 

S i l h a v y (1981) proposed t h a t t h e envZ p r o d u c t i s an e n v e l o p e 

p r o t e i n w h i c h " s e n s e s " c o n d i t i o n s i n t h e e x t e r n a l e n v i r o n m e n t 

and r e g u l a t e s an e q u i l i b r i u m between two forms o f t h e ompR 

p r o d u c t w h i c h i n t u r n p o s i t i v e l y r e g u l a t e s ompF and ompC 

t r a n s c r i p t i o n . C l o n i n g and s e q u e n c i n g o f both ompR and envZ 

have shown t h a t t h e OmpR p r o t e i n has homology w i t h DNA 

b i n d i n g p r o t e i n s and t h a t t h e EnvZ p r o t e i n may be membrane 

bound (Mizuno e t a l . , 1 9 8 2 a , b ) . R e c e n t l y Ozawa and Mizushima 

(1983) have r e p o r t e d t h a t OmpC e x p r e s s i o n depends o n l y on 

OmpF p r o d u c t i o n and i s ind e p e n d e n t o f medium o s m o l a r i t y i n 

ompF mutant s , whereas OmpF e x p r e s s i o n was dependent on medium 

c o m p o s i t i o n i n both ompC and ompC mutants. T h i s i s i n 

c o n t r a d i c t i o n to t h e f i n d i n g o f Morona and Reeves (1982) who 

r e p o r t e d t h a t t h e p r o d u c t i o n o f both OmpF and OmpC was 

inde p e n d e n t o f medium c o m p o s i t i o n i n t h e absence o f t h e 

o t h e r . How t h e s e d i f f e r i n g r e s u l t s w i l l be e x p l a i n e d r e m a i n s 

t o be s e e n . 

Minor p r o t e i n s 
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Among the minor p r o t e i n s found i n t he o u t e r membrane a r e 

components o f uptake s y s t e m s f o r m a l t o d e x t r i n s , n u c l e o s i d e s , 

v i t a m i n B12 and i r o n . T h e r e a r e a l s o s e v e r a l o t h e r p r o t e i n s 

p r e s e n t to which no f u n c t i o n has y e t been a s c r i b e d . Many o f 

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

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

m utants which has l e d t o the e l u c i d a t i o n o f t h e r o l e s o f 

t h e s e p r o t e i n s . F o r a r e v i e w o f t h e s e f u n c t i o n s s e e K o n i s k y 

(1979) . 

The LamB p r o t e i n , w h i c h i s i n d u c e d i n t he p r e s e n c e o f 

m a l t o s e , i s t he r e c e p t o r f o r phage lambda. I t forms a pore 

l a r g e l y s p e c i f i c f o r t h e uptake of m a l t o d e x t r i n s (Szmelcman 

e t a l . , 1 9 7 6 ) . The s p e c i f i c i t y o f t h e pore has been shown t o 

be dependent on t he p r e s e n c e o f t h e p e r i p l a s m i c m a l t o s e 

b i n d i n g p r o t e i n , so t h a t i n t h e absence o f t h i s b i n d i n g 

p r o t e i n , i t a c t s a s a g e n e r a l d i f f u s i o n pore (Wandersman e t 

a l . , 1 9 7 9 ) . The LamB po r e i s a s s o c i a t e d i n t r i m e r s i n i t s 

a c t i v e form ( P a l v a and Westerman, 1979) w i t h e a c h pore h a v i n g 

a d i a m e t e r o f 1.5nm, which i s s l i g h t l y l a r g e r than t h e p o r i n 

p o r e s ( B o e h l e r - K o h l e r e t a l . , 1 9 7 9 ) . The lamB gene has been 

sequenced and the p o l y p e p t i d e p r e d i c t e d from t h i s sequence 

c o n t a i n s 421 amino a c i d r e s i d u e s w i t h a m o l e c u l a r w e i g h t o f 

47,400 (Clement and Hoffnung, 1 9 8 1 ) . 
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The phage T6 r e c e p t o r (Tsx p r o t e i n ) i s a p r o t e i n w i t h a 

m o l e c u l a r w e i g h t o f 26,000 (Manning and R e e v e s , 1978) coded 

f o r by the t s x gene a t 9.2min. The p r o t e i n i s i n v o l v e d i n 

t h e uptake o f n u c l e o s i d e s and d e o x y n u c l e o t i d e s ( e x c e p t 

c y t i d i n e and d e o x y c y t i d i n e ) and i s c a t a b o l i t e r e p r e s s i b l e 

(Manning and R e e v e s , 1 9 7 8 ) . The Tsx p r o t e i n has a l s o been 

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

p h e n y l a l a n i n e but n o t g l u c o s e or a r g i n i n e (Heuzenroeder and 

R e e v e s , 1 9 8 1 ) . The s o l u t e s p e c i f i c i t i e s o f t h e T s x pore a r e 

a s y e t u n c l e a r . 

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

v e r y low l e v e l s o f s o l u b l e f e r r i c i r o n i n the e n v i r o n m e n t . 

I r o n c h e l a t o r s known a s s i d e r o p h o r e s a r e used to complex 

f e r r i c i o n s w h i c h a r e t h e n t a k e n up i n t o the c e l l v i a o u t e r 

membrane r e c e p t o r s and h i g h a f f i n i t y t r a n s p o r t s y s t e m s . F i v e 

o u t e r membrane p r o t e i n s have been shown to be i n v o l v e d i n 

i r o n uptake i n c o l i K12. The FepA p r o t e i n i s a p r o t e i n o f 

m o l e c u l a r w e i g h t 81,000 coded f o r by t h e fep gene a t 13min. 

I t i s a r e c e p t o r f o r c o l i c i n s B and D, i s i n d u c e d by l i m i t i n g 

i r o n c o n c e n t r a t i o n s and a c t s a s a r e c e p t o r f o r f e r r i c 

e n t e r o c h e l i n (Hantke, 1 9 8 1 ) . The FhuA or TonA p r o t e i n 

( m o l e c u l a r w e i g h t 78,000) i s coded f o r by t h e fhuA gene a t 

3.4min and a c t s a s a r e c e p t o r f o r phages T l , T5 and O80 and 

c o l i c i n M. FhuA i s a r e c e p t o r f o r f e r r i c h r o m e and i s a l s o 

i n d u c e d under c o n d i t i o n s o f i r o n l i m i t a t i o n (Kadner e t a l . , 
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1 9 8 0 ) . The PecA p r o t e i n ( m o l e c u l a r w e i g h t 80,500) i s 

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

p r e s e n c e o f c i t r a t e . The FecA p r o t e i n i s a r e c e p t o r f o r 

f e r r i c c i t r a t e and i s coded f o r by the f e c A gene a t 7min 

(Wagegg and B raun, 1 9 8 1 ) . The r e m a i n i n g two p r o t e i n s , C i r 

( c o l i c i n I r e c e p t o r ) and t h e 83K p r o t e i n a r e both i n d u c e d 

under l i m i t i n g - i r o n c o n d i t i o n s , however t h e y have not y e t 

been shown to a c t a s r e c e p t o r s f o r any i r o n complex ( K o n i s k y , 

1 9 7 9 ) . The C i r p r o t e i n ( m o l e c u l a r w e i g h t 74,000) i s coded 

f o r by the c i r gene a t 44min. The gene c o d i n g f o r t h e 83K 

p r o t e i n has not y e t been i d e n t i f i e d . 

The BtuB p r o t e i n w h i c h i s a pore s p e c i f i c f o r v i t a m i n B12, 

has a m o l e c u l a r w e i g h t o f 60,000 and i s i n d u c e d under 

c o n d i t i o n s o f B12 l i m i t a t i o n . I t i s a r e c e p t o r f o r phage 

BF23 and t h e E - c o l i c i n s and i s coded f o r by the gene btuB a t 

89min ( K o n i s k y , 1979) 

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

a ( m o l e c u l a r w e i g h t 40,000) whi c h may be a s i g n a l p e p t i d a s e 

( F i s s e_t a l . , 1 9 7 9 ) , p r o t e i n I I I ( m o l e c u l a r w e i g h t 17,000) 

w h i c h has l O ^ - l O 5 c o p i e s per c e l l and may be e s s e n t i a l , as 

mutants l a c k i n g i t have never been i s o l a t e d ( L u g t e n b e r g and 

Van Alphen, 1 9 8 3 ) . T h e r e a r e a l s o two p r o t e i n s o f m o l e c u l a r 

w e i g h t 15,000 and 19,000 whi c h a r e i n d u c e d under c o n d i t i o n s 

o f low s u l p h a t e c o n c e n t r a t i o n ( L u g t e n b e r g and Van A l phen, 
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1 9 8 3 ) . 

.3 PEPTIDE TRANSPORT IN MICROORGANISMS 

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

A l t h o u g h p e p t i d e s have been used a s b a c t e r i a l n u t r i e n t s 

f o r o ver 100 y e a r s , l i t t l e , i f a n y t h i n g , was known o f t h e 

mechanisms by which o r g a n i s m s u t i l i s e d p e p t i d e s u n t i l l e s s 

t h a n f o r t y y e a r s ago. E a r l y e x p e r i m e n t s from 1945 onwards 

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

a v a r i e t y o f m i c r o o r g a n i s m s . I n s e v e r a l c a s e s p e p t i d e s were 

n u t r i t i o n a l l y s u p e r i o r to amino a c i d s b e c a u s e the amino a c i d 

i n p e p t i d e form was p r o t e c t e d from d e g r a d a t i v e enzymes. As 

s y n t h e t i c p e p t i d e s have become more r e a d i l y a v a i l a b l e the 

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

o v er the l a s t 10-15 y e a r s . B e c a u s e o f t h e l a r g e volume o f 

work p u b l i s h e d i n t h i s a r e a i t i s i m p r a c t i c a l to a t t e m p t a 

c o m p r e h e n s i v e s u r v e y . I t i s t h e r e f o r e proposed to l i m i t t h i s 

r e v i e w to s u m m a r i s i n g the 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 , p r o v i d i n g o n l y the more r e c e n t r e f e r e n c e s . 

F u r t h e r d e t a i l s o f t h e e a r l i e r work can be o b t a i n e d from one 

o f the many r e v i e w s w h i c h have been p u b l i s h e d i n t h i s a r e a 

(Sussman and G i l v a r g , 1971; Barak and G i l v a r g , 1975; Matthews 
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and Payne, 1975a, 1980; Payne, 1972,1975,1976,1977,1980; 

Payne and G i l v a r g , 1971, 1978; B e c k e r and N a i d e r , 1980; 

W o l f i n b a r g e r , 1 9 8 0 ) . 

Mechanisms f o r p e p t i d e u p t a k e 

T h e r e a r e s e v e r a l ways i n which a p e p t i d e c o u l d be t a k e n 

up to p r o v i d e an amino a c i d s o u r c e f o r a b a c t e r i a l c e l l . 1) 

P e p t i d e c o u l d be c l e a v e d e x t r a c e l l u l a r l y and the amino a c i d 

r e s i d u e s t r a n s p o r t e d i n t o t h e c e l l . 2) P e p t i d e c o u l d be t a k e n 

up i n t a c t and t h e n c l e a v e d i n t r a c e l l u l a r l y to r e l e a s e t h e 

amino a c i d r e s i d u e s . 3) P e p t i d e c o u l d be c l e a v e d d u r i n g 

t r a n s l o c a t i o n a c r o s s t h e membrane, w i t h r e l e a s e o f t h e amino 

a c i d r e s i d u e s t o t h e i n s i d e of the c e l l . T h e s e d i f f e r e n t 

mechanisms a r e d e p i c t e d i n F i g u r e 1.3. 

Mechanism 1) o c c u r s i n t h o s e o r g a n i s m s where t h e r e i s 

e x 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 . T h e r e have been many 

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

however t h e r e a r e o n l y a h a n d f u l i n which s e c r e t e d enzymes 

w i t h a c t i v i t y towards s m a l l p e p t i d e s have been found. Those 

o r g a n i s m s w h i c h have been r e p o r t e d to p o s s e s s e x 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 i n c l u d e , Aeromonas p r o t e o l y t i c a ( W i l k e s e t 

a l . , 1973; P r e s c o t t and W i l k e s , 1 9 7 6 ) , B a c i l l u s c e r e u s 

(Twardowski e t a l . , 1977) , B_̂  l i c h e n i f o r m i s ( H a l l e t a l . , 

1 9 6 6 ) , B. s u b t i l i s (Ray and Wagner, 1972; Wagner e t a l . , 
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Figure 1.3 Mechanisms of peptide t r a n s p o r t . 

A, e x t e r n a l peptide cleavage, followed by amino acid uptake: B, i n t a c t * 

peptide uptake followed by i n t r a c e l l u l a r cleavage; C, peptide cleavage 

as an i n t e g r a l p a r t of uptake. ^ . peptidase; 0—9, peptide; 0, amino 

acid:^T) f t , c e l l membrane w i t h permease. 
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1 9 7 2 ) , C l o s t r i d i u m h i s t o l y t i c u m ( K e s s l e r and Y a r o n , 1 9 7 6 a , b ) , 

S a c c h a r o m y c e s c e r e v i s i a e ( F r e y and Rohm, 1 9 7 9 ) , S t r e p t o c o c c u s 

c r e m o r i s and S^ l a c t i s (Law, 1 9 7 7 ) . Most b a c t e r i a l c e l l s 

p roduce p e p t i d a s e s i n v o l v e d i n c e l l w a l l b i o s y n t h e s i s , 

however t h e s e u s u a l l y have v e r y r e s t r i c t e d s p e c i f i c i t i e s and 

a r e not c o n s i d e r e d to p l a y a g e n e r a l r o l e i n p e p t i d e 

u t i l i s a t i o n . 

I n t h o s e o r g a n i s m s w h i c h do not d i s p l a y e x 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 e i t h e r mechanism 2) or 3) may be 

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

a) l a c k o f c o m p e t i t i o n f o r u p take between f r e e amino a c i d and 

p e p t i d e - d e r i v e d amino a c i d , i n c o n t r a s t t o mechanism 1) w h i c h 

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

amino a c i d r e l e a s e d from p e p t i d e ; b) uptake o f p e p t i d e s i n 

amino a c i d p e r m e a s e - d e f i c i e n t mutants and v i c e v e r s a ; c) 

impermeant amino a c i d r e s i d u e s may be t r a n s p o r t e d i n t o t h e 

c e l l i n p e p t i d e form. 

A l a c k of c o m p e t i t i o n c a n be d e m o nstrated d i r e c t l y e i t h e r 

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

or i n d i r e c t l y by i s o l a t i n g mutants d e f e c t i v e i n e i t h e r 

p e p t i d e t r a n s p o r t or amino a c i d t r a n s p o r t and showing t h a t 

amino a c i d s or p e p t i d e s r e s p e c t i v e l y a r e s t i l l t a k e n up. 

S t u d i e s i n which amino a c i d s have been shown not t o compete 

w i t h p e p t i d e t r a n s p o r t have been r e p o r t e d f o r many s p e c i e s 
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i n c l u d i n g , E_. c o l i ( C o w e l l , 1974, Payne and B e l l , 1977a) , 

B a c t e r o i d e s r u m i n i c o l a ( P i t t m a n e t a l . , 1 9 6 7 ) , C a n d i d a 

a l b i c a n s , (Logan e t a l . , 1 9 7 9 ) , L a c t o b a c i l l u s c a s e i ( L e a c h 

and S n e l l , 1 9 6 0 ) , L e u c o n o s t o c m e s e n t e r o i d e s (Mayshak e t a l . , 

1966; Yoder e t a l . , 1 9 6 5 ) , N e u r o s p o r a c r a s s a ( W o l f i n b a r g e r 

and M a r z l u f , 1 9 7 5 ) , S a c c h a r o m y c e s c e r e v i s i a e ( B e c k e r and 

N a i d e r , 1 9 7 7 ) , S t r e p t o c o c c u s c r e m o r i s , S. l a c t i s (Law, 1 9 7 8 ) , 

S. f a e c a l i s (Brock and Wooley, 1964; N i s b e t , 1980) and 

S t a p h y l o c o c c u s a u r e u s ( P e r r y and Abraham, 1 9 7 9 ) . 

S t u d i e s u s i n g t r a n s p o r t d e f e c t i v e mutants have a l s o been 

r e p o r t e d . I s o l a t i n g mutants t h a t c a n n o t u t i l i s e p e p t i d e s b ut 

c a n u t i l i s e amino a c i d s does n o t d i r e c t l y show t h a t t h e two 

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

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

i s r e a d i l y t e s t e d f o r . More commonly mutants r e s i s t a n t t o 

t o x i c p e p t i d e s have been i s o l a t e d and t h e s e a r e a l m o s t 

i n v a r i a b l y found t o be p e p t i d e t r a n s p o r t d e f e c t i v e ( s e e l a t e r 

i n t h i s s e c t i o n ) . Amino a c i d t r a n s p o r t d e f e c t i v e m u t ants 

t h a t c a n s t i l l u t i l i s e p e p t i d e s p r o v i d e an a l t e r n a t i v e 

approach to s t u d i e s on the s e p a r a t i o n o f t h e s y s t e m s . Such 

mutants have been r e p o r t e d f o r c o l i (De F e l i c e e t a l . , 

1973; G u a r d i o l a and I a c c a r i n o , 1 9 7 1 ) , L a c t o b a c i l l u s c a s e i 

( P e t e r s e t a l . , 1 9 5 3 ) , S a c c h a r o m y c e s c e r e v i s i a e ( N i s b e t , 

1980) and S a l m o n e l l a typhimurium ( K u s t u and Ames, 1 9 7 3 ) . 
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P e p t i d e t r a n s p o r t has been shown, by the s t u d i e s mentioned 

above, to be i n d e p e n d e n t o f e x t r a c e l l u l a r h y d r o l y s i s i n a 

number o f s p e c i e s . P e p t i d e t r a n s p o r t must t h e r e f o r e , be 

e i t h e r by mechanism 2) or 3) i n t h e s e s p e c i e s . To 

d i s t i n g u i s h between t r a n s p o r t mechanisms 2) and 3 ) , uptake of 

i n t a c t p e p t i d e must be d e m o n s t r a t e d . The 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 towards n a t u r a l L - p e p t i d e s 

a r e g e n e r a l l y much h i g h e r t h a n t r a n s p o r t r a t e s e.g. i n E . 

c o l i (Payne, 1972) or Pseudomonas a e r u g i n o s a ( M i l l e r and 

B e c k e r , 1978) making i n t r a c e l l u l a r d e t e c t i o n o f i n t a c t 

p e p t i d e d i f f i c u l t . T h e r e a r e two ways whic h have been used 

to overcome t h i s problem, e i t h e r u s i n g p e p t i d e s r e s i s t a n t t o 

p e p t i d a s e a c t i v i t y or u s i n g mutants d e f e c t i v e i n p e p t i d a s e 

a c t i v i t y . G l y c y l s a r c o s i n e and t r i o r n i t h i n e a r e two examples 

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

a f t e r uptake i n t o c o l i (Payne and B e l l , 1 9 7 9 ) . Payne and 

N i s b e t (1980b) have shown i n t a c t p e p t i d e u ptake i n 

p e p t i d a s e - d e f i c i e n t s t r a i n s o f S a l m o n e l l a typhimurium. 

A l t h o u g h t h e s e r e s u l t s i n d i c a t e t h a t i n t a c t p e p t i d e uptake 

f o l l o w e d by c y t o p l a s m i c c l e a v a g e does o c c u r i n E ^ c o l i and 

S a l m o n e l l a typhimurium, t h e p o s s i b i l i t y t h a t i n a d d i t i o n a 

mechanism o f c l e a v a g e c o n c o m i t a n t w i t h uptake c a n n o t be 

t o t a l l y e x c l u d e d . T h e r e i s no e v i d e n c e to d a t e i n s u p p o r t o f 

combined c l e a v a g e and u ptake o c c u r r i n g i n m i c r o o r g a n i s m s , 

a l t h o u g h i t has been proposed as a mechanism i n the mammalian 
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gut (Matthews, 1975; Ugolev, e t a l . , 1 9 7 7 ) . T h e r e have been 

s e v e r a l r e p o r t s o f membrane-bound p e p t i d a s e s which might be 

i n v o l v e d i n t h i s t y p e o f p e p t i d e t r a n s p o r t e.g. p e p t i d a s e N 

i n EL c o l i ( L a z d u n s k i e t a l . , 1 9 7 5 ) , Pseudomonas a e r u g i n o s a 

( M i l l e r and B e c k e r , 1978) and S t r e p t o c o c c u s c r e m o r i s and 

l a c t i s (Law, 1 9 7 7 , 1 9 7 8 ) . I t i s p o s s i b l e f o r s u c h an enzyme, 

i f i t spanned t h e membrane, to b i n d p e p t i d e s a t the o u t e r 

s u r f a c e , c l e a v e them as p a r t o f the t r a n s l o c a t i o n s t e p and 

r e l e a s e t h e amino a c i d r e s i d u e s i n s i d e t h e c e l l . P e p t i d a s e 

N, w h i c h was f i r s t found a s s o c i a t e d w i t h the c y t o p l a s m i c 

membrane o f EL c o l i K-10 ( L a z d u n s k i e t a l , 1975) has been 

found to be l o c a t e d i n t r a c e l l u l a r l y i n o t h e r s t r a i n s o f E . 

c o l i (Murgier e_t a l . , 1977) . P e p t i d a s e N may be a t y p i c a l l y 

l o c a t e d i n EL c o l i K-10. An i n t r a c e l l u l a r l o c a t i o n f o r t h i s 

enzyme would p r e c l u d e i t s i n v o l v e m e n t i n t h i s mechanism o f 

p e p t i d e t r a n s p o r t . I n a d d i t i o n , a mutant o f EL c o l i l a c k i n g 

p e p t i d a s e N a c t i v i t y d i d not show any r e d u c t i o n i n p e p t i d e 

t r a n s p o r t a c t i v i t y (Payne and B e l l , 1 9 7 9 ) . I t seems u n l i k e l y 

t h a t a membrane-bound p e p t i d a s e i s a c t i v e i n p e p t i d e 

t r a n s p o r t i n EL c o l i , however a t the moment i t i s b e s t t o 

keep an open mind i n g e n e r a l f o r t h e r e may be s u c h a 

mechanism o c c u r r i n g i n the o t h e r s p e c i e s mentioned. 

P e p t i d e u ptake and amino a c i d exodus 
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When the d a n s y l c h l o r i d e a s s a y was d e v e l o p e d (Payne and 

B e l l , 1 9 7 9 ) , w h i c h e n a b l e s both amino a c i d s and p e p t i d e s i n 

t h e medium t o be v i s u a l i s e d ( s e e s e c t i o n 1 . 4 ) , i t became 

a p p a r e n t t h a t a s p e p t i d e uptake proceeded t h e r e was a l s o a 

r a p i d exodus o f amino a c i d . T h i s phenomenon has a l s o been 

o b s e r v e d i n a v a r i e t y o f o t h e r o r g a n i s m s , e.g. S t r e p t o c o c c u s 

f a e c a l i s ( N i s b e t and Payne, 1 9 8 0 ) , S a l m o n e l l a typhimurium 

(J.W. Payne, p e r s o n a l communication) and S t a p h y l o c o c c u s 

a u r e u s ( P e r r y and Abraham, 1 9 7 9 ) . The amino a c i d exodus i s 

presuma b l y an a t t e m p t by t he c e l l t o r e g u l a t e t h e l e v e l s o f 

t h e amino a c i d p o o l so a s t o p r e v e n t any one amino a c i d from 

r e a c h i n g l e v e l s w h i c h might be d e t r i m e n t a l t o c e l l 

m e t a b o l i s m . 

The amino a c i d s e x p o r t e d from the c e l l a r e u s u a l l y t h e 

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

r e l a t e d r e s i d u e s . C e r t a i n amino a c i d s s u c h a s A l a or G l y a r e 

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

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

u p t a k e . Other amino a c i d s s u c h as G l u and Asp a r e r a p i d l y 

m e t a b o l i s e d a f t e r h y d r o l y s i s so t h a t l i t t l e o f t h e s e amino 

a c i d s i s s e e n i n the medium d u r i n g p e p t i d e u p t a k e . I n t h e s e 

c a s e s much o f t h e amino a c i d may be deaminated, p r e v e n t i n g 

i t s d e t e c t i o n i n the d a n s y l c h l o r i d e a s s a y , whether t h e s e 

p r o d u c t s undergo exodus i s not known. Some amino a c i d s a r e 

m e t a b o l i s e d t o o t h e r amino a c i d s which a r e the n e x p o r t e d and 
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ca n be d e t e c t e d w i t h the d a n s y l c h l o r i d e a s s a y , f o r example, 

i n c o l i u ptake o f v a l i n e - c o n t a i n i n g p e p t i d e s l e a d s t o 

p r o l i n e exodus i n a d d i t i o n to v a l i n e exodus (Payne and B e l l , 

1 9 7 7 b ) . 

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

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

p e p t i d e s would be t a k e n up whic h would a l l e v i a t e t h e need f o r 

l a r g e s c a l e amino a c i d exodus. Amino a c i d exodus c a n a l s o 

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

p e p t i d e t r a n s p o r t a s s a y s . Not o n l y do t h e s e e f f e c t s v a r y 

from one a s s a y to a n o t h e r but t h e y c a n a l s o v a r y from p e p t i d e 

t o p e p t i d e . A more d e t a i l e d e x p l a n a t i o n o f t he e f f e c t s o f 

amino a c i d exodus on e a c h uptake a s s a y i s p r o v i d e d i n s e c t i o n 

1.4. 

The number and n a t u r e o f p e p t i d e permeases 

S e v e r a l o r g a n i s m s have been shown t o p o s s e s s more t h a n one 

p e p t i d e permease by s t u d i e s o f c o m p e t i t i o n between p e p t i d e s 

and t h e i s o l a t i o n of t r a n s p o r t - d e f i c i e n t mutants. I t s h o u l d 

be borne i n mind when a s s e s s i n g many o f the e a r l y c o m p e t i t i o n 

s t u d i e s , t h a t r e l a t i v e l y i n s e n s i t i v e and i n d i r e c t growth 

a s s a y s were used, which l i m i t s t h e c o n c l u s i o n s which c a n be 

drawn from s u c h s t u d i e s . The i m p o r t a n c e o f e n s u r i n g t h a t t h e 

p e p t i d e c o n c e n t r a t i o n s used i n c o m p e t i t i o n s t u d i e s a r e 
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s u f f i c i e n t l y h i g h to s a t u r a t e the t r a n s p o r t s y s t e m must be 

s t r e s s e d , as c o n c e n t r a t i o n s below s a t u r a t i o n may w e l l show 

l i t t l e c o m p e t i t i o n between p e p t i d e s even when t h e y s h a r e t h e 

same permease. I n a d d i t i o n , t h e w i d e l y v a r y i n g a f f i n i t i e s of 

permeases f o r d i f f e r e n t p e p t i d e s i n d i c a t e s t h e need f o r l a r g e 

c o m p e t i t o r : s u b s t r a t e r a t i o s t o d e t e r m i n e whether o r n o t 

c o m p e t i t i o n i s o c c u r r i n g . 

The i s o l a t i o n o f p e p t i d e t r a n s p o r t - d e f i c i e n t mutants i s 

much b e t t e r e v i d e n c e f o r t h e e x i s t e n c e o f more t h a n one 

p e p t i d e permease, i n EL c o l i , Payne (1968) i s o l a t e d mutants 

r e s i s t a n t to t r i o r n i t h i n e w h i c h had l o s t t h e a b i l i t y t o 

u t i l i s e many o l i g o p e p t i d e s but n o t d i p e p t i d e s , i n d i c a t i n g 

t h a t EL c o l i p o s s e s s e s s e p a r a t e d i - , and o l i g o p e p t i d e 

p e r meases. L a t e r s t u d i e s (Barak and G i l v a r g , 1975; N a i d e r 

and B e c k e r , 1975) i n d i c a t e d t h a t t h e r e was a f u r t h e r 

o l i g o p e p t i d e p e r m e a s e ( s ) o f l i m i t e d s p e c i f i c i t y . 

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

i n EL c o l i , d i p e p t i d e s compete f o r t r a n s p o r t to a l i m i t e d 

e x t e n t w i t h o l i g o p e p t i d e s but t h a t o l i g o p e p t i d e s do not 

appear to compete w i t h d i p e p t i d e s (Payne, 1 9 6 8 ) . T h e s e 

r e s u l t s i n d i c a t e t h a t d i p e p t i d e s can a l s o use both the 

d i p e p t i d e permease and t h e o l i g o p e p t i d e permease, but t h a t 

o l i g o p e p t i d e s c a n o n l y use the o l i g o p e p t i d e permease. I t 

s h o u l d be e m p h a s i s e d however t h a t t h e s e r e s u l t s were o b t a i n e d 
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from r e l a t i v e l y i n s e n s i t i v e a s s a y s . 

Mutants d e f e c t i v e i n o l i g o p e p t i d e uptake but not d i p e p t i d e 

uptake have a l s o been i s o l a t e d i n S a l m o n e l l a typhimurium 

(Ames e t a l . , 1973; J a c k s o n e t a l . , 1 9 7 6 ) . S t r e p t o c o c c u s 

f a e c a l i s has been shown to p o s s e s s two p e p t i d e permeases, but 

t h e s e do not c o r r e s p o n d t o t h e d i - and o l i g o p e p t i d e permeases 

o f c o l i and S a l m o n e l l a typhimurium ( N i s b e t and Payne, 

1 9 8 0 ) . I n c o n t r a s t , S a c c h a r o m y c e s c e r e v i s i a e h a s o n l y one 

p e p t i d e permease (Marder e t a l . , 1978; N i s b e t and Payne, 

1 9 7 9 a , b ) . C a n d i d a a l b i c a n s ( D a v i e s , 1980) and S t a p h y l o c o c c u s 

a u r e u s ( P e r r y and Abraham, 1979) have a l s o been shown t o 

p o s s e s s a p e p t i d e permease whi c h c a n h a n d l e both d i - and 

o l i g o p e p t i d e s . Whether t h e s e a r e the o n l y t r a n s p o r t s y s t e m s 

i n t h e s e s p e c i e s i s not known. 

T h e r e a r e a l s o l e s s c o n c l u s i v e r e p o r t s from c o m p e t i t i o n 

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

s e p a r a t e d i - , and o l i g o p e p t i d e permeases, L a c t o b a c i l l u s c a s e i 

(Dunn e t a l . , 1 9 5 7 ) , L e u c o n o s t o c m e s e n t e r o i d e s ( S h e l t o n and 

N u t t e r , 1 9 6 4 ) , S t r e p t o c o c c u s spp. (Law, 1978; R i c e e t a l . , 

1978) and Pseudomonas p u t i d a ( C a s c i e r i and M a l l e t t e , 1 9 7 6 a ) . 

Mutants d e f e c t i v e i n o l i g o p e p t i d e t r a n s p o r t have been 

r e p o r t e d to o c c u r a t a r a t e o f a p p r o x i m a t e l y 1 i n 1 0 s c e l l s 

i n c o l i (Barak and G i l v a r g , 1974) whereas a more u s u a l 
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r a t e of occurrence for t h i s type of spontaneous mutation i s 

about 1 i n 10 7 c e l l s . Whether t h i s high r a t e of mutation to 

opp i s a g e n e r a l f e a t u r e of o l i g o p e p t i d e type t r a n s p o r t 

systems i n other organisms, or i s r e s t r i c t e d to jE^ c o l i i s 

not known. The frequency of l o s s of the other peptide 

t r a n s p o r t systems has not been studied but would obviously 

have important i m p l i c a t i o n s for the r a t i o n a l design of 

peptide a n t i b i o t i c s . 

S u b s t r a t e s p e c i f i c i t i e s of peptide t r a n s p o r t 

The sheer number of p o s s i b l e combinations of n a t u r a l 

L-amino a c i d s i n say a t e t r a p e p t i d e (160,000) i l l u s t r a t e s why 

peptide permeases must be able to recognise a wide range of 

amino a c i d r e s i d u e s . Although the amino a c i d c o n s t i t u e n t s of 

peptides change, there are other f e a t u r e s of the molecules 

which are c o n s i s t e n t l y present, for example the peptide bond, 

the N-terminal amino group and the C-terminal carboxyl group. 

A p r i o r i , t h e r e f o r e , i t would seem l i k e l y that these f e a t u r e s 

would be the ones which a peptide permease recogni s e s . 

N-terminal «.-amino group 

I n most of the microorganisms studied there i s a 

requirement for a p o s i t i v e l y charged group at the N-terminus. 

I n c o l l , the <x-amino group can be s u b s t i t u t e d without 



- 40 -

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

charge i s r e t a i n e d e.g. N-monoalkyl d e r i v a t i v e s . A 

s u b s t i t u t i o n which removes the p o s i t i v e charge e.g. N-acyl 

d e r i v a t i v e s , g e n e r a l l y prevents uptake (Payne, 1971,1974). 

S i m i l a r c o n c l u s i o n s have a l s o been drawn for Neurospora 

c r a s s a (Wolfinbarger and Marzluf, 1975), Pseudomonas putida 

( C a s c i e r i and M a l l e t t e , 1976a), Salmonella typhimurium 

(Jackson e t a l . , 1976), Staphylococcus aureus (Perry, 1981) 

and Streptococcus spp. (Law, 1977, 1978). 

I n Streptococcus f a e c a l i s (Shankman e_t a l . , 1960) , Candida 

a l b i c a n s ( L i c h l i t e r e t a l . , 1976) and Saccharomyces 

c e r e v i s i a e (Becker and Naider, 1977), there i s some evidence 

that N-terminal s u b s t i t u t e d peptides without the p o s i t i v e 

charge can be u t i l i s e d , although a more recent study i n 

Candida a l b i c a n s (Davies, 1980) could not detect any uptake 

of a c e t y l a t e d peptides. I t should be noted that none of 

these s t u d i e s has used d i r e c t s e n s i t i v e t r a n s p o r t a s s a y s , 

therefore i t i s d i f f i c u l t to draw firm c o n c l u s i o n s from these 

r e s u l t s . 

C-terminal <x-carboxyl group 

Peptide permeases do not g e n e r a l l y have a s t r i c t 

requirement for an unmodified C-terminus, although 

m o d i f i c a t i o n i n v a r i a b l y reduces the a f f i n i t y of the permease 
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for such a peptide. U t i l i s a t i o n of C-terminal s u b s t i t u t e d 

peptides has been shown i n Candida a l b i c a n s (Davies, 1980), 

E. c o l i (Payne, 1973), Pseudomonas putida ( C a s c i e r i and 

M a l l e t t e , 1976a), Salmonella typhimurium (Ames e t a l . , 1973) 

and Saccharomyces c e r e v i s i a e (Naider et a l . , 1974; Marder e t 

a l . , 1977). E a r l y s t u d i e s with E^ c o l i suggested that the 

dipeptide permease had a more s t r i c t requirement for an 

unsubstituted C-terminus than the oligopeptide permease 

(Payne and G i l v a r g , 1968), however the dipeptide a l a f o s f a l i n , 

which has a phosphono group at the C-terminus, has r e c e n t l y 

been shown to be transported v i a the dipeptide permease 

(Ringrose and Lloyd, 1979). Again, the i n s e n s i t i v i t y of the 

a s s a y s r e s t r i c t the c o n c l u s i o n s which can be drawn from these 
A 

s t u d i e s . 

The c*-peptide bond 

Growth s t u d i e s have i n d i c a t e d that an ot-peptide bond i s 

re q u i r e d by a l l peptide uptake systems s t u d i e d to date. 

Peptides containing B, X or e l i n k a g e s did not compete with 

<*-linked peptides i n E^ c o l i (Payne, 1972). BAla-His was 

however u t i l i s e d (Payne, 1973; K i r s h et a l . , 1978). Whether 

t h i s uptake occurs v i a one of the peptide permeases i s not 

known. B- l i n k e d peptides did not compete with o t - l i n k e d 

peptides i n Candida a l b i c a n s (Davies, 1980), Pseudomonas 

putida ( C a s c i e r i and M a l l e t t e , 1976a), Streptococcus l a c t i s 
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and Streptococcus cremoris (Law, 1978) or Salmonella 

typhimurium (Yang e_t a l . , 1977) . I n Candida a l b i c a n s however 

YGlu-Ala and YGlu-Gly-Gly did show some l i m i t e d a b i l i t y to 

compete for peptide uptake. 

Peptides with c e r t a i n bond m o d i f i c a t i o n s are s t i l l 

t r ansported, a l b e i t l e s s e f f i c i e n t l y , by s e v e r a l s p e c i e s . 

Peptides i n which the peptide bond nitrogen i s methylated 

(e.g. g l y c y l s a r c o s i n e ) are s t i l l transported by c o l i 

(Payne and B e l l , 1979), Saccharomyces c e r e v i s i a e (Nisbet and 

Payne, 1979a) and Streptococcus f a e c a l i s (Nisbet, 1980). 

These methylated bonds are r e s i s t a n t to peptidase a c t i o n 

making them s u i t a b l e for the demonstration of i n t a c t peptide 

uptake. Peptides i n which an a d d i t i o n a l oxygen i s i n s e r t e d 

to the C-terminal s i d e of the peptide bond nitrogen to give 

an aminoxy bond (see Appendix B for s t r u c t u r e ) are a l s o 

transported v i a both the dipeptide and oligopeptide permeases 

in c o l i (Morley e t a l . , 1983) . 

Side chain s p e c i f i c i t y 

Competition for uptake has been shown between d i p e p t i d e s 

and between oli g o p e p t i d e s i n a l l the organisms t e s t e d to date 

(for reviews see Payne and G i l v a r g , 1978; Payne, 1980), 

i n d i c a t i n g t h at peptide t r a n s p o r t systems can handle peptides 

containing a wide range of s i d e c h a i n s . The only peptide 
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permeases reported to have a r e s t r i c t e d s p e c i f i c i t y are the 

second oligopeptide permease of c o l i and the a n i o n i c 

peptide permease i n Streptococcus f a e c a l i s (Payne e t a l . , 

1982). Growth s t u d i e s i n d i c a t e d that the former system could 

only handle Thr, Leu and Met-containing t r i p e p t i d e s (Barak 

and G i l v a r g , 1975; Naider and Becker, 1975). The growth 

assay used however, was most probably not s e n s i t i v e enough to 

d e t e c t low l e v e l uptake of other peptides (see s e c t i o n 1.4). 

The a n i o n i c permease of Streptococcus f a e c a l i s has been shown 

by d i r e c t t r a n s p o r t assays to be a c t i v e only towards peptides 

with N-terminal Glu or Asp r e s i d u e s . The s i g n i f i c a n c e of 

t h i s f i n d i n g i s not yet c l e a r . 

S t e r e o s p e c i f i c i t y of peptide uptake 

A l l the peptide t r a n s p o r t systems studied to date show a 

marked preference for L-amino a c i d r e s i d u e s . I n t r a c e l l u l a r 

peptidases lack s i g n i f i c a n t a c t i v i t y towards D-amino a c i d 

r e s i d u e s making auxotrophic growth t e s t s on peptides 

c o n t a i n i n g such r e s i d u e s d i f f i c u l t to i n t e r p r e t . Very few 

s y s t e m a t i c s t u d i e s have been reported, but for _E. c o l i , the 

presence of a D-amino a c i d i n the C-terminal p o s i t i o n of a 

t r i p e p t i d e i s t o l e r a t e d (Payne, 1980), but uptake i s 

abolished when a D-amino a c i d i s i n the N-terminal p o s i t i o n 

or the middle p o s i t i o n . Only L-L d i p e p t i d e s are transported 

i n E_j_ c o l i (Payne, 1980) . 
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There seems to be some v a r i a t i o n between s t r a i n s of 

Saccharomyces c e r e v i s i a e i n t h a t Nisbet (1980) reported t h a t 

any D-residue abolished uptake, whereas Naider and Becker 

(1975) reported that both L-Met-L-Met-D-Met and 

L-Met-D~Met-L-Met i n h i b i t e d uptake of Met-Met-Met. Fu r t h e r 

s t u d i e s are needed to c l a r i f y t h i s point. 

S i z e l i m i t for peptide t r a n s p o r t 

Any s i z e l i m i t for uptake could be e i t h e r a f u n c t i o n of 

the peptide permease i t s e l f , or i t could be a f u n c t i o n of the 

p e r m e a b i l i t y b a r r i e r i n the o v e r l y i n g c e l l w a l l . Payne and 

G i l v a r g (1968) showed that the upper s i z e l i m i t for peptide 

t r a n s p o r t i n c o l i occurred a t a s p e c i f i c Stokes r a d i u s 

corresponding to a molecular weight of about 650, r a t h e r than 

a p a r t i c u l a r number of amino a c i d r e s i d u e s . Payne and 

G i l v a r g suggested that t h i s was probably due to an e x c l u s i o n 

point i n the c e l l w a l l r a t h e r than at the permease. L a t e r 

work on the p e r m e a b i l i t y of s a c c h a r i d e s and 

p o l y e t h y l e n e g l y c o l s (Nakae and Nikaido, 1975? Decad and 

Nikaido, 1976) has shown that these molecules a l s o have an 

e x c l u s i o n l i m i t a t around 600 d a l t o n s . The porin pores in 

the outer membrane have now been e s t a b l i s h e d as the s i t e of 

the e x c l u s i o n l i m i t in the outer membrane (see s e c t i o n 1.2). 
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I n Neurospora c r a s s a however, the s i z e l i m i t for peptide 

uptake appears to be a f u n c t i o n of the permease (Wolfinbarger 

and Marzluf, 1975). Other s t u d i e s have shown the pores i n 

the c e l l w a l l to be permeable to molecules up to 4,750 

daltons molecular mass ( T r e v i t h i c k and Metzenberg, 1966a,b) 

whereas the l a r g e s t peptide transported was only a 

pentapeptide (approximately 500 d a l t o n s ) . 

There have a l s o been rep o r t s of a s i z e l i m i t for peptide 

t r a n s p o r t i n Pseudomonas putida ( C a s c i e r i and M a l l e t t e , 

1976a), Saccharomyces c e r e v i s i a e (Naider e t a l . , 1974; Marder 

e t a l . , 1977) and Streptococcus l a c t i s ( Rice et a l . , 1978) 

but these do not i n d i c a t e whether the s i z e l i m i t i s caused by 

the permease or the c e l l w a l l . 

The e n e r g e t i c s of peptide t r a n s p o r t 

I n p r i n c i p l e , peptide t r a n s p o r t could be a p a s s i v e 

process, r e l y i n g on i n t r a c e l l u l a r h y d r o l y s i s to maintain a 

downward con c e n t r a t i o n g r a d i e n t i n t o the c e l l . Thus to 

demonstrate a c t i v e t r a n s p o r t i t i s necessary to show i n t a c t 

accumulation of peptide 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 . I n 

e u k a r y o t i c organisms there i s the a d d i t i o n a l complication 

whereby peptide might be a c t i v e l y accumulated i n s i d e an 

o r g a n e l l e but only p a s s i v e l y transported a c r o s s the c e l l 

membrane. I n t h i s case, even accumulation of i n t a c t peptide 
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may not be evidence for a c t i v e t r a n s p o r t a c r o s s the c e l l 

membrane. 

There have been many s t u d i e s i n which metabolic poisons 

e.g. d i n i t r o p h e n o l have been shown to i n h i b i t uptake. T h i s 

provides i n d i r e c t evidence for a c t i v e peptide uptake i n 

B a c t e r o i d e s r u m i n i c o l a (Pittmann e t a l . , 1967), Candida 

a l b i c a n s (Logan e t a l . , 1979), E ^ c o l i (Cowell, 1974; Payne 

and B e l l , 1979), L a c t o b a c i l l u s c a s e i (Leach and S n e l l , 

1959,1960), Leuconostoc mesenteroides (Yoder e t a l . , 1965, 

Mayshak e t a l . , 1966), Neurospora c r a s s a (Wolfinbarger and 

Marzluf, 1975), Pseudomonas putida ( C a s c i e r i and M a l l e t t e , 

1976a), Saccharomyces c e r e v i s i a e (Becker and Naider, 1977; 

Nisbet, 1980), Streptococcus f a e c a l i s (Nisbet, 1980) and 

Streptococcus l a c t i s (Rice e t a l . , 1978). 

I n t a c t accumulation of p e p t i d a s e - r e s i s t a n t peptides has 

been demonstrated i n E ^ c o l i (Payne, 1972; Payne and B e l l , 

1977b, 1979), Saccharomyces c e r e v i s i a e (Nisbet, 1980) and 

Streptococcus f a e c a l i s (Nisbet, 1980) while i n t a c t 

accumulation of peptides has been shown i n 

p e p t i d a s e - d e f i c i e n t mutants of E_̂_ c o l i ( K e s s e l and Lubin, 

1963) and Salmonella typhimurium (Jackson et a l . , 1976; Yang 

et a l . , 1977; J.W. Payne, personal communication). 
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There have been few reports of i n v e s t i g a t i o n s of the 

energy coupling of peptide t r a n s p o r t . I n c o l i Cowell 

(1974) and Payne and B e l l (1979) have shown that both d i - and 

oligopeptide t r a n s p o r t are l i n k e d d i r e c t l y to phosphate bond 

energy ra t h e r than the proton motive f o r c e . I n c o n t r a s t , 

Nisbet (1980) concluded that both Saccharomyces c e r e v i s i a e 

and Streptococcus f a e c a l i s were p r i m a r i l y l i n k e d to the 

proton motive for c e although some d i r e c t coupling to 

phosphate energy could not be excluded. 

Peptide t r a n s p o r t r e g u l a t i o n 

There has been very l i t t l e work on peptide t r a n s p o r t 

r e g u l a t i o n i n b a c t e r i a , but i n those s p e c i e s s t u d i e d , peptide 

t r a n s p o r t appears to be c o n s t i t u t i v e with i n d i r e c t r e g u l a t i o n 

o c c u r r i n g v i a exodus of amino a c i d s i n some c a s e s . Payne and 

B e l l (1977b) reported that peptide uptake was reduced i n the 

presence of s e v e r a l amino a c i d s , however the mechanism of 

t h i s e f f e c t i s not c l e a r . I n Saccharomyces c e r e v i s i a e 

peptide t r a n s p o r t has been shown to be repressed, along with 

s e v e r a l amino a c i d permeases, by the presence of ammonium 

ions (Becker and Naider, 1977; Nisbet and Payne, 1979a,b). 

Peptide mimetic a n t i b i o t i c s 
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Peptide permeases are unusual among tr a n s p o r t systems i n 

the wide range of s u b s t r a t e s which they are able to handle. 

The lack of s p e c i f i c i t y towards s i d e chains and the 

C-terminus allows modified peptides co n t a i n i n g otherwise 

impermeant amino a c i d d e r i v a t i v e s to be transported i n t o the 

c e l l (Ames e t a l . , 1973; F i c k e l and G i l v a r g , 1973) where 

peptidase a c t i o n can r e l e a s e the t o x i c "warhead". The use of 

a permease i n t h i s way can enable low e x t e r n a l l e v e l s of 

a n t i b i o t i c to be t o x i c because the t r a n s p o r t system may 

a c t i v e l y concentrate the t o x i c moiety i n s i d e the c e l l up to 

1,000 f o l d . 

To be u s e f u l as an a n t i b i o t i c i n chemotherapy, a peptide 

mimetic agent i d e a l l y should have the following f e a t u r e s : a) 

I t must be r e s i s t a n t to enzymic degradation on i t s way to the 

t a r g e t c e l l ; b) I t must be r a p i d l y transported i n t o the 

t a r g e t c e l l and transported slowly, i f at a l l , by the host 

t i s s u e ; c) Once i n s i d e the t a r g e t c e l l i t must e i t h e r be 

t o x i c i n t a c t or s u b j e c t to r a p i d h y d r o l y s i s to r e l e a s e the 

t o x i c moiety; d) I n the l a s t i n s t a n c e , the "warhead" should 

not be transported by the t a r g e t c e l l t r a n s p o r t systems so 

that once i t i s r e l e a s e d i n s i d e the c e l l i t w i l l not be able 

to get out, enabling very high i n t r a c e l l u l a r c o n c e n t r a t i o n s 

to be a t t a i n e d . 
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C l e a r l y the a b i l i t y to r a t i o n a l l y design a novel 

a n t i b i o t i c r e l i e s on the a v a i l a b l i l i t y of d e t a i l e d 

information about the s u b s t r a t e s p e c i f i c i t i e s of the peptide 

t r a n s p o r t systems of the t a r g e t organism and of the host. I n 

a d d i t i o n , the s p e c i f i c i t i e s of the host peptidases must a l s o 

be w e l l c h a r a c t e r i s e d . A comprehensive survey of peptides 

with a n t i m i c r o b i a l a c t i v i t y has been given by Ringrose 

(1980) . 

I n the present work, s e v e r a l t o x i c peptide mimetics have 

been used to i s o l a t e r e s i s t a n t mutants (for s t r u c t u r e s of 

these, see Appendix B ) . Most mutants r e s i s t a n t to t o x i c 

peptides appear to be peptide t r a n s p o r t d e f i c i e n t , even 

though r e s i s t a n c e could a l s o occur v i a a change i n peptidase 

a c t i v i t y (a reduction for those peptides which must be 

cleaved to r e l e a s e the t o x i c moiety e.g. Ala-AlaP, or an 

i n c r e a s e for those peptides which are t o x i c i n t a c t e.g. 

t r i o r n i t h i n e ) , or a change i n the t a r g e t s i t e . Presumably 

most peptides can be cleaved by s e v e r a l peptidases but are 

l a r g e l y transported v i a one or two permeases, thus i n c r e a s i n g 

the l i k e l i h o o d of r e s i s t a n t mutants being t r a n s p o r t 

d e f i c i e n t . A mutant of Streptococcus f a e c a l i s r e s i s t a n t to 

Ala-AlaP (see Appendix B for s t r u c t u r e ) has been shown to be 

peptidase d e f i c i e n t (Payne et a l . , 1982), although other 

r e s i s t a n t mutants were t r a n s p o r t d e f i c i e n t . T h i s i n d i c a t e s 

t h a t i n S. f a e c a l i s Ala-AlaP i s cleaved predominantly by one 
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peptidase enabling l o s s of t h a t peptidase to prevent r e l e a s e 

of the t o x i c moiety. The infrequency of a l t e r e d t a r g e t s i t e s 

probably i n d i c a t e s t h at e i t h e r the peptide mimetic has 

s e v e r a l s i t e s of a c t i o n , or that c e l l s c o n t a i n i n g a l t e r e d 

t a r g e t s i t e s are r a r e or of low v i a b i l i t y and are t h e r e f o r e 

i n f r e q u e n t l y detected. 

.4 METHODS FOR STUDYING PEPTIDE TRANSPORT 

In t r o d u c t i o n 

Most s t u d i e s of a c t i v e t r a n s p o r t involve the use of 

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 and uptake i s monitored by 

the accumulation of r a d i o a c t i v i t y i n the c e l l s or t i s s u e 

being used. Unfortunately, very few r a d i o a c t i v e l y - l a b e l l e d 

d i p e p t i d e s and no o l i g o p e p t i d e s have ever been commercially 

a v a i l a b l e , t h e r e f o r e i n v e s t i g a t o r s must e i t h e r s y n t h e s i s e 

l a b e l l e d peptides themselves, i n which case they are forced 

to draw co n c l u s i o n s from a very l i m i t e d s u b s t r a t e range or 

other i n d i r e c t methods of monitoring t r a n s p o r t must be used. 

Unfortunately these i n d i r e c t methods are r e l a t i v e l y 

i n s e n s i t i v e , and the f a c t t h a t they are i n d i r e c t l i m i t s the 

c o n c l u s i o n s which may be drawn from them. F o r t u n a t e l y in the 

l a s t f i v e y e a r s , two new f l u o r e s c e n c e - l a b e l l i n g assays have 
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been developed which have the advantages of being d i r e c t and 

s e n s i t i v e and a l s o allow the use of widely a v a i l a b l e non 

r a d i o a c t i v e l y - l a b e l l e d peptide s u b s t r a t e s . The advantages 

and disadvantages of the d i r e c t f l u o r e s c e n c e and 

r a d i o a c t i v e l y - l a b e l l e d peptide a s s a y s , which have been used 

i n t h i s study, w i l l be d i s c u s s e d here. I n a d d i t i o n i t i s 

p e r t i n e n t to summarise the c h a r a c t e r i s t i c s of the i n d i r e c t 

a s s ays to enable the reader to i n t e r p r e t b e t t e r the r e s u l t s 

of e a r l i e r work. 

I n d i r e c t methods 

Growth assays 

The m a j o r i t y of s t u d i e s to date have used, i n p a r t a t 

l e a s t , the growth of microorganisms as a measure of peptide 

uptake, using peptides as sources of amino a c i d (for reviews 

see Payne, 1976, 1977). The procedure normally followed i s 

to monitor the growth of an amino a c i d auxotroph, by 

measuring the i n c r e a s e i n t u r b i d i t y , i n a medium containing a 

peptide as the s o l e source of the r e q u i r e d amino a c i d . I t i s 

important to determine that the s t r a i n possesses adequate 

i n t r a c e l l u l a r peptidase a c t i v i t y towards the peptide t e s t e d 

but that i t does not produce any e x t r a c e l l u l a r peptidase 

a c t i v i t y . A wide range of peptides can be screened by t h i s 

means although t h i s procedure i s slow and r e q u i r e s r e l a t i v e l y 
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la r g e amounts of peptide, and v a r i o u s auxotrophic s t r a i n s . 

The growth r a t e w i l l depend on the r a t e of supply of amino 

a c i d although t y p i c a l l y for r a p i d l y transported peptides 

other f a c t o r s w i l l be growth l i m i t i n g . Misleading r e s u l t s 

may a r i s e when growth r a t e s on d i f f e r e n t peptides are 

compared. For example, i f a m o d i f i c a t i o n to a peptide 

reduces i t s uptake r a t e by 80% but t r a n s p o r t r a t e of the 

unmodified form i s ten times f a s t e r than r e q u i r e d , then the 

m o d i f i c a t i o n w i l l have no measurable e f f e c t . I f , however, 

the same m o d i f i c a t i o n decreases the r a t e to the same extent 

i n a peptide transported only m a r g i n a l l y more q u i c k l y than 

r e q u i r e d , then there may be a marked decrease i n growth r a t e . 

I n some s p e c i e s , the peptide may be r a p i d l y transported, 

hydrolysed and the l i b e r a t e d amino a c i d r e s i d u e s undergo 

exodus. When a l l the peptide has been transported the r a t e 

of growth w i l l be dependent on the reabsorption of the 

c o n s t i t u e n t amino a c i d s v i a amino a c i d permeases. Under 

these circumstances growth w i l l e v e n t u a l l y be a measure of 

amino a c i d t r a n s p o r t r a t h e r than peptide t r a n s p o r t . 

The assay can only be performed under c o n d i t i o n s that 

allow growth, precluding experiments using t r a n s p o r t 

i n h i b i t o r s e t c . . Competition s t u d i e s can be performed using 

t h i s assay and have provided much information on the 

s p e c i f i c i t i e s of the t r a n s p o r t systems. S t u d i e s measuring 



- 53 -

the i n h i b i t i o n of growth by t o x i c peptides and the c r o s s 

r e s i s t a n c e of t r a n s p o r t - d e f i c i e n t mutants can a l s o provide 

information about t r a n s p o r t s p e c i f i c i t i e s . The main 

advantage of the auxotrophic growth assay i s the wide range 

of s u b s t r a t e s that can be used, and i t s disadvantage i s the 

imprecise and l i m i t e d c o n c l u s i o n s which can be drawn from the 

r e s u l t s . 

Monitoring enzyme s y n t h e s i s 

T h i s method a l s o monitors the u t i l i s a t i o n of amino a c i d i n 

peptide form but measures production of a s i n g l e enzyme 

i n s t e a d of o v e r a l l growth ( B e l l e t a l . , 1977). To s t a r t the 

assay, amino a c i d auxotrophic c e l l s are resuspended i n a 

medium which derepresses or induces production of an enzyme 

e.g. B - g a l a c t o s i d a s e . Peptide i s added and the amount of 

enzyme s y n t h e s i s i s monitored. The enzyme production i s 

p r o p o r t i o n a l to the r a t e and and amount of peptide-bound 

amino a c i d s u p p l i e d . T h i s method i s c o n s i d e r a b l y more 

s e n s i t i v e than the growth a s s a y s , r e q u i r e s l e s s peptide and 

i s f a s t e r . I t i s s t i l l however, an i n d i r e c t assay and 

s u f f e r s from many of the disadvantages a l r e a d y d i s c u s s e d for 

growth a s s a y s . 

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 amino a c i d 
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T h i s method r e q u i r e s a s t r a i n auxotrophic for two amino 

a c i d s . One of the req u i r e d amino a c i d s i s supplied 

r a d i o a c t i v e l y - l a b e l l e d i n excess of n u t r i t i o n a l requirements, 

and the other i s supplied i n peptide form (Payne and B e l l , 

1977c). P r o t e i n s y n t h e s i s can only take p l a c e i n the 

presence of both amino a c i d s so that, assuming excess 

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 , the r a t e of p r o t e i n 

s y n t h e s i s i s p r o p o r t i o n a l to the supply of amino a c i d i n 

peptide form. L i k e the previous method, t h i s assay i s f a s t e r 

than the growth t e s t s , r e q u i r e s l e s s peptide and i s more 

s e n s i t i v e . I t s u f f e r s from the disadvantages of being an 

i n d i r e c t assay. 

The l a s t two assays have been used l i t t l e as they were 

superceded by the d i r e c t f l u o r e s c e n c e assays developed 

s h o r t l y afterwards. 

D i r e c t methods 

Uptake of r a d i o a c t i v e l y - l a b e l l e d peptides 

T h i s method normally i n v o l v e s incubating a m i c r o b i a l 

suspension with a r a d i o a c t i v e l y - l a b e l l e d peptide, removing 

samples p e r i o d i c a l l y , f i l t e r i n g o f f and washing the 

microorganisms followed by measuring the r a d i o a c t i v i t y 

r e t a i n e d i n the m i c r o b i a l c e l l s on the f i l t e r . S t u d i e s using 
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t h i s method have been des c r i b e d for many s p e c i e s by many 

i n v e s t i g a t o r s e.g., i n Candida a l b i c a n s (Davies, 1980), E. 

c o l i (De F e l i c e et a l . , 1973; Cowell, 1974; Neuhaus e_t a l . , 

1977; S t a r o s and Knowles, 1978; Payne and Nisbet, 1980b), 

Pseudomonas putida ( C a s c i e r i and M a l l e t t e , 1976a), 

Saccharomyces c e r e v i s i a e (Nisbet, 1980) , Salmonella 

typhimurium (Jackson e t a l . , 1976; Yang e_t a l . , 1977; Nisbet, 

1980), Staphylococcus aureus (Perry and Abraham, 1979), 

Streptococcus f a e c a l i s (Nisbet, 1980) , Streptococcus spp. 

(Law, 1978; R i c e et a l . , 1978). The method i s very 

s e n s i t i v e , d i r e c t and f a s t . I t does not r e q u i r e the use of 

amino a c i d auxotrophs or c o n d i t i o n s which permit growth and 

t r a n s p o r t k i n e t i c s can be measured. Unfortunately the range 

of a v a i l a b l e s u b s t r a t e s i s very l i m i t e d , although t h i s can be 

overcome by using competition s t u d i e s , at the c o s t of l o s i n g 

the d i r e c t n e s s and some of the s e n s i t i v i t y of the assay. 

I n r e c e n t y e a r s , s e v e r a l problems a s s o c i a t e d with t h i s 

method have been h i g h l i g h t e d . S i n c e the development of the 

dansyl c h l o r i d e f l u o r e s c e n c e assay i t has become c l e a r that 

in many organisms, amino a c i d exodus occurs concomitant with 

peptide t r a n s p o r t . The r a d i o a c t i v e l y - l a b e l l e d peptide assay 

does not d i s t i n g u i s h between a l a b e l l e d peptide and a 

l a b e l l e d amino a c i d , t h e r e f o r e exodus of l a b e l l e d amino a c i d 

w i l l produce a lowering of the apparent r a t e of t r a n s p o r t . 

Although r a p i d sampling can p a r t l y overcome t h i s problem, 



- 56 -

there i s evidence (J.W. Payne, personal communication), that 

i n organisms such as c o l i , amino a c i d exodus commences 

w i t h i n a few seconds of a d d i t i o n of peptide. A d d i t i o n a l l y , 

the t r a n s p o r t r a t e observed can depend on which of the amino 

a c i d r e s i d u e s c o n t a i n s the r a d i o a c t i v e l a b e l (Payne and 

Nisbet, 1980b). T h i s i s because some amino a c i d s undergo 

more r a p i d exodus than others and thus l o s s of l a b e l i s 

d i f f e r e n t depending on which amino a c i d i s l a b e l l e d . Loss of 

l a b e l has a l s o been shown to occur v i a metabolic l o s s of 

CO x from [1- "*C]Gly-Phe and Gly- [U-"*C] Phe i n Staphylococcus 

aureus (Perry and Abraham, 1979). A s i m i l a r e f f e c t has a l s o 

been observed i n c o l i , Salmonella typhimurium and 

Saccharomyces c e r e v i s i a e using Ala-[U- | l fC]Ala, 

Ala-A l a - [ U - "*-C]Ala, [1- "*-C]Gly-Phe and Gly-[U- |4,-C]Phe 

(Nisbet, 1980). 

The l o s s of counts through amino a c i d exodus and 

metabolism, when combined, can produce a l a r g e underestimate 

of the true r a t e of t r a n s p o r t . Uptake r a t e s and k i n e t i c 

parameters obtained with t h i s assay t h e r e f o r e may not 

a c c u r a t e l y represent the true c h a r a c t e r i s t i c s of peptide 

uptake. 

Dansyl c h l o r i d e assay 
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Dansyl c h l o r i d e (1-dimethylamino naphthalene 

5-sulphonylchloride) r e a c t s with primary and secondary amines 

to form f l u o r e s c e n t d e r i v a t i v e s . The amino groups of 

peptides and amino a c i d s both r e a c t with dansyl c h l o r i d e and 

the d e r i v a t i v e s can be separated by two dimensional t h i n 

l a y e r chromatography. I n t h i s way, amounts of peptide and 

amino a c i d l e s s than lnmol can be detected. Because 

f l u o r e s c e n t - l a b e l l e d peptides are u n l i k e l y to be s u b s t r a t e s 

for t r a n s p o r t the peptides are l a b e l l e d a f t e r incubation. 

The assay i n v o l v e s incubating c e l l s with peptide, 

p e r i o d i c a l l y removing samples and sep a r a t i n g the c e l l s and 

medium by f i l t r a t i o n . C e l l e x t r a c t s can be prepared by 

b o i l i n g the c e l l s i n water. Samples of medium or c e l l 

e x t r a c t are reacted with dansyl c h l o r i d e and spotted on 

polyamide t h i n l a y e r chromatography sheets. The dansyl 

d e r i v a t i v e s are then chromatographed i n two dimensions using 

three s o l v e n t s . The spots are v i s u a l i s e d under long-wave UV 

l i g h t and are i d e n t i f i e d by comparison with the p o s i t i o n s of 

standards. Spot i n t e n s i t i e s can be q u a n t i f i e d e i t h e r by 

v i s u a l e s t i m a t i o n using standard spots for comparison or 

using a t h i n l a y e r scanner attached to a recording 

f l u o r e s c e n c e spectrophotometer. Transport r a t e s can thus be 

estimated from the l o s s of peptide from the medium. 

Although t h i s procedure i s probably the l e a s t s e n s i t i v e of 

the d i r e c t a s s a y s , i t i s s t i l l much more s e n s i t i v e than any 
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of the i n d i r e c t methods. The great advantage of using t h i s 

method i s t h a t i t allows changes in the c o n c e n t r a t i o n s of 

s e v e r a l peptide and amino a c i d s to be monitored 

simultaneously. D a n s y l a t i o n of both the medium and c e l l 

e x t r a c t s allows the f a t e of absorbed peptide to be followed, 

as shown by the s t u d i e s i n which amino a c i d exodus was 

demonstrated i n c o l i (Payne and B e l l , 1977b, 1979). The 

technique has a l s o been used with y e a s t (Nisbet and Payne 

1979a,b) and p l a n t s (Higgins and Payne, 1977). T h i s assay 

has been d e s c r i b e d i n more d e t a i l by Higgins (1979) and by 

Nisbet (1980). 

Manual fluorescamine assay 

Fluorescamine r e a c t s with non-protonated primary amines to 

form i n t e n s e l y f l u o r e s c e n t d e r i v a t i v e s (Udenfriend e_t a l . , 

1972; De Bernardo e t a l . , 1974). As the terminal amino 

groups of amino a c i d s and peptides have d i f f e r e n t pKa v a l u e s , 

fluorescamine e x h i b i t s s e l e c t i v e r e a c t i o n s with amino a c i d s 

and peptides dependent on the r e a c t i o n pH. At pH 9 the 

r e a c t i o n i s optimal for amino a c i d s whereas the optimum 

r e a c t i o n for peptides occurs a t pH 7-8. At pH 7-8 there i s 

s t i l l a s i g n i f i c a n t r e a c t i o n with amino a c i d s , however at 

about pH 6.2 the y i e l d with peptide i s much greate r than that 

with amino a c i d (the y i e l d with amino a c i d i s l e s s than 5% of 

t h a t with isomolar p e p t i d e ) , w h i l s t s t i l l being s u f f i c i e n t l y 
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high to permit s e n s i t i v e d e t e c t i o n of peptides ( P e r r e t t e t 

a l . , 1975). T h i s d i f f e r e n t i a l l a b e l l i n g of peptides a t pH 

6.2 i s the b a s i s for the peptide uptake assay (Nisbet and 

Payne, 1979a,b). By a l t e r i n g the r e a c t i o n pH to 9 the assay 

can a l s o be used to measure amino a c i d uptake. The assay and 

the r e a c t i o n s of fluorescamine are described in more d e t a i l 

by Higgins (1979) and Nisbet (1980). 

Medium samples are removed and f i l t e r e d , as i n the dansyl 

c h l o r i d e assay, and samples of f i l t r a t e are reacted with 

fluorescamine a t pH 6.2. The samples and fluorescamine 

s o l u t i o n must be mixed r a p i d l y as the main r e a c t i o n occurs i n 

m i l l i s e c o n d s . To achieve t h i s , the sample i s vortexed during 

a d d i t i o n of fluorescamine. The flu o r e s c e n c e of each sample 

i s read i n a fl u o r e s c e n c e spectrophotometer and by comparing 

the values obtained with those of known peptide standards, 

the r a t e of peptide uptake can be c a l c u l a t e d . 

The fluorescamine assay i s quicker and more s e n s i t i v e than 

the dansyl c h l o r i d e assay but cannot monitor peptides and 

amino a c i d s simultaneously. The e f f e c t of amino a c i d exodus 

on t h i s assay i s n e g l i g i b l e except under c o n d i t i o n s where 

almost a l l of the peptide i n i t i a l l y present i n the medium has 

been transported, hydrolysed and undergone exodus. These 

c o n d i t i o n s r a r e l y apply during routine measurement of 

tr a n s p o r t r a t e s . 
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When peptide uptake i s measured by both the fluorescamine 

and r a d i o a c t i v e l y - l a b e l l e d peptide assays i n organisms i n 

which amino a c i d exodus occurs, the r a t e s obtained with the 

fluorescamine assay are i n v a r i a b l y higher than those obtained 

with the r a d i o l a b e l assay because of the i n t e r f e r e n c e of 

amino a c i d exodus and metabolism with the r a d i o a c t i v e l y 

l a b e l l e d peptide assay. 

The fluorescamine assay i s i d e a l for measuring t r a n s p o r t 

k i n e t i c s and, l i k e the other d i r e c t a s s a y s , can be used with 

a range of medium c o n d i t i o n s enabling energy coupling e t c . to 

be s t u d i e d . 

Continuous fluorescamine assay 

The development of the continuous fluorescamine assay was 

a l o g i c a l step from the manual fluorescamine assay. I n t h i s 

assay, as the name suggests, c e l l suspension i s continuously 

removed from the incubation, f i l t e r e d , mixed with buffer and 

fluorescamine and passed through a flow c e l l i n the 

f l u o r e s c e n c e spectrophotometer. For a d e t a i l e d d e s c r i p t i o n 

of the assay see Nisbet (1980) and Payne and Nisbet (1981). 

The data from the spectrophotometer were recorded on a c h a r t 

recorder i n e a r l y experiments, but are now recorded on a 

microcomputer which i s i n t e r f a c e d with the spectrophotometer. 

The components of the system are shown in diagrammatic form 
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i n F i g u r e 1.4. 

Each assay i s begun by adding peptide to the m i c r o b i a l 

suspension and s t a r t i n g the data recording program. The 

m i c r o b i a l suspension i s drawn continuously from the 

incubation v i a l by the p e r i s t a l t i c pump, and through the 

f i l t e r apparatus to remove the microorganisms. The f i l t r a t e 

i s then mixed with buffer to bring the pH to the c o r r e c t 

value for r e a c t i o n of the peptide with fluorescamine i n a 

second mixing chamber. The r e s u l t i n g s o l u t i o n i s then passed 

round a delay c o i l to allow a i r bubbles, which are d r i v e n out 

of s o l u t i o n by the isopropanol i n which the fluorescamine i s 

d i s s o l v e d , to aggregate and to allow the f l u o r e s c e n c e to 

s t a b i l i s e . The a i r bubbles are then removed from the 

s o l u t i o n v i a a debubbler j u n c t i o n and the s o l u t i o n i s passed 

through the s p e c t r o f l u o r i m e t e r flow c e l l and i t s f l u o r e s c e n c e 

i s monitored. The s p e c t r o f l u o r i m e t e r measures the 

f l u o r e s c e n c e every 0.08sec and averages 8 readings to produce 

each datum point every 0.64sec. The microcomputer p r i n t s out 

each datum point as i t r e c e i v e s i t and a l s o records i t on a 

floppy d i s c for r e t r i e v a l l a t e r (see s e c t i o n 2.6). I f 

re q u i r e d , the r e a c t i o n mixture can be c o l l e c t e d a f t e r p assing 

through the f l u o r i m e t e r and the peptides and amino a c i d s i t 

c o n t a i n s can be separated using t h i n l a y e r chromatography as 

in the dansyl c h l o r i d e assay. 
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There are co n s i d e r a b l e advantages i n using the continuous 

fluorescamine assay rather than the manual fluorescamine 

assay. 1) The continuous assay produces much more data, and 

the r e f o r e more r e l i a b l e r e s u l t s , than the manual assay. 2) 

C o n s i s t e n t and e f f i c i e n t mixing of medium and fluorescamine 

i s c r u c i a l to the r e p r o d u c i b i l i t y of r e s u l t s and i n these 

r e s p e c t s the mixing i n the continuous assay i s su p e r i o r to 

tha t i n the manual assay. 3) R e s u l t s are obtained during the 

assay making i t the q u i c k e s t of a l l the peptide uptake assays 

and i n t r i n s i c a l l y an i n t e r a c t i v e system. 4) The data, once 

recorded by the microcomputer, are a v a i l a b l e for f u r t h e r 

processing to provide information such as t r a n s p o r t k i n e t i c s 

(see s e c t i o n 2.6 and Appendix A). 

The automated assay a l s o has the other advantages of the 

manual fluorescamine assay and can be adapted to measure 

amino a c i d t r a n s p o r t by using a buffer i n channel B which 

w i l l produce a s o l u t i o n pH of 9. The method has been used to 

measure peptide and amino a c i d uptake i n c o l i , 

Streptococcus f a e c a l i s (Nisbet, 1980; Payne and Nisbet, 1981) 

and Candida a l b i c a n s (J.W. Payne, personal communication). 

The only s i g n i f i c a n t problem s t i l l remaining with the use 

of t h i s system i s the time delay a f t e r the s t a r t of each 

assay before uptake r a t e s can be measured, t h i s a r i s e s from 

the l o n g i t u d i n a l mixing i n the f i l t e r holder, mixing chambers 
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and tubing. T h i s causes a delay of about 2min before u s e f u l 

uptake data are produced (see Payne and Nisbet, 1981 and 

Appendix A for t y p i c a l uptake p r o f i l e s ) . T h i s d i f f i c u l t y has 

been minimised by reducing the i n t e r n a l volume of the f i l t e r 

holder and mixing chambers to the minimum necessary for f r e e 

flow and by using tubing of a smaller i n t e r n a l diameter, and 

may p o s s i b l y be improved s t i l l f u r t h e r by a d d i t i o n a l 

refinements to the p h y s i c a l c o n s t r u c t i o n of the system. 

Uptake r a t e s i n t h i s i n i t i a l period can be measured by 

r e l a t i n g the p r o f i l e of an experimental curve to that of a 

c o n t r o l curve with no uptake, but t h i s procedure can only be 

done by hand a t present and i s l a b o r i o u s . Work i s i n 

progress on t h i s problem (J.W. Payne, personal 

communication), and i n the near future a program should be 

completed that w i l l enable the microcomputer to c a l c u l a t e the 

r a t e s of uptake i n t h i s i n i t i a l period. 
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1.5 NITROGEN METABOLISM IN PSEUDOMONAS AERUGINOSA 

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

The members of t h i s family are v a r i e d and are found i n a 

wide v a r i e t y of environments ( P a l l e r o n i , 1981). Pseudomonads 

have been i s o l a t e d from s o i l , water, animal and p l a n t t i s s u e s 

and even sources such as mineral o i l s and kerosene ( S t a n i e r 

e t a l . , 1966). Many members of the group are able to 

metabolise a l a r g e number of d i f f e r e n t organic compounds. 

The most st u d i e d member of the Pseudomonaceae i s 

Pseudomonas aeruginosa, the type s p e c i e s of the genus 

Pseudomonas. Pseudomonas aeruginosa i s an o p p o r t u n i s t i c 

pathogen of man and has a l s o been shown to be phytopathogenic 

( P a l l e r o n i , 1975). Although only weakly pathogenic, the high 

r e s i s t a n c e of P^ aeruginosa to many a n t i b i o t i c s and 

d i s i n f e c t a n t s , and i t s a b i l i t y to s u r v i v e and grow i n moist 

environments with very low n u t r i e n t l e v e l s e.g. d i s t i l l e d 

water s u p p l i e s , make i t an important organism i n h o s p i t a l 

i n f e c t i o n s (Lowbury, 1975). 

Most s t r a i n s of the s p e c i e s can u t i l i s e over 80 organic 

compounds as sources of carbon i n c l u d i n g carbohydrates, 

a l c o h o l s , s a t u r a t e d and unsaturated f a t t y a c i d s , amino a c i d s , 

amines and amides but not s i n g l e carbon compounds ( S t a n i e r e t 
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a l . , 1966). A wide v a r i e t y of substances can be used as 

nitrogen sources such as n i t r a t e , ammonium, urea, amino 

a c i d s , amines and amides ( S t a n i e r e_t a l . , 1966) . 

I n t h i s s e c t i o n the areas of the metabolism of Pseudomonas 

aeruginosa which are most r e l e v a n t to the study presented 

here w i l l be surveyed. These i n c l u d e nitrogen a s s i m i l a t i o n , 

the r e g u l a t i o n of nitrogen metabolic pathways and a c t i v e 

t r a n s p o r t . 

Nitrogen a s s i m i l a t i o n and i t s r e g u l a t i o n 

The major sources of nitrogen for Pseudomonads are 

n i t r a t e , which i s reduced v i a n i t r i t e to ammonia ( P a i n t e r , 

1970), ammonia i t s e l f and amino a c i d s . Ammonia, the 

p r e f e r r e d nitrogen source, i s a s s i m i l a t e d by two routes 

i n v o l v i n g e i t h e r glutamate dehydrogenase (GDH) under 

co n d i t i o n s of high ammonia c o n c e n t r a t i o n , or the combined 

a c t i o n of glutamine synthetase (GS) and glutamate synthase 

(GOGAT; L-glutamine: 2-oxoglutarate aminotransferase) under 

co n d i t i o n s of low ammonia co n c e n t r a t i o n (Brown e_t a l . , 1973) . 

Amino a c i d s can e i t h e r be used d i r e c t l y i n p r o t e i n s y n t h e s i s 

or can be used as both carbon and nitrogen sources for other 

b i o s y n t h e t i c pathways v i a glutamate and glutamine depending 

on the n u t r i t i o n a l s t a t u s of the organism ( T y l e r , 1978). 

Although the mechanisms of nitrogen c o n t r o l i n p. aeruginosa 
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are not w e l l understood, i t i s l i k e l y that the enzymes 

involved i n glutamine and glutamate metabolism w i l l be 

involved i n any such c o n t r o l , as glutamine and glutamate are 

c e n t r a l to most pathways of nitrogen flow i n the c e l l . 

GDH c a t a l y s e s the production of glutamate from ammonia and 

2-oxoglutarate ( T y l e r , 1978). The r e g u l a t i o n of GDH 

production v a r i e s from organism to organism, for example, i n 

P. aeruginosa GDH production appears to be only derepressed 

under c o n d i t i o n s of excess ammonia (Brown e t a l . , 1973) 

whereas i n typhimurium, ammonia concentration has no 

e f f e c t on GDH r e g u l a t i o n (Brenchley e t a l . , 1975). The 

s r u c t u r a l gene for GDH (gdhA) i n typhimurium has r e c e n t l y 

been cloned so that the a c t i v i t y of the promoter and other 

r e g u l a t o r y regions can be i n v e s t i g a t e d ( M i l l e r and Brenchley, 

1984). T h i s pathway of ammonia a s s i m i l a t i o n i s e n e r g e t i c a l l y 

more e f f i c i e n t than the coupled GS-GOGAT pathway except a t 

low ammonia concentrations ( T y l e r , 1978). Glutamate synthase 

(GOGAT) c a t a l y s e s the t r a n s f e r of the amide group from 

glutamine to 2-oxoglutarate to produce 2 molecules of 

glutamate ( T y l e r , 1978). GS, the t h i r d enzyme involved i n 

glutamine/glutamate metabolism, can then combine the 

glutamate with ammonia at the expense of an ATP to reform 

glutamine. Because GS has a r e l a t i v e l y high a f f i n i t y f or 

ammonia and the pathway i s ATP-driven, ammonia can be more 

e f f i c i e n t l y a s s i m i l a t e d at low conc e n t r a t i o n s by the GS-GOGAT 
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pathway than the GDH pathway. 

GS i s the most studied of the enzymes involved i n nitrogen 

a s s i m i l a t i o n as i t has long been thought to be the major 

re g u l a t o r y f a c t o r for these pathways i n e n t e r i c b a c t e r i a 

(Magasanik 1982). The a c t i v i t y of GS i s regulated by the 

i n t e r c o n v e r s i o n of a c t i v e and i n a c t i v e forms by d i v a l e n t 

c a t i o n s , by cumulative feedback i n h i b i t i o n by end-products of 

glutamine metabolism and by the s t a t e of adenylation of the 

molecule ( T y l e r , 1978). Magasanik e t a l . (1974) proposed 

th a t GS c o n t r o l s the s y n t h e s i s of s e v e r a l enzymes involved i n 

nitrogen a s s i m i l a t i o n e.g. h i s t i d a s e , GDH, urease and GS 

i t s e l f , by a c t i n g as a p o s i t i v e t r a n s c r i p t i o n a l c o n t r o l 

f a c t o r . I t was a l s o proposed that the l e v e l of ad e n y l a t i o n 

c o n t r o l l e d the a b i l i t y of GS to a c t as a p o s i t i v e c o n t r o l 

f a c t o r . Further evidence i n c o l i i n d i c a t e s t h a t there i s 

another r e g u l a t o r y locus c l o s e l y l i n k e d to but separate from 

the s t r u c t u r a l gene of GS (glnA) (Pahel and T y l e r , 1979). the 

groups of Magasanik and T y l e r have shown that t h i s locus 

c o n s i s t s of two c i s t r o n s glnL and glnG, and that the products 

are involved i n both p o s i t i v e and negative c o n t r o l of glnA 

(Chen et a l . , 1982; Pahel e t a l . , 1982; MacNeil e t a l . , 

1982). Furthermore glnA, glnL and glnG comprise a s i n g l e 

operon with two promoters, one of which produces 

t r a n s c r i p t i o n of the whole operon and one which i s s i t e d 

downstream of glnA and produces t r a n s c r i p t i o n of glnL and 
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glnG when the production of glnA i s repressed (Chen et a l . , 

1982; Pahel et a l . , 1982; Gutterman et a l . , 1982). Hanau e t 

a l . (1983) have reported a s i m i l a r p o s i t i o n i n S. 

typhimurium. The s i t u a t i o n i n P_̂  aeruginosa i s l e s s c l e a r . 

Mutants l a c k i n g GS (GlnR ) have been described (Janssen e t 

a l . , 1981) and i n d i c a t e a key r o l e for glutamine or a 

glutamine product i n nitrogen c o n t r o l . A p a r t i a l r e v e r t a n t 

of a GlnR mutant was caused by a mutation l o c a t e d near the 

s t r u c t u r a l gene for GS, suggesting t h a t there may be a 

r e g u l a t o r y gene analogous to the one which occurs i n E_. c o l i 

(Janssen et a l . , 1982). 

The glutamine synthetase r e g u l a t o r y system i s a l s o 

involved i n the c o n t r o l of nitrogen a s s i m i l a t i o n v i a s e v e r a l 

other routes, so that under n i t r o g e n - l i m i t e d growth, 

s y n t h e s i s of s e v e r a l c a t a b o l i c pathways i s derepressed. The 

number of pathways c o n t r o l l e d by GS v a r i e s between s p e c i e s 

with asparagine and tryptophan u t i l i s a t i o n being c o n t r o l l e d 

by GS i n K l e b s i e l l a aerogenes but not i n c o l i ( T y l e r , 

1978) . I n P_̂  aeruginosa catabolism of methionine, p r o l i n e 

and tryptophan i s c o n t r o l l e d i n t h i s way (Janssen et a l . , 

1982). Recently Bender et a l . (1983) reported a new locus 

(nac) in K l e b s i e l l a aerogenes, which i s involved i n the 

r e g u l a t i o n of c a t a b o l i c pathways by ammonia con c e n t r a t i o n . 

Whether t h i s locus a l s o occurs i n other organisms i s not yet 
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known. 

Amino a c i d metabolism 

P. aeruginosa i s capable of s y n t h e s i s i n g a l l of the 

p r o t e i n amino a c i d s and t h e r e f o r e does not r e q u i r e any of 

them to be present i n the growth medium. The amino a c i d 

b i o s y n t h e t i c pathways i n aeruginosa are s i m i l a r to those 

e s t a b l i s h e d i n other b a c t e r i a . The degradative pathways are 

more v a r i e d so that even some D-amino a c i d s e.g. D - l y s i n e 

can be u t i l i s e d ( M i l l e r and Rodwell, 1971). 

D i f f e r e n c e s between e n t e r i c b a c t e r i a and p_. aeruginosa 

occur i n the r e g u l a t i o n of both enzyme a c t i v i t y and enzyme 

s y n t h e s i s . At the t r a n s c r i p t i o n a l l e v e l , the s t r u c t u r a l 

genes of enzymes for a b i o s y n t h e t i c pathway are more widely 

s c a t t e r e d i n P. aeruginosa than i n c o l i , for example, 

h i s t i d i n e b i o s y n t h e t i c genes are found i n f i v e groups i n P. 

aeruginosa whereas they form a s i n g l e operon i n c o l i (Mee 

and Lee, 1969). The c o n t r o l of t r a n s c r i p t i o n of the h i s 

b i o s y n t h e t i c genes i n P^ aeruginosa i s complex with as many 

as f i v e r e g u l a t o r y genes. The major c o n t r o l of metabolic 

flow along the metabolic pathways i n Pseudomonads appears to 

be v i a feedback i n h i b i t i o n of enzyme a c t i v i t y (Clarke and 

Ornston, 1975a). Where a branched pathway r e q u i r e s feedback 

c o n t r o l by s e v e r a l products, the e n t e r i c b a c t e r i a produce 
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i s o f u n c t i o n a l enzymes, each c o n t r o l l e d independently, so t h a t 
even i n the presence of an excess of one product the pathway 
can s t i l l f u n c t i o n t o produce the other products. I n 
Pseudomonads however, s i n g l e enzymes w i t h more complex modes 
of i n h i b i t i o n are o f t e n present. For example, the f i r s t step 
i n the pathway of aromatic amino acid biosynthesis i s 
catalysed by three isoenzymes of DAHP synthetase i n c o l i , 
each i n h i b i t e d by a d i f f e r e n t amino a c i d , whereas i n P. 
aeruginosa a s i n g l e DAHP synthetase enzyme i s i n h i b i t e d by 
t y r o s i n e , tryptophan and phenylpyruvate, w i t h a combination 
of the three i n h i b i t o r s producing a cumulative e f f e c t 
(Janssen e t a l . , 1973). The amino acid b i o s y n t h e t i c pathways 
of P_̂  aeruginosa and t h e i r r e g u l a t i o n are described i n more 
d e t a i l by Clarke and Ornston, 1975b) 

The amino acid c a t a b o l i c pathways are organised and 
regulated i n a d i f f e r e n t manner t o the b i o s y n t h e t i c pathways 
i n Pseudomonads. The genes coding f o r these c a t a b o l i c 
pathways tend t o be c l u s t e r e d , u n l i k e the b i o s y n t h e t i c genes, 
and there i s o f t e n more than one pathway present f o r the 
catabolism of a s i n g l e compound even i n a s i n g l e s t r a i n 
(Clarke and Ornston, 1975b). Many c a t a b o l i c pathway genes 
are c a r r i e d on t r a n s m i s s i b l e plasmids which i s l i k e l y to 
allow a popu l a t i o n to grow on a wide range of p o t e n t i a l 
substrates. These plasmids may o f t e n be l o s t i n l a b o r a t o r y 
s t r a i n s so t h a t such s t r a i n s would not possess such a wide 
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substrate range as a w i l d p o p u l a t i o n . 

The genes coding f o r amino a c i d catabolism tend to be 
c o o r d i n a t e l y induced by the presence of the amino acid or one 
of the e a r l y intermediates o f the pathway. These c a t a b o l i c 
pathways are also c o n t r o l l e d by c a t a b o l i t e repression. Under 
co n d i t i o n s of low cAMP, c a t a b o l i c pathways are g e n e r a l l y 
repressed. I n c o l i , glucose and other r a p i d l y u t i l i s e d 
carbon sources can cause severe c a t a b o l i t e repression, 
however i n P^ aeruginosa glucose i s a r e l a t i v e l y poor 
substrate and i t i s the intermediates of the TCA cycle e.g. 
succinate which produce the strongest c a t a b o l i t e repression. 
End product i n h i b i t i o n and end product repression also occur 
and provide f u r t h e r l e v e l s of c o n t r o l over the a c t i v i t y of 
the c a t a b o l i c pathways although the major c o n t r o l seems t o be 
substrate i n d u c t i o n . The supply of substrates f o r the 
c a t a b o l i c pathways i s c o n t r o l l e d by the a v a i l a b i l i t y of 
n u t r i e n t s and by the b i o s y n t h e t i c pathways (Clarke and 
Ornston, 1975b). 

Regulation of a c t i v e t r a n s p o r t 

Just as many of the metabolic pathways i n Pseudomonas are 
i n d u c i b l e , so are many of the t r a n s p o r t systems. I n d u c t i o n 
of the t r a n s p o r t systems i s i n h i b i t e d by chloramphenicol, 
i n d i c a t i n g t h a t de novo p r o t e i n synthesis occurs, and not 
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j u s t an a c t i v a t i o n o f already synthesised p r o t e i n (Clarke and 
Ornston, 1975a). The i n d u c i b l e uptake systems include those 
f o r glucose, g l y c e r o l and mandelate (Midgley and Dawes, 1973; 
Tsai e t a l . , 1971; Higgins and Mandelstam, 1972). These 
t r a n s p o r t systems are u s u a l l y induced by the presence of 
t h e i r t r a n s p o r t substrate and the same mechanisms e.g. 
c a t a b o l i t e repression, which repress the metabolic pathways, 
also repress the res p e c t i v e t r a n s p o r t systems. 

Other t r a n s p o r t systems, e.g. those f o r amino acids and 
peptides, have been shown to be c o n s t i t u t i v e (Kay and 
Gronlund, 1969a; C a s c i e r i and M a l l e t t e , 1976a). As the amino 
acid c a t a b o l i c pathways are i n d u c i b l e i t might be expected 
t h a t the permeases would also be i n d u c i b l e , however, the only 
i n d u c i b l e amino acid permease a c t i v i t y i n aeruginosa 
reported to date i s the 10 - f o l d increase i n p r o l i n e permease 
a c t i v i t y induced i n the presence of p r o l i n e (Kay and 
Gronlund, 1969b). Kay and Gronlund (1969a) showed t h a t the 
presence of the substrate e i t h e r as the sole carbon or 
ni t r o g e n source only caused a s l i g h t increase i n the uptake 
of alanine, glutamate and g l y c i n e , while leucine and v a l i n e 
t r a n s p o r t a c t i v i t y f e l l and the uptake of other amino acids 
was unaffected. The rates of t r a n s p o r t o f amino acids i n t o 
P. aeruginosa range from 0.2nmol min - 1 mg dry weight -* 
(cysteine) to 8nmol min - 1 mg dry weight - 1 (leucine) (Kay and 
Gronlund, 1969a). 
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Peptide t r a n s p o r t has been shown t o be c o n s t i t u t i v e i n 
both aeruginosa and p u t i d a ( M i l l e r and Becker, 1978; 
C a s c i e r i and M a l l e t t e , 1976a) although the p o s s i b i l i t y of 
inducing higher l e v e l s of a c t i v i t y has been given l i t t l e 
a t t e n t i o n . Peptide uptake i n Pseudomonas has been l a r g e l y 
studied using growth t e s t s , t h e r e f o r e there i s r e l a t i v e l y 
l i t t l e i n f o r m a t i o n regarding uptake k i n e t i c s , however rates 
appear t o be s i m i l a r t o those f o r amino aci d uptake and 
approximately ten times slower than peptide t r a n s p o r t i n 
c o l i . 
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2 MATERIALS AND METHODS 

2.1 MATERIALS AND INSTRUMENTATION 

Ma t e r i a l s 

Phosphono peptide d e r i v a t i v e s were g i f t s from Dr. W.J. 
Lloyd, Roche Products L t d . , Welwyn Garden C i t y . Aminoxy 
peptide d e r i v a t i v e s were g i f t s from Dr. J.W. Morley, I . C . I . 
Pharmaceuticals L t d . , A l d e r l e y Park. R a d i o a c t i v e l y - l a b e l l e d 
Gly- [U "*"C] Phe was from the Radiochemical Centre, Amersham; 
rad<3fiactively-labelled Ala-Ala-[U C]Ala was a g i f t from Dr. 
W.J. Lloyd, Roche Products L t d . Welwyn Garden C i t y . 
Peptides were e i t h e r from Sigma (London) L t d . , Poole or 
Uniscience L t d . , Cambridge. Fluorescamine was e i t h e r a g i f t 
from Dr. W.J. Lloyd, Roche Products L t d . , Welwyn Garden 
C i t y or was obtained from Sigma (London) L t d . , Poole. Dansyl 
c h l o r i d e was from B r i t i s h Drug Houses L t d . . Agar, Tryptone 
and Yeast E x t r a c t were obtained from D i f c o L t d . or Oxoid 
L t d . . Syringes and p e t r i dishes were from S t e r i l i n Products 
L t d . . A l l other chemicals used were obtained e i t h e r from 
Sigma (London) L t d . or from B r i t i s h Drug Houses L t d . and were 
of Analar grade or the highest grade a v a i l a b l e . 
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I n s t r u m e n t a t i o n 

The f l u o r i m e t e r used i n t h i s study was a Perkin Elmer 1000 
w i t h a flow c e l l accessory. The microcomputer used f o r 
logging and processing the data from the continuous f l o w 
peptide uptake assay was a 380Z from Research Machines 
(Cambridge Ltd.) w i t h double min i (7in) f l o p p y disc d r i v e 
u n i t s l i n k e d t o an Anadex 9001 dot matrix p r i n t e r and a Sony 
video monitor. Maxell MD2 double sided, double d e n s i t y 
f l o p p y discs w i t h a c a p a c i t y f o r 72K of random access memory 
were used. The 380Z was f i t t e d w i t h the high r e s o l u t i o n 
graphics board , a d d i t i o n a l memory board and a r i t h m e t i c chip. 
The data logging and processing programs were w r i t t e n by Dr 
J.T. Gleaves. The s c i n t i l l a t i o n counter used i n the 
r a d i o a c t i v e l a b e l uptake studies was a Packard Prias Tri-Carb 
l i q u i d s c i n t i l l a t i o n counter. Centrifuges used were a l l MSE 
c e n t r i f u g e s , an HS18 f o r c e l l h arvesting and other low t o 
medium speed work and a Prepspin f o r the high speed spins 
r e q u i r e d during c e l l membrane f r a c t i o n p r e p a r a t i ons. The 
sonicator used to break open c e l l s was an MSE Soniprep. A 
Grant water bath (type SS-30) was used f o r growing c e l l s i n 
l i q u i d media. 
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2.2 BACTERIAL STRAINS AND GROWTH CONDITIONS 

The b a c t e r i a l s t r a i n s used are shown i n Table 2.1. The 

media used for growth and storage of each s t r a i n are shown i n 

Table 2.2. 

Media 

The following media were used: 

Minimal Media 

A+C (Davis and M i n g i o l i , 1950) 

7.0g KaHPO^ 

3.0g KH^PO^ 

O.lg MgSO^^Ha.O 

l.Og (NHJ^SO^ 

1.0ml 10% w/v Sodium C i t r a t e 

Made up to 1 l i t r e with d i s t i l l e d water. 

M9(Miller, 1972) 

6.0g Na^HPO^ 

3.0g K̂ HPÔ . 

0.5g NaCl 
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Table 2.1 B a c t e r i a l s t r a i n s used 
S t r a i n Lab No Relevant Genotype Sou] 
M26-26 M26-26 l y s A 
M26-26 PA0112 l y s opp A 
M26-26 PA0107 l y s dpp A 
M26-26 PA0119 l y s dpp opp A 
M26-26 PA0113 l y s opp dpp A 
M26-26 PA0122 l y s dpp opp opt A 
KL723 4251 t h r - 1 leuB6 proA2 his-4 recAl3 ArgE3 B 

t h i - 1 ara-14 l a c Y l galK2 xy l - 7 m t l - 1 
rpsL31 tsx-33 X" supE44 (contains 
F' F104) 

KL719 4282 leuB6 proC32 purE42 trpE38 recAl B 
metE70 t h i - 1 ara-14 lacZ36 xyl-5 m t l - 1 
azi-6 rpsLl09 tonA23 tsx-67 X" supE44 
(contains F" F254) 

E5014 4288 DE5 r e l A l ? t h i - 1 mal-24 rpsE2112 X" B 
supE44 (contains F"* F128) 

KL718 4287 pyrD34 trp-45 his-68 tyrA2 recAl t h i - 1 B 
galK35 xyl-7 mtl-2 malAl rpsL118 X* X" 
(contains F* F152) 

KL731 4254 leuB6 recAl hisGl thyA23 argG6 metBl B 
tonA2 t s x - 1 XR X" supE44 (contains F" 
F116) 

KL708 4248 leuB6 hisGl recAl argG6 metBl l a c Y l B 
gal-6 xyl-7 mtl-2 malAl rpsLl04 tonA2 
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t s x - 1 X* X" supE44 (contains F" F141) 
MAF1 4289 leuB6 his G l recAl argG6 metBl l a c Y l B 

gal-6 xyl-7 mtl-2 malAl rpsLl04 tonA2 
t s x - 1 A* \~ supE44 (contains F" F140) 

DFF1 4326 leuB6 hisGl recAl argG6 metBl l a c Y l B 
gal-6 x y l - 7 mtl-2 malAl rpsLl04 tonA2 
t s x - 1 A* X supE44 (contains F* F150) 

KL704 4280 leuB6 hisGl recAl argG6 metBl l a c Y l B 
gal-6 xyl-7 mtl-2 malAl rpsLl04 tonA2 
t s x - 1 A* A~ supE44 (contains F* F129) 

KL709 4279 pyrD34 trp-45 his-68 tyrA2 recAl B 
t h i - 1 galK35 xyl - 7 mtl-2 malAl 
rpsL118 A* X" (contains F" F142) 

KL711 4291 pyrD34 trp-45 his-68 tyrA2 recAl B 
thyA33 t h i - 1 galK35 xyl - 7 mtl-2 
malAl rpsLH8 A* X" (contains F" F143) 

KL701 4256 pyrD34 trp-45 his-68 recAl t h i - 1 B 
galK35 xyl - 7 mtl-2 malAl rpsLH8 A* 
A" (contains F-* F123) 

KL703 4253 pyrD34 trp-45 his-68 recAl t h i - 1 B 
galK35 xyl-7 mtl-2 malAl r p s L l l 8 X * A T 

(contains F" F126) 
GMS724 5505 aroD6 recAl metBl l a c Y l galK2 man-4 B 

rpsL700 tsx-29? supE44? (contains F* 
F500) 

JE5519 5760 aroD argE lac gal man rpsL nalA recAl B 
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(contains F" F506) 
KL729 4258 leuB6 hisGl recAl argG6 metBl l a c Y l B 

xyl-7 mtl-2 malAl rpsL104 tonA2 t s x - 1 
A** gal-6 X" supE44 (contains F i l l ) 

KL729 4260 leuB6 hisGl recAl argG6 metBl l a c Y l B 
xyl-7 mtl-2 malAl rpsLl04 tonA2 t s x - 1 
AR gal-6 X~ supE44 (contains F" F112) 

KL706 4265 leuB6 hisGl recAl argG6 metBl l a c Y l B 
xyl-7 mtl-2 malAl rpsLl04 tonA2 t s x - 1 
A gal-6 A supE44 (contains F" F133) 

KL732 4255 t h r - 1 leuB6 pro-27 his G l recAl thyA25 B 
t h i - 1 pyrB31 ara-13 l a c Y l gal-6 xyl-7 
malAl rpsL9 tonA2 A* X" supE44? 
(contains F' F117) 

X573 6350 serAl2 X" supE42 T3r (contains F' B 
F254) 

P400 HI t h i t h r l e u argE proA s t r non m t l x y l C 
ara galK lacY supE 

P400:6 H2 t h i t h r l e u argE proA s t r non m t l x y l D 
ara galK lacY supE ompC 

P400:6hlr H3 t h i t h r l e u argE proA s t r non m t l x y l E 
ara galK lacY supE ompC ompA 

P530 H4 t h i t h r l e u argE proA s t r non m t l x y l F 
ara galK lacY supE ompB 

CM6 NCI thyA drm tonA mal kmt-7 G 
CM7 NC2 thyA drm tonA mal kmt-7 ompB G 
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AB2847 NC3 aroB351 tsx-354 mal354 supE42? XR X~ 
T19 NC4 tsx-354 supE42? ompB 
AB2847 B l aroB malT t h i t sx 
P8 B2 aroB malT t h i t s x tonA 
BR158 B3 aroB malT t h i t sx tonB 
RK3931 B4 aroB malT t h i t s x tonA 
WA28 B5 aroB malT t h i t s x fecB 
WA380 B6 aroB malT t h i t s x fecA 
W3110 B7 Wild Type 
KB419 B8 lamB 
KB423 B9 tsx 
JE5512 BIO HfrC man pps 
JE5513 B l l HfrC man pps lpp 
JF568 568 aroA357 i l v - 2 7 7 metB65 his-53 pro 

purE41 cyc-1 xyl-14 lacY29 rpsL77 
tsx63 

JF694 694 aroA357 i l v - 2 7 7 metB65 his-53 pro 
purE41 cyc-1 xyl-14 lacY29 rpsL77 
tsx63 ompC264 ompF254 nmpAl 

JF699 699 aroA357 i l v - 2 7 7 metB65 his-53 pro 
purE41 cyc-1 xyl-14 lacY29 rpsL77 
tsx63 ompA 

JF700 700 aroA357 i l v - 2 7 7 metB65 his-53 pro 
purE41 cyc-1 xyl-14 lacY29 rpsL77 
tsx63 ompF ompA 

JF701 701 aroA357 i l v - 2 7 7 metB65 his-53 pro 

G 
G 
H,I 
I 
H,I 
H,I 
H,I 
H,I 
J 
J 
J 
K 
K 
L 
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SH5014 NS1 
SH5551 NS2 

SH6017 NS3 

purE41 cyc-1 xyl-14 lacY29 rpsL77 
tsx63 ompC264 

JF703 703 aroA357 i l v - 2 7 7 metB65 his-53 pro L 
purE41 cyc-1 xyl-14 lacY29 rpsL77 
tsx63 ompF254 
rfaA66 t h r his-6116 i l v M 
rfaA66 t h r his-6116 metA22 metE551 M 
tryB2 s t r A l 2 0 Hl-b H2-e,n,x xyl-404 
i l v ompDl06 
rfaA66 t h r his-6116 metA22 metE551 M 
tryB2 strA66 Hl-b H2-e,n,x xyl-404 
i l v ompC336 
rfaA66 t h r his-6116 i l v ompC ompD M 
galE ompC ompD ompF+++ N 
Wild Type 0 
met-28 i l v - 2 0 2 s t r - 1 FP2~ 0 
Wild type p 

S t r a i n AB2847 was obtained from both T. Nakae and v. Braun. 
Each s t r a i n was used as a w i l d type reference f o r the s t r a i n s 
derived from i t . 
A f u l l d e c r i p t i o n of each F" i s provided i n t a b l e 3.n 
A l l M26-26 s t r a i n s are Escherichia c o l i W 
A l l F" k i t s t r a i n s are Escherichia c o l i K12 
NCI and NC2 are Escherichia c o l i B/r 
NS1-NS5 are Salmonella typhimurium 
A l l other outer membrane p r o t e i n - d e f i c i e n t s t r a i n s are 

SH6260 NS4 
HN407 NS5 
PA01 PI 
PA08 P2 
6749 P3 
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Escherichia c o l i K12 
Source references: 
A. See s e c t i o n 3.2 
B. F" k i t from B. Bachmann, CGSC, Yale U n i v e r s i t y . 
C. Skurry e t ^ a l ^ (1974) 
D. Schmitges and Henning (1976) 
E. Henning e t . a l . (1978) 
F. Davies and Reeves (1975) 
G. Von Meyenburg (1971) 
H. Kadner e t ^ al^_ (1980) 
I . Braun e t . a l . (1976) 
J. Braun and Krieger-Brauer (1977) 
K. Nikaido et_;_ ajU (1977) 
L. Nikaido e t ^ a l ^ (1983) 
M. Nurminen e t . a l . (1976) 
N. Nakae and I s h i i (1978) 
0. N a t i o n a l C o l l e c t i o n of I n d u s t r i a l B a c t e r i a , Aberdeen 
P. N a t i o n a l C o l l e c t i o n of Type Cu l t u r e s , London 
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Table 2.2 Growth media used f o r each s t r a i n 
Str No Growth Medium 

Minimal Complex 
A+C + l y s g l c L-broth 

PA01&2 A+C + l y s g l c L-broth 
PA0107 A+C + l y s g l c L-broth 

PA01&7 A+C + l y s g l c L-broth 
PA01^2 A+C + l y s g l c L-broth 
PAOloS A+C + l y s g l c L-broth 
4248 A+C + h i s leu met g l c L-broth 
4251 A+C + t h i arg h i s g l c L-broth 
4254 A+C + arg h i s l e u met g l c L-broth 
4255 A+C + t h i h i s leu pro t h r thy g l c L-broth 
4256 A+C + t h i h i s ura g l c L-broth 
4258 A+C + arg hi s l e u g l c L-broth 
4260 A+C + arg h i s l e u g l c L-broth 
4265 A+C + arg hi s l e u g l c L-broth 
4279 A+C + t h i h i s t r p ura g l c L-broth 
4280 A+C + l e u arg met g l c L-broth 
4282 A+C + t h i met t r p l e u g l c L-broth 
4287 A+C + t h i ura t r p h i s t y r g a l L-broth 
4288 A+C + t h i lac L-broth 
4289 A+C + l e u h i s met g l c L-broth 
4291 A+C + t h i h i s t r p ura g l c L-broth 
4323 A+C + t h i t h r t r p thy g l c L-broth 
4326 A+C + l e u met arg g l c L-broth 



5212 A+C + h i s g a l L-bro t h 
5215 A+C + t r p l a c L-broth 
5218 A+C + met lac L-bro t h 
5505 A+C + met man L-bro t h 
5104 A+C + t h i h i s leu t h r arg g a l L- bro t h 
HI A+C + t h i t h r leu arg pro g l c L- bro t h 
H2 A+C + t h i t h r leu arg pro g l c L- broth 
H3 A+C + t h i t h r leu arg pro g l c L- bro t h 
H4 A+C + t h i t h r leu arg pro g l c L- broth 
NCI A+C + t h i g l c L-•broth 
NC2 A+C + t h i g l c L-•broth 
NC3 A+C + g l c L-•broth 
NC4 A+C + g l c L-•broth 
B l M9 + t y r t r p phe t h i g l c c i t phba L-•broth 

paba MgSO + CaClj. FeCl, 
B2 M9 + t y r t r p phe t h i g l c c i t phba L--broth 

paba MgSO ̂ CaCl a FeCl^ 
B3 M9 + t y r t r p phe t h i g l c dhba phba L--broth 

paba MgSO ± CaCl z FeCl^ 
B4 M9 + t y r t r p phe t h i g l c c i t phba L--broth 

paba MgSO ̂CaCli FeCl 3 

B5 M9 + t y r t r p phe t h i g l c c i t phba L--broth 
paba MgSO^ CaCl^ FeCl 3 

B6 M9 + t y r t r p phe t h i g l c c i t phba L--broth 
paba MgSO ± CaC]^ FeCl a 

B7 M63 4 • g l c L--broth 



- 87 -

B8 M63 + g l c L-broth 
B9 M63 + g l c L-broth 
BIO M63 + MgSÔ . g l c L-broth +5mM 

MgSÔ . 
B l l M63 + MgSO^ g l c L-broth +5mM 

MgSÔ . 
568 A+C + phe t y r t r p i l e v a l met hi s L-broth 

pro ade gua g l c 
694 A+C + phe t y r t r p i l e v a l met hi s L-broth 

pro ade gua g l c 
699 A+C + phe t y r t r p i l e v a l met hi s L-broth 

pro ade gua g l c 
700 A+C + phe t y r t r p i l e v a l met hi s L-broth 

pro ade gua g l c 
701 A+C + phe t y r t r p i l e v a l met h i s L-broth 

pro ade gua g l c 
703 A+C + phe t y r t r p i l e v a l met hi s L-broth 

pro ade gua g l c 
NS1 A+C + t h r h i s i l e v a l g l c L-broth 
NS2 A+C + t h r h i s met t r y i l e v a l g l c L-broth 
NS3 A+C + t h r h i s met t r y i l e v a l g l c L-broth 
NS4 A+C + t h r h i s i l e v a l g l c L-broth 
NS5 A+C + g l c L-broth 
PA01 PMM or PTM or A+C + g l c L-broth 

or L u r i a 
PA08 PMM or PTM or A+C + met i l e v a l L-broth 
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g l c or L u r i a 

A 2 i PMM or PTM or A+C + g l c L-broth 

or L u r i a 

A b breviations used:- ade, adenine; arg, a r g i n i n e ; 

c i t , c i t r a t e ; dhba, dihydroxybenzoic a c i d ; g a l , 

g a l a c t o s e ; g l c , glucose; gua, guanine; h i s , 

h i s t i d i n e ; i l e , i s o l e u c i n e ; l a c , l a c t o s e ; l e u , 

l e u c i n e ; l y s , l y s i n e ; man, mannose; met, methionine; 

paba, p-aminobenzoic a c i d ; phba, p-hydroxybenzoic 

a c i d ; phe, phenylalanine; pro, p r o l i n e ; t h i , 

thiamine; t h r , threonine; thy, thymine; t r p , 

tryptophan; t y r , t y r o s i n e ; ura, u r a c i l ; v a l , v a l i n e ; 

A l l media prepared as de s c r i b e d i n the t e x t . 

A l l supplements used at the c o n c e n t r a t i o n s given i n 

the t e x t . 

f " r M P s ^ ^ - ^ v ^ ^ , -TU^ t - U ~ v ^ — » J > Huu^Uv-o^ 



- 89 -

l.Og NH^Cl 

10ml ImM CaCl^ (added a f t e r autoclaving) 

Made up to 1 l i t r e with d i s t i l l e d water. 

M63 ( M i l l e r , 1972) 

13.6g KH^PO^ 

2.0g (NH^SO^ 

0.5mg FeSO^^H^O 

T i t r a t e d to pH7.0 with KOH and made up to 1 l i t r e with 

d i s t i l l e d water. 

Pseudomonas Minimal Medium ( M i l l e r and Becker, 1978) 

60mM Potassium Phosphate buffer pH7.2 

1.7mM Sodium C i t r a t e 

0.4mM Magnesium Sulphate 

7.5mM Ammonium Sulphate 

Pseudomonas T r i s Minimal Medium ( M i l l e r and Becker, 1978) 

120mM T r i s - H C l pH7.2 

2.0mM KC1 
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1.6mM MgSO^ 

9.0uM F e C l % 

8.0mM (NH^SO^ 

A l l minimal media were r o u t i n e l y prepared as lOx 

con c e n t r a t i o n stocks and added to s t e r i l e f l a s k s c o ntaining 

water to d i l u t e the media to the c o r r e c t c o n c e n t r a t i o n s . A l l 

supplements were s t e r i l i s e d s e p a r a t e l y and added to the 

f l a s k s a f t e r the a d d i t i o n of medium. 

Supplements 

A l l minimal media were supplemented with 0.5% D-Glucose 

except for some of the gene mapping P" donor s t r a i n s (see 

Table 2.2) which were grown i n media containing e i t h e r 

g a l a c t o s e ( 0 . 1 % ) , l a c t o s e (0.5%) or mannose ( 0 . 3 % ) . Amino 

a c i d s were added to a f i n a l c o n c e n t r a t i o n of 50ug ml - 1 , 

c i t r a t e to ImM, dihydroxybenzoic a c i d , p-hydroxybenzoic a c i d 

and p-aminobenzoic a c i d to 40uM, thiamine to 5ug ml"1 , 

thymine to 4ug ml - 1 , adenine to 50ug ml - 1 , guanine to 50ug 

ml"' and u r a c i l to 25ug m l H . 

Complex Media 
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L-broth ( B e r t a n i , 1950) 

lOg tryptone 

5g y e a s t e x t r a c t 

5g NaCl 

l g glucose 

Made up to 1 l i t r e with d i s t i l l e d water 

L u r i a broth ( M i l l e r and Becker, 1978) 

lOg tryptone 

5g y e a s t e x t r a c t 

lOg NaCl 

O.lg NaOH 

Made up to 1 l i t r e with d i s t i l l e d water 

Glucose broth ( M i l l e r , 1972) 

25g Oxoid n u t r i e n t broth No. 2 

75g glucose 

Made up to 1 l i t r e with d i s t i l l e d water 
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The a d d i t i o n of 1.5% w/v agar was used to prepare s o l i d 

media. Approximately 20ml of medium was used per p l a t e . A l l 

p l a t e s were allowed to s e t a t room temperature a f t e r being 

poured and were then d r i e d before use by being i n v e r t e d and 

opened i n a 37°C oven for 30 minutes. 

Growth Conditions 

A l l s t r a i n s were grown a t 37°C e i t h e r i n an incubator 

( s o l i d media) or i n a r e c i p r o c a t i n g water bath ( l i q u i d 

media). The water bath (Grant, type SS-30) was r o u t i n e l y s e t 

a t 100 s t r o k e s per minute for growth of a l l c o l i and S. 

typhimurium s t r a i n s except for the F" donors used for gene 

mapping where g e n t l e r shaking was re q u i r e d and a r a t e of 50 

s t r o k e s per minute was used. Growth of Pseudomonas 

aeruginosa r e q u i r e s a high l e v e l of a e r a t i o n so that these 

c u l t u r e s were shaken a t 120 s t r o k e s per minute. 

A l l s t r a i n s were stored long term e i t h e r l y o p h i l i s e d a t 

4°C or i n 40% g l y c e r o l a t -80° C as f o l l o w s : -

Storage by l y o p h i l i s a t i o n 

Paper l a b e l s bearing the s t r a i n i d e n t i f i c a t i o n w r i t t e n i n 

p e n c i l were placed in 100mm x 12mm soda g l a s s t e s t tubes. 

The tubes were then drawn out in the middle i n an oxygen-gas 
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flame so that a Pasteur p i p e t t e was s t i l l able to pass 

through the c o n s t r i c t i o n , plugged with cotton wool and 

autoclaved. The s t r a i n to be stored was grown up at 37°C 

with shaking i n 20ml of an appropriate minimal medium plu s 

supplements (see Table 2.2) and t r a n s f e r r e d to a s t e r i l e 

c e n t r i f u g e tube when growth had reached l a t e log phase 

(Awo =-7-.9 u n i t s , for measurement of absorbance see 2.3). 

The c e l l s were p e l l e t e d by spinning a t 8,000rpm for 10 

minutes i n an MSE HS18 c e n t r i f u g e . The c e l l p e l l e t was 

resuspended i n 2ml glucose broth and 0.1-0.2ml of suspension 

t r a n s f e r r e d a s e p t i c a l l y to each ampoule with a s t e r i l e 

Pasteur p i p e t t e . The c e l l suspension was frozen i n l i q u i d 

a i r and attached to a fre e z e d r i e r u n t i l completely dry. The 

ampoule was then s e a l e d while s t i l l attached to the f r e e z e 

d r i e r by heating the c o n s t r i c t i o n i n the ampoule with a sm a l l 

bunsen burner flame. The vacuum i n the ampoule a u t o m a t i c a l l y 

s e a l s each tube as the g l a s s i n the c o n s t r i c t i o n s o f t e n s . 

The ampoules con t a i n i n g l y o p h i l i s e d c u l t u r e s were stored at 

4°C where the c u l t u r e s w i l l remain v i a b l e i n d e f i n i t e l y . 

Ampoules were reopened by s c o r i n g round the outside with a 

g l a s s c u t t i n g k n i f e and p r e s s i n g a red hot g l a s s rod a g a i n s t 

the score mark. The c r a c k i n g of the g l a s s around the score 

mark enabled the end of the ampoule to be removed. The 

l y o p h i l i s e d c e l l s were resuspended i n 1ml of a s u i t a b l e broth 

( u s u a l l y L-broth) and t r a n s f e r r e d to a f l a s k containing 20ml 
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of the same broth. The i n o c u l a t e d f l a s k was incubated 

overnight at 37°C with shaking and then streaked onto minimal 

agar with supplements and incubated overnight a t 37°C. A 

s i n g l e colony from t h i s p l a t e was r e s t r e a k e d onto minimal 

agar with supplements and incubated overnight. A s i n g l e 

colony from the second s t r e a k i n g was used to i n o c u l a t e 20ml 

of a s u i t a b l e l i q u i d medium (see Table 2.2) which a f t e r 

overnight incubation at 37°C was stored at 4°C and used as a 

stock c u l t u r e . The stock c u l t u r e was r e s t r e a k e d on minimal 

medium agar p l a t e s l a c k i n g one supplement to check for s t r a i n 

p u r i t y . 

Storage i n g l y c e r o l 

The c e l l s to be stored were grown in a s u i t a b l e complex 

medium (see Table 2.2) at 37°C overnight. A l i q u o t s (0.5ml) 

of the c u l t u r e were added to s m a l l s t e r i l e screw capped v i a l s 

(2ml c a p a c i t y ) containing 0.5ml s t e r i l e 80% v/v g l y c e r o l i n 

water. The v i a l s were i n v e r t e d s e v e r a l times ( u n t i l the 

g l y c e r o l and c u l t u r e were completely mixed) and placed i n a 

-80°C f r e e z e r u n t i l r e q u i r e d . To r e s t a r t a c u l t u r e stored in 

g l y c e r o l the v i a l was removed from the f r e e z e r and allowed to 

thaw at room temperature. When thawed, a l o o p f u l 

(approximately lOul) of c e l l s was removed and used to 

i n o c u l a t e 20ml of a s u i t a b l e complex medium. The storage 

v i a l was returned to the f r e e z e r and the i n o c u l a t e d f l a s k 
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incubated overnight a t 37°C. The c u l t u r e was streaked twice 

and checked for s t r a i n p u r i t y as des c r i b e d for r e s t a r t i n g 

l y o p h i l i s e d c u l t u r e s (see above). 

Stock c u l t u r e s prepared from l y o p h i l i s e d or g l y c e r o l 

t r e a t e d c e l l s were maintained i n l i q u i d media and by 

s t r e a k i n g onto s o l i d media and were subcultured every 3-4 

weeks to maintain c e l l v i a b i l i t y . These stock c u l t u r e s 

provided i n o c u l a for the growth of c e l l s used i n experiments 

(see standard h a r v e s t i n g procedure, s e c t i o n 2.3) 

2.3 STANDARD CELL HARVESTING PROCEDURE 

C e l l s were grown by i n o c u l a t i n g 20 or 50ml of medium with 

0.5ml of a stock c u l t u r e (see s e c t i o n 2.2) and incubating the 

c e l l s a t 37°C i n a shaking water bath. The growth of the 

c e l l s was followed by measuring the A 6 6 0 of the c u l t u r e with 

a Bausch and Lomb Spe c t r o n i c 20 spectrophotometer. The 

r e l a t i o n s h i p between c e l l d e n s i t y and absorbance was found to 

be l i n e a r up to an A 6 6 Q of 0.5 u n i t s (data not shown), with a 

c e l l suspension of =0.1 cont a i n i n g approximately 2x10* 

c e l l s ( e q u i v a l e n t to 0.045mg c e l l u l a r p r o t e i n ml"1 ) . When 

the A ^ of a c u l t u r e had reached 0.2-0.4 the e x p o n e n t i a l l y 

growing c e l l s were harvested by f i l t r a t i o n . Approximately 

10-15ml of c u l t u r e was f i l t e r e d onto a M i l l i p o r e c e l l u l o s e 



- 96 -

ace t a t e f i l t e r (56mm diameter, pore s i z e 0.45um) held i n a 

M i l l i p o r e f i l t e r holder. The f i l t e r apparatus was connected 

to a vacuum pump v i a a Buchner f l a s k thus maintaining a 

negative pressure under the f i l t e r . The f i l t e r was washed 

twice with 20ml of 50mM potassium phosphate buffer pH7.2 a t 

room temperature, removed from the f i l t e r apparatus and 

placed i n a u n i v e r s a l b o t t l e c o n t a i n i n g a f u r t h e r 10ml 

phosphate buffer a t room temperature supplemented with 0.05% 

(w/v) glucose. The b o t t l e was vortexed to a s s i s t c e l l 

resuspension and the f i l t e r was removed. An a l i q u o t of the 

suspension was taken for the experiment ( r o u t i n e l y 5ml for an 

uptake assay) and the r e s t was used for measurement of the 

A ( j 6 q as p r e v i o u s l y d e s c r i b e d . 

.4 GROWTH INHIBITION TESTS 

The t o x i c i t y of peptide analogues was r o u t i n e l y t e s t e d 

using an agar p l a t e i n h i b i t i o n zone assay. Two d i f f e r e n t 

types of t h i s assay were used: 1) a lawn i n h i b i t i o n zone 

assay and 2) a r a d i a l s t r e a k i n h i b i t i o n assay. I n 1) a 

s o l u t i o n of the t e s t peptide was applie d to a f i l t e r paper 

d i s c (blank s e n s i t i v i t y d i s c s , 6mm, Oxoid Ltd.) i n the ce n t r e 

of a p l a t e on which a lawn of c e l l s had already been spread. 

R o u t i n e l y lOOul of a stock c u l t u r e (see 2.2) containing 

approximately 2x10" c e l l s was spread onto a p l a t e which was 
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then d r i e d upside down i n a 37°C oven for 20-30min. A f t e r 

drying, a f i l t e r d i s c was placed i n the c e n t r e of the p l a t e 

and l O u l of peptide s o l u t i o n was immediately added. The 

p l a t e s were then incubated upside down a t 37°C for 18h 

( o v e r n i g h t ) . I n 2) a f i n e platinum wire was used to st r e a k 

c e l l s , picked up by stabbing a f r e s h colony, from the centre 

of the p l a t e outwards. Up to 32 s t r e a k s could be 

accommodated on a s i n g l e p l a t e i n t h i s way. Peptide was then 

added and the p l a t e s incubated as for method 1 ) . A f t e r the 

overnight incubation the p l a t e s were inspected for growth 

i n h i b i t i o n . I n method 1) t h i s occurred as a c i r c u l a r zone 

around the f i l t e r d i s c while i n method 2) the r a d i a l s t r e a k s 

s t a r t e d growing at a c e r t a i n d i s t a n c e away from the f i l t e r 

d i s c . The d i s t a n c e of onset of growth away from the f i l t e r 

d i s c was measured i n both c a s e s . Both methods have d i f f e r e n t 

advantages; method 1) allows the e f f e c t of c e l l number on 

growth i n h i b i t i o n to be s t u d i e d and f a c i l i t a t e s the i s o l a t i o n 

of r e s i s t a n t c e l l s (because more c e l l s are included i n the 

i n h i b i t i o n zone than i n the r a d i a l a s s a y ) . The frequency of 

occurrence of these mutants can a l s o be c a l c u l a t e d using 

method 1) because the number of c e l l s p l a t e d out i s known. 

Method 2) however allows many s t r a i n s to be t e s t e d on a 

s i n g l e p l a t e and so i s very c o s t e f f e c t i v e both i n terms of 

labour and m a t e r i a l s . T h i s method i s i d e a l for screening 

l a r g e numbers of s t r a i n s for the e f f e c t of s e v e r a l peptide 

analogues for example, when mutant i s o l a t e s must be screened 
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to determine the nature of t h e i r mutation. 

2.5 PEPTIDE TRANSPORT ASSAYS 

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

Four d i r e c t asays of peptide t r a n s p o r t have been used i n 

t h i s study:- 1) Uptake of r a d i o a c t i v e l y l a b e l l e d peptides; 2) 

Dansyl C h l o r i d e assay; 3) Manual fluorescamine assay; 4) 

Continuous fluorescamine assay. These assays have alr e a d y 

been d i s c u s s e d i n s e c t i o n 1.4, t h e r e f o r e , only the p r a c t i c a l 

d e t a i l s of each assay w i l l be given here. 

Uptake of r a d i o a c t i v e l y l a b e l l e d peptides - standard 

procedure 

G l y c y l - L - [ U - I H " C] Phenylalanine was obtained from The 

Radiochemical Centre, Amersham a t a s p e c i f i c a c t i v i t y of 

58mCi/mmol and at a r a d i o a c t i v e c o n c e n t r a t i o n of 50uCi/ml. 

The concentration of Gly-Phe i n t h i s s o l u t i o n was 

approximately 4mM. The a c t i v i t y of the l a b e l l e d Gly-Phe 

supplied was greate r than was needed for the uptake assays 

and i t was d i l u t e d as f o l l o w s : - lO u l of r a d i o a c t i v e l y 

l a b e l l e d Gly-Phe was added to 990ul of 10.06mM "cold" Gly-Phe 

to give a f i n a l c o n c e n t r a t i o n of lOmM Gly-Phe with a 
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r a d i o a c t i v e c o n c e n t r a t i o n of .5uCi/ml. T h i s s o l u t i o n was 

then used as the stock s o l u t i o n . E x p o n e n t i a l l y growing c e l l s 

were harvested and resuspended i n 5ml 50mM potassium 

phosphate buffer pH7.2 as des c r i b e d i n s e c t i o n 2.2. The 

c e l l s were preincubated a t 37°C for lOmin before a d d i t i o n of 

50ul of the r a d i o a c t i v e l y l a b e l l e d Gly-Phe s o l u t i o n 

p r e v i o u s l y prepared, to give f i n a l c o n c e n t r a t i o n s of lOOuM 

Gly-Phe and 5nCi/ml r a d i o a c t i v i t y . Samples of c e l l 

suspension (500ul) were removed p e r i o d i c a l l y ( r o u t i n e l y every 

30sec for 5min) and harvested on 25mm Whatman GF/C g l a s s 

f i b r e f i l t e r s held i n a m u l t i p l e holder manifold under vacuum 

and prewetted with 0.9% s a l i n e . The f i l t e r s were washed with 

0.9% s a l i n e (2x5ml), placed i n p l a s t i c s c i n t i l l a t i o n 

m i n i - v i a l s and d r i e d at 80°C for one hour. Soluene 350 

t i s s u e s o l u b i l i s e r (Packard instruments I n c . ) (1ml) was 

added and the v i a l s were s e a l e d with p a r a f i l m and incubated 

for 18 hours (overnight) a t 45°C. NE260 m i c e l l a r s c i n t i l l a n t 

(Nuclear E n t e r p r i s e s Ltd) was added (5ml) and the v i a l s were 

l e f t a t room temperature for 6 hours to reduce 

chemiluminescence before counting in a Packard P r i a s P L 

Tr i - C a r b l i q u i d s c i n t i l l a t i o n counter. 

A sample (50ul) of incubation medium was removed at the 

end of each experiment, spotted d i r e c t l y onto a dry f i l t e r i n 

a s c i n t i l l a t i o n v i a l , d r i e d and counted as p r e v i o u s l y 

d e s c r i b e d to determine the t o t a l number of counts present i n 
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the incubation medium. Taking the sample at the end of the 

incubation period does not always provide an accurate 

estimate of the t o t a l number of counts present i f , as under 

c e r t a i n circumstances counts are l o s t during an assay through 

decarboxylation and r e l e a s e of W'C02 (Payne and Nisbet, 

1980a). I n these c a s e s samples should be taken at the 

beginning of the assay. Payne and Nisbet (1980a) have shown 

th a t the use of Gly-[U- l 4 ,C] Phe does not produce any 

s i g n i f i c a n t l o s s of counts over the course of an assay and 

t h e r e f o r e i n t h i s case sampling at the end does provide an 

accurate determination of t o t a l counts present. A sample of 

c e l l suspension (500ul) was removed before the s t a r t of each 

assay and f i l t e r e d as d e s c r i b e d . L a b e l l e d peptide d i l u t e d to 

lOOuM i n buffer (500ul) was passed through the f i l t e r and 

washed with 0.9% (w/v) s a l i n e (2x5ml). The f i l t e r was d r i e d 

and counted as p r e v i o u s l y d e s c r i b e d . T h i s c o n t r o l provided a 

zero time measurement and a l s o gave an estimate of the 

adsorbtion of peptide to the c e l l s and f i l t e r . 

Pansy1 c h l o r i d e Assay- standard procedure (Payne and B e l l , 

1979) 

C e l l s were harvested and resuspended as d e s c r i b e d i n 

s e c t i o n 2.2, r o u t i n e l y 3ml of c e l l suspension was used per 

assay. A f t e r lOmin prein c u b a t i o n at 37°C, peptide was added 

to the c e l l suspension to a f i n a l c o n centration of lOOuM. 
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For measurement of peptide i n the medium, samples (300ul) 

were p e r i o d i c a l l y removed from the incubation medium (every 

30s or lmin) using a 1ml s y r i n g e and were immediately f r e e d 

from c e l l s by f i l t r a t i o n through M i l l i p o r e c e l l u l o s e a c e t a t e 

f i l t e r s (13mm diameter, pore s i z e 0.45um) i n Swinnex f i l t e r 

h o l d e r s . The incubation medium was pushed through the f i l t e r 

assembly int o s m a l l (1ml) v i a l s using a 10ml s y r i n g e f u l l of 

a i r and was stored at -20°C. C e l l e x t r a c t s were prepared by 

removing 2ml samples i n a 5ml s y r i n g e , f i l t e r e d as d e s c r i b e d 

above and washed with 2x10ml d i s t i l l e d water at room 

temperature. The f i l t e r was then placed i n a stoppered tube 

containing 2ml water and e x t r a c t e d for 15min i n a b o i l i n g 

water bath. The b o i l e d suspension was cooled, passed through 

a membrane f i l t e r to remove the c e l l d e b r i s and the f i l t r a t e 

s t o r e d at -20°C. Samples of incubation medium or c e l l 

e x t r a c t ( u s u a l l y lOOul) containing up to lOnmol peptide were 

placed i n Durham tubes (6x30mm) together with 5nmol 

diaminopimelic a c i d (DAP) standard and evaporated to dryness 

in a d e s s i c a t o r attached to an e l e c t r i c vacuum pump. The 

samples were u s u a l l y added i n s e v e r a l a l i q u o t s of 25-50ul 

with each a l i q u o t being d r i e d down before a d d i t i o n of the 

next one to prevent the sample s p l a s h i n g out when under 

vacuum. Sodium bicarbonate (200mM i n deionised water, 20ul) 

was added to the tubes to a d j u s t the pH to about 9, followed 

by 20ul dansyl c h l o r i d e (2.5mgml~' i n Analar acetone). The 

tubes were s e a l e d with p a r a f i l m and incubated at 45°C for 
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90min to allow d a n s y l a t i o n to proceed to completion. The 

r e a c t i o n mixture was then evaporated to dryness _in vacuo and 

the s o l i d r e sidue r e d i s s o l v e d i n l O u l aqueous p y r i d i n e (1:1; 

v / v ) . Samples (5ul) were spotted near the corner of 15x15cm 

polyamide sheets (BDH L t d , or S c h l e i c h e r and S c h u e l l Ltd) 

using microcap g l a s s c a p i l l a r y p i p e t t e s and a warm a i r blower 

which d r i e d the spots r a p i d l y and prevented them from 

spreading. The polyamide sheets were placed i n aluminium 

supports which enabled s e v e r a l sheets to be chromatographed 

at a time and ensured that the sheets did not touch each 

other during chromatography. The sheets were run i n the 

f o l l o w i n g s o l v e n t s u n t i l the s o l v e n t f r o n t had moved acr o s s 

approximately t h r e e - q u a r t e r s of the p l a t e ( u s u a l l y 45-60min) 

:- 1) 1 s t dimension, HaO : formic a c i d (98.5 : 1.5, v / v ) ; 2) 

2nd dimension, a c e t i c a c i d : toluene (10 : 90, v / v ) ; 3) 2nd 

dimension, methanol : b u t y l a c e t a t e : a c e t i c a c i d (40 : 60 : 

2, v / v / v ) . A warm a i r blower was used to dry the p l a t e s 

completely between each change of s o l v e n t . P l a t e s were often 

f i n a l l y rerun i n s o l v e n t 1) i n the f i r s t dimension to improve 

the r e s o l u t i o n of the spots. The f l u o r e s c e n t spots were 

v i s u a l i s e d under long wave UV l i g h t and the spots i d e n t i f i e d 

and q u a n t i f i e d by r e f e r e n c e to the i n t e n s i t i e s of standard 

spots of the same substance a f t e r allowing for v a r i a t i o n s i n 

the e f f i c i e n c y of the d a n s y l a t i o n r e a c t i o n i n d i c a t e d by the 

i n t e n s i t y of the standard DAP spot on each p l a t e . P l a t e s 

were photographed under long wave UV l i g h t using I l f o d a t a 
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HS23 f i l m ( I l f o r d ) and a Wratten No. 3 f i l t e r (Kodak). 

P l a t e s could be reused a f t e r washing i n acetone : water ; 

ammonia (50 : 46 s 4, v/v/v) for at l e a s t 3 hours. 

Manual fluorescamine assay- standard procedure (Nisbet and 

Payne, 1979a,b) 

A l l glassware used i n t h i s assay was cleaned by soaking 

for 24 hours i n a detergent s o l u t i o n (1% T e e p o l ) , r i n s i n g 

four times i n tap water and twice i n d i s t i l l e d water. 

E x p o n e n t i a l l y growing c e l l s were harvested and resuspended as 

d e s c r i b e d i n s e c t i o n 2.3. The c e l l s were preincubated at 

37°C for lOmin before a d d i t i o n of peptide to a f i n a l 

c o n c e n t r a t i o n of lOOuM. Samples (300ul) were p e r i o d i c a l l y 

removed from the incubation medium (every 30s or lmin) with a 

lml p l a s t i c s y r i n g e and f r e e d from c e l l s by f i l t e r i n g through 

c e l l u l o s e a c e t a t e f i l t e r s (13mm diameter, pore s i z e 0.45um) 

held i n Swinnex f i l t e r h o l d e r s . Incubation medium was pushed 

through the f i l t e r i n t o s m a l l screw cap v i a l s (lml) with a i r 

from a 10ml p l a s t i c s y r i n g e . The f i l t r a t e s were stored at 

-20° C u n t i l r e q u i r e d . Samples (50ul) of f i l t r a t e c o n t a i n i n g 

0-5nmol of peptide were added to 2.5ml 0.1M disodium 

t e t r a b o r a t e b u f f e r , pH6.2 (made up i n deionised w a t e r ) , in 

t e s t tubes (100mmxl2mm). Fluorescamine s o l u t i o n (500ul, 

0.15mg ml"1 i n Analar acetone) was added while the t e s t tube 

contents were r a p i d l y mixed using a vortex mixer. The 
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s a m p l e s were l e f t a t room t e m p e r a t u r e f o r two m i n u t e s w h i l e 

the f l u o r e s c e n c e s t a b i l i s e d . Samples were poured i n t o a 1cm 

q u a r t z c u v e t t e and r e a d i n a P e r k i n E l m e r 1000 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 ( e x c i t a t i o n w a v e l e n g t h 390nm f e m i s s i o n 

w a v e l e n g t h 485nm). Samples o f s u s p e n s i o n t a k e n b e f o r e 

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

s a m p l e s were used t o d e t e r m i n e the background l e v e l o f 

f l u o r e s c e n c e . Samples o f known p e p t i d e c o n c e n t r a t i o n i n 

b u f f e r were used as r e f e r e n c e s t o e n a b l e the f l u o r e s c e n c e 

r e a d i n g s t o be c o n v e r t e d to g i v e p e p t i d e c o n c e n t r a t i o n s . The 

a b s o l u t e f l u o r e s c e n c e y i e l d of a p e p t i d e can be c a l c u l a t e d by 

r e f e r e n c e to the f l u o r e s c e n c e o f a l u g m l - 1 s o l u t i o n o f 

q u i n i n e s u l p h a t e i n 0.1M H^SO^. G l y - G l y (lOOuM) gave a 

f l u o r e s c e n c e y i e l d o f 4 x l 0 _ 1 t h a t o f t h e q u i n i n e s u l p h a t e 

r e f e r e n c e s o l u t i o n when a s a y e d under the s t a n d a r d c o n d i t i o n s 

d e s c r i b e d ( N i s b e t , 1980) 

C o n t i n u o u s f l o w f l u o r e s c a m i n e a s s a y - s t a n d a r d p r o c e d u r e 

(Payne and N i s b e t , 1981) 

Equipment and a p p a r a t u s c o n s t r u c t i o n 

The a p p a r a t u s used i n t h i s a s s a y i s shown i n F i g u r e 1.4. 

The i n c u b a t i o n v e s s e l ( u s u a l l y a g l a s s v i a l ) was h e l d i n a 

t h e r m o s t a t i c a l l y c o n t r o l l e d water bath a t 37°C w i t h a 

m a g n e t i c s t i r r e r p l a c e d b e n e a t h i t so t h a t the c e l l 
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s u s p e n s i o n c o u l d be s t i r r e d d u r i n g an i n c u b a t i o n . The 

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

a t 37°C w h i l s t t h e r e s e r v o i r s f o r c h a n n e l s B and C were a t 

room t e m p e r a t u r e . The dead s p a c e i n a Swinnex 25mm f i l t e r 

h o l d e r was r e d u c e d t o t h e minimum p o s s i b l e w h i c h s t i l l 

a l l o w e d an adequate f l o w r a t e a c r o s s t h e f i l t e r by i n s e r t i n g 

epoxy r e s i n and f i l i n g down the f i l t e r s u p p o r t to one q u a r t e r 

o f i t s o r i g i n a l t h i c k n e s s . F i n e g r o o v e s r a d i a t i n g from t h e 

c e n t r e were c u t i n t o t h e s u r f a c e o f t h e epoxy r e s i n i n s e r t s 

to a s s i s t the f l o w through the f i l t e r . Whatman GF/C g l a s s 

f i b r e f i l t e r s (25mm) were used i n t h i s a p p a r a t u s i n s t e a d o f 

c e l l u l o s e a c e t a t e membrane f i l t e r s b e c a u s e o f t h e i r g r e a t e r 

f i l t e r i n g c a p a c i t y . A hypodermic n e e d l e ( 3 i n , 22 gauge) was 

a t t a c h e d to t h e upstream end o f the f i l t e r a p p a r a t u s t o d i p 

i n t o t h e i n c u b a t i o n medium and d e l i v e r t h e c e l l s t o t h e 

f i l t e r . The t o t a l dead volume f o r t h e f i l t e r a p p a r a t u s was 

c u t from s e v e r a l m i l l i l i t r e s to 8 0 u l by t h e s e v a r i o u s 

a d a p t a t i o n s . T h i s r e d u c t i o n i n dead s p a c e r e d u c e d the amount 

of m i x i n g of t h e i n c u b a t i o n medium as i t p a s s e d through t h e 

f i l t e r , i m p r o v i n g the r e s o l u t i o n o f changes i n p e p t i d e 

c o n c e n t r a t i o n . The pump used was a P-3 t h r e e c h a n n e l 

p e r i s t a l t i c pump (Pha r m a c i a ) w i t h 1mm i n t e r n a l d i a m e t e r pump 

t u b i n g s u p p l i e d by P h a r m a c i a . The o t h e r t u b i n g used 

c o n n e c t i n g t h e v a r i o u s components o f t h e s y s t e m was 1mm 

i n t e r n a l d i a m e t e r t u b i n g s u p p l i e d by E s c o L t d . . The pump was 

r o u t i n e l y used on the maximum s e t t i n g w h i c h pumped 0.9ml 
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min~ through each c h a n n e l . The m i x i n g chambers were 

c o n s t r u c t e d from T e c h n i c o n g l a s s j u n c t i o n s h a v i n g t h r e e 

o u t l e t arms. S m a l l r e s i n c o a t e d m e t a l s p i n n e r s were i n s e r t e d 

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

arm used f o r i n s e r t i o n w i t h a f l a m e . The s p i n n e r was d r i v e n 

by a t t a c h i n g t h e j u n c t i o n t o a m a g n e t i c s t i r r e r . The m i x i n g 

chambers were c o n n e c t e d v i a a d e l a y c o i l t o a P e r k i n E l m e r 

1000 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 f i t t e d w i t h a f l o w c e l l 

and d e b u b b l e r . The d e l a y c o i l (5.7m o f t u b i n g ) a l l o w e d t h e 

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

produced d u r i n g t h e m i x i n g o f t h e b u f f e r e d i n c u b a t i o n medium 

and f l u o r e s c a m i n e s o l u t i o n to a g g r e g a t e i n t o b u b b l e s l a r g e 

enough t o be removed by t h e d e b u b b l e r . 

S t a n d a r d p r o c e d u r e 

The b u f f e r used i n c h a n n e l B f o r p e p t i d e t r a n s p o r t a s s a y s 

was 0.2M c i t r a t e phosphate b u f f e r pH5.8 w h i l e f o r amino a c i d 

t r a n s p o r t a s s a y s 0.1M d i s o d i u m t e t r a b o r a t e pH9.4 was us e d . 

F l u o r e s c a m i n e ( c h a n n e l C) was used i n a n a l a r i s o p r o p a n o l 

(.15mg m l - 1 ) . E x p o n e n t i a l l y growing c e l l s were h a r v e s t e d and 

r e s u s p e n d e d i n 50mM p o t a s s i u m phosphate b u f f e r as d e s c r i b e d 

i n s e c t i o n 2.3. R o u t i n e l y 5ml o f c e l l s u s p e n s i o n was p l a c e d 

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

o f a p p r o x i m a t e l y 5 min ( i f l o n g e r a s s a y s were r e q u i r e d t h e 

volume o f c e l l s u s p e n s i o n was i n c r e a s e d a c c o r d i n g l y ) . The 
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c e l l s u s p e n s i o n was p r e i n c u b a t e d a t 37°C f o r lOmin w i t h 

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

a s s e m b l y was opened and the f i l t e r used i n t he p r e v i o u s a s s a y 

removed. The a s s e m b l y was t h e n washed w i t h d i s t i l l e d w a t e r 

and a new f i l t e r i n s e r t e d w i t h t h e a s s e m b l y c o n t a i n i n g enough 

wa t e r t o e n s u r e t h a t no a i r was t r a p p e d under t h e f i l t e r , a s 

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

a s s a y . R e s u s p e n s i o n b u f f e r a t 37°C was pumped through 

c h a n n e l A f o r t h e remainder o f t h e p r e i n c u b a t i o n p e r i o d 

(4-6min) t o o b t a i n a s t e a d y b a s e l i n e on t he o u t p u t t r a c e . A t 

th e s t a r t o f t h e a s s a y p e p t i d e was added t o a f i n a l 

c o n c e n t r a t i o n o f lOOuM, the pump was m o m e n t a r i l y s t o p p e d and 

th e n e e d l e t r a n s f e r r e d t o t h e i n c u b a t i o n v e s s e l . The pump 

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

s u s p e n s i o n had been drawn from t h e i n c u b a t i o n v e s s e l when t h e 

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

r e s e r v o i r to p r e v e n t a i r from e n t e r i n g t h e s y s t e m . 

I n c u b a t i o n b u f f e r was pumped through t h e s y s t e m u n t i l a 

s t e a d y b a s e l i n e was o b t a i n e d a g a i n . The o u t p u t from t h e 

f l u o r i m e t e r was r e c o r d e d on a S e r v o s c r i b e c h a r t r e c o r d e r , or 

i n l a t e r e x p e r i m e n t s on a f l o p p y d i s c ( M a x e l l MD2) u s i n g a 

R e s e a r c h Machines 380Z microcomputer i n t e r f a c e d w i t h t h e 

f l u o r i m e t e r ( s e e s e c t i o n 2 . 6 ) . When c e l l s u s p e n s i o n a l o n e 

was pumped through t h e s y s t e m no change i n t h e b a s e l i n e was 

o b s e r v e d so t h a t t h i s c o n t r o l was not r o u t i n e l y r e q u i r e d . A 

s o l u t i o n o f t h e p e p t i d e used i n t h e a s s a y ( o f known 
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c o n c e n t r a t i o n i n i n c u b a t i o n b u f f e r ) was run through t h e 

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

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

c o n c e n t r a t i o n s . I t was not p o s s i b l e t o d e t e r m i n e t h e 

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

s u l p h a t e i n s u l p h u r i c a c i d ( s e e manual f l u o r e s c a m i n e a s s a y ) 

a s t h e s u l p h u r i c a c i d might a t t a c k t h e components o f t h e 

pumping s y s t e m . A s o l u t i o n o f lOOuM G l y - G l y i n i n c u b a t i o n 

b u f f e r , when a s s a y e d by both manual and c o n t i n u o u s 

f l u o r e s c a m i n e s t a n d a r d p r o c e d u r e s , gave a 3x h i g h e r 

f l u o r e s c e n c e y i e l d w i t h t h e c o n t i n u o u s a s s a y ( N i s b e t , 1 9 8 0 ) . 

The s l o p e o f t h e o u t p u t t r a c e was measured ( i . e . t h e change 

i n f l u o r e s c e n c e y i e l d per u n i t time) and by c o n v e r t i n g t h e 

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

r a t e o f p e p t i d e uptake was c a l c u l a t e d . 

.6 COMPUTER DATA LOGGING AND HANDLING 

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

One o f t h e major a d v a n t a g e s o f t he c o n t i n u o u s f l o w 

f l u o r e s c a m i n e a s s a y over the manual f l u o r e s c a m i n e a s s a y i s 

th e much g r e a t e r volume of d a t a g e n e r a t e d by each e x p e r i m e n t . 

The P e r k i n Elmer 1000 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 used i n 

t h i s s t u d y g e n e r a t e s one r e a d i n g e v e r y 0 .64sec (which i s 
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i t s e l f an a v e r a g e o f 8 r e a d i n g s t a k e n e v e r y 0 . 0 8 s e c ) and t o 

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

t h a n t h a t p r o v i d e d by a c h a r t r e c o r d e r was r e q u i r e d . The 

o u t p u t from t h e f l u o r i m e t e r was i n a d i g i t a l f o r m a t so t h a t 

t h e l o g i c a l s t e p was t o use a computer t o l o g t h e d a t a 

e n a b l i n g e v e r y r e a d i n g to be p r e c i s e l y r e c o r d e d . Once t h e 

d a t a have been r e c o r d e d t h e computer c a n be used t o a n a l y s e 

i t , p r o v i d i n g f o r example t r a n s p o r t k i n e t i c p a r a m e t e r s w h i c h 

would have been l a b o r i o u s l y and l e s s r e l i a b l y p r o v i d e d by 

manual c a l c u l a t i o n . The microcomputer and p e r i p h e r a l s used 

were a s d e s c r i b e d i n s e c t i o n 2.1. 

Dat a l o g g i n g 

The d a t a l o g g i n g was performed by t he program D-LOG. When 

D-LOG i s run i t c r e a t e s a f i l e i n which t o s t o r e the d a t a and 

a l l o w s a d e s c r i p t i o n of t h e c o n d i t i o n s used i n t h e a s s a y to 

be r e c o r d e d a t t h e b e g i n n i n g o f t h e f i l e . The l o g g i n g 

p r o c e s s i s t h e n s t a r t e d by p r e s s i n g any key on the keyboard 

so t h a t a t t h e b e g i n n i n g o f an a s s a y when t h e r e a r e s e v e r a l 

o p e r a t i o n s f o r example, s t o p p i n g and s t a r t i n g t h e pump and 

adding p e p t i d e , a l l t o be perf o r m e d i n a s h o r t t i m e , s t a r t i n g 

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

program t h e n r e c o r d s e v e r y r e a d i n g g e n e r a t e d by t h e 

f l u o r i m e t e r and a l s o sends i t to the p r i n t e r to p r o v i d e a 

h a r d copy o f t he a s s a y as i t i s p r o c e e d i n g . The d a t a l o g g i n g 
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i s stopped a t t he end o f an a s s a y by p r e s s i n g two s p e c i f i c 

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

program by t h e i n a d v e r t a n t p r e s s i n g o f a key. The program 

has s e v e r a l o t h e r f a c i l i t i e s : 1) The r e c o r d i n g can be s t o p p e d 

and a l l t h e d a t a c o l l e c t e d d u r i n g t h a t r u n d e l e t e d w h i l e 

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

a s s a y s w h i c h were not comp l e t e d b e c a u s e o f f o r example, a i r 

b l o c k i n g t h e f i l t e r , w i t h o u t h a v i n g t o r e - e n t e r t h e f i l e 

d e s c r i p t i o n ; 2) The f i l e d e s c r i p t i o n c a n be amended a f t e r 

d a t a r e c o r d i n g has been co m p l e t e d so t h a t remarks c a n be 

added; 3) The whole f i l e c a n be e r a s e d when a run i s 

i n c o m p l e t e and no r e p e a t r u n i s r e q u i r e d . The f i l e f o r a 

r o u t i n e 5min a s s a y o c c u p i e s a p p r o x i m a t e l y 3 k i l o b y t e s (kb) o f 

memory so t h a t e a c h f l o p p y d i s c w i t h 36kb o f memory on e a c h 

s i d e c a n accommodate around 24 a s s a y s . 

D ata p r o c e s s i n g 

The d a t a produced by D.LOG were p r o c e s s e d i n two s t a g e s . 

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

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

d u r i n g t h e a s s a y t o p e p t i d e uptake r a t e s and p e p t i d e 

c o n c e n t r a t i o n s . The second s t a g e ( i f r e q u i r e d ) then used t h e 

uptake r a t e s and c o n c e n t r a t i o n s t o c a l c u l a t e M i c h a e l i s Menten 

k i n e t i c p a r a m e t e r s . When o n l y an o v e r a l l t r a n s p o r t r a t e was 

r e q u i r e d from t h e a s s a y d a t a , o n l y t h e f i r s t s t a g e of 
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p r o c e s s i n g was r e q u i r e d . 

GRAPH 

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

program GRAPH. T h i s program d i s p l a y e d t h e d a t a from a f i l e 

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

was d i s p l a y e d on a x e s o f f l u o r e s c e n c e ( x - a x i s ) and time 

( y - a x i s ) w i t h a v a r i a b l e s c a l e e x p a n s i o n o f t h e y - a x i s . The 

v a r i a b l e s c a l e e x p a n s i o n was a c c o m p l i s h e d by combining two or 

more a d j a c e n t d a t a p o i n t s t o produce t r a c e s one h a l f t h e 

l e n g t h o f the o r i g i n a l ( i f p a i r s o f d a t a p o i n t s were 

combined) or s h o r t e r ( i f more than two d a t a p o i n t s were 

combined to produce e a c h new d a t a p o i n t ) . A t r a c e a t maximum 

s c a l e e x p a n s i o n i . e . e a c h i n d i v i d u a l datum p o i n t shown, was 

too l o n g t o f i t on one monitor s c r e e n w i d t h so t h a t t o s e e 

the whole t r a c e a t once, a lower s c a l e e x p a n s i o n was used 

( r o u t i n e l y 3 or 4 d a t a p o i n t s were combined t o produce e a c h 

p o i n t d i s p l a y e d ) . The s c a l e e x p a n s i o n was s e t a t t h e 

b e g i n n i n g o f e a c h run o f GRAPH when the program prompted f o r 

th e v a l u e to be used. When the t r a c e was too long t o f i t on 

one s c r e e n w i d t h i t c o u l d be moved a c r o s s the s c r e e n i n s t e p s 

by a s e t number o f d a t a p o i n t s e ach time ( s p e c i f i e d a t the 

b e g i n n i n g of t h e pr o g r a m ) . The s i d e w a y s movement o f t h e 

t r a c e c o u l d be st o p p e d and r e s t a r t e d a t any time by s p e c i f i c 

key a c t i o n s . The c a l c u l a t i o n of s l o p e s (which c a n be 
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c o n v e r t e d t o t r a n s p o r t r a t e s ) and c o n c e n t r a t i o n s was a c h i e v e d 

by t h e use o f two movable p o i n t e r s g e n e r a t e d by t h e program. 

The p o i n t e r s c o u l d be moved i n d e p e n d e n t l y a l o n g t h e t r a c e by 

key a c t i o n s and when i n p o s i t i o n a n o t h e r key a c t i o n prompted 

the program t o c a l c u l a t e t h e a v e r a g e s l o p e o f t h e t r a c e 

between t h e p o i n t e r s ( i n f l u o r e s c e n c e u n i t s per min) and t h e 

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

r e s u l t s on t h e monitor s c r e e n . A s i n g l e e s t i m a t e o f s l o p e 

and h e i g h t o v e r t h e whole t r a c e was s u f f i c i e n t t o d e t e r m i n e 

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

p a r a m e t e r s a s e r i e s o f e s t i m a t e s o f s l o p e and h e i g h t were 

made o v e r p o r t i o n s o f t h e t r a c e and used to c a l c u l a t e t h e 

t r a n s p o r t r a t e s (v) and p e p t i d e c o n c e n t r a t i o n s ( s ) . Two 

a d d i t i o n a l f a c i l i t i e s o f GRAPH were used i n t h i s p r o c e s s , a 

d a t a c o r r e c t i o n s u b r o u t i n e and a r e p e a t e d e s t i m a t i o n 

s u b r o u t i n e . A f u l l e x p l a n a t i o n o f t h e s e f a c i l i t i e s i s 

p r o v i d e d i n 4.5. 

MICMEN 

MICMEN i s a program w h i c h c a l c u l a t e s the M i c h a e l i s Menten 

k i n e t i c p a r a m e t e r s from i n p u t v a l u e s o f p e p t i d e u ptake r a t e 

(V) and p e p t i d e c o n c e n t r a t i o n ( S ) . The program works by 

c a l c u l a t i n g t h e d e v i a t i o n sum o f s q u a r e s ( d s s ) o f t h e d a t a 

from t h e c u r v e produced by the M i c h a e l i s Menten e q u a t i o n 
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V = vmaxS 

Km + S 

and c h a n g i n g t h e v a l u e s f o r Vmax and Km through s u c c e s s i v e 

i t e r a t i o n s u n t i l t h e s m a l l e s t v a l u e of t h e d s s i s found ( t h e 

l e a s t s q u a r e s method). The d a t a was p r e p a r e d i n a f i l e w i t h 

a l l t h e S v a l u e s i n one column and the c o r r e s p o n d i n g V v a l u e s 

i n t h e n e x t column. The f i l e was t e r m i n a t e d by a n e g a t i v e 

v a l u e . When t h e program i s run i t i n i t i a l l y p l o t s t h e d a t a 

on a L i n e w e a v e r - B u r k e p l o t (V a g a i n s t V/S) and c a l c u l a t e s 

v a l u e s f o r Vmax and Km. T h e s e v a l u e s a r e then used t o 

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

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

f o r t h e f i t t i n g p r o c e s s . 

The way i n w h i c h t h e program moves towards t h e b e s t 

f i t t i n g M i c h a e l i s Menten p a r a m e t e r s c a n be v i s u a l i s e d by 

assuming t h a t t h e Vmax and Km a r e the x and y axe s o f a two 

d i m e n s i o n a l p l o t . The program s t a r t s i n a p o s i t i o n d e c i d e d 

by t h e L i n e w e a v e r - B u r k e p l o t and c a l c u l a t e s t h e d e v i a t i o n sum 

o f s q u a r e s ( d s s ) f o r t h o s e v a l u e s o f Km and Vmax. The 

program then c a l c u l a t e s t h e d s s v a l u e s f o r the f o u r p o i n t s 

v e r t i c a l l y or h o r i z o n t a l l y z u n i t s away from t h e s t a r t p o i n t 

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

program. Whichever o f the fo u r p o i n t s p r o d u c e s t h e l o w e s t 

d s s i s used as t h e base f o r the n e x t f o u r p o i n t s . I n t h i s 
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manner t h e program a r r i v e s a t a rough e s t i m a t e o f t h e b e s t 

f i t t i n g v a l u e s f o r Vmax and Km when t h e base p o i n t i s 

su r r o u n d e d by p o i n t s w i t h g r e a t e r d s s v a l u e s . At t h i s s t a g e 

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

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

program r un and t h e b e s t f i t p a r a m e t e r s a r e s e a r c h e d f o r a s 

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

s e a r c h o c c u r s r e p e a t e d l y u n t i l t h e d i s t a n c e used r e a c h e s t h e 

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

program r u n . When t h i s p o i n t i s r e a c h e d t h e program p r i n t s 

o u t the f i n a l p a r a m e t e r s Vmax, Km as w e l l as an a n a l y s i s o f 

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

d a t a b e i n g used a r e d i s p l a y e d on t h e monitor and t h e 

h y p e r b o l a produced by t he v a l u e s f o r Km and Vmax b e i n g used 

f o r t h e base p o i n t a t t h a t s t a g e i s o v e r l a i d on them. I n 

t h i s way t he change i n t he shape o f t he c u r v e c a n be 

mo n i t o r e d as t he program p r o c e e d s towards t h e b e s t f i t 

p a r a m e t e r s . The program c a n a l s o p r o v i d e a graph o f vmax 

a g a i n s t Km w i t h v a r i o u s c o n f i d e n c e l i m i t s drawn a s c o n t o u r s . 

T h i s p l o t i l l u s t r a t e s how much v a r i a t i o n i n t h e p a r a m e t e r s i s 

p o s s i b l e w i t h o u t e x c e e d i n g 95% or 90% c o n f i d e n c e l i m i t s and 

i s u s e f u l i n d e t e r m i n i n g the deg r e e o f o v e r l a p between 

d i f f e r e n t e s t i m a t e s of M i c h a e l i s Menten p a r a m e t e r s . A worked 

example o f t he d a t a g a t h e r i n g and p r o c e s s i n g p r o c e d u r e i s 

shown i n Appendix A. 
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.7 PEPTIDASE ASSAYS 

I n t r a c e l l u l a r p e p t i d a s e a s s a y 

The 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 was measured by 

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

removing s a m p l e s p e r i o d i c a l l y and q u a n t i f y i n g the l e v e l s o f 

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

chromatography. 

S t a n d a r d a s s a y 

C e l l s were grown i n A+C medium ( s e e s e c t i o n 2.2) i n 50ml 

b a t c h e s and were h a r v e s t e d when growing e x p o n e n t i a l l y 

(A 6 { > 0 =.3-.5) as d e s c r i b e d i n s e c t i o n 2.3. The c e l l s were 

washed i n 20mM p o t a s s i u m p h o s p h a t e b u f f e r pH7.6 c o n t a i n i n g 

lmM c o b a l t s u l p h a t e (2x20ml) and were r e s u s p e n d e d i n a 

f u r t h e r 10ml o f b u f f e r i n 50ml p o l y p r o p y l e n e c e n t r i f u g e t u b e s 

(MSE) t o a c e l l d e n s i t y o f 3-5x10 c e l l s ml" ( . A f t e r c o o l i n g 

on i c e f o r lOmin the c e l l s were d i s r u p t e d by s o n i c a t i o n u s i n g 

an MSE S o n i p r e p 150 s o n i c a t o r i n 5 x l m i n b u r s t s w i t h 2min 

c o o l i n g on i c e between t r e a t m e n t s . The s o n i c a t e was 

c e n t r i f u g e d i n an MSE HS18 c e n t r i f u g e (8x50ml r o t o r ) f o r 

20min a t 5,000rpm and 4°C t o remove the c e l l d e b r i s . The 

s u p e r n a t a n t s o l u t i o n was s t o r e d a t -20°C u n t i l r e q u i r e d . 

Crude e x t r a c t was s t a b l e a t -20°C over a p e r i o d o f a t l e a s t 
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s e v e r a l weeks, i n a d d i t i o n , t h e t o t a l volume o f e x t r a c t was 

d i v i d e d i n t o 3ml a l i q u o t s s o t h a t e a c h sample was o n l y thawed 

once b e f o r e i t was used i n an a s s a y . The p r o t e i n c o n t e n t o f 

ea c h e x t r a c t was e s t i m a t e d by t h e Lowry a s s a y (Lowry e t . a l . , 

1 9 5 1 ) . 

C e l l e x t r a c t (2.775ml) was e q u i l i b r a t e d i n 100mm x 12mm 

t e s t t u b e s a t 37°C f o r lOmin b e f o r e 2 2 5 u l o f p e p t i d e was 

added t o g i v e a f i n a l p e p t i d e c o n c e n t r a t i o n o f 7.5mM. 

Samples ( 3 0 0 u l ) were removed a t 0, 10, 20, 40, 60, 100, 150 

and 200min a f t e r t h e a d d i t i o n o f p e p t i d e and p u t i n s m a l l 

v i a l s (1ml) a l r e a d y c o n t a i n i n g l O u l o f c o n c e n t r a t e d HC1 t o 

s t o p any f u r t h e r p e p t i d a s e a c t i v i t y . The v i a l s were shaken 

and t h e n s t o r e d a t -20°C u n t i l the samples were 

chromatographed. T h i n l a y e r p l a t e s were p r e p a r e d by making 

up a 60% w/v s l u r r y o f K i e s e l g e l 60G s i l i c a g e l (Merck) i n 

wat e r w i t h v i g o r o u s s h a k i n g f o r 9 0 s e c . G l a s s p l a t e s (20cm x 

20cm) were h e l d i n a h o r i z o n t a l r a c k (Shandon U n i p l a n 

l e v e l l e r No.2810) and t h e s i l i c a g e l was s p r e a d over them 

i m m e d i a t e l y a f t e r m i x i n g u s i n g a Shandon a d j u s t a b l e s p r e a d i n g 

d e v i c e (No.2818) s e t t o g i v e a l a y e r 0.25mm t h i c k . The 

p l a t e s were a l l o w e d t o d r y a t room t e m p e r a t u r e f o r 30min and 

were a c t i v a t e d by h e a t i n g t o 110°C f o r lOmin. Samples ( l O u l ) 

were l o a d e d onto the t h i n - l a y e r p l a t e s , 2cm from t h e base o f 

th e p l a t e , u s i n g M i c r o c a p g l a s s c a p i l l a r y p i p e t t e s and were 

a l l o w e d to d r y a t room t e m p e r a t u r e f o r 30min b e f o r e 
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chromatography. The p l a t e s were run i 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 (75:15:60:50; v / v / v / v ) u n t i l t h e s o l v e n t 

f r o n t had r e a c h e d t h r e e - q u a r t e r s o f t h e way up the p l a t e . 

The p l a t e s were then d r i e d a t 50°C f o r 30min and the s p o t s 

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

w a t e r (100:10:5; v / v / v ) c o n t a i n i n g 1% w/v n i n h y d r i n and 0.1% 

w/v cadmium a c e t a t e . The r a t e s o f p e p t i d e c l e a v a g e were 

d e t e r m i n e d by comparing the i n t e n s i t i e s o f t h e s p o t s w i t h 

p e p t i d e and amino a c i d s p o t s o f known c o n c e n t r a t i o n run on 

t h e same p l a t e . 

A m i n o p e p t i d a s e N a s s a y 

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

A m i n o p e p t i d a s e N i s a p e r i p l a s m i c enzyme whic h i s a b l e t o 

h y d r o l y s e amino a c i d p - n i t r o a n i l i d e s t o amino a c i d and 

p - n i t r o a n i l i n e ( L a z d u n s k i e t a l . , 1 9 7 5 ) . B e c a u s e 

p - n i t r o a n i l i n e a b s o r b s a t 415nm w h i l e the amino a c i d 

p - n i t r o a n i l i d e does not, the a c t i v i t y o f a m i n o p e p t i d a s e N c a n 

e a s i l y be measured by m o n i t o r i n g the a b s o r b a n c e o f a c e l l 

s u s p e n s i o n a t 415nm ( L a z d u n s k i e t . a l . , 1 9 7 5 ) . B e c a u s e amino 

a c i d p - n i t r o a n i l i d e c a n p e n e t r a t e t o the p e r i p l a s m i c s p a c e 

and p - n i t r o a n i l i n e c a n d i f f u s e out a g a i n , whole c e l l s c a n be 

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

i n t r a c e l l u l a r enzymes which might a l s o have h y d r o l y t i c 



- 118 -

a c t i v i t y towards t h e s u b s t r a t e . 

S t a n d a r d p r o c e d u r e 

E x p o n e n t i a l l y - g r o w i n g c e l l s were h a r v e s t e d and r e s u s p e n d e d 

a s d e s c r i b e d i n s e c t i o n 2.3 e x c e p t t h a t t h e washing and 

r e s u s p e n s i o n b u f f e r was lOOmM d i s o d i u m t e t r a b o r a t e pH7.2. To 

p r e v e n t n i t r o g e n , phosphate or c a r b o n s t a r v a t i o n , 0.25mM 

ammonium c h l o r i d e , 2mM p o t a s s i u m phosphate and 0.5% w/v 

g l u c o s e were added t o t he b u f f e r . Samples o f r e s u s p e n d e d 

c e l l s (2.9ml c o n t a i n i n g a p p r o x i m a t e l y 5 x l 0 * c e l l s m l - 1 ) were 

p l a c e d i n 100mm x 12mm t e s t t u b e s ( P y r e x , t h i n w a l l e d f o r use 

i n t h e s p e c t r o p h o t o m e t e r ) and were p r e i n c u b a t e d a t 37°C f o r 

15min. A l a n y l p - n i t r o a n i l i d e (Sigma) was added ( l O O u l , 45mM 

i n w a t e r ) t o g i v e a f i n a l c o n c e n t r a t i o n o f 1.5mM. The c e l l s 

were i n c u b a t e d a t 37°C w i t h t h e p r o d u c t i o n o f p - n i t r o a n i l i n e 

b e i n g f o l l o w e d by m e a s u r i n g the change i n a b s o r b a n c e a t 415nm 

i n a B a u s c h and Lomb S p e c t r o n i c 20 s p e c t r o p h o t o m e t e r . E a c h 

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

o f a b s o r b a n c e w i t h t h e z e r o time r e a d i n g a c t i n g a s t h e b l a n k 

c o n t r o l . A s t a n d a r d c u r v e o f a b s o r b a n c e a g a i n s t 

c o n c e n t r a t i o n was c o n s t r u c t e d by m e a s u r i n g the a b s o r b a n c e a t 

415nm o f p - n i t r o a n i l i n e s o l u t i o n s o f known c o n c e n t r a t i o n made 

up i n r e s u s p e n s i o n b u f f e r (3ml) i n tubes p r e v i o u s l y b l a n k e d 

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

a l a n i n e p - n i t r o a n i l i d e was c a l c u l a t e d by u s i n g t h e s t a n d a r d 
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c u r v e t o c o n v e r t e x p e r i m e n t a l a b s o r b a n c e r e a d i n g s t o 

p - n i t r o a n i l i n e c o n c e n t r a t i o n s . 

2.8 GENE MAPPING 

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

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

t r a n s p o r t a c t i v i t y were mapped by F" f a c t o r c o n j u g a t i o n . F" 

f a c t o r s a r e d e r i v a t i v e s o f t h e F sex f a c t o r , produced by 

a b e r r a n t e x c i s i o n o f F from t h e chromosome o f an H f r c e l l . 

I n H f r ( h i g h f r e q u e n c y donor) c e l l s t h e F f a c t o r i s 

i n t e g r a t e d i n t h e chromosome and o c c a s i o n a l l y d u r i n g F 

e x c i s i o n , p o r t i o n s o f t h e chromosomal DNA a d j a c e n t t o t h e 

s i t e of F f a c t o r i n t e g r a t i o n a r e a l s o e x c i s e d . The genes 

a c q u i r e d by s u c h an F f a c t o r d e r i v a t i v e ( F ' ) a r e t r a n s f e r r e d 

w i t h h i g h f r e q u e n c y to F f a c t o r l a c k i n g (F ) r e c i p i e n t s a l o n g 

w i t h t h e r e s t o f t h e F" episome. A l a r g e number o f s u c h F ' 

f a c t o r s have now been i s o l a t e d and c h a r a c t e r i s e d . I f a 

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

i s mated w i t h a s e l e c t i o n o f F ' donor s t r a i n s c o n t a i n i n g 

d i f f e r e n t s e c t i o n s o f chromosomal DNA, c o m p l e m e n t a t i o n c a n 

o c c u r when t h e F" c o n t a i n s t h e gene mutated i n the r e c i p i e n t . 

G i v e n t h a t t h e r e g i o n o f chromosomal DNA c a r r i e d by e a c h F" 

i s known, then t h e mutant gene c a n be mapped t o a p a r t i c u l a r 
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r e g i o n o f t h e chromosome. T h i s i s t h e method employed h e r e 

to map t he genes c o d i n g f o r the p e p t i d e permeases, u s i n g 

enhanced a b i l i t y t o u t i l i s e L y s - L y s or L y s - L y s - L y s as l y s i n e 

s o u r c e s a s an i n d i c a t i o n o f r e s t o r a t i o n o f a p a r t i c u l a r 

p e p t i d e permease. 

S t a n d a r d p r o c e d u r e 

Donor and r e c i p i e n t c e l l s ( s e e T a b l e 2.1) were grown f o r 

18hr ( o v e r n i g h t ) i n 20ml L - b r o t h ( s e e s e c t i o n 2 . 2 ) . T h e s e 

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

f r e s h L - b r o t h . R e c i p i e n t s t r a i n s were s u b c u l t u r e d by 

i n o c u l a t i n g 50ml o f L - b r o t h w i t h 1ml o f o v e r n i g h t c u l t u r e . 

Donor s t r a i n s were s u b c u l t u r e d i n groups o f f i v e , so t h a t 

l a t e r on when m a t i n g s were s t a r t e d , t h e number o f c r o s s e s t o 

be s e t up a t one time was manageable. E a c h group was 

i n o c u l a t e d one hour a p a r t u s i n g 2 0 0 u l o f o v e r n i g h t c u l t u r e 

i n t o 20ml o f L - b r o t h . The r e c i p i e n t c e l l s were i n c u b a t e d a t 

37°C i n a r e c i p r o c a t i n g w ater b a t h ( G r a n t ) a t 100 s t r o k e s per 

min and a l l o w e d t o grow to s t a t i o n a r y p h a s e . The donor c e l l s 

were a l s o i n c u b a t e d a t 37°C but were shaken l e s s r a p i d l y (50 

s t r o k e s per min) and were a l l o w e d to grow u n t i l t h e i r A 6 b o 

had r e a c h e d 0.2-0.4 ( s e e 2 . 3 ) . Donor c e l l s (1ml c o n t a i n i n g 

2-4x10* c e l l s ) were g e n t l y mixed w i t h r e c i p i e n t c e l l s (1ml 

c o n t a i n i n g 10* c e l l s ) i n b o i l i n g t u b e s and l e f t f o r 2.5hr a t 

37°C w i t h no s h a k i n g , t o a l l o w c o n j u g a t i o n t o o c c u r . The 
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mating m i x t u r e s were f i l t e r e d o nto M i l l i p o r e 25mm c e l l u l o s e 

a c e t a t e f i l t e r s (pore s i z e 0.45um) u s i n g a m u l t i p l e h o l d e r 

m a n i f o l d c o n n e c t e d t o a vacuum pump, m a i n t a i n i n g a n e g a t i v e 

p r e s s u r e under t h e f i l t e r s . The f i l t e r s were washed w i t h 

p o t a s s i u m phosphate b u f f e r pH7.2 (2x10ml) and r e s u s p e n d e d i n 

a f u r t h e r 2ml o f t h e same b u f f e r to g i v e a c e l l d e n s i t y o f 

a p p r o x i m a t e l y l x ^ c e l l s ml"1 . Samples o f c e l l s u s p e n s i o n 

( 5 0 u l ) were p l a t e d out onto h a l f an agar p l a t e c o n t a i n i n g 

e i t h e r m i n i m a l medium (A+C, s e e 2.2) or m i n i m a l medium 

supplemented w i t h L y s , L y s - L y s , or L y s - L y s - L y s ( a l l 

lOugml -^ ) . The p l a t e s were l e f t a t room t e m p e r a t u r e u n t i l 

t h e s u s p e n s i o n b u f f e r had been a b s o r b e d (15min) and t h e n 

i n c u b a t e d a t 37°C. The p l a t e s were i n s p e c t e d f o r growth a t 

l e a s t e v e r y 3 h o u r s f o r 18 ho u r s and t h e p r e s e n c e o f 

background growth and f a s t e r growing c o l o n i e s was n o t e d . 

D i s c u s s i o n 

I f t h e F" donors a r e shaken too v i g o r o u s l y when b e i n g 

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

r e d u c e s t h e number o f s e x p i l i p r e s e n t on the c e l l s u r f a c e so 

t h a t c o n j u g a t i o n i s a much l e s s f r e q u e n t e v e n t , however some 

s h a k i n g i s o f b e n e f i t as i t enhances t h e a e r a t i o n o f t h e 

c u l t u r e . F o r t h e s e e x p e r i m e n t s t h e donor c e l l s were s h a k e n 

a t 50 s t r o k e s per minute i n s t e a d o f t h e u s u a l 100 s t r o k e s per 

minute as a compromise between the l e v e l o f s h a k i n g r e q u i r e d 
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f o r f u l l a e r a t i o n and the need t o p r e v e n t l o s s o f p i l i . The 

c o n j u g a t i o n m i x t u r e must not be shaken a t a l l as t h e bond 

formed by t h e p i l i between t h e mating c e l l s i s f r a g i l e and 

any movement d u r i n g t h i s p r o c e s s r e d u c e s t h e f r e q u e n c y o f 

c o n j u g a t i o n . 

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

p e p t i d e permeases the p o s s i b i l i t y e x i s t s t h a t t h e l o s s o f one 

or even two o f them may not e n t i r e l y p r e v e n t t h e growth o f a 

d e f i c i e n t mutant on L y s - L y s or L y s - L y s - L y s so t h a t p l a t i n g 

o u t on a medium o n l y a l l o w i n g growth o f e x c o n j u g a n t s was not 

p o s s i b l e . The r a t e o f growth o f dpp and opp mutants i s 

however s l o w e r t h a n t h a t o f t he w i l d type on L y s - L y s or 

L y s - L y s - L y s r e s p e c t i v e l y as l y s i n e s o u r c e s . To maximise t h i s 

d i f f e r e n c e i n growth r a t e s a p e p t i d e c o n c e n t r a t i o n j u s t 

e n a b l i n g maximal growth t o o c c u r i n the w i l d t y p e was 

s e l e c t e d by comparing growth on p l a t e s c o n t a i n i n g d i f f e r e n t 

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

e v e r y 3 h o u r s f o r up t o 10-15 ho u r s i t was p o s s i b l e to s e e 

w h i c h mating m i x t u r e s c o n t a i n e d c e l l s w i t h enhanced growth 

r a t e s by t h e a p p e a r a n c e o f c o l o n i e s growing f a s t e r t h a n t h e 

background (50-1000 c o l o n i e s per p l a t e ) . A f t e r p r o l o n g e d 

i n c u b a t i o n (over 15 h o u r s ) t h e c o l o n i e s tended t o be masked 

by growth of t h e background p a r e n t a l c e l l s e x c e p t i n t h e c a s e 

o f t h e t r i p l e permease d e f i c i e n t mutant', no growth took p l a c e 

on the p e p t i d e s u n l e s s a t r a n s p o r t s y s t e m was p r e s e n t on the 
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P" so t h a t i d e n t i f i c a t i o n i n t h e s e c a s e s was much s i m p l e r . 

The f r e q u e n c y of c o n j u g a t i o n c a n be c a l c u l a t e d from t h e 

number o f c o n j u g a n t s and p a r e n t a l c e l l s . The f r e q u e n c y 

c a l c u l a t e d i n t h i s manner v a r i e s from 1 i n 10* t o 1 i n 1 0 s 

c e l l s i n d i c a t i n g t h a t under t h e c o n d i t i o n s used c o n j u g a t i o n 

was n o t v e r y f r e q u e n t . A p o s s i b l e e x p l a n a t i o n f o r t h i s low 

f r e q u e n c y may be t h a t t h e donor and r e c i p i e n t c e l l s used were 

d i f f e r e n t t y p e s o f E s c h e r i c h i a c o l i (K12 and W) 

r e s p e c t i v e l y ) . Mating between o t h e r d i f f e r e n t t y p e s o f 

E s c h e r i c h i a c o l i i s known t o be l e s s f r e q u e n t t h a n mating 

between t h e same t y p e (Hayes, 1968) so t h a t i n t h i s c a s e i t 

seems l i k e l y t h a t t h e f r e q u e n c y would a l s o be low, 

.9 ELECTROPHORETIC RESOLUTION OF OUTER MEMBRANE PROTEINS 

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

Crude c e l l e n v e l o p e s were p r e p a r e d by h i g h speed 

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

were then s e p a r a t e d i n t o i n n e r and o u t e r membrane f r a c t i o n s 

by t h e i r d i f f e r e n t i a l s o l u b i l i t y i n T r i t o n X-100 ( S c h n a i t m a n , 

1 9 7 1 ) . D i s c o n t i n u o u s S D S - p o l y a c r y l a m i d e g e l e l e c t r o p h o r e s i s 

was used t o s e p a r a t e i n d i v i d u a l p r o t e i n s p e c i e s . 
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O u t e r membrane f r a c t i o n p r e p a r a t i o n 

C e l l s were grown i n L - b r o t h (50ml) and h a r v e s t e d d u r i n g 

the l a t e l o g a r i t h m i c phase by c e n t r i f u g a t i o n a t 8,000 r.p.m. 

f o r lOmin a t 4°C i n the 8x50 ml r o t o r o f an MSE HS18 

c e n t r i f u g e . The c e l l s were washed w i t h 10ml o f c o l d M9 

m i n i m a l medium and r e s u s p e n d e d i n a f u r t h e r 2ml o f c o l d M9. 

A f t e r s o n i c d i s r u p t i o n f o r 3x20 second p e r i o d s , w i t h c o o l i n g 

on i c e f o r 2 m i n u t e s between e a c h p e r i o d , i n an MSE s o n i p r e p 

s e t a t an a m p l i t u d e o f 15um, any unbroken c e l l s and l a r g e 

f r a g m e n t s were removed by c e n t r i f u g a t i o n a t 1500g f o r lOmin. 

The s u p e r n a t a n t f l u i d was t h e n c e n t r i f u g e d a t 100,000g f o r 

30min i n an MSE p r e p s p i n to r e c o v e r the c e l l e n v e l o p e s . The 

c e l l e n v e l o p e p e l l e t was r e s u s p e n d e d i n 2ml 2% T r i t o n X-100 

i n lOmM T r i s - H C l pH7.5 and i n c u b a t e d a t 37°C f o r 30min. The 

s u s p e n s i o n was t h e n c e n t r i f u g e d a t 100,000g f o r 30min to 

r e c o v e r t h e i n s o l u b l e o u t e r membrane f r a c t i o n . The o u t e r 

membrane p e l l e t was r e s u s p e n d e d i n 5 0 u l of 50mM T r i s - H C l 

pH7.5 and the p r o t e i n c o n t e n t measured by the s p e c t r a l method 

of W h i t a k e r and Granum ( 1 9 8 0 ) . 

P o l a c r y l a m i d e g e l e l e c t r o p h o r e s i s 

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

d e s c r i b e d by L u g t e n b e r g e t . a l . , 1975. The compositon o f the 

r u n n i n g and s t a c k i n g g e l s was as f o l l o w s : 
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Running g e l 

11% (w/v) a c r y l a m i d e 

0.2% (w/v) m e t h y l e n e - b i s a c r y l a m i d e 

0.375M T r i s - H C l pH8.8 

0.2% (w/v) SDS 

0.25mgml~' ammonium p e r s u l p h a t e 

0.2% ( v / v ) TEMED 

(50ml) 

S t a c k i n g g e l 

3% (w/v) a c r y l a m i d e 

0.2% (w/v) m e t h y l e n e - b i s a c r y l a m i d e 

0.125M T r i s - H C l pH6.8 

0.1% (w/v) SDS 

0.25mgml _ t ammonium p e r s u l p h a t e 

0.2% ( v / v ) TEMED 

(10ml) 

The s o l u t i o n s were d e g a s s e d b e f o r e t h e a d d i t i o n of t h e 

SDS, ammonium p e r s u l p h a t e and TEMED. 
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The g e l s used were 18cm x 15cm x 1.5mm w i t h t h e bottom 

13cm b e i n g r u n n i n g g e l and the top 2cm b e i n g s t a c k i n g g e l . 

To e n s u r e a smooth i n t e r f a c e between the r u n n i n g and s t a c k i n g 

g e l s , d i s t i l l e d w a t er was l a y e r e d onto the top o f the r u n n i n g 

g e l i m m e d i a t e l y a f t e r i t had been poured, u s i n g a s y r i n g e 

b a r r e l and f i n e n e e d l e . A f t e r t h e r u n n i n g g e l had s e t t h e 

water was poured o f f b e f o r e the s t a c k i n g g e l was added. The 

b u f f e r f o r both e l e c t r o d e s c o n t a i n e d 0.025M T r i s , 0.19M 

g l y c i n e and 0.1% (w/v) SDS and had a pH o f 8.3. P r o t e i n 

s a m p l e s were p r e p a r e d i n 0.0625M T r i s - H C l pH6.8, c o n t a i n i n g 

SDS ( 2 % , w / v ) , g l y c e r o l ( 1 0 % , v / v ) , bromophenol b l u e ( 0 . 0 0 1 % , 

w/v) and 2 - m e r c a p t o e t h a n o l ( 5 % , v / v ) . Samples c o n t a i n e d 

a p p r o x i m a t e l y lmgml" 1 p r o t e i n and were b o i l e d f o r 5min 

i m m e d i a t e l y b e f o r e a p p l i c a t i o n t o the g e l . R o u t i n e l y 2 0 u l 

( a p p r o x i m a t e l y 20ug p r o t e i n ) was a p p l i e d t o e a c h s l o t . 

Bromophenol b l u e was added t o t h e upper e l e c t r o d e r e s e r v o i r 

j u s t b e f o r e e l e c t r o p h o r e s i s commenced and was used as a 

t r a c k i n g dye. E l e c t r o p h o r e s i s was c a r r i e d out u s i n g a 

c o n s t a n t c u r r e n t o f 8mA a t room t e m p e r a t u r e so t h a t the 

bromophenol b l u e took 16-18hr to r e a c h the bottom o f the g e l . 

G e l s were s t a i n e d i n 0.025% (w/v) K e n a c i d b l u e i n methanol : 

w a t e r : g l a c i a l a c e t i c a c i d (50:43:7, v/v/v) f o r 24 h o u r s 

w i t h g e n t l e s h a k i n g and d e s t a i n e d i n the same s o l u t i o n 

w i t h o u t K e n a c i d b l u e u n t i l the bands were a t t h e i r most 

c l e a r l y v i s i b l e (3-6h)„ G e l s were photographed u s i n g a Kodak 

CC 23A f i l t e r b e f o r e d r y i n g down i n a Shandon vacuum g e l 
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d r i e r f o r permanent s t o r a g e . 

The f o l l o w i n g s t a n d a r d p r o t e i n s were used as m o l e c u l a r 

w e i g h t m a r k e r s : - b o v i n e serum a l b u m i n (67,000 d a l t o n s ) , 

o v a l b umin (43,000 d a l t o n s ) , c o n c a n a v i l i n A (26,000 d a l t o n s ) 

amd myoglobin (17,200 d a l t o n s ) . 

10 MEASUREMENT OF ALKALINE PHOSPHATASE ACTIVI T Y 

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

Under a l k a l i n e c o n d i t i o n s a l k a l i n e p h o s p h a t a s e c l e a v e s 

p - n i t r o p h e n y l phosphate t o p - n i t r o p h e n o l and ph o s p h a t e . The 

p - n i t r o p h e n o l a b s o r b s a t 415nm so t h a t the p r o d u c t i o n o f 

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

ab s o r b a n c e a t t h a t w a v e l e n g t h . 

S t a n d a r d p r o c e d u r e 

50ml b a t c h e s o f c e l l s were grown i n 0.2M T r i s H C l pH8.0 

c o n t a i n i n g 3mM K aHPO^, 50ugml~' l y s i n e and 0.5% (w/v) 

g l u c o s e . When t h e i r A f e b o r e a c h e d 0.4, the c e l l s were 

h a r v e s t e d as d e s c r i b e d i n s e c t i o n 2.3 and r e s u s p e n d e d i n 

lOOmM T r i s H C l pH8.0 c o n t a i n i n g 0.5% (w/v) g l u c o s e , SOugml"1 

l y s i n e and O.lmM phosphate, t o an A 6 6 o o f 0.3-0.4. 1ml 
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a l i q u o t s o f c e l l s u s p e n s i o n were p l a c e d i n c u v e t t e s i n a 

t h e r m o s t a t i c a l l y c o n t r o l l e d c u v e t t e h o l d e r i n a GilleS 5* 
s p e c t r o p h o t o m e t e r and a l l o w e d t o e q u i l i b r a t e t o 37°C f o r 10 

min b e f o r e a d d i t i o n o f p - n i t r o p h e n y l p h o s p h a t e 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 ImM. The A^ l 5 o f the s u s p e n s i o n was 

then r e c o r d e d on a c h a r t r e c o r d e r f o r up t o 120min. 
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3 ISOLATION AND CHARACTERISATION OF PEPTIDE PERMEASE D E F I C I E N T 

MUTANTS IN ESCHERICHIA COLI W 

3.1 INTRODUCTION 

S m a l l p e p t i d e s have been shown t o be t r a n s p o r t e d i n t o E . 

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

permease ( d p p ) , t h e o l i g o p e p t i d e permease (opp) and a t h i r d 

s y s t e m (opt) (Payne, 1 9 8 0 ) . B a s e d m a i n l y on the r e s u l t o f 

growth t e s t s t h e dpp was r e p o r t e d t o be s p e c i f i c f o r 

d i p e p t i d e s (Payne, 1968; D e F e l i c e e t a l . , 1 9 7 3 ) ; t h e opp t o 

be b r o a d l y a c t i v e towards both d i - and o l i g o p e p t i d e s (Payne 

and B e l l , 1979) and the o p t t o have a r e s t r i c t e d s p e c i f i c i t y 

f o r a few t r i p e p t i d e s (Barak and G i l v a r g , 1975; N a i d e r and 

B e c k e r , 1 9 7 5 ) . R e c e n t r e s u l t s ( A l v e s and Payne, 1980) , 

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

s p e c i f i c i t i e s may have t o be r e a s s e s s e d . 

P e p t i d e permease d e f i c i e n t mutants have been w i d e l y u s e d 

i n t h e s t u d y o f p e p t i d e t r a n s p o r t . Mutants l a c k i n g t h e opp, 

t h e dpp or both have been i s o l a t e d (Payne, 1968; D e F e l i c e e t 

a l . , 1973; Vonder Haar and Umbarger, 1 9 7 2 ) . Mutants 

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

o p t , have a l s o been i s o l a t e d ( B a r a k and G i l v a r g , 1 9 7 5 ) . 
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Mutants a r e n o r m a l l y i s o l a t e d u s i n g s p o n t a n e o u s l y o c c u r r i n g 

r e s i s t a n c e t o t o x i c p e p t i d e s as a s e l e c t i o n p r o c e d u r e . The 

mechanisms by w h i c h c e l l s c a n a c q u i r e r e s i s t a n c e have been 

d i s c u s s e d i n s e c t i o n 1.3, however i t i s p e r t i n e n t t o 

summarise them h e r e a s a means o f e x p l a i n i n g t h e s t r a t e g y 

adopted f o r c h a r a c t e r i s i n g t h e mutants i s o l a t e d i n t h i s 

s t u d y . R e s i s t a n c e t o t o x i c p e p t i d e s c a n be g a i n e d by any o f 

a number o f mechanisms, f o r example, 1) r e s i s t a n c e t o t h e 

t o x i c m o i e t y per s e ; 2) d e c r e a s e d p e p t i d a s e a c t i v i t y , 

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

i n t e r i o r , or i n c r e a s e d p e p t i d a s e a c t i v i t y , i f t h e i n t a c t 

p e p t i d e i s t h e t o x i c s p e c i e s ( a s i n the c a s e o f 

t r i o r n i t h i n e ) ; 3) d e c r e a s e d t r a n s p o r t a b i l i t y , l o w e r i n g t h e 

i n t e r n a l p o o l o f t o x i c m o i e t y ( i n t a c t p e p t i d e or 

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

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

mutants were t h e r e f o r e d e s i g n e d t o d e t e r m i n e w h i c h o f t h e s e 

mechanisms was r e s p o n s i b l e f o r the i n c r e a s e d r e s i s t a n c e 

o b s e r v e d . With r e g a r d t o 1 ) , c r o s s - r e s i s t a n c e t e s t s c a n show 

whether t h e same m o i e t y a t t a c h e d t o a n o t h e r p e p t i d e i s s t i l l 

t o x i c ; 2) c an be i n v e s t i g a t e d by d i r e c t measurement o f 

p e p t i d a s e a c t i v i t i e s i n w i l d type and mutant s t r a i n s ; 3) c an 

be d i r e c t l y measured u s i n g the s e n s i t i v e f l u o r e s c e n c e a s s a y s 

r e c e n t l y d e v e l o p e d ( N i s b e t and Payne, 1979a; Payne and 

N i s b e t , 1 9 8 1 ) . 
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T h e r e has been much i n t e r e s t i n t h e p o s s i b i l i t y o f u s i n g 

p e p t i d e s as a means o f i n t r o d u c i n g impermeant t o x i c m o i e t i e s 

i n t o b a c t e r i a l c e l l s u s i n g the " s m u g g l i n " p r i n c i p l e (Matthews 

and Payne, 1 9 7 5 a ) . C o n s e q u e n t l y new p e p t i d e m i m e t i c 

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

t o be t r a n s p o r t e d more or l e s s s p e c i f i c a l l y v i a one or o t h e r 

o f the p e p t i d e t r a n s p o r t s y s t e m s . T h i s r a i s e d t h e 

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

m u t a n t s . T h e s e mutants c o u l d t h e n be used i n c o m b i n a t i o n 

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

s p e c i f i c i t i e s o f e a c h permease. With t h i s i n f o r m a t i o n f u t u r e 

" s m u g g l i n " a n t i b i o t i c s c o u l d be r a t i o n a l l y d e s i g n e d to g i v e 

maximum e f f i c i e n c y o f uptake v i a more t h a n one uptake s y s t e m 

t h u s m i n i m i s i n g t h e r i s k o f r e s i s t a n c e o c c u r r i n g t hrough l o s s 

o f permease a c t i v i t y . S e v e r a l o f t h e n o v e l p e p t i d e m i m e t i c 

a n t i b a c t e r i a l a g e n t s have been used i n t h i s s t u d y t o i s o l a t e 

mutants d e f i c i e n t i n dpp, opp and o p t . T h i s i s t h e f i r s t 

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

T h e s e mutants have been used i n c o n j u n c t i o n w i t h t h e manual 

and automated f l u o r e s c a m i n e a s s a y s ( N i s b e t and Payne, 1979a; 

Payne and N i s b e t , 1981) t o d e t e r m i n e t h e s p e c i f i c i t i e s o f t h e 

t h r e e p e p t i d e p e r m e a s e s . The ap p r o x i m a t e l o c a t i o n s o f t h e 

genes c o d i n g f o r e a c h permease have been mapped by F" donor 

c o n j u g a t i o n . 



- 133 -

3.2 BACTERIAL STRAINS AND GROWTH CONDITIONS 

The s t r a i n s used a r e shown i n T a b l e 2.1 and t h e growth 

media i n T a b l e 2.2. Growth c o n d i t i o n s a r e d e s c r i b e d i n 

s e c t i o n 2.2. 

3.3 ISOLATION OF MUTANTS RESISTANT TO TOXIC PEPTIDES 

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

Mutants d e f e c t i v e i n opp a r e e a s i l y i s o l a t e d by s e l e c t i o n 

f o r r e s i s t a n c e to t r i o r n i t h i n e (Payne, 1 9 6 8 ) . Mutants 

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

b e c a u s e d i p e p t i d e s c a n be t r a n s p o r t e d v i a the dpp and opp and 

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

a p p r o x i m a t e l y 1 i n 10s c e l l s ( G i l v a r g and L e v i n , 1972; B a r a k 

and G i l v a r g , 1974; s e c t i o n 3.4) t h e y w i l l u s u a l l y be p i c k e d 

up r a t h e r than dpp m u t a t i o n s . 

D u r i n g s t u d i e s o f a range o f p e p t i d e m i m e t i c a n t i b a c t e r i a l 

a g e n t s on w i l d t y p e and opp s t r a i n s ( s e e T a b l e 3 . 1 ) , i t was 

n o t e d t h a t s e v e r a l t o x i c d i p e p t i d e s were a l m o s t as e f f e c t i v e 

a g a i n s t an opp s t r a i n as a w i l d t y p e s t r a i n . T h i s i n d i c a t e d 

t h a t t h e s e p e p t i d e s might be t r a n s p o r t e d p r e d o m i n a n t l y v i a 

t h e Dpp and t h a t t h e y might be used t o i s o l a t e mutants 
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T a b l e 3.1 S e n s i t i v i t y o f w i l d type and opp s t r a i n s o f 

E . c o l i W t o t o x i c p e p t i d e m i m e t i c s . 

P e p t i d e used w i l d t y p e opp 

A l a - A l a - a m i n o x y A l a 34(10nmol) 12 

P r o - A l a - a m i n o x y A l a 28 12 

B o c P r o - A l a - a m i n o x y A l a >(2.5nmol) 0 

A l a - h y d r a z i n o A l a 43 0 

A l a - A l a - h y d r a z i n o A l a 35 0 

A l a - a m i n o x y A l a 36 34 

P r o - a m i n o x y A l a 18 17 

V a l - a m i n o x y A l a 34 31 

L y s - a m i n o x y A l a 33 33 

A l l v a l u e s a r e i n h i b i t i o n zone d i a m e t e r s i n mm. 

lOOnmol o f a l l p e p t i d e s used per p l a t e u n l e s s s t a t e d . 

> whole p l a t e i n h i b i t e d . 

F o r s t r u c t u r e s o f t h e s e p e p t i d e m i m e t i c s s e e 

Appendix B. 

Nomenclature of t h e s t r u c t u r e s i s d e s c r i b e d i n Morley 

e t a l . , 1 9 8 3 ) . 
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d e f e c t i v e i n dpp. The most t o x i c o f t he d i p e p t i d e s , 

A l a - a m i n o x y A l a ( f o r s t r u c t u r e s e e Appendix B) was used t o 

i s o l a t e what was i n i t i a l l y t hought t o be a dpp mutant, but 

w h i c h has l a t e r been shown t o have, i n a d d i t i o n , a p a r t i a l l y 

d e f e c t i v e opp ( s t r a i n PA0107). U s i n g d i f f e r e n t t o x i c 

p e p t i d e s , a mutant showing c o m p l e t e r e s i s t a n c e t o p e p t i d e s 

b e l i e v e d t o use opp ( s t r a i n PA0119) was i s o l a t e d from PA0107 

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

a c t i v i t y (PA0122) was i s o l a t e d from PA0107. An opp mutant 

(PA0112) was i s o l a t e d from t h e w i l d type by s e l e c t i o n w i t h 

A l a - A l a - a m i n o x y A l a and an opp dpp double mutant (PA0113) from 

PA0112 by s e l e c t i o n w i t h A l a - a m i n o x y A l a . 

Methods 

Most o f t h e mutants were i s o l a t e d by t h e agar p l a t e 

i n h i b i t i o n zone t e s t d e s c r i b e d i n s e c t i o n 2.4. A dpp s t r a i n 

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

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

c e l l s , by growth i n t h e p r e s e n c e o f A l a - a m i n o x y A l a , was 

f o l l o w e d ( s e e f i g u r e 3 . 1 ) . The o t h e r d e f e c t i v e mutants were 

i s o l a t e d u s i n g t h e t o x i c p e p t i d e s shown i n T a b l e 3 . 2 ) . 

C o l o n i e s of p r e s u m p t i v e t r a n s p o r t d e f i c i e n t mutants were 

p u r i f i e d by s t r e a k i n g t w i c e and t h e n were t e s t e d w i t h the 

p e p t i d e o r i g i n a l l y used f o r s e l e c t i o n , to c o n f i r m an i n c r e a s e 

i n r e s i s t a n c e . 
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F i g u r e 3.1 The procedure used to i s o l a t e p u t a t i v e d i p e p t i d e permease 

d e f i c i e n t mutants, u s i n g r e s i s t a n c e to Ala-aminoxyAla as a s e l e c t i o n . 

-> Wild type c e l l s i n minimal medium + 0.025mM Ala-aminoxyAla + excess 

l y s i n e . I 
Non l y s i n e - r e q u i r i n g c e l l s grow q u i c k l y and a r e d i s t i n g u i s h a b l e by 

colony s i z e . L y s i n e r e q u i r i n g c e l l s used as inoculum. 

- Grown c u l t u r e p l a t e d onto minimal agar w i t h l i m i t i n g l y s i n e . 

S e r i a l l y d i l u t e c u l t u r e and p l a t e out onto minimal agar + excess 

l y s i n e . 

S i n g l e colony removed and grown up to provide c u l t u r e of presumptive 

mutant. 
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T a b l e 3.2 T o x i c p e p t i d e s used to s e l e c t f o r p e p t i d e 

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

Mutant s e l e c t e d f o r P e p t i d e used 

dpp (from w i l d t y p e ) A l a - a m i n o x y A l a 

opp (from w i l d t y p e ) A l a - A l a - a m i n o x y A l a 

dpp opp (from dpp) A l a - A l a - a m i n o x y A l a 

opp dpp (from opp) A l a - a m i n o x y A l a 

dpp opp opt (from dpp opp) A l a - A l a P 

A l a - A l a - a m i n o x y A l a used a t 20nmol per p l a t e . 

A l a - a m i n o x y A l a and A l a - A l a P u s e d a t 200nmol per p l a t e . 

F o r s t r u c t u r e s o f t h e s e p e p t i d e m i m e t i c s s e e 

Appendix B. 
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R e s u l t s 

The r e s u l t s o f t he i n i t i a l s c r e e n i n g of t o x i c p e p t i d e 

m i m e t i c s a g a i n s t w i l d t y p e and opp s t r a i n s i s shown i n T a b l e 

3.1. I t was d e c i d e d t o use A l a - a m i n o x y A l a t o s e l e c t f o r dpp 

mutants as i t was t h e most t o x i c o f t he aminoxy d i p e p t i d e s 

t e s t e d ( f o r s t r u c t u r e s o f t h e p e p t i d e m i m e t i c s used s e e 

Appendix B ) . 

D i s c u s s i o n 

I n i n i t i a l a t t e m p t s t o i s o l a t e dpp mutants u s i n g 

A l a - a m i n o x y A l a i n the i n h i b i t i o n zone a s s a y o n l y opp mutants 

were i s o l a t e d , p r e s u m a b l y b e c a u s e A l a - a m i n o x y A l a , a l t h o u g h 

t r a n s p o r t e d s i g n i f i c a n t l y by t he Dpp, a l s o goes i n v i a t h e 

Opp and as opp mutants o c c u r r e l a t i v e l y f r e q u e n t l y ( G i l v a r g 

and L e v i n , 1972; B a r a k and G i l v a r g , 1974; s e c t i o n 3.4) t h e y 

w i l l be t h e ones w h i c h tend t o be p i c k e d up. More r e c e n t 

work (J.W. Payne, p e r s o n a l communication) has shown t h a t 

more th a n one t r a n s p o r t s y s t e m must be i n a c t i v a t e d i f a 

s i g n i f i c a n t d e c r e a s e i n s e n s i t i v i t y t o A l a - a m i n o x y A l a i s t o 

be o b s e r v e d i n an i n h i b i t i o n zone a s s a y . 

The e n r i c h m e n t p r o c e d u r e adopted to t r y t o i s o l a t e a dpp 

s t r a i n a t t e m p t e d to p r o v i d e c o n d i t i o n s where dpp c e l l s would 

have a maximal s e l e c t i v e advantage over e i t h e r w i l d type or 
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opp c e l l s u s i n g a c o n c e n t r a t i o n o f A l a - a m i n o x y A l a which i s 

j u s t i n h i b i t o r y towards w i l d t y p e c e l l s . I t was hoped t h a t 

under t h e s e c o n d i t i o n s dpp c e l l s would outgrow e i t h e r w i l d 

t y p e or opp c e l l s and t h u s i n c r e a s e a s a p r o p o r t i o n of t h e 

o v e r a l l c e l l p o p u l a t i o n . A f t e r two rounds o f the e n r i c h m e n t 

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

A l a - a m i n o x y A l a were o b t a i n e d . However t h i s p r o c e d u r e a l s o 

makes i t p o s s i b l e t o i s o l a t e c e l l s c o n t a i n i n g more th a n one 

m u t a t i o n , b e c a u s e o f the l a r g e number o f c e l l s i n v o l v e d and 

the r e p e a t e d s e l e c t i o n s . 

Double mutants l a c k i n g both dpp and opp were i s o l a t e d 

e i t h e r by s e l e c t i n g f o r l o s s o f opp from a dpp s t r a i n or by 

s e l e c t i n g f o r l o s s o f dpp from an opp s t r a i n . T h e s e two 

mutants were th e n t o be t e s t e d f o r p e p t i d e uptake a c t i v i t y 

and f o r a n t i b i o t i c s e n s i t i v i t y t o d e t e r m i n e whether the o r d e r 

o f a c q u i s i t i o n o f m u t a t i o n s a f f e c t s t h e f i n a l phenotype 

(assuming t h a t t h e m u t a t i o n s a f f e c t i n g e a c h s t r a i n a r e of a 

s i m i l a r t y p e ) . 

.4 FREQUENCY OF OCCURRENCE OF SPONTANEOUS RESISTANCE TO TOXIC 

PEPTIDES 

I n t r o d u c t i o n 
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T h e r e have been r e p o r t s ( G i l v a r g and L e v i n , 1972? B a r a k 

and G i l v a r g , 1974) t h a t l o s s of t h e opp o c c u r s a t a h i g h e r 

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

s p ontaneous m u t a t i o n (1 mutant per 1 0 s c e l l s f o r opp , 

compared w i t h a t y p i c a l v a l u e o f about 1 mutant per 1 0 7 

c e l l s ) . Such a h i g h f r e q u e n c y o f a c q u i s i t i o n o f r e s i s t a n c e 

has o b v i o u s i m p l i c a t i o n s f o r the d e s i g n o f a n t i b i o t i c s whose 

e n t r y i n t o t h e c e l l i s o n l y v i a t h e o l i g o p e p t i d e permease. 

To d a t e most mutants l a c k i n g opp have been i s o l a t e d u s i n g 

r e s i s t a n c e to t r i o r n i t h i n e a s a s e l e c t i o n p r o c e d u r e . To 

c h e c k t h a t t r i o r n i t h i n e i t s e l f was i n no way^ r e s p o n s i b l e f o r 

t h e h i g h r a t e o f m u t a t i o n t o opp , the r a t e o f o c c u r r e n c e o f 

opp mutants u s i n g s e v e r a l o t h e r t o x i c t r i p e p t i d e s as 

s e l e c t i v e r e a g e n t s was t e s t e d . I t was a l s o o f i n t e r e s t to 

measure t h e r a t e s o f o c c u r r e n c e o f mutants d e f i c i e n t i n dpp 

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

m u t a t i o n s o c c u r a t a h i g h r a t e or whether opp m u t a t i o n s a r e 

a t y p i c a l . 

Methods 

Agar p l a t e i n h i b i t i o n zone a s s a y s were performed as 

d e s c r i b e d i n s e c t i o n 2.4. The number of r e s i s t a n t c e l l s 

o c c u r r i n g i n the i n h i b i t i o n zone were c o u n t e d . The number o f 

c e l l s p l a t e d out per u n i t a r e a can be c a l c u l a t e d from t h e 

t o t a l number of c e l l s p l a t e d and t h e t o t a l a r e a of the p l a t e . 
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The i n h i b i t i o n zone a r e a m u l t i p l i e d by t h e number o f c e l l s 

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

zone. The number o f r e s i s t a n t c e l l s d i v i d e d by t he number o f 

c e l l s i n i t i a l l y p l a t e d i n t h e i n h i b i t i o n zone g i v e s t h e 

m u t a t i o n r a t e . 

R e s u l t s 

The f r e q u e n c y o f m u t a t i o n s i n opp, dpp and opt i n w i l d 

t y p e , opp and dpp opp s t r a i n s r e s p e c t i v e l y were c a l c u l a t e d . 

The r e s u l t s o b t a i n e d a r e shown i n T a b l e 3.3. 

D i s c u s s i o n 

The r a t e o f l o s s o f opp i s i n d e p e n d e n t o f t he p e p t i d e used 

f o r s e l e c t i o n and was found h e r e t o be a t 1 i n 2-4 x 1 0 s 

c e l l s , s i m i l a r t o t h e r a t e s p r e v i o u s l y r e p o r t e d ( G i l v a r g and 

L e v i n , 1972; Ba r a k and G i l v a r g , 1 9 7 4 ) . L o s s o f dpp or opt 

o c c u r s a t a t y p i c a l f r e q u e n c y o f 1 i n 5 x 1 0 6 t o 1 i n 10 7 

c e l l s . As dpp and opt m u t a t i o n s o c c u r l e s s f r e q u e n t l y t h a n 

opp m u t a t i o n s , p e p t i d e a n t i b i o t i c s d e s i g n e d t o be t r a n s p o r t e d 

p r i m a r i l y v i a the dpp and/or opt s h o u l d be l e s s l i k e l y t o 

e n c o u n t e r problems w i t h b a c t e r i a l r e s i s t a n c e than t h o s e 

p r i m a r i l y u s i n g t h e opp. 
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T a b l e 3.3. F r e q u e n c i e s o f m u t a t i o n i n p e p t i d e 

p e r m e a s e s . 

P e p t i d e M u t a t i o n 

Orn-Orn-Orn opp 

A l a - A l a - a m i n o x y A l a opp 

G l y - G l y - N o r l e u opp 

A l a - a m i n o x y A l a dpp 

A l a - A l a P o p t 

F r e q u e n c y 

1 i n 4 x 1 0 s 

1 i n 6 x 1 0 s 

1 i n 5x10 s 

1 i n 7 x l 0 6 

1 i n 9 x l 0 6 

F o r s t r u c t u r e s o f p e p t i d e s s e e Appendix B. 
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3.5 CROSS-RESISTANCE OF PEPTIDE-RESISTANT MUTANTS TO OTHER 

TOXIC PEPTIDES 

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

As d e s c r i b e d i n s e c t i o n 3.1 t h e measurement o f t h e 

r e s i s t a n c e o f t r a n s p o r t - d e f i c i e n t mutants t o o t h e r t o x i c 

p e p t i d e s i s one o f t h e s t a g e s o f c h a r a c t e r i s a t i o n . I t would 

be e x p e c t e d t h a t g e n e r a l l y , a mutant d e f e c t i v e i n opp s h o u l d 

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

but s t i l l be s e n s i t i v e t o t o x i c d i p e p t i d e s . C o n v e r s e l y a dpp 

mutant s h o u l d r e t a i n s e n s i t i v i t y t o t o x i c o l i g o p e p t i d e s but 

g a i n r e s i s t a n c e t o a range o f d i p e p t i d e s . The 

double-permease d e f i c i e n t m utants would be e x p e c t e d to become 

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

t r i p l e p e r m e a s e - d e f i c i e n t mutant would be e x p e c t e d t o be 

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

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

t o a d i p e p t i d e c o n t a i n i n g t h e t o x i c m o i e t y used i n a 

t r i p e p t i d e d u r i n g s e l e c t i o n , or v i c e - v e r s a , t h e n r e s i s t a n c e 

i s not due t o r e s i s t a n c e t o t he t o x i c m o i e t y per s e . 

Methods 

Agar p l a t e i n h i b i t i o n zone a s s a y s were performed as 

d e s c r i b e d i n s e c t i o n 2.4. Growth s t u d i e s were performed by 
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m o n i t o r i n g t h e A f e e > 0 o f a c u l t u r e i n a B a u s c h and Lomb 

S p e c t r o n i c 20 s p e c t r o p h o t o m e t e r . 

R e s u l t s 

The r e s u l t s of t h e i n h i b i t i o n zone a s s a y s a r e shown i n 

T a b l e 3.4. The p r e s u m p t i v e t r i p l e permease d e f i c i e n t - m u t a n t 

(PA0122) i s h i g h l y r e s i s t a n t to a l l t h e t o x i c p e p t i d e s used 

and i s not i n h i b i t e d even by 2-3mg o f s o l i d o f t h e s e p e p t i d e s 

l o a d e d onto t h e p l a t e ( d a t a not shown). The two p r e s u m p t i v e 

double mutants (PA0119 w h i c h i s dpp opp and PA0113 w h i c h i s 

opp dpp) show s i m i l a r s u s c e p t i b i l i t i e s t o t h e p e p t i d e s used 

and a r e both more r e s i s t a n t than e i t h e r of t h e two 

p r e s u m p t i v e s i n g l e permease mutants (PA0107 w h i c h i s dpp and 

PA0112 which i s o p p ) . A l a - A l a P was found t o be s t i l l a l m o s t 

a s t o x i c t o PA0119 and t o PA0113 as t o the w i l d t y p e 

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

the Opt. The p r e s u m p t i v e opp mutant (PA0112) g a i n s marked 

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

s u s c e p t i b l e t o t h e d i p e p t i d e s , w h i l e t h e p r e s u m p t i v e dpp 

mutant (PA0107) g a i n s r e s i s t a n c e t o a l l t h e p e p t i d e s used but 

l e s s so towards A l a - A l a - a m i n o x y A l a than t h e d i p e p t i d e s 

t e s t e d . Growth s t u d i e s w i t h PA0107 show t h a t i t a l s o g a i n s 

r e s i s t a n c e t o o t h e r d i p e p t i d e s ( s e e F i g u r e 3 . 2 ) . PA0107 a l s o 

g a i n s r e s i s t a n c e t o t r i o r n i t h i n e . 
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T a b l e 3.4 Response o f w i l d t y p e and p e p t i d e t r a n s p o r t 

d e f i c i e n t s t r a i n s o f E. c o l i W t o t o x i c p e p t i d e s 

P e p t i d e M26-26 PA0107 PA0112 PA0119 PA0113 PA0122 

WT dpp opp dpp opp opp dpp dpp opp 

opt 

A l a - a m i n o x y - A l a 47 18 45 12 11 0 

(100) 

A l a - A l a - a m i n o x y 33 30 0 0 0 0 

A l a (10) 

B o c P r o - A l a - 44 ND 0 0 0 ND 

aminoxyAla (100) 

A l a - A l a - h y d r a z - 35 ND 0 0 0 ND 

i n o A l a (100) 

A l a - A l a P (100) 30 25 30 24 25 0 

G l u - A l a P (100) ND ND ND 20 19 0 

G l y - G l y - N o r l e u 30 26 0 0 0 ND 

(lmg) 

Orn-Orn-Orn 28 0 0 0 0 0 

(300) 

Amounts o f e a c h p e p t i d e l o a d e d a r e g i v e n i n nmol. 

A l l v a l u e s a r e i n h i b i t i o n zone d i a m e t e r s i n mm. 

ND, not d e t e r m i n e d . 

F o r s t r u c t u r e s o f p e p t i d e s s e e Appendix B. 
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F i g u r e 3.2 I n h i b i t i o n o f g r o w t h o f w i l d t y p e (M26-26) and p u t a t i v e 

d i p e p t i d e permease d e f i c i e n t (PA0107) s t r a i n s by t o x i c d i p e p t i d e s . 

A, g l y c y l n o r v a l i n e ; B, a l a n y l n o r v a l i n e ; C, n o r l e u c y l n o r v a l i n e ; D, « 

g l y c y l n o r l e u c i n e . ® M26-26, O PA0107. 
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D i s c u s s i o n 

PA0112 (opp) r e m a i n s s u s c e p t i b l e t o A l a - a m i n o x y A l a w h i l e 

g a i n i n g r e s i s t a n c e t o A l a - A l a - a m i n o x y A l a , whereas PA0107 

(dpp) r e m a i n s s u s c e p t i b l e t o A l a - A l a - a m i n o x y A l a w h i l e g a i n i n g 

r e s i s t a n c e to A l a - a m i n o x y A l a . I t f o l l o w s t h a t t h e c a u s e o f 

r e s i s t a n c e i n both t h e s e s t r a i n s i s n o t r e s i s t a n c e t o t h e 

aminoxy m o i e t y per s e . The s i m u l t a n e o u s g a i n i n r e s i s t a n c e 

t o many d i - or t r i p e p t i d e s by PA0107 and PA0112 r e s p e c t i v e l y 

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

not r e s p o n s i b l e f o r the g a i n i n r e s i s t a n c e e i t h e r . S e v e r a l 

d i f f e r e n t p e p t i d a s e s would have t o be a f f e c t e d to a c c o u n t f o r 

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

The double mutants have s i m i l a r s u s c e p t i b i l i t i e s , 

i n d i c a t i n g t h a t t h e o r d e r o f m u t a t i o n i s not i m p o r t a n t . They 

a r e both h i g h l y r e s i s t a n t to a range o f t o x i c d i - and 

t r i p e p t i d e s making i t u n l i k e l y t h a t r e s i s t a n c e i s due t o a 

change i n p e p t i d a s e a c t i v i t y or r e s i s t a n c e t o t h e t o x i c 

m o i e t y . S t r a i n PA0122 ( t h e t r i p l e d e f i c i e n t mutant) g a i n s 

r e s i s t a n c e t o A l a - a m i n o x y A l a , A l a - A l a P and G l u - A l a P 

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

towards t h e t o x i c m o i e t y i t s e l f and i s p r o b a b l y not a change 

i n p e p t i d a s e a c t i v i t y . 
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I n p r i n c i p l e t h e r e a r e s e v e r a l p o s s i b l e e x p l a n a t i o n s f o r 

t h e o b s e r v a t i o n t h a t t h e p r e s u m p t i v e dpp mutant (PA0107) i s 

r e s i s t a n t to t r i o r n i t h i n e . T r i o r n i t h i n e c o u l d be t r a n s p o r t e d 

v i a both the Opp and Dpp and r e q u i r e a h i g h i n t r a c e l l u l a r 

c o n c e n t r a t i o n t o be i n h i b i t o r y , w h i c h c a n n o t be a t t a i n e d 

w i t h o u t both s y s t e m s b e i n g f u n c t i o n a l . A l t e r n a t i v e l y , t h e 

Opp and Dpp may s h a r e some components so t h a t a s i n g l e 

m u t a t i o n i n a s h a r e d component c o u l d a f f e c t both s y s t e m s . A 

t h i r d p o s s i b i l i t y i s t h a t t h e p r e s u m p t i v e dpp mutant i s i n 

f a c t a double mutant w i t h a d e f e c t i n opp i n a d d i t i o n t o a 

d e f e c t i v e dpp. I f t h i s t h i r d p o s s i b i l i t y were so t h e n i t 

would be e x p e c t e d t h a t a t o t a l l o s s o f Opp a c t i v i t y c o u l d 

t h e n be a c h i e v e d by a n o t h e r m u t a t i o n s u c h as t h a t g i v i n g r i s e 

t o PA0119 (dpp opp) which would the n be p h e n o t y p i c a l l y 

i d e n t i c a l t o t h e double mutant (PA0113) i s o l a t e d from an opp 

mutant. I n f a c t r e c e n t g e n e t i c e v i d e n c e (J.W. Payne, 

p e r s o n a l communication) has shown t h a t PA0107 does c o n t a i n a 

m u t a t i o n i n the opp l o c u s as w e l l a s the dpp l o c u s . I t i s 

c l e a r from t h e r e s i s t a n c e s t u d i e s t h a t PA0107 does not have a 

c o m p l e t e l o s s o f Opp f u n c t i o n as w e l l , b e c a u s e i t i s more 

s e n s i t i v e t o t o x i c t r i p e p t i d e s t h a n i s PA0112, a s i n g l e opp 

mutant. The e v i d e n c e from t h e s e s u b s e q u e n t s t u d i e s o f t h i s 

e x t r a p a r t i a l m u t a t i o n i n PA0107 s h o u l d be borne i n mind when 

i n t e r p r e t i n g t h e r e s u l t s o f the r e s t o f t h i s s t u d y . 
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3.6 PEPTIDE TRANSPORT IN MUTANTS OF E . COLI W RESISTANT TO 

TOXIC PEPTIDES 

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

The e v i d e n c e p r e s e n t e d i n s e c t i o n 3.4 makes i t u n l i k e l y 

t h a t t h e r e s i s t a n c e t o t o x i c p e p t i d e s o b s e r v e d i n the mutants 

i s due t o r e s i s t a n c e t o t h e t o x i c m o i e t i e s per s e or t o 

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

r e g a r d i n g t h e l a t t e r i s p r e s e n t e d i n s e c t i o n 3.7. The 

r e m a i n i n g mechanism t o e x p l a i n the r e s i s t a n c e i s t h a t p e p t i d e 

t r a n s p o r t a c t i v i t y has been lo w e r e d i n the m u t a n t s . Thus, 

t h e r a t e s of t r a n s p o r t o f a range o f p e p t i d e s were t e s t e d i n 

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

(Payne and N i s b e t , 1 9 8 1 ) . 

P r e v i o u s s t u d i e s , m a i n l y u s i n g growth t e s t s , have 

i n d i c a t e d t h a t t h e dpp i s s p e c i f i c f o r d i p e p t i d e s (Payne, 

1968; Payne and B e l l , 1 9 7 9 ) , opp t r a n s p o r t s both d i - and 

o l i g o p e p t i d e s (Payne, 1968; Payne and B e l l , 1979) and opt i s 

r e s t r i c t e d to a few t r i p e p t i d e s ( N a i d e r and B e c k e r , 1975; 

B a r a k and G i l v a r g , 1 9 7 5 ) . D i r e c t measurement o f p e p t i d e 

t r a n s p o r t i n t he s t r a i n s i s o l a t e d h e r e has p r o v i d e d more 

d e t a i l e d i n f o r m a t i o n on the s p e c i f i c i t i e s o f each o f the 

permeases than has been p r e v i o u s l y a v a i l a b l e . 
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Methods 

The p e p t i d e uptake a s s a y s were performed as d e s c r i b e d i n 

s e c t i o n 2.5. 

R e s u l t s 

The r e s u l t s o f t h e u p t a k e a s s a y s a r e shown i n T a b l e 3.5. 

PA0112 (opp ) shows d e c r e a s e d uptake a c t i v i t y towards a l l the 

p e p t i d e s t e s t e d w h i l e PA0107 ( dpp) shows d e c r e a s e d a c t i v i t y 

towards a l l t h e d i p e p t i d e s t e s t e d and most o f the 

t r i p e p t i d e s . Both o f t h e double mutants (PA0119 and PA0113) 

show l e s s uptake a c t i v i t y t h a n t h e i r p a r e n t s t r a i n s and both 

show s i m i l a r u p take a c t i v i t y t o each o t h e r . PA0122 (dpp opp 

opt) has l o s t uptake a c t i v i t y t o a l l t e s t e d p e p t i d e s , e x c e p t 

s u r p r i s i n g l y , a p p a r e n t l y towards A l a - L y s . Uptake o f 

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

PA0122 and i n the w i l d t y p e ( r e s u l t s not shown). The r a t e s 

were s i m i l a r i n both s t r a i n s , i n d i c a t i n g t h a t t h e l a c k o f 

p e p t i d e t r a n s p o r t a c t i v i t y i n PA0122 i s not a g e n e r a l l a c k of 

a c t i v e t r a n s p o r t but i s r e s t r i c t e d to p e p t i d e t r a n s p o r t . The 

uptake o f G l y - [ U "*C]Phe was a l s o measured i n the w i l d t y p e , 

and s t r a i n s PA0112, PA0107 and PA0119 as a c o m p a r i s o n w i t h 

t he f l u o r e s c a m i n e r e s u l t s . The r a t i o s o f r a t e s o f uptake 

between the s t r a i n s a r e s i m i l a r u s i n g both a s s a y s but the 

r a t e s o b t a i n e d from t h e firuoireseamine a s s a y a r e a p p r o x i m a t e l y 
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T a b l e 3.5 P e p t i d e t r a n s p o r t i n w i l d t y p e and permease 

d e f i c i e n t s t r a i n s o f E . c o l i W. 

M26-26 PA0112 PA0107 PA0119 PA0113 PA0122 

WT opp dpp dpp opp opp dpp dpp opp 

opt 

A l a - A l a - A l a 29 - 19 19 - ND 

A l a - G l y - G l y 34 - 3 4 - -
G l y - G l y - G l y 26 ND 25 ND ND — 
L e u - L e u - L e u 25 19 22 17 - ND 

M e t - A l a - S e r 50 28 31 7 - — 
Met-Gly-Met 73 33 38 31 31 ND 

V a l - V a l - V a l 44 15 16 12 13 ND 

A l a - A l a 42 - 35 32 - ND 

A l a - L y s - - - - - 24 

Gly-D-Leu ND - ND ND - — 
G l y - P h e 59 49 29 21 24 ND 

G l y - T y r 40 32 18 15 - ND 

Leu- L e u - - - - - ND 

L y s - L y s 28 25 6 1 1 ND 

V a l - v a l 68 - 22 15 - — 
G l y - G l y 28 - 3 ND ND — 

Gly-[U-'*cC]Phe21 17 13 8 - — 
A l l v a l u e s i n nmol p e p t i d e t r a n s p o r t e d min~' mg 

c e l l u l a r p r o t e i n - 1 . A l l r e s u l t s from t h e automated 

f l u o r e s c a m i n e a s s a y e x c e p t G l y - [U- "*C]Phe which i s 

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 a s s a y . - not d e t e r m i n e d . 
ND not" di«Jte.<-ft>Jc'U-
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40% higher- t h a n t h o s e o b t a i n e d from t h e 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 a s s a y . 

D i s c u s s i o n 

A l l t h e mutants l o s e t r a n s p o r t a c t i v i t y towards a range of 

p e p t i d e s , p r o v i d i n g d i r e c t e v i d e n c e t h a t changes i n p e p t i d a s e 

a c t i v i t y a r e not r e s p o n s i b l e f o r the e f f e c t s s e e n . 

The g e n e r a l l o s s o f uptake a c t i v i t y o f PA0112 c o n f i r m s t h e 

c o n c l u s i o n s o f e a r l i e r s t u d i e s (Payne, 1968; B a r a k and 

G i l v a r g , 1974; 1975; N a i d e r and B e c k e r , 1 9 7 5 ) , t h a t the Opp 

can t r a n s p o r t a wide range o f both d i - and o l i g o p e p t i d e s . 

PA0107 has a l s o l o s t t h e a b i l i t y t o t r a n s p o r t both d i - and 

t r i p e p t i d e s . The r e d u c t i o n o f t r a n s p o r t i n PA0107 seems t o 

be more marked towards d i p e p t i d e s t h a n t r i p e p t i d e s . P r e v i o u s 

s t u d i e s o f d i p e p t i d e t r a n s p o r t i n c o l i (Payne, 1968; De 

F e l i c e e t a l . , 1973) i n d i c a t e d t h a t the Dpp was s p e c i f i c f o r 

d i p e p t i d e s . L o s s o f t h i s s y s t e m would not be e x p e c t e d t o 

produce a d e c r e a s e i n t r a n s p o r t a c t i v i t y towards t r i p e p t i d e s . 

The p r e s e n c e o f an a d d i t i o n a l m u t a t i o n i n opp i n t h i s s t r a i n 

c o m p l i c a t e s t h e i n t e r p r e t a t i o n o f t h e s e r e s u l t s as the l o s s 

o f a c t i v i t y towards t r i p e p t i d e s c o u l d be a r e s u l t o f a 

p a r t i a l l y a c t i v e Opp. S t u d i e s u s i n g a s t r a i n i n whic h an Opp 

has been t r a n s f e r r e d i n t o PA0107 by c o n j u g a t i o n a r e 
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c o m p a t i b l e w i t h t h e i d e a t h a t t h e l o s s o f Dpp a c t i v i t y a l o n e 

c a u s e s a d e c r e a s e i n t he t r a n s p o r t o f t r i p e p t i d e s (J.W. 

Payne, p e r s o n a l c o m m u n i c a t i o n ) . Thus, p r e s e n t s t u d i e s 

i n d i c a t e t h a t t h e Dpp i s i n v o l v e d i n t r a n s p o r t i n g both d i -

and t r i p e p t i d e s and has w i d e r s p e c i f i c i t i e s t h a n was a t f i r s t 

t h o u g h t . 

The s i m i l a r i t y o f r a t e s o f t r a n s p o r t i n PA0119 and PA0113 

c o r r o b o r a t e s t h e r e s u l t s o f s e c t i o n 3.5 whic h showed t h a t 

both double mutants were s i m i l a r l y s u s c e p t i b l e t o a range o f 

t o x i c p e p t i d e s . The double mutants appear t o be 

p h e n o t y p i c a l l y i d e n t i c a l , i n d i c a t i n g t h a t t h e y both l a c k Dpp 

and Opp a c t i v i t y . The uptake s e e n i n t he double mutants i s 

l i k e l y , t h e r e f o r e , t o be a r e s u l t o f the a c t i v i t y o f t h e Opt 

s y s t e m . T h i s uptake i s a b o l i s h e d by a s i n g l e f u r t h e r 

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

permeases i n c o l i W. E a r l i e r growth s t u d i e s ( N a i d e r and 

B e c k e r , 1975; Barak and G i l v a r g , 1975) have shown t h a t 

t r i p e p t i d e s c o n t a i n i n g Met, Leu and Thr c o u l d be t r a n s p o r t e d 

v i a Opt. Bas e d on t h e s e s t u d i e s t h e s e a u t h o r s c o n c l u d e d t h a t 

t h e Opt s y s t e m was s p e c i f i c f o r t h e s e p e p t i d e s o n l y . The 

r e s u l t s p r e s e n t e d h e r e show c l e a r l y t h a t t h e Opt can 

t r a n s p o r t a wide range o f d i - and t r i p e p t i d e s and i s l e s s 

s p e c i f i c t h a n was a t f i r s t t hought. 
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PA0122 s t i l l shows a p p a r e n t uptake o f A l a - L y s . A r s e n a t e 

does not i n h i b i t t h i s a p p a r e n t uptake ( r e s u l t s not shown), 

w h i c h i n d i c a t e s t h a t t h i s i s n o t a c t i v e t r a n s p o r t . The h i g h 

r a t e o f a p p a r e n t uptake a l s o i n d i c a t e s t h a t t h i s i s not a 

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

s h o u l d be remembered t h a t n o t o n l y does p e p t i d e t r a n s p o r t 

c a u s e a d e c r e a s e i n f l u o r e s c e n c e but so a l s o w i l l p e p t i d e 

h y d r o l y s i s a t the s t a n d a r d pH o f the automated a s s a y , so t h a t 

t h e a p p a r e n t uptake o f A l a - L y s c o u l d be a r e s u l t o f t h e 

a c t i v i t y o f e x t r a c e l l u l a r or p e r i p l a s m i c p e p t i d a s e s . The 

s i g n a l p e p t i d a s e ( s ) i n c o l i a r e a c t i v e i n the p e r i p l a s m i c 

s p a c e , or more l i k e l y , bound t o the o u t e r s u r f a c e o f the 

c y t o p l a s m i c membrane. The s i t e s o f c l e a v a g e o f the s i g n a l 

p e p t i d e s o f many o u t e r membrane and p e r i p l a s m i c p r o t e i n s have 

been d e t e r m i n e d (Perlman and H a l v o r s o n , 1983) and t h e y o f t e n 

o c c u r a t an A la-X sequence (where X i s a n o t h e r amino a c i d ) . 

A l t h o u g h s i g n a l p e p t i d a s e ( s ) have not been shown to have 

d i p e p t i d a s e a c t i v i t y , t h e a p p a r e n t uptake of A l a - L y s c o u l d be 

c a u s e d by c l e a v a g e by a s i g n a l p e p t i d a s e . I n t e r e s t i n g l y , i t 

was found e a r l i e r by T.M. N i s b e t i n t h i s l a b o r a t o r y 

( p e r s o n a l communication) t h a t a p e p t i d e t r a n s p o r t d e f i c i e n t 

s t r a i n o f S t r e p t o c o c c u s f a e c a l i s a l s o showed a p p a r e n t uptake 

o f A l a - L y s , p e r haps a s i m i l a r mechanism a l s o a p p l i e s i n t h i s 

c a s e . I t would have been r e l e v a n t h e r e t o t e s t whether u s i n g 

the automated a s s a y a t a h i g h e r pH would show an i n c r e a s e i n 

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

t h e f l u o r e s c a m i n e a s s a y , as shown p r e v i o u s l y (Payne and 

N i s b e t , 1 9 8 0 a ) , b e c a u s e amino a c i d exodus o c c u r s c o n c o m i t a n t 

w i t h p e p t i d e t r a n s p o r t i n c o l i . A l a b e l l e d amino a c i d 

w h i c h has been e f f l u x e d c a n n o t be d i s t i n g u i s h e d from 

u n t r a n s p o r t e d p e p t i d e i n t he 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 

a s s a y , whereas amino a c i d has a much lower f l u o r e s c e n c e y i e l d 

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

exodus i n t e r f e r e s w i t h the f l u o r e s c a m i n e a s s a y much l e s s t h a n 

i t does w i t h t h e 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 a s s a y (Payne 

and N i s b e t , 1 9 8 0 a ) . 

.7 PEPTIDASE A C T I V I T I E S IN MUTANTS OF E . COLI W RESISTANT TO 

TOXIC PEPTIDES 

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

One o f the p o s s i b l e mechanisms d e s c r i b e d i n s e c t i o n 3.1 by 

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

change i n p e p t i d a s e a c t i v i t y . A c t i v i t y can e i t h e r be l o w e r e d 

to d e c r e a s e t h e r a t e o f r e l e a s e o f a t o x i c m o i e t y from a 

p e p t i d e , or c a n i n c r e a s e to c l e a v e a p e p t i d e more r a p i d l y i f 

i n t a c t p e p t i d e i s r e q u i r e d f o r t h e t o x i c e f f e c t . E a c h of t h e 

mutants used i n t h i s s t u d y shows both an i n c r e a s e i n 
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r e s i s t a n c e and a l o s s of t r a n s p o r t a c t i v i t y towards a wide 

range o f p e p t i d e s ( s e e s e c t i o n s 3.5 and 3 . 6 ) . T h i s i n d i c a t e s 

t h a t changes i n p e p t i d a s e a c t i v i t y a r e not r e s p o n s i b l e f o r 

t h e s e e f f e c t s as one would not e x p e c t a change i n a s i n g l e 

p e p t i d a s e t o a f f e c t t h e uptake o f so many s t r u c t u r a l l y 

d i f f e r e n t p e p t i d e s . Some form o f c o o r d i n a t e c o n t r o l o f 

p e p t i d a s e a c t i v i t i e s would be r e q u i r e d t o show t h e s e e f f e c t s , 

however no s u c h s u c h c o n t r o l has been shown t o o c c u r . 

To d i s c o u n t t h i s p o s s i b i l i t y , t h e 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 i e s towards s e v e r a l p e p t i d e s were d i r e c t l y measured. 

The p e p t i d e s used were c h o s e n as t h o s e t h e uptake of w h i c h 

had been m a r k e d l y r e d u c e d i n the mutant s t r a i n s , b e c a u s e any 

change i n p e p t i d a s e a c t i v i t y would p r e s u m a b l y be g r e a t e s t 

towards t h e s e . P e p t i d a s e a c t i v i t y t o w a r d s t h e t o x i c p e p t i d e s 

used f o r s e l e c t i o n c o u l d not be measured because o f t h e s m a l l 

q u a n t i t i e s o f t h e s e p e p t i d e s w h i c h were a v a i l a b l e f o r use a t 

t h a t t i m e . 

A m i n o p e p t i d a s e N has been r e p o r t e d t o be bound t o the 

o u t s i d e o f t h e c y t o p l a s m i c membrane i n E c o l i K10 and t o 

behave l i k e a c y t o p l a s m i c enzyme i n a l l t h e o t h e r s t r a i n s 

t e s t e d (Murgier e t a l . , 1 9 7 7 ) . I n E ^ c o l i K10, t h i s enzyme 

shows some l i m i t e d a c t i v i t y m a i n l y towards a l a n i n e c o n t a i n i g 
A 

d i - and o l i g o p e p t i d e s ( C h a p p e l e t - T o r d o e t a l . , 1977) but i s 

m a i n l y a c t i v e towards amino a c i d p - n i t r o a n i l i d e s and amino 
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a c i d B - n a p h t h y l a m i d e s . I t i s t h e o r e t i c a l l y p o s s i b l e t h a t 

a m i n o p e p t i d a s e N might be i n v o l v e d i n p e p t i d e t r a n s p o r t by 

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

membrane, a n a l o g o u s to t h e mechanisms e n v i s a g e d by Ugolev 

(Ugolev e_t a l . , 1977) . To c h e c k t h i s p o s s i b i l i t y 

a m i n o p e p t i d a s e N a c t i v i t y was measured i n w i l d t y p e and 

mutant s t r a i n s , u s i n g the i n c r e a s e i n a b s o r b a n c e a t 410nm 

c a u s e d by r e l e a s e o f p - n i t r o a n i l i d e as an a s s a y . 

Methods 

The i n t r a c e l l u l a r p e p t i d a s e and a m i n o p e p t i d a s e N 

a c t i v i t i e s were measured as d e s c r i b e d i n s e c t i o n 2.7. 

R e s u l t s 

The p e p t i d a s e a c t i v i t i e s measured i n the w i l d t y p e and 

mutant s t r a i n s a r e shown i n T a b l e 3.6. The a c t i v i t i e s of 

both i n t r a c e l l u l a r p e p t i d a s e s and a m i n o p e p t i d a s e N a r e 

s i m i l a r i n e v e r y s t r a i n . 

D i s c u s s i o n 

The r e s u l t s d e s c r i b e d i n s e c t i o n s 3.3, 3.5 and 3.6 

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

be i n v o l v e d i n the r e s i s t a n c e o f the mutants t o t o x i c 
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T a b l e 3.6 P e p t i d a s e a c t i v i t i e s i n w i l d t y p e and p e p t i d e 

t r a n s p o r t d e f i c i e n t s t r a i n s o f E . c o l i W. 

S u b s t r a t e M26-26 PA0112 PA0107 PA0119 

WT opp dpp dpp opp 

L y s - L y s 0.7 - 0.9 0.9 

G l y - T y r 0.9 - 1.5 1.6 

A s p - A l a 0.14 - 0.15 0.16 

A l a - G l y - G l y 0.5 - 0.5 0.5 

Orn-Orn-Orn ND - ND ND 

A l a n y l - p - n i t r o a n i l i d e 0.8 0.7 0.6 — 

A l l v a l u e s a r e umol amino a c i d formed m i n - ( mg 

c e l l u l a r p r o t e i n - 1 . 

ND not d e t e c t a b l e 

not d e t e r m i n e d 
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p e p t i d e s b e c a u s e o f t h e wide range o f p e p t i d e s a f f e c t e d , 

w h i c h would be beyond the s p e c i f i c i t i e s o f a s i n g l e 

p e p t i d a s e . S i n c e t h i s s t u d y was p erformed, f u r t h e r s u p p l i e s 

o f t h e t o x i c p e p t i d e s used f o r s e l e c t i o n have become 

a v a i l a b l e and t h e p e p t i d a s e a c t i v i t i e s o f t h e w i l d t y p e and 

mutant s t r a i n s towards them have been measured. P e p t i d a s e 

a c t i v i t y towards a l l p e p t i d e a n a l o g u e s was i d e n t i c a l i n a l l 

o f the s t r a i n s t e s t e d (J.W. Payne, p e r s o n a l c o m m u n i c a t i o n ) . 

T h i s complements the r e s u l t s p r e s e n t e d i n t h i s s e c t i o n and 

shows t h a t changes i n p e p t i d a s e a c t i v i t y a r e not r e s p o n s i b l e 

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

The o n l y mechanism, t h e r e f o r e , w h i c h c a n a c c o u n t f o r a l l 

the e f f e c t s shown d u r i n g the c h a r a c t e r i s a t i o n o f the m u t ants 

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

.8 EFFECT OF METABOLIC INHIBITORS ON PEPTIDE UPTAKE IN E . 

COLI W 

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

A c t i v e t r a n s p o r t s y s t e m s i n E^_ c o l i a r e u s u a l l y e i t h e r 

e n e r g i s e d by a transmembrane p r o t o n g r a d i e n t the s o - c a l l e d 

p r o t o n m o t i v e f o r c e (p.m.f.) or by h y d r o l y s i s of ATP or some 

o t h e r m o l e c u l e c o n t a i n i n g a h i g h e n e r g y phosphate bond 
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( H a r o l d , 1972; B e r g e r , 1 9 7 3 ) . The p a r t i c u l a r mode o f 

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

s e v e r a l ways, f o r example: 1) By m e a s u r i n g t h e e f f e c t o f a 

p a r t i c u l a r o s m o t i c shock t r e a t m e n t on t r a n s p o r t , as p.m.f. 

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

whereas phosphate b o n d - l i n k e d s y s t e m s a r e s e n s i t i v e t o 

o s m o t i c shock, p r o b a b l y b e c a u s e o s m o t i c shock r e l e a s e s 

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

( W i l s o n and S m i t h , 1 9 7 8 ) . 2) By s t u d y i n g t r a n s p o r t i n mutants 

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

u s i n g s e v e r a l r e s p i r a t o r y s u b s t r a t e s and e l e c t r o n d onors. 3) 

Membrane v e s i c l e s c a n be used to r e c o n s t i t u t e t r a n s p o r t 

s y s t e m s and s t u d y t h e e f f e c t s o f d i f f e r e n t e n e r g y s o u r c e s on 

t r a n s p o r t . P h o s p h a t e b o n d - l i n k e d s y s t e m s a r e not a c t i v e i n 

v e s i c l e s , a s t h e p e r i p l a s m i c b i n d i n g p r o t e i n s a r e a b s e n t . 4) 

By i n v e s t i g a t i n g t h e e f f e c t s o f m e t a b o l i c i n h i b i t o r s , s e v e r a l 

o f w h i c h have ( r e l a t i v e l y ) s p e c i f i c e f f e c t s on one or o t h e r 

o f t h e mechanisms o f e n e r g i s a t i o n , f o r example, p r o t o n o p h o r e s 

s u c h as c a r b o n y l c y a n i d e c h l o r o p h e n y l h y d r a z o n e (CCCP) a r s e n a t e 

and N-N' d i c y c l o h e x y l c a r b o d i i m i d e (DCCD). CCCP p e r m e a b i l i s e s 

t h e membrane towards p r o t o n s and t h u s d e s t r o y s t h e p r o t o n 

g r a d i e n t . A r s e n a t e i s a phosphate a n t a g o n i s t , l o w e r i n g t h e 

ATP l e v e l s i n t h e c e l l ( K l e i n and Bo y e r , 1 9 7 2 ) , t h u s 

i n h i b i t i n g phosphate bond c o u p l e d t r a n s p o r t s y s t e m s ( C o w e l l , 

1 9 7 4 ) . DCCD i s an i n h i b i t o r of t h e membrane bound ATPase 

w h i c h i s r e s p o n s i b l e f o r m a i n t a i n i n g t h e transmembrane p r o t o n 
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g r a d i e n t ( E v a n s , 1970) and t h e r e f o r e i n h i b i t s t r a n s p o r t 

s y s t e m s l i n k e d t o t h e p.m.f.. 

C o w e l l (1974) showed t h a t G l y - G l y t r a n s p o r t i n E ^ c o l i was 

l i n k e d t o phosphate bond e n e r g y by a c o m b i n a t i o n o f t h e 

methods d e s c r i b e d above. Payne and B e l l (1979) e x t ended t h e 

work o f C o w e l l ( 1 9 7 4 ) , c o n f i r m i n g t h a t d i p e p t i d e t r a n s p o r t i s 

phosphate bond l i n k e d and d e m o n s t r a t i n g t h a t t h e opp i s 

s i m i l a r l y e n e r g i s e d . T h e s e s t u d i e s used unc mutants w i t h 

s e v e r a l e n e r g y s o u r c e s and v a r i o u s m e t a b o l i c i n h i b i t o r s . No 

r e p o r t s r e g a r d i n g the mode o f e n e r g i s a t i o n o f t h e opt s y s t e m 

have been p u b l i s h e d t o d a t e . 

I n t h i s s e c t i o n , t h e e f f e c t s o f a r s e n a t e and DCCD on 

p e p t i d e t r a n s p o r t have been s t u d i e d i n t h e w i l d t y p e and 

p e p t i d e t r a n s p o r t d e f i c i e n t mutants i s o l a t e d . 

Methods 

P e p t i d e t r a n s p o r t a s s a y s were c a r r i e d o u t u s i n g t h e 

automated f l u o r e s c a m i n e a s s a y as d e s c r i b e d i n s e c t i o n 2.5. 

When t e s t i n g the e f f e c t s o f a r s e n a t e , phosphate b u f f e r c a n n o t 

be used, as phosphate a n t a g o n i s e s t h e e f f e c t o f a r s e n a t e . 

F o r e x p e r i m e n t s u s i n g a r s e n a t e , c e l l s were r e s u s p e n d e d to an 

hbf>0 o f 0.2-0.4 i n lOOmM T r i s HC1 b u f f e r , pH7.2 and 

i n c u b a t i o n s c o n t a i n i n g a r s e n a t e were compared w i t h c o n t r o l s 
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a l s o i n T r i s b u f f e r . Both DCCD and a r s e n a t e were added t o 

th e c e l l s and p r e i n c u b a t e d a t 37°C f o r lOmin b e f o r e the 

a d d i t i o n o f p e p t i d e . 

R e s u l t s 

The e f f e c t s o f DCCD and a r s e n a t e on Gl y - P h e uptake i n t he 

w i l d t y p e and s e v e r a l mutant s t r a i n s a r e shown i n T a b l e 3.7. 

30mM a r s e n a t e i n h i b i t s uptake o f Gly-Phe i n a l l s t r a i n s by 

about 60% whereas DCCD has no e f f e c t . 

D i s c u s s i o n 

The d i f f e r e n t i a l e f f e c t of a r s e n a t e and DCCD on the double 

mutant (PA0119), i n w h i c h p e p t i d e t r a n s p o r t a c t i v i t y 

p r e s u m a b l y i s due t o the opt a l o n e , shows t h a t t h i s t r a n s p o r t 

s y s t e m i s l i n k e d d i r e c t l y t o h i g h e n e r g y phosphate bond 

h y d r o l y s i s . T h i s i s t h e f i r s t d e m o n s t r a t i o n o f t he mode o f 

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

f o r the o t h e r mutants c o n f i r m s t h a t dpp and opp a r e a l s o 

e n e r g i s e d by phosphate bond ene r g y as shown by C o w e l l (1974) 

and Payne and B e l l ( 1 9 7 9 ) . 
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T a b l e 3.7 E f f e c t o f m e t a b o l i c i n h i b i t o r s on p e p t i d e 

t r a n s p o r t i n permease d e f i c i e n t m u t a nts o f E . c o l i W. 

M26-26 PA0112 PA0107 PA0119 

WT dpp opp dpp op] 

Gly-Phe 59 49 29 21 

+ A r s e n a t e (30mM) 24 18 11.5 9.5 

% uptake r e m a i n i n g 41 40 37 45 

+ DCCD (ImM) 55 49 27 21.5 

%uptake r e m a i n i n g 93 100 93 102 

Uptake r a t e s shown a s nmol p e p t i d e t r a n s p o r t e d min" 

mg c e l l u l a r p r o t e i n - 1 . 
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.9 MAPPING OF THE LOCI INVOLVED IN PEPTIDE TRANSPORT IN E . 

COLI W 

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

One o f t he f i r s t s t a g e s o f b a c t e r i a l g e n e t i c a n a l y s i s i s 

to l o c a t e the p o s i t i o n o f a gene on t h e chromosome. The f i n e 

s t r u c t u r e o f t h e gene c a n then be a n a l y s e d u s i n g t h e a d j a c e n t 

genes as r e f e r e n c e p o i n t s . T h e r e a r e s e v e r a l ways o f 

i n i t i a l l y l o c a t i n g a gene on t h e chromosome, but one o f t h e 

most w i d e l y used methods i s by F" donor c o n j u g a t i o n , w h i c h i s 

the method used h e r e . The p r i n c i p l e s o f t h i s method a r e 

d e s c r i b e d i n s e c t i o n 2.8. 

The opp l o c u s i n E ^ c o l i has been shown t o map a t 27min 

(Barak and G i l v a r g , 1974; De F e l i c e e t a l . , 1973; Lenny and 

M a r g o l i n , 1980) and the dpp between 9 and 27min (De F e l i c e e t 

a l . , 1 9 7 3 ) . A r e p o r t t h a t t h e dpp mapped a t 5 min (Bachmann 

e t a l . , 1976) has been found t o be i n c o r r e c t (Hartmann, 

1980) . T h e r e h a s been no r e p o r t on t h e l o c a t i o n of t h e opt 

l o c u s . 

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

t r a n s p o r t have been mapped by s e l e c t i n g f o r enhanced a b i l i t y 

o f p e p t i d e t r a n s p o r t d e f i c i e n t l y s i n e a u x o t r o p h s t o grow on 

l y s i n e p e p t i d e s , when mated w i t h donor s t r a i n s c a r r y i n g 



- 165 -

f u n c t i o n a l p e p t i d e permease genes on F ' e p i s o m e s . Knowing 

th e r e g i o n s o f chromosomal DNA c a r r i e d by each F"* a l l o w s t h e 

a p p r o x i m a t e chromosomal l o c a t i o n o f t h e complemented gene t o 

be d e t e r m i n e d . 

Methods 

The growth o f the s t r a i n s u s e d , t h e mating p r o c e d u r e 

f o l l o w e d and the s e l e c t i o n o f e x c o n j u g a n t s a r e d e s c r i b e d i n 

s e c t i o n 2.8. The s t r a i n s used and t h e i r g e n o t y p e s a r e 

d e s c r i b e d i n T a b l e 2.1. The F" episomes c a r r i e d by t h e 

s t r a i n s a r e shown i n T a b l e 3.8 and the r e g i o n s o f chromosomal 

DNA w h i c h t h e y c a r r y a r e shown i n F i g u r e 3.3. 

R e s u l t s 

The donor s t r a i n s , and the F ' episomes c a r r i e d , w h i c h 

produced enhanced growth o f r e c i p i e n t c e l l s on l y s i n e 

p e p t i d e s a r e shown i n T a b l e 3.9. Episome F254 ( 8 - 1 4 m i n ) , i n 

two d i f f e r e n t donor s t r a i n s (KL719 and X573) complemented 

PA0107 to produce enhanced growth on L y s - L y s . T h i s shows 

t h a t t h e dpp l o c u s must l i e between 8 and 14min on the 

chromosome, a g r e e i n g w i t h the e a r l i e r r e p o r t s o f De F e l i c e e t 

a l . (1973) and Hartmann ( 1 9 8 0 ) . The opp m u t a t i o n i s 

complemented by episomes F126 (16-30min) and F123 (27-30min) 

and t h e r e f o r e maps between 27 and 30min. T h i s p o s i t i o n i s i n 
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T a b l e 3.8 donor s t r a i n s and t h e i r e p i s o m e s . 

S t r a i n No Episome D i s t . Cov. Ma r k e r s 

4251 P104 0-6 t h r - a r g F 

4288 F128 6-8 p r o A - l a c 

4282 F254 8-14 l a c - l i p 

6350 F254 8-14 l a c - l i p 

4287 F152 14-17 l i p - g a l 

4253 F126 16-30 rac-nadA 

4256 F123 27-30 r a c - g a l U 

5505 F500 34-44 h i s - r e l B 

5760 F506 36-37 pps-man 

4326 F150 41-44 h i s - e d a 

4280 F129 44-50 d s d A - h i s 

4279 F142 51-56 t y r - s u p N 

4291 F143 56-61 l y s A - t y r A 

4254 F116 60-65 metC-fuc 

4248 F141 68-75 asd-argG 

4289 F140 68-80 m t l - a r g G 

4258 F i l l 81-91 pyrE-malB 

4265 F133 84-89 i l v - a r g H 

4260 F112 88-98 metB-uxuA 

4255 F117 93-96 mel-pyrB 

S t r a i n numbers a r e E . c o l i G e n e t i c S t o c k Cent< 

numbers . D i s t a n c e s a r e g i v e n i n min Markers 

n e a r e s t to e ach end o f the episome. 
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T a b l e 3.9 Complementation o f permease d e f i c i e n c y by F" 

e p i s o m e s . 

S t r a i n Episome Perme 

No. No. Markers Min. 

KL719 F254 l a c - l i p 8-14 dpp 

X573 F254 l a c - l i p 8-14 dpp 

KL703 F126 rac-nadA 16-30 opp 

KL701 F123 r a c - g a l U 27-30 opp 

KL728 F i l l p yrE-malB 81-91 opt 

KL706 F133 i l v - a r g H 84-89 opt 

Permease i s t h e mutant permease i n t h e r e c i p i e n t w h i c h 

i s complemented by the F" episome mated i n t o i t . 
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agreement w i t h t h e e a r l i e r r e p o r t s t h a t opp maps a t 27min 

(Barak and G i l v a r g , 1974; De F e l i c e e t a l . , 1973; Lenny and 

M a r g o l i n , 1 9 8 0 ) . The opt m u t a t i o n i n t h e t r i p l e mutant 

(PA0122) was complemented by episomes F i l l (81-91min) and 

F133 (84-94min) but n o t by F112 ( 8 8 - 9 8 m i n ) . The opt l o c u s 

must t h e r e f o r e l i e between 84 and 88min on the chromosome. 

The r e s t o r a t i o n o f o p t a c t i v i t y i n c e l l s from t h e PA0122 

c r o s s e s w i t h F i l l and F133 were c o n f i r m e d by i s o l a t i o n o f 

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

s e n s i t i v i t y t o A l a - A l a P ( t h e t o x i c p e p t i d e used t o s e l e c t f o r 

an o p t d e f i c i e n t mutant i n s e c t i o n 3 . 3 ) . C r o s s e s between 

PA0122 and F112 d i d not produce e x c o n j u g a n t s w h i c h had 

r e g a i n e d s e n s i t i v i t y t o A l a - A l a P . Episome F143 produced 

enhanced growth o f a l l s t r a i n s on a l l l y s i n e s o u r c e s a s i t 

c o n t a i n s the l y s A gene and t h u s complements the m u t a t i o n 

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

D i s c u s s i o n 

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

p e p t i d e t r a n s p o r t s y s t e m s , dpp or opp s t r a i n s s t i l l grow on 

L y s - L y s or L y s - L y s - L y s r e s p e c t i v e l y as l y s i n e d o n o r s . When a 

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

r a t e on l y s i n e p e p t i d e s i s enhanced s u f f i c i e n t l y f o r f a s t e r 

growing c o l o n i e s t o be d e t e c t a b l e a f t e r a few h o u r s i n c u b a t o n 

a s d e s c r i b e d i n s e c t i o n 2.8. The s e l e c t i o n i s not i d e a l 



- 170 -

b e c a u s e o f t h i s background growth o f o r i g i n a l mutant, 

t h e r e f o r e t h e p o s i t i o n o f t h e o p t was c o n f i r m e d by t e s t i n g 

e x c o n j u g a n t c e l l s f o r r e s t o r a t i o n o f A l a - A l a P s e n s i t i v i t y . 

More r e c e n t work (J.W. Payne, p e r s o n a l c o m m u n i c a t i o n ) , 

m e a s u r i n g p e p t i d e uptake i n e x c o n j u g a n t s o f t h e t r i p l e mutant 

and F i l l and F133 c r o s s e s , has shown t h a t t h e y have s i m i l a r 

t r a n s p o r t c h a r a c t e r i s t i c s t o t h e double permease d e f i c i e n t 

m utants used i n t h i s s t u d y . T h i s i s f u r t h e r e v i d e n c e t h a t 

opt a c t i v i t y has ben r e s t o r e d by t h e s e c r o s s e s and t h a t t h e 

o p t l o c u s l i e s between 84 and 88min. 

The p r e s u m p t i v e dpp mutant (PA0107) o n l y showed 

co m p l e m e n t a t i o n w i t h episomes c o n t a i n i n g t h e r e g i o n w i t h t h e 

dpp l o c u s . F u r t h e r s t u d i e s m e a s u r i n g p e p t i d e uptake i n 

e x c o n j u g a n t s (J.W. Payne, p e r s o n a l c o m m u n i c a t i o n ) , have 

shown t h a t t h i s mutant a l s o c o n t a i n s a m u t a t i o n i n the opp 

l o c u s . T h i s m u t a t i o n was not d e t e c t e d i n t h i s s t u d y , 

p r o b a b l y b e c a u s e the i n c r e a s e i n growth r a t e produced by 

r e s t o r a t i o n of a f u l l y a c t i v e opp s y s t e m from a p a r t i a l l y 

a c t i v e one was not s u f f i c i e n t t o be measured by t h e s e l e c t i o n 

p r o c e d u r e used h e r e . 

The two double p e p t i d e permease d e f i c i e n t mutants (PA0119 

and PA0113) showed enhanced growth on L y s - L y s or L y s - L y s - L y s 

when c r o s s e d w i t h donor s t r a i n s c a r r y i n g episomes w i t h e i t h e r 

t h e dpp or opp l o c i r e s p e c t i v e l y , as might be e x p e c t e d . They 
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p r o v i d e c o n f i r m a t i o n o f the r e s u l t s o b t a i n e d w i t h t h e dpp and 

opp s i n g l e m u t a n t s . 

The a b i l i t y o f episome F143 t o complement t h e l y s A 

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

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

t o mate, and g i v i n g an e s t i m a t e o f t h e f r e q u e n c y o f 

c o n j u g a t i o n . As d i s c u s s e d i n s e c t i o n 2.8, the f r e q u e n c y o f 

c o n j u g a t i o n i s low, but t h i s would be e x p e c t e d between two 

d i f f e r e n t s t r a i n s o f E ^ c o l i ( t h e donor s t r a i n s a r e E . c o l i 

K12, w h i l e t h e r e c i p i e n t s t r a i n s a r e c o l i W) . 

.10 THE EFFECT OF ALA-LYS ON ALKALINE PHOSPHATASE PRODUCTION 

IN E . COLI W 

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

The t r i p l e p e p t i d e permease d e f i c i e n t mutant (PA0122) was 

shown i n s e c t i o n 3.6 to be t o t a l l y d e f e c t i v e i n p e p t i d e 

t r a n s p o r t , e x c e p t a p p a r e n t l y f o r some a c t i v i t y towards 

A l a - L y s . T h i s a p p a r e n t uptake was not i n h i b i t e d by a r s e n a t e 

and i s t h e r e f o r e p r o b a b l y not a c t i v e t r a n s p o r t . One 

p o s s i b i l i t y i s t h a t t h e A l a - L y s i s b e i n g c l e a v e d by a 

p e r i p l a s m i c p e p t i d a s e . T h i s would c a u s e a d e c r e a s e i n the 

f l u o r e s c e n c e y i e l d measured by t he f l u o r e s c a m i n e a s s a y and 
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would appear t o be p e p t i d e u p t a k e . The s i g n a l p e p t i d a s e s 

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

n a s c e n t p o l y p e p t i d e c h a i n s and have been found a s s o c i a t e d 

w i t h both i n n e r and o u t e r membrane f r a c t i o n s o f c o l i 

( Z w i z i n s k i e_t a l . , 1981) . I t i s i n t e r e s t i n g t o note t h a t 

many l e a d e r r e g i o n s a r e c l e a v e d on t he c a r b o x y l s i d e o f an 

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

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

(Osborn and Wu, 1 9 8 0 ) . P r e s u m a b l y t h e s i g n a l p e p t i d a s e 

s h o u l d be a c c e s s i b l e to A l a - L y s i n the p e r i p l a s m i c s p a c e and 

might p o s s e s s some l i m i t e d a c t i v i t y t owards t h i s p e p t i d e . I f 

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

u p t a k e , t h e n A l a - L y s s h o u l d be a b l e t o compete w i t h l e a d e r 

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

c o n c e n t r a t i o n o f A l a - L y s might t h e r e f o r e i n t e r f e r e w i t h t h e 

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

by competing f o r c l e a v a g e o f t h e p r e - p r o t e i n . A l k a l i n e 

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

ways. I t i s a p e r i p l a s m i c enzyme, and t h e r e f o r e has t o be 

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

be r e l e a s e d . I t s p r e s e n c e i s e a s i l y m o n i t o r e d by f o l l o w i n g 

the p r o d u c t i o n o f p - n i t r o p h e n o l ( w h i c h a b s o r b s a t 415nm) from 

p - n i t r o p h e n y l p h o s p h a t e . The enzyme i s i n d u c i b l e under 

c o n d i t i o n s o f low phosp h a t e , so t h a t i f c e l l s a r e t r a n s f e r r e d 

from a h i g h phosphate t o a low phosphate b u f f e r a t the s t a r t 

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



- 173 -

th e a c t i v i t y d e t e c t e d i s newly s y n t h e s i s e d p r o t e i n . I t was 

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

p h o s p h a t a s e i n the p r e s e n c e or ab s e n c e o f h i g h c o n c e n t r a t i o n s 

o f A l a - L y s . 

Methods 

A l k a l i n e p h o s p h a t a s e p r o d u c t i o n was f o l l o w e d i n PA0122 as 

d e s c r i b e d i n s e c t i o n 2.10 i n t h e p r e s e n c e o f 50mM A l a - L y s or 

50mM A l a - A l a a s a c o n t r o l . C e l l s w i t h o u t s u b s t r a t e and 

uninduced c e l l s were a l s o used as f u r t h e r c o n t r o l s . 

R e s u l t s 

The p r o d u c t i o n of a l k a l i n e p h o s p h a t a s e , under t h e 

i n c u b a t i o n c o n d i t i o n s d e s c r i b e d above, i s shown i n F i g u r e 

3.4. V e r y l i t t l e a c t i v i t y i s s e e n i n c e l l s i n c u b a t e d w i t h 

lOOmM PO^ (uninduced) and o n l y a s l i g h t i n c r e a s e i n 

ab s o r b a n c e , p r o b a b l y c a u s e d by c e l l growth, i s s e e n i n t h e 

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

A l a - A l a or A l a - L y s produce a l k a l i n e p h o s p h a t a s e a c t i v i t y . 

S l i g h t l y more a c t i v i t y i s produced i n t h e p r e s e n c e o f A l a - A l a 

than A l a - L y s . 

D i s c u s s i o n 
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v415 

30 60 

Time (rnins) 

90 120 

F i g u r e 3.4 E f f e c t of Ala-Lys on a l k a l i n e phosphatase production by 

PA0122. 

A , No s u b s t r a t e ; A , uninduced c e l l s w ith s u b s t r a t e ; O , induced c e l l s 

w i th s u b s t r a t e and 50mM Ala-Ala; © , induced c e l l s w ith s u b s t r a t e and 

50mM A l a - L y s . 
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Uninduced c e l l s or c e l l s w i t h o u t s u b s t r a t e , produce v e r y 

l i t t l e i n c r e a s e i n A ^ j as would be e x p e c t e d , i n d i c a t i n g t h a t 

l i t t l e a l k a l i n e p h o s p h a t a s e i s produced i n u n induced c e l l s 

and t h a t t h e r e i s no p r o d u c t i o n o f any o t h e r s u b s t a n c e w h i c h 

a b s o r b s a t 415nm i n t h e a b s e n c e o f s u b s t r a t e . P r o d u c t i o n o f 

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

A l a - L y s t h a n i n the p r e s e n c e o f A l a - A l a . T h i s c o u l d o c c u r by 

s e v e r a l mechanisms; 1) t h e r e c o u l d be fewer c e l l s i n t h e 

A l a - L y s i n c u b a t i o n ; 2) A l a - A l a might be p r o v i d i n g an e x t r a 

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

p r o t e i n s y n t h e s i s t h a n i n the p r e s e n c e o f A l a - L y s ; 3) A l a - L y s 

c o u l d be competing w i t h a l k a l i n e p h o s p h a t a s e f o r the a c t i v e 

s i t e o f t he s i g n a l p e p t i d a s e , whereas A l a - A l a was n o t . 1) i s 

u n l i k e l y as c e l l s were a l i q u o t s o f the same s u s p e n s i o n and 

a l l o t h e r volumes added were i d e n t i c a l . 2) i s a l s o u n l i k e l y 

a s A l a - A l a i s not d e t e c t a b l y t r a n s p o r t e d i n t o PA0122, w h e r e a s 

i f A l a - L y s i s b e i n g c l e a v e d t o a l a n i n e and l y s i n e , t h e s e can 

t h e n be t a k e n up v i a the amino a c i d permeases and be used as 

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

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

r e s u l t o f c o m p e t i t i o n between A l a - L y s and t h e n a s c e n t 

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

p e p t i d a s e . I t s h o u l d be s t r e s s e d t h a t the l e v e l s o f p e p t i d e 

used h e r e (50mM) a r e much h i g h e r t h a n t h o s e used i n normal 

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

A l a - L y s even a t t h i s c o n c e n t r a t i o n i n d i c a t e s t h a t t h e r e must 
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be l i t t l e i f any a f f i n i t y between A l a - L y s and the s i g n a l 

p e p t i d a s e . The i n h i b i t i o n o f a l k a l i n e p h o s p h a t a s e i s l i k e l y 

t o be an u n d e r e s t i m a t e a s I n o u y e and B e c k w i t h (1977) have 

r e p o r t e d t h a t t h e p r e - a l k a l i n e p h o s p h a t a s e p r o t e i n w i t h the 

s i g n a l p e p t i d e i n t a c t s t i l l p o s s e s s e s some p h o s p h a t a s e 

a c t i v i t y . I n h i b i t i o n of s i g n a l p e p t i d a s e a c t i v i t y might 

t h e r e f o r e , not p r e v e n t p r o d u c t i o n o f a l k a l i n e p h o s p h a t a s e but 

produce a m o l e c u l e w i t h lower a c t i v i t y . 

11 CONCLUDING DISCUSSION 

The r e s u l t s p r e s e n t e d i n t h i s c h a p t e r e x t e n d our knowledge 

o f t h e number and s p e c i f i c i t i e s o f t h e p e p t i d e t r a n s p o r t 

s y s t e m s i n E ^ c o l i . N a i d e r and B e c k e r (1975) s u g g e s t e d t h a t 

t h e r e might be s e v e r a l p e p t i d e t r a n s p o r t s y s t e m s i n a d d i t i o n 

to t h e Opp and Dpp s y s t e m s . C l e a r l y , t h e r e a r e o n l y t h r e e 

p e p t i d e t r a n s p o r t s y s t e m s i n E ^ c o l i , t h e Opp, Dpp and Opt. 

E a r l i e r s t u d i e s ( N a i d e r and B e c k e r , 1975; Barak and G i l v a r g , 

1975) u s i n g growth a s s a y s , were i n t e r p r e t e d as i n d i c a t i n g 

t h a t t r a n s p o r t v i a the Opt s y s t e m was l i m i t e d t o a few 

t r i p e p t i d e s c o n t a i n i n g Met, Leu and T h r . The r e s u l t s 

o b t a i n e d h e r e , u s i n g the d i r e c t f l u o r e s c a m i n e a s s a y show 

t h a t , a l t h o u g h L e u - L e u - L e u and Met-Gly-Met a r e l a r g e l y 

t r a n s p o r t e d v i a the Opt s y s t e m ( c o n f i r m i n g the e a r l i e r 
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r e p o r t s ) , t h e Opt a l s o t r a n s p o r t s a wide range o f o t h e r 

p e p t i d e s . T h i s e m p h a s i s e s t h e a d v a n t a g e s o f d i r e c t a s a y s 

o v e r i n d i r e c t growth a s s a y s . The opt l o c u s i s shown h e r e t o 

l i e between 84 and 88min on the c o l i chromosome. T h i s i s 

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

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

i n v o l v e d . The Opt s y s t e m has a l s o been shown t o be e n e r g i s e d 

by phosphate bond energy , l i k e t h e Dpp and Opp s y s t e m s . 

S t u d i e s o f p e p t i d e t r a n s p o r t i n PA0107 (dpp) s u g g e s t t h a t 

t h e Dpp i s somehow i n v o l v e d i n the t r a n s p o r t o f both d i - and 

o l i g o p e p t i d e s . T h i s i s an e x t e n s i o n o f the e a r l i e r r e p o r t s 

o f t h e s p e c i f i c i t i e s o f t he Dpp, w h i c h were most e a s i l y 

i n t e r p r e t e d as i n d i c a t i n g i t to be u n a b l e t o t r a n s p o r t 

o l i g o p e p t i d e s . However, t h e d i s c o v e r y of an a d d i t i o n a l opp 

m u t a t i o n i n PA0107 (J.W. Payne, p e r s o n a l communication) 

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

t h e r e l a t i v e c o n t r i b u t i o n s o f t h e Opp and Dpp towards o v e r a l l 

o l i g o p e p t i d e t r a n s p o r t from s t u d i e s w i t h o n l y the mutants 

i s o l a t e d i n t h i s s t u d y . A s t r a i n w i t h an Opp s y s t e m 

t r a n s f e r r e d i n t o i t by F" donor c o n j u g a t i o n , but r e t a i n i n g 

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

towards t r i p e p t i d e s (J.W. Payne, p e r s o n a l c o m m u n i c a t i o n ) . 

F u r t h e r s t u d i e s w i t h t h i s s t r a i n s h o u l d d e t e r m i n e the 

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

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

backbone l e n g t h t h a n was o r i g i n a l l y t h ought. The r e p o r t t h a t 

t h e Dpp i s a l s o a c t i v e towards h y d r a z i n o and aminoxy p e p t i d e 

a n a l o g u e s (Morley e t a l . , 1 9 8 3 ) , p r o v i d e s f u r t h e r e v i d e n c e 

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

map l o c a t i o n o f t h e dpp l o c u s has been narrowed down from 

9-27min (De F e l i c e e t a l . , 1973) t o 8-14min. Combining t h e 

two r e s u l t s n arrows t h e range s t i l l f u r t h e r t o between 9 and 

14min. 

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

permeases and the f r e q u e n c y o f t h e i r s p ontaneous l o s s , s h o u l d 

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

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

more or l e s s e q u a l l y by two or a l l o f t h e p e p t i d e permeases 

i s l i k e l y t o be a much b e t t e r c a n d i d a t e , t h a n a p e p t i d e w h i c h 

i s l a r g e l y t r a n s p o r t e d v i a one permease. The lower m u t a t i o n 

f r e q u e n c i e s o f Dpp and Opt make them p o t e n t i a l l y more u s e f u l 

s y s t e m s t h a n Opp, so a p e p t i d e a n t i b i o t i c s h o u l d be d e s i g n e d 

t o u t i l i s e Dpp and Opt r a t h e r than Opp. A l t h o u g h i t s h o u l d 

be noted o f c o u r s e , t h a t t h e h i g h f r e q u e n c y o f opp m u t a t i o n 

has o n l y been shown f o r c o l i and may not be so f o r o t h e r 

c l i n i c a l l y i m p o r t a n t b a c t e r i a i n w h i c h Opp i s the most 

e f f e c t i v e p e p t i d e permease. O r i g i n a l l y , i t was thought t h a t 

o n l y t h e Opp s y s t e m would have s p e c i f i c i t i e s broad enough t o 

t r a n s p o r t p e p t i d e a n a l o g u e s , but i r o n i c a l l y a l a f o s f a l i n 
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( A l a - A l a P ) , one o f the f i r s t s y n t h e t i c l i n e a r p e p t i d e 

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

Dpp and Opt. 

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

a t t h e p h y s i o l o g i c a l l e v e l . T h e r e has been l i t t l e work on 

the m o l e c u l a r mechanisms o f p e p t i d e uptake and c o n s e q u e n t l y 

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

g e n e t i c m a n i p u l a t i o n now a v a i l a b l e makes t h i s a p o t e n t i a l l y 

e x c i t i n g and f r u i t f u l a r e a o f s t u d y . The opp l o c u s has been 

shown t o c o n s i s t o f f o u r genes t r a n s c r i b e d as a s i n g l e operon 

(Hogarth and H i g g i n s , 1 9 8 3 ) . O t h e r phosphate bond l i n k e d 

s y s t e m s have a l s o been shown t o c o n s i s t of s e v e r a l genes 

l i n k e d i n one operon ( H i g g i n s e t a l . , 1983; Ames and H i g g i n s , 

1 9 8 3 ) , w i t h one gene c o d i n g f o r t h e p e r i p l a s m i c b i n d i n g 

p r o t e i n and o t h e r s c o d i n g f o r membrane bound p r o t e i n s . 

C l o n i n g and s e q u e n c i n g o f the l o c i c o d i n g f o r the Opp, Dpp 

and Opt s y s t e m s w i l l e n a b l e any a r e a s o f homology between the 

s y s t e m s t o be d e t e r m i n e d . The sequence d a t a can a l s o be 

compared w i t h t h o s e f o r o t h e r phosphate bond l i n k e d t r a n s p o r t 

s y s t e m s and may p r o v i d e e v i d e n c e f o r c e r t a i n i m p o r t a n t 

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

v a r i a b l e s e q u e n c e s w h i c h c o u l d be i n v o l v e d i n d e t e r m i n i n g the 

s p e c i f i c i t i e s of e a c h s y s t e m . I t s h o u l d a l s o be p o s s i b l e to 

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

t h e i r p o s i t i o n s on or i n the c e l l membrane. Our 
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u n d e r s t a n d i n g o f the m o l e c u l a r p r o c e s s e s o f p e p t i d e t r a n s p o r t 

s h o u l d , h o p e f u l l y , be g r e a t l y improved o v e r t h e n e x t few 

y e a r s . 
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4 THE EFFECT OF OUTER MEMBRANE PROTEIN DEFICIENCY ON PEPTIDE 

TRANSPORT 

4.1 INTRODUCTION 

The o u t e r membrane o f Gram - n e g a t i v e b a c t e r i a forms a 

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

A c t i n o m y c i n D and p h e n o l , but a l l o w s t h e d i f f u s i o n of s m a l l , 

h y d r o p h i l i c , n u t r i e n t m o l e c u l e s . T h i s d i f f u s i o n has been 

shown to o c c u r v i a n o n - s p e c i f i c aqueous p o r e s formed by 

" p o r i n " p r o t e i n s ( s e e s e c t i o n 1 . 2 ) . S e v e r a l c l a s s e s o f 

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

a c i d s ) , have been shown t o use t h e p o r i n c h a n n e l s whereas 

c e r t a i n o t h e r o u t e r membrane p r o t e i n s e.g., lamB, t s x have 

been d e m o n s t r a t e d t o form more s p e c i f i c p o r e s . T h i s s t u d y 

was u n d e r t a k e n to d e t e r m i n e which i f any o f the p r o t e i n s 

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

o u t e r membrane. 

S e v e r a l d i f f e r e n t a p p r o a c h e s have been used i n t he s t u d y 

o f o u t e r membrane p e r m e a b i l i t y . Decad and N i k a i d o (1976) 

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

between t h e e x t e r n a l s o l u t i o n and the p e r i p l a s m i c s p a c e i n 

p l a s m o l y s e d c e l l s . T h i s t e c h n i q u e i s s i m p l e and r a p i d but 
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i t s u s e f u l n e s s i s l i m i t e d by t h e need f o r t h e use o f 

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

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

e x p e r i m e n t s show whether or n o t a m o l e c u l e c a n p e n e t r a t e t o 

the p e r i p l a s m i c s p a c e but do n o t have t h e n e c e s s a r y p r e c i s i o n 

to a l l o w t h e k i n e t i c s o f t h e p r o c e s s t o be d e t e r m i n e d . 

A second approach i s t o p r e p a r e l i p o s o m e s ( p h o s p h o l i p i d 

membrane v e s i c l e s ) i n which o u t e r membrane p r o t e i n s have been 

i n c o r p o r a t e d (Nakae, 1976a,b) and t o s t u d y t h e i r p e r m e a b i l i t y 

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

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

d i f f e r e n t i 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 . Some o f t h e medium i s 

t r a p p e d i n s i d e t h e l i p o s o m e s a s t h e y form so t he s u b s t r a t e 

and impermeant c o n t r o l m o l e c u l e s a r e p r e s e n t i n t he same 

r a t i o both i n s i d e and o u t s i d e t h e l i p o s o m e s . When the 

e x t e r n a l medium i s s e p a r a t e d from t h e l i p o s o m e s by g e l 

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

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

impermeant c o n t r o l m o l e c u l e t o s u b s t r a t e m o l e c u l e . The r a t i o 

o f l a b e l s r e m a i n i n g i n the l i p o s o m e s a f t e r f i l t r a t i o n c a n be 

compared w i t h t h e r a t i o i n t h e i n i t i a l medium t o d e t e r m i n e 

whether or not t h e s u b s t r a t e m o l e c u l e s have been a b l e to 

d i f f u s e o u t . A l t e r n a t i v e l y t h e lip o s o m e s w e l l i n g a s s a y has 

been used ( N i k a i d o and Rosenberg, 1 9 8 3 ) . Liposomes i n w h i c h 

p o r i n s have been i n c o r p o r a t e d a r e p r e p a r e d i n a medium 
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c o n t a i n i n g impermeant m o l e c u l e s . A f t e r washing t h e e x t e r n a l 

medium away, the l i p o s o m e s a r e r e s u s p e n d e d i n an i s o t o n i c 

s o l u t i o n o f t h e t e s t m o l e c u l e . An i n f l u x o f t h e t e s t 

m o l e c u l e i n d u c e s an accompanying i n f l u x o f w a t e r w h i c h c a u s e s 

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

s u s p e n s i o n measured a t 440nm. U s i n g t h e s e r e c o n s t i t u t e d 

l i p o s o m e s a l l o w s i n d i v i d u a l p r o t e i n s p e c i e s t o be t e s t e d and 

a l s o a l l o w s m e t a b o l i s a b l e m o l e c u l e s t o be used. As w i t h t h e 

e q u i l i b r i u m s t u d i e s , t h e d a t a produced from t h e r a d i o a c t i v e 

l a b e l d i f f u s i o n method a r e not p r e c i s e enough t o be use d t o 

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

s w e l l i n g a s s a y i s more p r e c i s e i t i s prone to i n t e r f e r e n c e 

from any s m a l l i o n s p r e s e n t i n the e x t e r n a l s o l u t i o n , w h i c h 

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

p o r e - f o r m i n g a b i l i t y o f some p r o t e i n s may however be 

dependent on, or a l t e r e d by, i n t e r a c t i o n s w i t h o t h e r membrane 

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

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

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

N i k a i d o and Rosenberg (1983) noted t h a t a l t h o u g h m e a s u r i n g 

r a t e s o f p e r m e a t i o n through p o r i n s i n l i p o s o m e s and i n t a c t 

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

r a t e s between d i f f e r e n t l y s i z e d and c h a r g e d B - l a c t a m 

m o l e c u l e s were g r e a t e r when measured i n i n t a c t c e l l s t h a n 

when measured i n l i p o s o m e s . T h i s s u g g e s t s t h a t t h e p o r e s a r e 

more d i s c r i m i n a t o r y i n v i v o t h a n when p r e s e n t i n i s o l a t i o n i n 
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v i t r o . 

A nother method used i s to measure d i f f u s i o n r a t e s a c r o s s 

t h e o u t e r membrane i n i n t a c t c e l l s under c o n d i t i o n s i n w h i c h 

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

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

membrane. T h i s c a n be a c h i e v e d i n s e v e r a l ways, e.g., by t h e 

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

i n t h e s t u d i e s o f Zimmermann and R o s s e l e t (1977) and N i k a i d o 

e t . a l . (1983) who used B - l a c t a m a n t i b i o t i c s and p e r i p l a s m i c 

B - l a c t a m a s e s , or by t h e a c t i v e t r a n s p o r t o f t h e m o l e c u l e 

a c r o s s t h e c y t o p l a s m i c membrane. I n the l a t t e r a p p r o a c h t h e 

o v e r a l l t r a n s p o r t k i n e t i c s a r e measured and t h i s a p p r o a c h has 

been us e d by Von Meyenburg (1971) and by B a v o i l e_t a l . 

(1977) who measured the i n f l u e n c e o f p o r i n d e f i c i e n c y on t h e 

a p p a r e n t Km o f t r a n s p o r t o f a v a r i e t y o f s u b s t r a t e s e.g., 

s u g a r s and amino a c i d s . T h e s e s t u d i e s used c e l l u l a r growth 

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

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

c o n c e n t r a t i o n a t w h i c h growth o c c u r s a t h a l f the maximal 

r a t e . Measurement o f growth r a t e s i s not an i d e a l a s s a y as 

growth i s not s o l e l y dependent on s u b s t r a t e t r a n s p o r t . 

B a v o i l e t a l . , (1977) c a l c u l a t e d changes i n the v a l u e o f t h e 

o u t e r membrane p e r m e a b i l i t y c o e f f i c i e n t (p) based on t h e 

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

e s t i m a t e s must be r e g a r d e d a s h i g h l y s p e c u l a t i v e i n v i e w o f 
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th e i n d i r e c t n a t u r e o f t he a s s a y used. A b e t t e r a p p r o a c h i s 

to measure s u b s t r a t e t r a n s p o r t or h y r o l y s i s d i r e c t l y , e i t h e r 

by m o n i t o r i n g i n t r a c e l l u l a r a c c u m u l a t i o n o f s u b s t r a t e or i t s 

d i s a p p e a r a n c e from t h e e x t e r n a l medium. T h i s approach has 

been used by Zimmermann and R o s s e l e t (1977) and more r e c e n t l y 

by N i k a i d o e t . a l . (1983) u s i n g t h e h y d r o l y s i s o f B - l a c t a m s 

by p e r i p l a s m i c B - l a c t a m a s e s . Zimmermann and R o s s e l e t used a 

m i c r o i o d o m e t r i c a s s a y t o measure t h e r a t e of h y d r o l y s i s , b ut 

t h i s a s s a y i s time consuming and c a n o n l y p r o v i d e a few r a t e 

measurements d u r i n g e a c h a s s a y . The h y d r o l y s i s o f B - l a c t a m 

m o l e c u l e s c a u s e s a change i n a b s o r p t i o n a t 260nm b e c a u s e o f 

th e c l e a v a g e o f t h e B - l a c t a m r i n g and t h i s p r o p e r t y was used 

by N i k a i d o e t . a l . t o f o l l o w h y d r o l y s i s . The l i g h t 

s c a t t e r i n g o f whole c e l l s makes t h e background a b s o r b a n c e 

v e r y h i g h i n t h i s a s s a y , b ut t h i s was overcome by u s i n g a 

narrow p a t h l e n g t h (1mm) c u v e t t e and h i g h B - l a c t a m 

c o n c e n t r a t i o n s (ImM). The r e q u i r e m e n t f o r h i g h 

c o n c e n t r a t i o n s p r e c l u d e s t h e use o f n e u t r a l B - l a c t a m s w h i c h 

have low s o l u b i l i t i e s and r e d u c e s t h e scope o f the a s s a y . 

I n t h e s t u d i e s d e s c r i b e d h e r e t h e d i s a p p e a r a n c e of 

p e p t i d e s from t h e e x t e r n a l medium has been used as a d i r e c t 

measurement o f p e p t i d e t r a n s p o r t . The d i r e c t measurement o f 

d i f f u s i o n k i n e t i c s i n mutant s t r a i n s l a c k i n g p a r t i c u l a r o u t e r 

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

d i f f u s i o n r a t e s a c r o s s t h e o u t e r membrane to be r e l a t e d to 
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pore t y p e . By c o r r e l a t i n g t h e d i f f e r e n c e s i n d i f f u s i o n r a t e 

t o t h e s i z e and c h a r g e e t c . , of t h e s u b s t r a t e s used, t h e 

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

The r e c e n t development o f t h e c o n t i n u o u s f l u o r e s c a m i n e 

a s s a y f o r p e p t i d e t r a n s p o r t (Payne and N i s b e t , 1981) h a s made 

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

o u t e r membrane by u s i n g t h e t r a n s p o r t k i n e t i c s a p p r o a c h . 

P e p t i d e s make u s e f u l s u b s t r a t e s f o r t h i s type o f s t u d y 

b e c a u s e t h e y o c c u r i n a range of s i z e s , c h a r g e s and 

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

v a r i a t i o n s i n s e v e r a l p a r a m e t e r s c a n be i n v e s t i g a t e d . 

The p o s s i b l e i n v o l v e m e n t o f v a r i o u s o u t e r membrane 

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

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

t r a n s p o r t i n w i l d t y p e and o u t e r membrane p r o t e i n - d e f i c i e n t 

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

p o r i n s or OmpA had any s i g n i f i c a n t e f f e c t on p e p t i d e 

t r a n s p o r t . 

.2 BACTERIAL STRAINS AND GROWTH CONDITIONS 

The b a c t e r i a l s t r a i n s and growth c o n d i t i o n s used a r e f u l l y 

d e s c r i b e d i n s e c t i o n 2.2. F o r c o n v e n i e n c e the s t r a i n s and 
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t h e i r r e l e v a n t g e n o t y p e s a r e a l s o shown i n t a b l e 4.1. A h i g h 

l e v e l o f n u t r i e n t s i s r e q u i r e d to m i n i m i s e s e l e c t i o n p r e s s u r e 

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

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

t h e r e f o r e r o u t i n e l y grown i n L - b r o t h . B e c a u s e o f t he use o f 

a complex medium which might i n t e r f e r e w i t h t h e s u b s e q u e n t 

t r a n s p o r t a s s a y , t h e c e l l s were washed w i t h 2 x 30ml 

p o t a s s i u m phosphate b u f f e r pH7.2 t o e n s u r e c o m p l e t e r e m o v a l 

o f a l l growth medium b e f o r e r e s u s p e n s i o n . The c e l l s were 

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

( s e c t i o n 2 . 3 ) . 

.3 J U S T I F I C A T I O N FOR THE APPLICATION OF MICHAELIS MENTEN 

K I N E T I C S . 

P e p t i d e uptake c a n be c o n s i d e r e d t o be e s s e n t i a l l y a 2 

s t a g e p r o c e s s : 1) d i f f u s i o n o f p e p t i d e a c r o s s t h e o u t e r 

membrane and 2) a c t i v e t r a n s p o r t o f p e p t i d e a c r o s s t h e i n n e r 

membrane. The o b j e c t o f t h i s s t u d y was t o d e t e r m i n e whether 

t h e p o r i n s , or any o t h e r o u t e r membrane p r o t e i n s , a r e 

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

o u t e r membrane. I f any o f t h e s e o u t e r membrane p r o t e i n s a r e 

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

o u t e r membrane s h o u l d be d e c r e a s e d i n mutants l a c k i n g t h e s e 

p r o t e i n s . 
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T a b l e 4.1 S t r a i n s used and t h e i r o u t e r membrane 

d e f i c i e n c i e s 

S t r a i n Lab No. OMP d e f i c i e n c y 

P400 H i W i l d Type 

P400:6 H2 ompC 

P 4 0 0 : 6 h l r H3 ompC ompA 

P530 H4 ompB 

CM6 NCI W i l d Type 

CM 7 NC2 ompB 

AB2847 NC3 W i l d Type 

T19 NC4 ompB t s x 

AB2847 B l W i l d Type 

P8 B2 tonA 

BR158 B3 tonB 

RK3931 B4 tonA 

WA28 B5 f e c B 

WA380 B6 f e c A 

W3110 B7 W i l d Type 

KB419 B8 lamB 

KB423 B9 t s x 

JE5512 BIO W i l d Type 
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JE5513 B l l l P P 

J F 5 6 8 568 W i l d Type 

JF694 694 ompC ompF 

JF6 9 9 699 ompA 

JF 7 0 0 700 ompA ompC 

J F 7 0 1 701 ompC 

J F 7 0 3 703 ompF 

SH5014 NS1 W i l d Type 

SH5551 NS2 ompD 

SH6017 NS3 ompC 

SH6260 NS4 ompC ompD 

HN407 NS5 ompC ompD 

A l l s t r a i n s E . c o l i K12 e x c e p t NCI and NC2 (E_̂ _ c o l i B / r ) and 

NS1-5 ( S ^ typhimurium) 

S t r a i n AB2847 was s u p p l i e d a s the w i l d t y p e s t r a i n f o r two 

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

s e t was used as a r e f e r e n c e f o r t h o s e p a r t i c u l a r s t r a i n s . 
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A f t e r i n i t i a l a d d i t i o n o f p e p t i d e t o t h e e x t e r n a l medium, 

d i f f u s i o n a c r o s s t h e o u t e r membrane i s a t i t s most r a p i d 

b e c a u s e no p e p t i d e i s p r e s e n t i n t h e p e r i p l a s m i c s p a c e a t 

time 0 and t h e p e p t i d e c o n c e n t r a t i o n g r a d i e n t between the 

medium and p e r i p l a s m i c s p a c e i s a t i t s g r e a t e s t . The r a t e o f 

a c t i v e t r a n s p o r t a c r o s s t h e i n n e r membrane depends on the 

p e p t i d e c o n c e n t r a t i o n i n t h e p e r i p l a s m i c s p a c e . As t h e 

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

d i f f u s i o n a c r o s s t h e o u t e r membrane, t h e r a t e o f a c t i v e 

t r a n s p o r t a l s o r i s e s . C o n c o m i t a n t w i t h t h i s r i s e i n 

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

o u t e r membrane a s t h e c o n c e n t r a t i o n g r a d i e n t between the 

e x t e r n a l medium and p e r i p l a s m i c s p a c e f a l l s . E v e n t u a l l y 

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

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

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

t h e i n n e r membrane. The p e p t i d e c o n c e n t r a t i o n i n the 

p e r i p l a s m i c s p a c e w i l l n ot be the same a s i n the e x t e r n a l 

medium but w i l l depend on t h e e a s e of d i f f u s i o n a c r o s s t h e 

o u t e r membrane and t h e r a t e o f removal by t h e t r a n s p o r t 

s y s t e m . 

Assuming t h a t the p e p t i d e t r a n s p o r t s y s t e m s a r e not 

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

t h e n the p e r i p l a s m i c p e p t i d e c o n c e n t r a t i o n w i l l be c o n t r o l l e d 

by the e a s e of d i f f u s i o n o f p e p t i d e a c r o s s the o u t e r 
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membrane, which i n t u r n w i l l d e t e r m i n e t h e r a t e o f t r a n s p o r t 

a c r o s s t h e i n n e r membrane. Zimmermann and R o s s e l e t (1977) 

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

t r a n s p o r t s t e p s and i t i s t h i s a p p r o a c h t h a t i s used as t he 

b a s i s f o r t h i s s t u d y . 

The a c t i v e p e p t i d e t r a n s p o r t a c r o s s t h e i n n e r membrane i s 

an a l o g o u s t o an enzymic p r o c e s s and c a n i n the s i m p l e s t 

a n a l y s i s be c o n s i d e r e d t o conform t o M i c h a e l i s Menten 

k i n e t i c s :-

V = VmaxS/Km + S (1) 

where Vmax i s t h e maximal t r a n s p o r t v e l o c i t y , Km i s the 

s u b s t r a t e c o n c e n t r a t i o n when t h e v e l o c i t y i s h a l f maximal, V 

i s t h e t r a n s p o r t v e l o c i t y and S i s t h e s u b s t r a t e ( p e p t i d e ) 

c o n c e n t r a t i o n . The d i f f u s i o n a c r o s s t h e o u t e r membrane c a n 

be c o n s i d e r e d a s e s s e n t i a l l y a p h y s i c a l p r o c e s s t o which 

F i c k ' s law c an be a p p l i e d :-

V = PA(So-Sp) (2) 

where V = r a t e o f d i f f u s i o n , So and Sp a r e t h e p e p t i d e 

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

s p a c e , r e s p e c t i v e l y , P i s the d i f f u s i o n c o n s t a n t and A i s the 

a r e a o f t h e membrane. 

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

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

the i n n e r membrane, t h e r e f o r e , S can be e l i m i n a t e d from 
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e q u a t i o n (1) and Sp from e q u a t i o n (2) :-

V = (PASo-V)Vmax/PAKm + PASo-V (3) 

S o l v i n g f o r V e q u a t i o n (3) becomes :-

V=l/2{Vmax+PAKm+PASo-[(Vmax+PAKm+PASo)2-4SoPAVmax]1/2}...(4) 

E q u a t i o n (4) c a n be r e w r i t t e n :-

1 = PAKm + (PASo-V) = _1 + KmPA (5) 

V (PASo-V) Vmax vmax vmax(PASo-V) 

From e q u a t i o n (2) PASo-V = PASp 

I f t h e p e r m e a b i l i t y o f t h e o u t e r membrane i s h i g h So>> Sp and 

PASo-V>> PASo t h u s e q u a t i o n (5) becomes :-

1 = __1 + Km (6) 

V Vmax Vmax.So 

T h i s i s t h e L i n e w e a v e r Burke form o f t h e M i c h a e l i s Menten 

e q u a t i o n ( e q u a t i o n 1 ) . I f the o u t e r membrane p e r m e a b i l i t y i s 

v e r y low t h e n t h e e x t e r n a l p e p t i d e c o n c e n t r a t i o n must be much 

h i g h e r t h a n t h e Km t o a c h i e v e h a l f maximal r a t e s . So > Km 

and PASo > PAKm, t h e r e f o r e PAKm c a n be n e g l e c t e d i n e q u a t i o n 

4. 

V = l/2{vmax + PASo - [(Vmax + PASo)2 - 4SoPAVmax]1/2} 

= l/2{Vmax + PASo - [ Vmax2 - 2PASoVmax + ( P A S o ) 2 ] 1 / 2 } 

= PASo (7) 

E q u a t i o n 2 p r e d i c t s t h a t i f So i s s u f f i c i e n t l y h i g h , v w i l l 

a l s o be h i g h r e g a r d l e s s o f t h e p e r m e a b i l i t y o f t h e o u t e r 

membrane and t h e r e f o r e t h e Vmax o f p e p t i d e t r a n s p o r t w i l l 

r emain u n a f f e c t d by changes i n membrane p e r m e a b i l i t y . T h e s e 

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

w i l l f i t the M i c h a e l i s Menten h y p e r b o l a , but as membrane 

p e r m e a b i l i t y d e c r e a s e s t h e n the d a t a produced w i l l tend 

towards a s t r a i g h t l i n e e x c e p t a t h i g h e x t e r n a l p e p t i d e 

c o n c e n t r a t i o n s where the r e s i s t a n c e t o d i f f u s i o n may be 

overcome by a l a r g e c o n c e n t r a t i o n g r a d i e n t and the a c t i v e 

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

h i g h e x t e r n a l c o n c e n t r a t i o n s t h e r e l a t i o n s h i p between V and 

So w i l l a g a i n conform t o t h e M i c h a e l i s Menten e q u a t i o n . 

The d i f f e r e n c e i n o u t e r membrane p e r m e a b i l i t y c o e f f i c i e n t 

between the w i l d t y p e and double p o r i n d e f i c i e n t s t r a i n s u s e d 

i n t h i s s t u d y i s u n l i k e l y t o e x c e e d 20-50 t i m e s ( N i k a i d o , 

1979) and i n t h i s r e l a t i v e l y narrow range the a p p l i c a t i o n o f 

M i c h a e l i s Menten k i n e t i c s w i l l p r o v i d e a u s e f u l means o f 

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

p e p t i d e s . The v a l u e s o b t a i n e d f o r Vmax and a p p a r e n t Km w i l l , 

however, become l e s s r e l i a b l e as t h e o u t e r membrane 

p e r m e a b i l i t y d e c r e a s e s . 

.4 I N I T I A L SCREENING OF MUTANTS 

N i k a i d o (1979) warned t h a t uptake a s s a y s performed a t a 

s i n g l e a r b i t r a r y s u b s t r a t e c o n c e n t r a t i o n would not p r o v i d e 
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much u s e f u l i n f o r m a t i o n about o u t e r membrane p e r m e a b i l i t y . 

However, an uptake a s s a y p e r f o r m e d a t a c a r e f u l l y c h o s e n 

s u b s t r a t e c o n c e n t r a t i o n near t h e a p p a r e n t Km o f the uptake 

s y s t e m b e i n g used s h o u l d r e v e a l a d e c r e a s e i n o u t e r membrane 

p e r m e a b i l i t y a s a d e c r e a s e i n t r a n s p o r t r a t e . An a s s a y a t a 

s i n g l e c o n c e n t r a t i o n i f s u c c e s s f u l , would be u s e f u l a s a 

method f o r r a p i d l y s c r e e n i n g many o u t e r membrane 

p r o t e i n - d e f i c i e n t m u t a n t s . A l l t h e mutant s t r a i n s a v a i l a b l e 

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

t o d e t e r m i n e t h e e f f i c a c y o f s u c h an app r o a c h . P a r t i c u l a r 

mutants showing a d e c r e a s e i n p e p t i d e t r a n s p o r t a c t i v i t y were 

f u r t h e r t e s t e d by k i n e t i c a n a l y s i s o f uptake t o e x t e n d t h e 

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

Uptake a s s a y s were performed as d e s c r i b e d i n s e c t i o n 2.5. 

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

B e c a u s e uptake c a n n o t be measured f o r 2 mi n u t e s a f t e r t h e 

s t a r t o f an a s s a y , r a t e s were a c t u a l l y b e i n g measured i n t h e 

c o n c e n t r a t i o n range 0-90uM p e p t i d e . The t y p i c a l a p p a r e n t Km 

r e p o r t e d f o r p e p t i d e t r a n s p o r t ( u s u a l l y G l y - G l y or 

G l y - G l y - G l y ) i s i n the range l-50uM (Payne and B e l l , 1979; 

N i s b e t , 1980) and u s u a l l y towards t h e lower end o f t h i s 

r a n g e . R e c e n t r e s u l t s from t h e c o n t i n u o u s f l u o r e s c a m i n e 

a s s a y (J.W. Payne, p e r s o n a l communication) show t h a t t h e Km 

f o r L e u - L e u uptake i s 4.5uM so t h a t t h e p e p t i d e c o n c e n t r a t i o n 

used i n t h i s i n i t i a l s c r e e n i s o n l y s l i g h t l y above the 
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a p p a r e n t Km. Any change i n o u t e r membrane p e r m e a b i l i t y w h i c h 

i n c r e a s e d the Km o f p e p t i d e t r a n s p o r t would t h u s be r e f l e c t e d 

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

The r e s u l t s o f t h i s i n i t i a l s c r e e n i n g a r e shown i n T a b l e 

4.2. I t c a n be s e e n from t h e s e r e s u l t s t h a t t h e l o s s o f OmpC 

does not l e a d t o a r e d u c t i o n o f p e p t i d e t r a n s p o r t , however 

th e f u r t h e r l o s s o f OmpA, or the l o s s o f both p o r i n s i n ompB 

s t r a i n s c a u s e s a marked r e d u c t i o n i n r a t e s o f up t a k e . None 

o f t h e o t h e r mutants t e s t e d shows a d e c r e a s e i n p e p t i d e 

u p t a k e . The T6 phage r e c e p t o r p r o t e i n (coded f o r by t h e t s x 

gene) w h i c h was o r i g i n a l l y thought to form a s p e c i f i c pore 

f o r n u c l e o s i d e u ptake (Hantke, 1976) has been shown t o a l l o w 

uptake o f some amino a c i d s (Heuzenroeder and R e e v e s , 1 9 8 1 ) . 

The s p e c i f i c i t i e s o f t h i s pore a r e not y e t c l e a r a s s e r i n e , 

g l y c i n e and p h e n y l a l a n i n e used the pore w h i l e a r g i n i n e and 

g l u c o s e d i d n o t . The s t r a i n s used by Heuzenroeder and Reeves 

o v e r p r o d u c e d t h e T6 r e c e p t o r p r o t e i n t h u s t h e e f f e c t o f 

l o s i n g i t would be g r e a t e r t h a n i n a s t r a i n p r o d u c i n g a more 

normal l e v e l o f p r o t e i n . T h e r e i s no e v i d e n c e t o d a t e , 

i n c l u d i n g the p r e s e n t s t u d y (where t h e r e i s no d e c r e a s e i n 

p e p t i d e uptake when t s x i s l o s t i n s t r a i n B9 compared w i t h 

th e p a r e n t s t r a i n B 7 ) , w h i c h s u g g e s t s t h a t t h e pore formed by 

th e T6 r e c e p t o r p r o t e i n p l a y s a s i g n i f i c a n t r o l e i n p e p t i d e 

u p t a k e . The phage lambda r e c e p t o r p r o t e i n (LamB) forms a 

pore which i s s p e c i f i c f o r m a l t o s e uptake u n l e s s t h e 
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T a b l e 4.2 I n i t i a l s c r e e n i n g o f p e p t i d e uptake 

i n o u t e r membrane p r o t e i n - d e f i c i e n t s t r a i n s . 

S t r a i n Lab No. Genotype A l a 3 A l a 2 MGM G-P A-P 

P400 HI W i l d Type 42 110 70 

P400:6 H2 ompC 49 118 68 

P 4 0 0 : 6 h l r H3 ompC ompA 29 64 25 

P530 H4 ompB 14 49 ND 

CM 6 NCI W i l d Type 63 52 41 

CM 7 NC2 ompB 41 44 17 

AB2847 NC3 W i l d Type 27 35 21 

T19 NC4 ompB t s x 4 28 16 

AB2847 B l W i l d Type 31 29 21 

P8 B2 tonA 42 33 29 

BR158 B3 tonB 25 37 28 

RK3931 B4 tonA 28 27 27 

WA28 B5 f ecB 70 55 55 

WA380 B6 f ecA 30 23 19 

W3110 B7 W i l d Type 70 52 52 

KB419 B8 lamB 65 52 40 

KB423 B9 t s x 62 70 55 

J E 5 5 1 2 BIO W i l d Type ND 9 4 
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JE5513 B l l l p p 130 180 116 

SH5014 NS1 W i l d Type 60 61 30 43 31 

SH5551 NS2 ompD 50 48 17 10 15 

SH6017 NS3 ompC 48 53 24 39 21 

SH6260 NS4 ompC ompD 49 45 17 24 12 

HN407 NS5 ompC ompD 61 60 44 39 29 

ompF+++ 

A l l s t r a i n s E ^ c o l i K12 e x c e p t NCI and NC2 ( E ^ c o l i B / r ) 

and NS1-5 ( S ^ typhimurium) 

ND not d e t e c t a b l e 

T r a n s p o r t r a t e s g i v e n i n nmol rnin"' mg c e l l u l a r 

p r o t e i n " 1 

S t r a i n AB2847 was s u p p l i e d a s t h e w i l d type s t r a i n f o r 

two d i f f e r e n t s e t s o f mutants so t h e s t r a i n s u p p l i e d 

w i t h e a c h s e t was used a s a r e f e r e n c e f o r t h o s e 

p a r t i c u l a r s t r a i n s . 

A l a 2 , A l a 3 , MGM, G-P and A-P a r e A l a - A l a , A l a - A l a - A l a , 

Met-Gly-Met, Gly-Phe and A l a - P r o r e s p e c t i v e l y . 
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p e r i p l a s m i c m a l t o s e b i n d i n g p r o t e i n i s a b s e n t , when the pore 

t a k e s on t h e p r o p e r t i e s o f a g e n e r a l d i f f u s i o n pore 

(Heuzenroeder and R e e v e s , 1 9 8 0 ) . The b i n d i n g p r o t e i n was 

p r e s e n t i n t h e s t r a i n s used i n t h i s s t u d y (B7 and B8) s o t h a t 

a l t h o u g h no e f f e c t on p e p t i d e t r a n s p o r t was d e t e c t e d , t h e 

pore would n o t have been e x p e c t e d t o be a c t i n g 

n o n - s p e c i f i c a l l y . I t would be o f i n t e r e s t to compare t h e 

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

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

p r e s e n t or a b s e n t a s some e f f e c t on t r a n s p o r t might be 

e x p e c t e d . 

B5 ( f e c B ) and B l l ( l p p ) show an a p p a r e n t i n c r e a s e i n 

t r a n s p o r t a c t i v i t y r e l a t i v e to B l and BIO, t h e i r r e s p e c t i v e 

w i l d t y p e s . BIO may be a spon t a n e o u s p e p t i d e t r a n s p o r t 

d e f i c i e n t mutant a s i t e x h i b i t s a n o m a l o u s l y low t r a n s p o r t 

a c t i v i t y , and t h i s makes i t d i f f i c u l t t o a s s e s s t h e e f f e c t s 

o f m u t a t i o n s i n s t r a i n s d e r i v e d from i t b e c a u s e i t i s not 

known whether t h e t r a n s p o r t d e f i c i e n c y was a c q u i r e d b e f o r e or 

a f t e r B l l was i s o l a t e d from i t . Such spontaneous t r a n s p o r t 

d e f i c i e n t mutants o c c u r f r e q u e n t l y i n s t o c k c u l t u r e s (Payne, 

1980) a l t h o u g h i t i s not c l e a r why. However B l l d i s p l a y s an 

a p p a r e n t t r a n s p o r t a c t i v i t y w h i c h i s g r e a t e r than any o t h e r 

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

l i p o p r o t e i n i s h a v i n g some e f f e c t which i s not d i r e c t l y 

i n v o l v e d i n p e p t i d e t r a n s p o r t p er s e . A r s e n a t e was found t o 



- 200 -

have l i t t l e i n h i b i t o r y e f f e c t on t h i s a p p a r e n t uptake 

( r e s u l t s not shown), w h i c h a l s o s u g g e s t s t h a t p e p t i d e 

t r a n s p o r t i s not r e s p o n s i b l e f o r t h i s a c t i v i t y . B l l 

c o m p l e t e l y l a c k s t h e l i p o p r o t e i n which i s i m p o r t a n t i n 

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

( H i r o t a e t a l . , 1977; I n o u y e , 1 9 7 9 ) . T h i s mutant has a 

" l e a k y " o u t e r membrane, p e r h a p s a l l o w i n g p e p t i d a s e s t o e s c a p e 

i n t o t h e e x t e r n a l medium. I f c l e a v a g e o f p e p t i d e were 

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

y i e l d o f sam p l e s o f t h e e x t e r n a l medium would d e c r e a s e 

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

amino a c i d s have a much lower f l u o r e s c e n c e y i e l d t h a n 

i s o m o l a r p e p t i d e s ( s e e s e c t i o n 1 . 4 ) , t h i s s i t u a t i o n would 

produce s i m i l a r r e s u l t s m i m i c k i n g p e p t i d e t r a n s p o r t a c t i v i t y . 

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

seems l i k e l y t h a t a t l e a s t some of t h e d e c r e a s e i n 

f l u o r e s c e n t y i e l d i s due t o p e p t i d a s e a c t i v i t y . The f e c B 

gene i s i n v o l v e d i n t he c i t r a t e - d e p e n d e n t i r o n uptake s y s t e m 

(Woodrow e t . a l . , 1 9 7 8 ) . T h i s uptake s y s t e m i s i n d u c e d by 

c i t r a t e when an 81K p r o t e i n a p p e a r s i n t he o u t e r membrane 

(Hancock e t . a l . , 1 9 7 6 ) . Under the c o n d i t i o n s used, f e c B 

would not be e x p e c t e d t o be i n d u c e d , so t h a t i t s l o s s s h o u l d 

not have any e f f e c t u n l e s s i t was s t i l l e x p r e s s e d a t a low 

l e v e l even when uninduced and had ano t h e r a s y e t u n r e c o g n i s e d 

c e l l u l a r f u n c t i o n . The 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 of 

f e c B may c l a r i f y t h e p o s i t i o n . The use o f a n o t h e r f e c B 
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s t r a i n would show whether t h i s a p p a r e n t i n c r e a s e i n t h e 

p e p t i d e d i f f u s i o n r a t e was a p r o p e r t y o f t h e fe c B m u t a t i o n o r 

a p e c u l i a r i t y o f s t r a i n B5. 

S a l m o n e l l a typhimurium has t h r e e p o r i n t y p e s , two o f w h i c h 

c o r r e s p o n d t o t h e OmpC and OmpF p o r i n s i n c o l i (Nakae and 

I s h i i , 1 9 7 8 ) . I n c o l i , t h e l o s s o f one p o r i n t y p e has 

been shown t o l e a d t o an i n c r e a s e i n t h e o t h e r p o r i n t y p e 

( L u g t e n b e r g e t . a l . , 1 9 7 6 ) , a l t h o u g h t h e e x a c t degree o f 

i n c r e a s e i s n o t y e t c l e a r . H e l l e r and W i l s o n (1981) 

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

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

w h i l e L u g t e n b e r g e t . a l . , (1976) proposed t h a t i t i s t h e 

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

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

p r o t e i n s p e c i e s t o be i n c o r p o r a t e d t o a h i g h e r l e v e l a s s p a c e 

i n t h e membrane becomes a v a i l a b l e . I n v i e w of t h e o t h e r 

p h y s i o l o g i c a l s i m i l a r i t i e s between c o l i and typhimurium 

i t seems l i k e l y t h a t t h e p o r i n s o f typhimurium a r e 

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

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

d e f i c i e n t m u t a n t s . However, even w i t h o u t a f u l l range of 

mutants i t i s c l e a r t h a t t h e r e a r e d i f f e r e n c e s i n 

s p e c i f i c i t i e s between t h e p o r i n t y p e s . The l o s s o f OmpD 

pro d u c e s a g r e a t e r r e d u c t i o n i n Gly-Phe t r a n s p o r t than does 

t h e l o s s o f OmpC. The f u r t h e r l o s s o f OmpC i n NS4 from NS2 
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a l r e a d y d e f i c i e n t i n OmpD might have been e x p e c t e d to produce 

a f u r t h e r d e c r e a s e i n Gl y - P h e t r a n s p o r t , however t h e l o s s o f 

OmpC p r o b a b l y l e a d s t o i n c r e a s e d p r o d u c t i o n of OmpF wh i c h 

p r o d u c e s an i n c r e a s e i n Gl y - P h e t r a n s p o r t . The c o m p l i c a t i o n s 

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

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

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

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

On the b a s i s o f t h e r e s u l t s from t h i s i n i t i a l s c r e e n i n g , 

t h e f o u r s t r a i n s H i (Wild T y p e ) , H2 (ompC), H3 (ompC,ompA) 

and H4 (ompB) were s e l e c t e d f o r a k i n e t i c a n a l y s i s o f p e p t i d e 

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

more d e t a i l . 
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4.5 MICHAELIS MENTEN K I N E T I C ANALYSIS 

The p e p t i d e s A l a - A l a and A l a - A l a - A l a , w h i c h were used i n 

t h i s k i n e t i c a n a l y s i s , were c h o s e n f o r a number o f r e a s o n s : 

t h e y a r e s i m i l a r e x c e p t i n s i z e so t h a t any d i f f e r e n c e s 

between them a r e l i k e l y t o be c a u s e d by t h e s i z e d i f f e r e n c e ; 

t h e i r f l u o r e s c a m i n e d e r i v a t i v e s , a l t h o u g h no t amongst t h e 

h i g h e s t y i e l d i n g p e p t i d e d e r i v a t i v e s , have a h i g h 

f l u o r e s c e n c e y i e l d so t h a t t h e y a r e e a s y t o measure a t low 

c o n c e n t r a t i o n s ; a l a n i n e has a low f l u o r e s c e n c e y i e l d a t t he 

pH used i n t h e s e e x p e r i m e n t s so t h a t amino a c i d i n t e r f e r e n c e 

w i l l be low ( N i s b e t , 1980;see l a t e r ) and t h e y a r e r a p i d l y 

t r a n s p o r t e d by E ^ c o l i so t h a t changes i n t r a n s p o r t r a t e s 

s h o u l d be s e n s i t i v e l y measured. A l a - A l a - A l a - A l a was a l s o 

t r i e d as a f u r t h e r member o f t h e homologous s e r i e s but, 

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

r a p i d l y , i t s r a t e o f t r a n s p o r t w i t h t h e s e s t r a i n s was low, 

making i t i n c o n v e n i e n t t o use i n t h i s s t u d y . 

T r a c e s from the c o n t i n u o u s f l o w a s s a y ( s e e s e c t i o n 1.4) 

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

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

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

and f l u o r e s c e n c e y i e l d on the t r a c e a r e measured, t h e r a t e of 

change o f p e p t i d e c o n c e n t r a t i o n i n the medium ( p e p t i d e 

uptake) a t the c o n c e n t r a t i o n r e p r e s e n t e d by the f l u o r e s c e n c e 
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y i e l d can be d e t e r m i n e d . A number o f v a l u e s o f v e l o c i t y 

a g a i n s t p e p t i d e c o n c e n t r a t i o n can be d e t e r m i n e d a t d i f f e r e n t 

p o i n t s a l o n g t h e c u r v e and t h e s e d a t a can then be used t o s e e 

i f t h e uptake conforms t o M i c h a e l i s Menten k i n e t i c s ( s e e 

s e c t i o n 4 . 3 ) , and i f so t o d e t e r m i n e the M i c h a e l i s c o n s t a n t 

(Km) and the maximal v e l o c i t y (Vmax) o f the p e p t i d e t r a n s p o r t 

s y s t e m . 

I n i t i a l r a t e s o f r e a c t i o n a t d i f f e r e n t s u b s t r a t e 

c o n c e n t r a t i o n s a r e u s u a l l y used i n enzyme k i n e t i c s t u d i e s . 

I n t h i s s y s t e m however a t t h e time of t h e s e s t u d i e s t h e 

i n i t i a l r a t e c o u l d n o t be measured d i r e c t l y b e c a u s e 

l o n g i t u d i n a l m i x i n g i n the f i l t e r and t u b i n g p r o d u c e s a 2 

minute l a g between time 0 and the s t e a d y s t a t e t r a c e o f 

uptake r a t e . P e p t i d e uptake i s accompanied by exodus o f t h e 

amino a c i d p r o d u c t s o f p e p t i d e c l e a v a g e (Payne and B e l l , 

1 9 7 9 ) ; t h e exodus o f amino a c i d s t y p i c a l l y b e i n g m e a s u r a b l e 

10-15 s e c o n d s a f t e r p e p t i d e uptake s t a r t s , t h i s b e i n g t h e 

time t a k e n t o " s a t u r a t e " t h e amino a c i d p o o l ; t h e r e f o r e amino 

a c i d exodus i s o c c u r r i n g b e f o r e the 2 minute p e r i o d a f t e r 

w hich d a t a a r e a n a l y s e d . 

The i n i t i a l r a t e o f t r a n s p o r t ( d u r i n g t h e f i r s t few 

s e c o n d s ) may be d i f f e r e n t from the s u b s e q u e n t s t e a d y r a t e 

b e c a u s e f o r example, t h e r e i s no amino a c i d exodus and t h e r e 

w i l l be a g r e a t e r p e p t i d e c o n c e n t r a t i o n g r a d i e n t i n t o t h e 
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c e l l i n i t i a l l y . I f a f l u o r e s c e n c e v e r s u s time t r a c e i s 

e x t r a p o l a t e d back t o z e r o time t h e p e p t i d e c o n c e n t r a t i o n 

i n d i c a t e d i s t y p i c a l l y t h e same as t h a t added so t h a t t h e 

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

t o t h e l a t e r measured r a t e . I n p r i n c i p l e amino a c i d exodus 

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

c o n c e n t r a t i o n and t h u s uptake r a t e s from t h e t r a c e , b e c a u s e 

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

f l u o r e s c a m i n e . To c o n v e r t t h e f l u o r e s c e n c e v a l u e from t h e 

t r a c e t o p e p t i d e c o n c e n t r a t i o n i t i s n e c e s s a r y t o know t h e 

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

c o n s t i t u e n t amino a c i d s and a l s o t h e l e v e l o f amino a c i d . 

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

any amino a c i d i n t e r f e r e n c e , m a i n l y through c o n t r o l l i n g t h e 

pH o f the r e a c t i o n ( s e e s e c t i o n 1 . 4 ) . Thus, a t pH 6.4 t h e 

molar f l u o r e s c e n t y i e l d o f an amino a c i d i s t y p i c a l l y .5-3% 

of t h a t o f an e q u i m o l a r p e p t i d e s o l u t i o n ( N i s b e t , 1 9 8 0 ) . 

T h e r e f o r e , amino a c i d i n t e r f e r e n c e c a n be i g n o r e d a s 

n e g l i g i b l e i n most i n s t a n c e s , a l t h o u g h when p e p t i d e u ptake i s 

n e a r i n g c o m p l e t i o n the f l u o r e s c e n c e c o n t r i b u t e d by t he amino 

a c i d s c o u l d form a l a r g e f r a c t i o n o f the t o t a l r e a c h i n g 100% 

when a l l t h e p e p t i d e has been t a k e n up. The c o n t r i b u t i o n t o 

the t o t a l f l u o r e s c e n c e y i e l d from t h e amino a c i d ( s ) a t any 

p o i n t on t he t r a c e c a n be d e t e r m i n e d i f t h e f l u o r e s c e n c e 

y i e l d o f a s t a n d a r d s o l u t i o n o f the amino a c i d ( s ) c o m p r i s i n g 

the p e p t i d e under s t u d y i s measured and i t i s assumed t h a t 
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e s s e n t i a l l y a l l t h e amino a c i d ( s ) p roduced by c l e a v a g e 

undergoes exodus. The a c t u a l f r a c t i o n o f amino a c i d p r o d u c e d 

by p e p t i d e c l e a v a g e t h a t undergoes exodus from t h e c e l l 

depends i n p a r t on the a f f i n i t y o f t h e amino a c i d permeases 

on the i n n e r s u r f a c e and a l s o on how r a p i d l y i t i s 

m e t a b o l i s e d , t h e more q u i c k l y i t i s m e t a b o l i s e d the l e s s w i l l 

be e f f l u x e d . T h i s " m e t a b o l i c p o t e n t i a l " v a r i e s from one 

amino a c i d t o a n o t h e r but an i n d i c a t i o n o f i t may be deduced 

from summing the i n t r a c e l l u l a r p o o l l e v e l s and amounts o f 

amino a c i d u n d e r g o i n g exodus o b s e r v e d d u r i n g p e p t i d e 

t r a n s p o r t , t h e more r a p i d l y t h a t an amino a c i d i s m e t a b o l i s e d 

the lower w i l l be t h e sum o f l e v e l s i n t he i n t r a c e l l u l a r p o o l 

and e x t e r n a l medium. A l a n y l p e p t i d e s were used i n t h i s s t u d y 

and a l l t h e a v a i l a b l e e v i d e n c e i n d i c a t e s t h a t t h e " m e t a b o l i c 

p o t e n t i a l " o f a l a n i n e i s r e l a t i v e l y low so t h a t e s s e n t i a l l y 

a l l o f t h e a l a n i n e produced by c l e a v a g e d u r i n g t h e i n c u b a t i o n 

w i l l be e f f l u x e d ( e a r l y s t u d i e s showed t h a t t h i s was 

s u b s e q u e n t l y r e a b s o r b e d and u t i l i s e d ; Payne and B e l l , 1 9 7 9 ) . 

Thus knowing the l e v e l o f amino a c i d i n t e r f e r e n c e t h i s c a n be 

s u b t r a c t e d from t h e o v e r a l l y i e l d t o g i v e a c o r r e c t e d v a l u e 

f o r t h e p e p t i d e c o n c e n t r a t i o n ( s e e f i g 4 . 1 ) . By c o m p e n s a t i n g 

f o r t h e e f f e c t o f amino a c i d i n t e r f e r e n c e , r a t e s measured a t 

the same p e p t i d e c o n c e n t r a t i o n s h o u l d be comparable 

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

r e g a r d l e s s o f t he amino a c i d c o n c e n t r a t i o n i n the medium). 

E q u a t i o n 8 has been used as t h e b a s i s f o r a s u b r o u t i n e o f the 
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F i g u r e 4.1 C a l c u l a t i o n o f an amino a c i d c o r r e c t i o n f a c t o r 

A p p a r e n t p e p t i d e y i e l d (Ya) = T r u e p e p t i d e y i e l d ( Y t ) + 

Amino a c i d y i e l d (Yaa) 

Ya = Y t + Yaa 

Assuming t h a t a l l p e p t i d e t a k e n up i s c l e a v e d and a l l 

r e s u l t i n g amino a c i d r e s i d u e s e x p o r t e d : -

Yaa = ( I n i t i a l p e p t i d e y i e l d ( Y i ) - T r u e p e p t i d e y i e l d 

( Y t ) ) n . a 

where n=number o f amino a c i d r e s i d u e s i n p e p t i d e 

a = s p e c i f i c y i e l d o f amino a c i d 

s p e c i f i c y i e l d o f p e p t i d e 

Yaa = ( Y i - Y t ) n . a 

Yaa = n . a Y i - n.aYt 

Ya = Y t + n . a Y i - n.aYt 

Ya • Y t ( l - n.a) + n . a Y i 

Y t = Ya - n . a Y i (8) 

1 - n. a 

6 RESULTS OF THE MtSHAELIS MENTEN KI N E T I C ANALYSIS 

The p r o c e s s e d uptake delta f o r s t r a i n s H1-H4 a r e shown i n 

T a b l e 4.3. \ 
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program graph ( s e e 2.6) whic h when p r o v i d e d w i t h t h e v a l u e s 

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

c o r r e c t s t h e d a t a from an a s s a y f o r amino a c i d exodus. 

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

e f f e c t " w h i c h comes from l o n g i t u d i n a l m i x i n g d u r i n g p a s s a g e 

through t h e m i x i n g chambers and d e l a y c o i l so t h a t t h e 

c o n c e n t r a t i o n o f p e p t i d e measured a t the f l u o r i m e t e r a t any 

one time does n o t e x a c t l y r e p r e s e n t t h e c o n c e n t r a t i o n w h i c h 

was i n the r e a c t i o n v e s s e l a t t h e c o r r e s p o n d i n g time o f 

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

sampled j u s t b e f o r e and j u s t a f t e r i t . T h i s " s m e a r i n g " o f 

th e d a t a t e n d s t o make each d a t a p o i n t an a v e r a g e 

c o n c e n t r a t i o n over a time w h i c h i s dependent on the m i x i n g 

p r o c e s s e s i n v o l v e d ( t h e g r e a t e r t h e m i x i n g the l o n g e r t h e 

time over w h i c h a v e r a g i n g o c c u r s ) . I n p r a c t i c e , o f c o u r s e , 

by r u n n i n g a s s a y s under c o n s t a n t c o n d i t i o n s any s u c h 

v a r i a t i o n c a n be e l i m i n a t e d . However, t h i s " a v e r a g i n g " o f 

e a c h d a t a p o i n t may under c e r t a i n c i r c u m s t a n c e s a f f e c t t h e 

shape o f t h e c u r v e produced: i f the r a t e o f uptake i s 

c o n s t a n t t h e "smear" makes no d i f f e r e n c e and the f l u o r e s c e n c e 

y i e l d on the t r a c e i s a d i r e c t r e p r e s e n t a t i o n of t h e p e p t i d e 

c o n c e n t r a t i o n i n t he r e a c t i o n v e s s e l , but i f the r a t e o f 

uptake i s c h a n g i n g s i g n i f i c a n t l y ( a s i n some of t h e a s s a y s 

used i n t he M i c h a e l i s Menten a n a l y s i s ) then the e f f e c t o f t h e 

"smear" w i l l be t o re d u c e t h e c u r v a t u r e o f the r e s u l t i n g 
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t r a c e . I n e x p e r i m e n t s d e s i g n e d t o t e s t t h e e f f e c t o f t h i s 

"smear" by pumping d i l u e n t a t a c o n s t a n t r a t e , i n t o a 

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

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

t h e r e was a c l o s e c o r r e s p o n d e n c e between t h e c a l c u l a t e d 

p e p t i d e c o n c e n t r a t i o n i n t h e r e a c t i o n v e s s e l a t any time and 

t h a t r e p r e s e n t e d on t h e t r a c e (J.W. Payne, p e r s o n a l 

c o m m u n i c a t i o n ) . The "smear" e f f e c t has t h e r e f o r e been 

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

s i g n i f i c a n c e i n s t u d i e s u s i n g s l o w e r pumping r a t e s where 

t h e r e might be g r e a t e r l o n g i t u d i n a l m i x i n g . 

To d e t e r m i n e t h e r a t e of p e p t i d e uptake t h e s l o p e o f t h e 

t r a c e must be e x p r e s s e d i n terms s u c h a s , nanomoles o f 

p e p t i d e t r a n s p o r t e d mg c e l l p r o t e i n " ' minute" 1 . T h i s i s 

a c h i e v e d by d i v i d i n g t h e s l o p e by the y i e l d o f a known 

s t a n d a r d o f lnmol o f p e p t i d e and by m u l t i p l y i n g by 2.2/A6(,0 

o f t h e c e l l s u s p e n s i o n ( a c e l l s u s p e n s i o n o f hbt0 2.2 u n i t s 

i s e q u i v a l e n t to a c e l l p r o t e i n l e v e l o f lmgrnl" 1 , s e e s e c t i o n 

2.3) . 

T h i s p r o c e s s i s performed a u t o m a t i c a l l y by a n o t h e r 

s u b r o u t i n e o f t h e program "Graph" ( s e e 2 . 6 ) , w h i c h p r o d u c e s 

r e p e a t e d e s t i m a t e s o f r a t e o f uptake a l o n g the l e n g t h o f t h e 

t r a c e and t he p e p t i d e c o n c e n t r a t i o n a t w h i c h e a c h r a t e 

o c c u r r e d i . e . v a l u e s of V and S. The program prompts f o r t h e 
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v a l u e s n e c e s s a r y f o r t h e c a l c u l a t i o n of r a t e s and 

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

c e l l s and b a s e l i n e . A f t e r a l l o w i n g the s t a r t i n g p o i n t o f t h e 

r e p e a t e d e s t i m a t i o n s t o be a d j u s t e d u s i n g t h e movable 

p o i n t e r s so t h a t t h e i n i t i a l e q u i l i b r a t i o n p a r t s o f t h e t r a c e 

a r e not i n c l u d e d , t h e program e s t i m a t e s t h e s l o p e and t h e 

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

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

c o n c e n t r a t i o n (V and S ) . The program then moves the p o i n t e r s 

a l o n g t o the n e x t p a r t o f the t r a c e , c a l c u l a t e s V and S and 

c o n t i n u e s t o r e p e a t t h e p r o c e s s u n t i l i t r e a c h e s t h e end of 

t h e t r a c e . I n t h i s way t h e program p r o d u c e s v a l u e s f o r V and 

S t a k e n from 64 s e c o n d ( t h e d i s t a n c e t h a t t h e p o i n t e r s a r e 

a p a r t ) n o n - o v e r l a p p i n g p o r t i o n s o f the t r a c e . The d a t a 

p o i n t s produced a r e s t o r e d i n o u t p u t f i l e s so t h a t the d a t a 

from s e v e r a l r u n s e i t h e r w i t h the same or d i f f e r e n t p e p t i d e 

c o n c e n t r a t i o n s c a n be amalgamated and run t hrough the program 

"Micmen" ( s e e 2.6) t o g i v e e s t i m a t e s o f Vmax and Km. 

An example o f the method o f d a t a g a t h e r i n g and p r o c e s s i n g 

i s shown i n Appendix A. 
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I t c a n be s e e n from t h e r e s u l t s i n T a b l e 4.3 t h a t t h e 

v a l u e s f o r t h e Vmax o f uptake i n a l l f o u r s t r a i n s a r e s i m i l a r 

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

t h e v a l u e s f o r Vmax i s i m p o r t a n t a s i t shows t h a t t h e Vmax o f 

t r a n s p o r t i s independent o f o u t e r membrane p e r m e a b i l i t y . 

Such a r e s u l t was p r e d i c t e d from t h e o r e t i c a l c o n s i d e r a t i o n s 

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

( N i k a i d o , 1 9 7 9 ) . The Vmax o f a t r a n s p o r t s y s t e m i s 

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

c y t o p l a s m i c membrane so t h a t changes i n o u t e r membrane 

s t r u c t u r e s h o u l d not a f f e c t i t . 

The v a l u e s o b t a i n e d f o r a p p a r e n t Km c a n n o t be d i r e c t l y 

compared i n the same way a s t h e v a l u e s f o r Vmax b e c a u s e Km 

v a l u e s a r e not ind e p e n d e n t o f t h e i r r e s p e c t i v e Vmax v a l u e s . 

F o r any co m p a r i s o n t o be m e a n i n g f u l i t must be made between 

t h e v a l u e s f o r Km/Vmax f o r ea c h s t r a i n . The v a l u e s o b t a i n e d 

f o r Km/Vmax a r e a l s o shown i n T a b l e 4.3. 

T h e r e i s o n l y a s m a l l d i f f e r e n c e between the v a l u e s f o r 

Km/Vmax f o r uptake of e i t h e r A l a - A l a or A l a - A l a - A l a i n 

s t r a i n s HI ( w i l d t y p e ) and H2 (ompC). T h i s i n d i c a t e s t h a t 

the l o s s o f OmpC p o r i n from H2 has o n l y a s m a l l e f f e c t on 

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

l o s s o f OmpF p o r i n from H4 does however l e a d to a s i g n i f i c a n t 

i n c r e a s e i n the v a l u e s f o r Km/Vmax f o r uptake of both A l a - A l a 
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T a b l e 4.3 M i c h a e l i s Menten k i n e t i c s f o r t h e uptake o f 

A l a - A l a and A l a - A l a - A l a i n o u t e r membrane p r o t e i n d e f i c i e n t 

s t r a i n s H1-H4 

A l a - A l a A l a - A l a - A l a 

S t r a i n No. Km Vmax Km/Vmax Km Vmax Km/Vmax 

HI 78 404 .19 31 232 .13 

H2 108 366 .30 55 247 .22 

H3 178 321 .55 182 177 1.03 

H4 210 401 .52 258 248 1.04 

V a l u e s f o r Km g i v e n a s uM 

V a l u e s f o r Vmax g i v e n a s nmol p e p t i d e t r a n s p o r t e d 

mg c e l l u l a r p r o t e i n " 1 min - 1 



- 213 -

and A l a - A l a - A l a . The l o s s o f both p o r i n s c a u s e s an i n c r e a s e 

i n t h e a p p a r e n t Km o f p e p t i d e t r a n s p o r t i . e . a g r e a t e r 

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

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

t h a t t h e p e r m e a b i l i t y o f t h e o u t e r membrane towards p e p t i d e s 

has been l o w e r e d . The f a c t t h a t t h e l o s s o f OmpC a l o n e has 

o n l y a s m a l l e f f e c t , whereas t h e f u r t h e r l o s s o f OmpF 

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

t h a t t h e OmpC p o r i n may not be as i m p o r t a n t i n f a c i l i t a t i n g 

t h e d i f f u s i o n o f p e p t i d e s a s i s t h e OmpF p o r i n . However, 

when one p o r i n s p e c i e s i s l o s t , p r o d u c t i o n of t h e o t h e r p o r i n 

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

th e l o s s ( N i k a i d o , 1 9 7 9 ) . T h i s p r o c e s s o f c o m p e n s a t i o n i s 

not w e l l u n d e r s t o o d . I t has been s u g g e s t e d t h a t t h e p o r i n 

l e v e l i s i n c r e a s e d so as t o m a i n t a i n a c o n s t a n t l e v e l o f 

p o r i n m o l e c u l e s or a c o n s t a n t o v e r a l l p r o t e i n l e v e l i n t h e 

o u t e r membrane ( H e l l e r and W i l s o n , 1981; L u g t e n b e r g e t a l . , 

1 9 7 6 ) . The s i t u a t i o n i s f u r t h e r c o m p l i c a t e d by t h e c o n t r o l 

o f p o r i n e x p r e s s i o n by t h e growth medium c o m p o s i t i o n , f o r 

example, e x p r e s s i o n o f OmpC i s f a v o u r e d by h i g h o s m o t i c 

s t r e n g t h and e x p r e s s i o n of OmpF by growth i n n u t r i e n t b r o t h 

(Van Alphen and L u g t e n b e r g , 1 9 7 7 ) . L - b r o t h was chos e n a s t h e 

growth medium i n t h i s s t u d y b e c a u s e i t s c o m p o s i t i o n does not 

f a v o u r p r o d u c t i o n o f e i t h e r OmpC or OmpF so t h a t 

a p p r o x i m a t e l y e q u a l amounts o f both p o r i n s s h o u l d be 

produced. T h i s a s s u m p t i o n was c o n f i r m e d when o u t e r membrane 
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p r o t e i n f r a c t i o n s were p r e p a r e d and s e p a r a t e d by 

S D S - p o l y a c r y l a m i d e g e l e l e c t r o p h o r e s i s ( s e e 2.9 and P l a t e 

4.1) . 

A d e c r e a s e i n t h e o u t e r membrane p e r m e a b i l i t y i n c r e a s e s 

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

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

more s l o w l y t h a n s m a l l e r m o l e c u l e s t h e former would be 

e x p e c t e d t o be a f f e c t e d more by s u c h a change. Thus, t h e 

l o s s o f both p o r i n s i n s t r a i n H4 i n c r e a s e d t h e Km/Vmax r a t i o 

r e l a t i v e t o t h e w i l d type a p p r o x i m a t e l y 8 t i m e s f o r 

A l a - A l a - A l a uptake but o n l y 3 t i m e s f o r A l a - A l a uptake. 

The l o s s o f OmpA i n H3 a l s o produced a s i g n i f i c a n t 

i n c r e a s e i n the v a l u e s f o r Km/Vmax f o r both A l a - A l a and 

A l a - A l a - A l a r e l a t i v e t o H2 wh i c h i n d i c a t e s t h a t OmpA i s a l s o 

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

membrane. 

The c o n c l u s i o n s w h i c h c a n be drawn from t h e k i n e t i c 

a n a l y s i s a r e r e s t r i c t e d by the l i m i t e d range of s t r a i n s w h i c h 

was a v a i l a b l e a t t h e b e g i n n i n g o f t h e s t u d y . To overcome 

t h i s problem a w i d e r range o f s t r a i n s was o b t a i n e d from H. 

N i k a i d o w h i c h by then had become a v a i l a b l e . Dr N i k a i d o 

k i n d l y s e n t a f u r t h e r 6 s t r a i n s ( J F 5 6 8 - J F 7 0 3 , s e e T a b l e 4.1) 

whi c h have been k i n e t i c a l l y s t u d i e d i n t h e same way as 
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s t r a i n s H1-H4. 

The same two p e p t i d e s , A l a - A l a and A l a - A l a - A l a were used 

i n t h i s f u r t h e r s t u d y but G l n - G l n was a l s o used t o 

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

t h e o u t e r membrane a s G l n - G l n i s a h i g h l y p o l a r p e p t i d e w h i l e 

r e m a i n i n g e l e c t r i c a l l y n e u t r a l . 

The r e s u l t s f o r s t r a i n s J F 5 6 8 - J F 7 0 3 a r e shown i n T a b l e 

4.4. 

The v a l u e s f o r Vmax f o r a l l t h e s t r a i n s were s i m i l a r f o r a 

p a r t i c u l a r p e p t i d e a s was t h e c a s e w i t h s t r a i n s H1-H4, 

c o n f i r m i n g t h a t t h e o u t e r membrane has no e f f e c t on the 

p e p t i d e permease per s e . 

The e f f e c t of l o s s of e i t h e r OmpC p o r i n or OmpF p o r i n i s 

c l e a r l y shown by comparing t h e v a l u e s o f Km/Vmax f o r s t r a i n s 

568, 701 and 703 ( w i l d t y p e , ompC and ompF r e s p e c t i v e l y ) . 

The l o s s o f OmpC from s t r a i n 701 c a u s e s a f a l l i n t h e 

Km/Vmax, i . e . an i n c r e a s e i n o u t e r membrane p e r m e a b i l i t y , 

p r e s u m a b l y because when OmpC i s m i s s i n g from t h e o u t e r 

membrane the l e v e l o f OmpF r i s e s , ( s e e s e c t i o n 4 . 7 ) , and as 

OmpF i s more e f f e c t i v e i n f a c i l i t a t i n g d i f f u s i o n then t h e 

o v e r a l l membrane p e r m e a b i l i t y r i s e s . T h i s i s t h e c a s e 

p a r t i c u l a r l y w i t h G l n - G l n w h i c h a p p e a r s t o d i f f u s e through 
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T a b l e 4.4 M i c h a e l i s Menten k i n e t i c p a r a m e t e r s f o r uptake 

o f A l a - A l a , A l a - A l a - A l a and G l n - G l n i n o u t e r membrane p r o t e i n 

d e f i c i e n t s t r a i n s J F 5 6 8 - J F 7 0 3 

A l a - A l a A l a - A l a - A l a G l n - G l n 

S t r . Km Vmax Km/Vmax Km Vmax Km/Vmax Km Vmax Km/Vmax 

568 52 150 .35 45 119 . 38 118 194 .61 

694 77 167 .46 67 122 .55 171 182 .94 

699 205 145 1.41 150 120 1.25 236 160 1.48 

700 123 168 .73 171 201 .93 115 133 .86 

701 30 165 .17 27 121 .22 16 179 .09 

703 211 176 1.17 96 103 1.13 214 144 1.49 

V a l u e s f o r Km g i v e n i n uM 

V a l u e s f o r Vmax g i v e n i n nmol p e p t i d e t r a n s p o r t e d mg c e l l u l a r 

p r o t e i n - 1 min 
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the OmpF pore very r a p i d l y . The converse happens i n s t r a i n 

703 which i s ompF and there i s a s i m i l a r l a r g e r i s e i n the 

Km/Vmax for uptake for a l l three peptides used, i n d i c a t i n g 

t h a t the OmpC porin i s not as e f f i c i e n t at f a c i l i t a t i n g 

peptide d i f f u s i o n as the OmpF po r i n , confirming the r e s u l t s 

of the e a r l i e r p a r t of the study. Gln-Gln uses the OmpC pore 

only as e f f i c i e n t l y as Ala- A l a and Ala-Ala-Ala, so that i t s 

e x t r a ease of d i f f u s i o n through OmpF appears to be an example 

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

Gln-Gln. 

Two more s t r a i n s d e f i c i e n t i n OmpA have been used here, 

699 and 700 which are ompA and ompC, ompA r e s p e c t i v e l y . Both 

s t r a i n s show i n c r e a s e s i n Km/Vmax for a l l three peptides 

compared with the w i l d type, although the i n c r e a s e s with 699 

are gr e a t e r than those for 700. T h i s may be explained by the 

ompC mutation i n s t r a i n 700 which has in c r e a s e d the l e v e l of 

OmpF porin i n the outer membrane and thus i n c r e a s e d the 

membrane p e r m e a b i l i t y . I n t e r e s t i n g l y , the i n c r e a s e from w i l d 

type to 700 i s l e a s t for Gln-Gln, endorsing the s p e c i f i c i t y 

suggested by the r e s u l t s of s t r a i n s 701 and 703. These 

i n c r e a s e s i n Km/Vmax concomitant with l o s s of OmpA s t r e s s 

again the importance of the presence of OmpA i n the outer 

membrane for e f f i c i e n t d i f f u s i o n of peptides across the outer 

membrane. 
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S t r a i n 694 i s d e f i c i e n t i n OmpC, OmpF and NmpA and 

c o n s t i t u t i v e l y expresses PhoE a pore-forming p r o t e i n , which 

i s normally phosphate induced. As the only pore-forming 

p r o t e i n i n the outer membrane i n t h i s s t r a i n , i t does not 

appear to a c t as e f f i c i e n t l y as OmpF, but rather more 

e f f i c i e n t l y than OmpC when the values for Km/Vmax are 

compared with those for 701 and 703 r e s p e c t i v e l y . Under the 

growth c o n d i t i o n s used i n t h i s study the PhoE pore i s not as 

e f f i c i e n t a t allowing peptide d i f f u s i o n as the w i l d type 

complement of pores (the Km/Vmax of t r a n s p o r t i s higher i n 

694 than 568 for a l l three peptides t e s t e d ) . T h i s may be due 

to i n h i b i t i o n of d i f f u s i o n through the PhoE pore by the 

phosphate ions used i n the incubation buffer as has been 

reported by Overbeeke and Lugtenberg (1982) and Nikaido e t 

a l . , (1983) who found that 2.5-10mM sodium phosphate 

i n h i b i t e d d i f f u s i o n of B-lactams through the PhoE pore by 

8-40%. 

.7 POLYACRYLAMIDE GEL ELECTROPHORESIS OF OUTER MEMBRANE 

PROTEINS 

Outer membrane c e l l f r a c t i o n s were prepared and t h e i r 

c o n s t i t u e n t p r o t e i n s separated by SDS-polyacrylamide g e l 

e l e c t r o p h o r e s i s as desc r i b e d i n s e c t i o n 2.9. The outer 

membrane p r o t e i n s from s t r a i n s JF568-703 and H1-H4 are shown 
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in P l a t e 4.1. The two bands i d e n t i f i e d as OmpA represent the 

unmodified form of OmpA (apparent mol. wt. 27,000) and the 

heat modified form of OmpA (apparent mol. wt. 35,000). The 

samples were b o i l e d for 5min immediately before loading onto 

the g e l but there i s s t i l l some OmpA present i n i t s n a t i v e 

form. PhoE appears to be expressed a t a higher l e v e l than 

the p o r i n p r o t e i n s , i f the r e l a t i v e i n t e n s i t i e s of the PhoE: 

OmpA and porin: OmpA bands are compared in the s t r a i n s 568 

and 694 (lanes A and B ) . PhoE may not the r e f o r e be as 

e f f i c i e n t at allowing d i f f u s i o n as the k i n e t i c a n a l y s i s 

i m p l i e s . S t r a i n s 699 and 700, which are both ompA (lanes C 

and D), show f a i n t bands where the heat modified form of OmpA 

runs. There i s e i t h e r s t i l l low l e v e l e x p r e s s i o n of OmpA or 

a minor p r o t e i n with the same e l e c t r o p h o r e t i c m o b i l i t y . 

S t r a i n s 701 and 703 (lanes E and F) show approximately equal 

l e v e l s of OmpA and porin (see s e c t i o n 4.6). T h i s i n d i c a t e s 

t h a t 701 and 703 express OmpF and OmpC r e s p e c t i v e l y i n 

approximately equal amounts (assuming that the production of 

OmpA does not change). S t r a i n Hi (lane H) i s a w i l d type 

s t r a i n and has a s i m i l a r banding p a t t e r n to 568 (lane A) 

which i s a l s o a w i l d type. S t r a i n H4 (lane I ) i s ompB and 

has l o s t both porins whereas s t r a i n H2 (lane J) s t i l l 

e xpresses OmpF. 
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P l a t e 4.1 P o l y a c r y l a m i d e g e l e l c t r o p h o r e t i c s e p a r a t i o n of the 

outer membrane p r o t e i n s of p o r i n - and OmpA-deficient s t r a i n s of 

E. c o l i K12. 

Lane A, JF568; B, JF694; C, JF699; D, JF700; E, JF701; F, JF703; 

G, p r o t e i n s t a n d a r d s ; H, P400; I , P530; J , P400:6; K, P400:6hlr. 
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.8 DISCUSSION 

The r e s u l t s of the k i n e t i c a n a l y s i s of Ala-Ala and 

Ala-Ala-Ala uptake confirm and extend those d e r i v e d from the 

i n i t i a l s creening of mutants. Nikaido (1979) warned that the 

measurement of t r a n s p o r t r a t e s a t a s i n g l e a r b i t r a r y 

s u b s t r a t e c o n c e n t r a t i o n would not allow any d e f i n i t e 

c o n c l u s i o n s on the f u n c t i o n s of porins to be drawn from the 

data produced. T h i s present study shows that measurement of 

t r a n s p o r t a t a s i n g l e , w e l l chosen co n c e n t r a t i o n near the 

apparent Km of the t r a n s p o r t system being used can provide a 

r a p i d means of d e t e c t i n g mutations that have an e f f e c t on 

membrane p e r m e a b i l i t y towards peptides. To i n v e s t i g a t e the 

p r e c i s e e f f e c t s of such a mutation r e q u i r e s a f u l l k i n e t i c 

a n a l y s i s of uptake but the use of an e f f e c t i v e r a p i d 

screening method such as that employed i n t h i s study enables 

many mutant s t r a i n s to be t e s t e d for changes i n outer 

membrane p e r m e a b i l i t y . Only those mutants showing such a 

change need then be f u l l y i n v e s t i g a t e d . The r e s u l t s of the 

i n i t i a l screen show that of a l l the mutant s t r a i n s t e s t e d , 

only those d e f e c t i v e i n production of porin or OmpA had 

s i g n i f i c a n t l y reduced peptide t r a n s p o r t . I t i s p o s s i b l e that 

some other outer membrane p r o t e i n s do allow a low l e v e l of 

peptide d i f f u s i o n to occur but that t h i s would not have been 

detected i n the i n i t i a l s creen, however any such p r o t e i n s do 

not play a major r o l e i n peptide d i f f u s i o n . 
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The k i n e t i c a n a l y s i s of peptide uptake i n d i c a t e s that t h e 

OrapF porin i s more important i n f a c i l i t a t i n g peptide 

d i f f u s i o n than i s the OmpC po r i n . Nikaido and Rosenberg 

(1983), using a liposome s w e l l i n g assay have confirmed t h a t 

peptides d i f f u s e f a s t e r through OmpF than OmpC. From other 

s t u d i e s there i s some evidence t h a t the OmpF porin i s a l s o a 

more e f f i c i e n t pore for such s o l u t e s as AMP, chloramphenicol, 

s m a l l sugars and B-lactams (Van Alphen e t a l . ,1978a; 

Lutkenhaus, 1977; Nikaido e t a l . , 1983); furthermore i n E. 

c o l i B/r, a s t r a i n which only produces one porin type, the 

porin produced i s OmpF (Schmitges and Henning, 1976). From 

these observations one may i n f e r t h at OmpF i s the more 

p h y s i o l o g i c a l l y important of the two porin s p e c i e s . 

Nikaido and Rosenberg (1983) suggest that the d i f f e r e n c e 

i n d i f f u s i o n r a t e s through the pores can be explained by the 

smal l d i f f e r e n c e i n the diameters of the OmpC and OmpF pores, 

which they c a l c u l a t e d as 0.54 and 0.58nm r e s p e c t i v e l y from 

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

c a l c u l a t e d using the same method as 0.53nm). Benz and 

Hancock (1981) and Korteland e t a l . , (1982) have c a l c u l a t e d 

diameters of 1.4nm, 1.3nm and 1.2nm for OmpF, OmpC and PhoE 

r e s p e c t i v e l y . I f these s m a l l d i f f e r e n c e s i n pore s i z e are 

confirmed then they must have some e f f e c t on the r e l a t i v e 

d i f f u s i o n r a t e through the porins although whether t h i s 

e f f e c t w i l l be la r g e enough to account on i t s own for the 
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d i f f e r e n c e s i n membrane p e r m e a b i l i t y observed remains to be 

seen. 

The PhoE p r o t e i n has been shown i n t h i s study to produce a 

pore with broadly s i m i l a r d i f f u s i o n c h a r a c t e r i s t i c s towards 

n e u t r a l peptides as OmpF and OmpC, confirming the r e s u l t s of 

Nikaido e t a l . (1983). The t r a n s p o r t of n e g a t i v e l y charged 

peptides e.g. Asp-Asp would be i n t e r e s t i n g to study as the 

PhoE pore has been reported to allow more rap i d d i f f u s i o n of 

an i o n i c molecules than n e u t r a l molecules (Overbeeke and 

Lugtenberg, 1982) i n c o n t r a s t to the OmpC and OmpF pores 

(Nikaido e t a l ^ , 1983). 

The l o s s of OmpA from three s t r a i n s has been shown here to 

reduce outer membrane p e r m e a b i l i t y towards peptides. Manning 

e t a l . , (1977) reported that amino a c i d uptake was a l s o 

reduced by the l o s s of OmpA, although Nikaido (1979) 

suggested that t h i s r e s u l t may have been caused by low 

v i a b i l i t y of OmpA d e f i c i e n t c e l l s . When t h i s s p e c i f i c point 

was checked, no such l o s s of v i a b i l i t y was found i n the 

s t r a i n s used here ( r e s u l t s not shown). Further evidence l i e s 

i n the f a c t t h at the Vmax for peptide uptake was the same i n 

ompA s t r a i n s as i n other s t r a i n s . I f a la r g e proportion of 

ompA c e l l s were dead, then the Vmax for uptake would be 

expected to be lower than i n OmpA+ c e l l s . The in c r e a s e i n 

Km/Vmax does indeed seem to be c o r r e l a t e d with a decrease i n 
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membrane p e r m e a b i l i t y . The OmpA p r o t e i n extends r i g h t 

through the outer membrane as i t a c t s as a receptor for 

phages a t the outer s u r f a c e (Van Alphen e t a l . , 1977; Datta 

e t a l . , 1977) and can be c r o s s - l i n k e d to the peptidoglycan a t 

the inner s u r f a c e ( H a l l and S i l h a v y , 1979; Palv a , 1979). I t 

ther e f o r e i s a p o t e n t i a l candidate for a pore forming 

p r o t e i n . There has been no study of the c o l i OmpA p r o t e i n 

i n liposomes to t e s t for any pore forming a c t i v i t y , but the 

33K p r o t e i n from Salmonella typhimurium which i s comparable 

to the OmpA p r o t e i n has been t e s t e d and f a i l e d to show any 

a c t i v i t y (Nakae, 1976a). The OmpA p r o t e i n has been shown to 

be s t r o n g l y bound to the l i p o p o l y s a c c h a r i d e in vivo (Van 

Alphen e t a l . , (1979) and may a l s o be bound to the 

l i p o p r o t e i n (Reithmeier and Bragg, 1977). These i n t e r a c t i o n s 

may be e s s e n t i a l i n pore formation so th a t no a c t i v i t y would 

be detected i n the liposome assay. I t has a l s o been 

suggested (Sonntag e t al.,1978) t h a t the OmpA p r o t e i n i s 

involved i n maintaining tha outer membrane's s t r u c t u r a l 

i n t e g r i t y and as such may be important i n maintaining other 

p r o t e i n pores i n an "open" c o n f i g u r a t i o n . I n s e r t i o n of 

OmpA-lipoprotein l i p o p o l y s a c c h a r i d e complexes into liposomes 

might help to show whether OmpA i s capable of forming pores 

per se or i s involved i n s t a b i l i s i n g pores formed by other 

p r o t e i n s . 
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The s p e c i f i c i t i e s of the v a r i o u s pores i n the outer 

membrane are s t i l l u n c l e a r . The evidence on t h i s s u b j e c t 

tends to be sporadic with d i f f e r e n t s t u d i e s using a range of 

d i f f e r e n t s o l u t e s which are d i f f i c u l t to compare with each 

other. What i s needed i s a study using a standard procedure 

and a range of r e l a t e d s u b s t r a t e s varying i n s i z e , charge 

e t c . to provide a d e t a i l e d p i c t u r e of the s p e c i f i c i t i e s of 

each p o r i n . The k i n e t i c a n a l y s i s of peptide uptake provides 

such a procedure and allows such a s u b s t r a t e range. The 

employment of the continuous flow fluorescamine assay (Nisbet 

and Payne, 1981) e l i m i n a t e s the need for 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 which are not commercially a v a i l a b l e and 

d i f f i c u l t to s y n t h e s i z e and allows the use of the wide range 

of low c o s t , commercially a v a i l a b l e peptides. 

A d e t a i l e d knowledge of the s p e c i f i c i t i e s of each pore 

could be combined with our r a p i d l y improving understanding of 

the c o n t r o l of porin production to provide answers to the 

fundamental questions of why the en t e r o b a c t e r i a c e a e need so 

many d i f f e r e n t pore forming p r o t e i n s and how t h e i r complex 

r e g u l a t i o n b e n e f i t s the organism i n i t s n a t u r a l environment. 



- 225 -

5 PEPTIDE TRANSPORT IN PSEUDOMONAS AERUGINOSA 

5.1 INTRODUCTION 

The Pseudo-monads are a p o t e n t i a l l y i n t e r e s t i n g and 

important group to study. They occur i n a great v a r i e t y of 

environments and are able to use an unusually wide range of 

s u b s t r a t e s for growth, so that they would be expected to 

possess the a b i l i t y to e f f i c i e n t l y u t i l i s e peptides. 

Pseudomonads a l s o tend to be h i g h l y r e s i s t a n t to 

a n t i b a c t e r i a l agents, and novel ways of introducing t o x i c 

molecules i n t o the c e l l using the "smugglins" concept 

(Matthews and Payne, 1975a) would be extremely u s e f u l . 

L i t t l e work has been done on peptide t r a n s p o r t i n 

Pseudomonads, there having been only two s t u d i e s published to 

date by C a s c i e r i and Mallete (1976a) and M i l l e r and Becker 

(1978). Most of the work i n both of these s t u d i e s used 

growth of amino a c i d auxotrophs using peptides as amino a c i d 

sources to assay for peptide u t i l i s a t i o n . As has alre a d y 

been d i s c u s s e d i n 1.4, t h i s type of assay, although u s e f u l as 

a p r e l i m i n a r y t e s t , i s i n d i r e c t and i n s e n s i t i v e and the use 

of one of the d i r e c t assays for peptide t r a n s p o r t , a l s o 

d i s c u s s e d i n 1.4, provides much more meaningful information. 

The only d i r e c t assay for peptide t r a n s p o r t c a r r i e d out so 
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fa r has been the measurement of uptake of Gly-Gly- [1- C] A l a 

i n Pseudomonas putida by C a s c i e r i and Mallete (1976a). The 

present study was undertaken to demonstrate peptide uptake i n 

Pseudomonas aeruginosa by d i r e c t means and determine some of 

the c h a r a c t e r i s t i c s of t r a n s p o r t . The s u s c e p t i b i l i t y of P. 

aeruginosa to a v a r i e t y of peptide mimetic a n t i b a c t e r i a l 

agents was a l s o t e s t e d . 

.2 STRAINS USED, GROWTH CONDITIONS AND METHODS 

The s t r a i n s used are shown i n Table 2.1 and the growth 

con d i t i o n s used are as described i n s e c t i o n 2.2 and Table 

2.2. 

P. aeruginosa produces a mucoidal p e l l i c l e which tends to 

q u i c k l y block the M i l l i p o r e f i l t e r s used for c e l l h a r v e s t i n g . 

I n order to har v e s t the l a r g e number of c e l l s used for each 

run i t was found to be necessary to use c e n t r i f u g a t i o n 

(8,000g for 15min). C e l l s were spun down when growing 

e x p o n e n t i a l l y , resuspended i n the same volume of 50mM 

potassium phosphate b u f f e r , pH7.2 ( r o u t i n e l y 50ml) and spun 

again. The c e l l s were then resuspended i n a fu r t h e r 10ml of 

phosphate buffer and preincubated for lOmin a t 37°C before 

use o 
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Uptake of r a d i o a c t i v e l y l a b e l l e d peptides was measured as 

desc r i b e d i n s e c t i o n 2.5. I n the competition experiments, 

the r a t e determined i n each assay was compared with the r a t e 

determined i n a c o n t r o l assay using a f u r t h e r sample of the 

same c e l l suspension without competitor. The ra t e obtained 

i n the assay with competitor i s then expressed as a 

percentage of the r a t e without competitor. Competing 

peptides or amino a c i d s were added immediately before the 

ad d i 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 peptide. Gly-[U "*C] Phe 

was supplied i n aqueous s o l u t i o n with a s p e c i f i c a c t i v i t y of 

12.8mCi mmol"1 and a co n c e n t r a t i o n of 50uCi ml - 1 . T h i s 

s o l u t i o n was d i l u t e d with "cold" Gly-Phe to give a stock 

s o l u t i o n of lOmM Gly-Phe with a r a d i o a c t i v e c o n c e n t r a t i o n of 

5uCi ml"' . Ala-Ala-[U "*C]Ala was i n s o l i d form with a 

s p e c i f i c a c t i v i t y of 1.31uCi mg_l . T h i s was d i s s o l v e d i n 

water to give a stock s o l u t i o n of lOmM Ala-Ala-Ala with a 

r a d i o a c t i v e c o n c e n t r a t i o n of 3.03 uCi ml - 1 . Assays were 

r o u t i n e l y performed with an i n i t i a l peptide c o n c e n t r a t i o n of 

lOOuM ( r a d i o a c t i v e c o n c e n t r a t i o n s of 50nCi ml"1 for Gly-Phe 

and 30nCi ml"' for Ala-Ala-Ala) . 

A l l other methods used were as desc r i b e d i n Chapter 2. 
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.3 EFFECT OF MEDIUM COMPOSITION ON GROWTH OF P. AERUGINOSA 

S e v e r a l d i f f e r e n t media have been used for the growth of 

Pseudomonas ( C a s c i e r i and M a l l e t t e , 1976a; M i l l e r and Becker, 

1978). I n order to determine which of the media used best 

promotes the growth of P^ aeruginosa , growth t e s t s using 

v a r i o u s growth media were performed. Pseudomonas minimal 

medium (PMM), Pseudomonas T r i s minimal medium (PTM) and the 

A+C medium of Davis and M i n g i o l i were t e s t e d (for r e c i p e s see 

s e c t i o n 2.2). 10ml of each medium was in o c u l a t e d with 0.1ml 

of an overnight c u l t u r e of s t r a i n 6749 grown i n A+C medium. 

The 'cultures were incubated at 37°C with r a p i d shaking and 

had t h e i r A 6 6 < s measured p e r i o d i c a l l y (see Fig u r e 5.1) i n a 

Bausch and Lomb S p e c t r o n i c 20 spectrophotometer. A+C medium 

was found to be the best of the minimal media t e s t e d g i v i n g a 

doubling time of 55min. The growth of 6749 was a l s o measured 

i n L-broth when the doubling time was found to be 32min. 

During the growth experiments samples of the c u l t u r e s were 

p e r i o d i c a l l y removed, s e r i a l l y d i l u t e d and p l a t e d out. A 

comparison of the c e l l number and i t s corresponding A b 6 o 

g i v e s a standard curve of c e l l number a g a i n s t A W o . A 

s t r a i g h t l i n e r e l a t i o n s h i p was found, with a c e l l suspension 

of A b t o 1.0 u n i t s c ontaining 1.9X10"1 c e l l s which i s a 

r e l a t i o n s h i p s i m i l a r to that found for E_;_ c o l i (approx. 2x10* 

c e l l s for an A6,0 of l.O u n i t s ; J.W. Payne, personal 
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F i g u r e 5.1 The e f f e c t o f medium composition on growth of P. aeruginosa 

• , Davis and M i n g i o l i ; O , Pseudomonas minimal medium; + , Pseudomonas 

T r i s medium; A , L u r i a broth; ( s e e s e c t i o n 2.2 f o r composition of media). 
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communication). No d i f f e r e n c e i n the r e l a t i o n s h i p between 

c e l l number and A 6 M > was found between c e l l s grown i n 

d i f f e r e n t media. 

On the b a s i s of these r e s u l t s , A+C and L-broth were 

s e l e c t e d as the minimal and complex medium r e s p e c t i v e l y . 

.4 DIRECT MEASUREMENT OF PEPTIDE UPTAKE IN P. AERUGINOSA 

USING THE DANSYL CHLORIDE ASSAY 

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

Of the fl u o r e s c e n c e assays i n use (see s e c t i o n 1.4), the 

dansyl c h l o r i d e assay provides the most information and can 

be used to simultaneously monitor uptake and exodus of both 

amino a c i d s and peptides. I t was decided to begin the 

i n v e s t i g a t i o n with dansyl c h l o r i d e assays of uptake. 

Methods 

The dansyl c h l o r i d e assays were performed as des c r i b e d i n 

s e c t i o n 2.5, except that h a r v e s t i n g was by c e n t r i f u g a t i o n 

i n s t e a d of f i l t r a t i o n . 
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R e s u l t s 

I n i t i a l e x p e r i m e n t s t o d e t e c t t h e uptake o f G l y - S a r , 

A l a - A l a and A l a - A l a - A l a used c e l l s u s p e n s i o n s o f s t r a i n 6749 

grown i n m i n i m a l medium o f A,.^ 0.5-1.0. Samples were t a k e n 

over a 15min p e r i o d but t h e r e was no d e t e c t a b l e uptake o f any 

o f t h e p e p t i d e s , e i t h e r from t h e medium or i n t o c e l l 

e x t r a c t s . T h i s l a c k o f a c t i v i t y c o u l d be e i t h e r due t o a low 

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

t r a n s p o r t s y s t e m . I n an a t t e m p t t o produce a more a c t i v e 

t r a n s p o r t s y s t e m , c e l l s were grown i n L - b r o t h or m i n i m a l 

medium p l u s 1% t r y p t o n e . T h e s e c e l l s u s p e n s i o n s were used 

w i t h an A 6 6 Q o f 1.0-1.2 and s a m p l e s were t a k e n over 60min. 

The same t h r e e p e p t i d e s were t e s t e d a g a i n and t h e r e was s t i l l 

no d e t e c t a b l e uptake from t h e medium f i l t r a t e s but t r a c e s o f 

G l y - S a r were s e e n i n t he c e l l e x t r a c t s . I m p o r t a n t l y , however 

t h i s d a n s y l t e c h n i q u e showed t h e r e was no e v i d e n c e f o r any 

p e p t i d e c l e a v a g e i n t h e e x t e r n a l medium, i n d i c a t i n g t h a t p. 

a e r u g i n o s a does not produce e x t r a c e l l u l a r or p e r i p l a s m i c 

p e p t i d a s e s ( a t l e a s t a g a i n s t t h o s e p e p t i d e s t e s t e d . The 

t r a c e s of G l y - S a r a p p e a r i n g i n s i d e the c e l l s showed t h a t 

uptake was o c c u r r i n g but t h a t t h e d a n s y l c h l o r i d e a s s a y was 

not s e n s i t i v e enough t o measure d i s a p p e a r a n c e from t h e 

medium. I t was t h e r e f o r e d e c i d e d t o use the more s e n s i t i v e 

manual f l u o r e s c a m i n e a s s a y i n f u r t h e r e x p e r i m e n t s . 
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D i s c u s s i o n 

I n i t i a l e x p e r i m e n t s u s i n g d a n s y l c h l o r i d e f a i l e d to show 

any uptake a c t i v i t y when a s s a y i n g f o r removal o f p e p t i d e from 

t h e medium. I f a p e p t i d e were t o be t a k e n up a t 0.5 nmol 

rnin"1 mg c e l l u l a r p r o t e i n " 1 ( u s i n g t h e r e s u l t s o f t h e l a t e r 

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

0.5mg c e l l u l a r p r o t e i n ml" 1 ( e q u i v a l e n t to an A 6 f c o o f 1 . 1 ) , 

t h e n t h e p e p t i d e uptake e x p e c t e d would be 0.25nmol ml c e l l 

s u s p e n s i o n " 1 rnin"1 . Over one hour, 15nmol o f p e p t i d e s h o u l d 

d i s a p p e a r from each ml o f c e l l s u s p e n s i o n l e a v i n g 85nmol 

s t i l l p r e s e n t (lOOuM i n i t i a l c o n c e n t r a t i o n = 1 0 0 n m o l ml"' ) . 

T h i s would be a t the l i m i t o f r e s o l u t i o n o f t h e d a n s y l 

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

p l a t e s . 

The l a c k o f d e t e c t a b l e A l a - A l a and A l a - A l a - A l a i n c e l l 

e x t r a c t s c a n a l s o be a c c o u n t e d f o r . The 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 i n Pseudomonas has been shown t o be up t o 

1000 t i m e s h i g h e r than t h e p e p t i d e t r a n s p o r t a c t i v i t y shown 

h e r e ( C a s c i e r i and M a l l e t e , 1976b; Haas, e_t a l . , 1981) so 

t h a t any p e p t i d e t r a n s p o r t e d i n t o t h e c e l l would be r a p i d l y 

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

The d e t e c t i o n of G l y - S a r i n the c e l l e x t r a c t s does however 

p r o v i d e t h e f i r s t d e m o n s t r a t i o n of i n t a c t p e p t i d e uptake i n 
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Pseudomonas. C a s c i e r i and M a l l e t t e (1976b) f a i l e d t o d e t e c t 

any p e p t i d a s e a c t i v i t y towards G l y - S a r , a l t h o u g h t h e a s s a y 

used would have f a i l e d t o d e t e c t any a c t i v i t y below 2nmol 

amino a c i d formed min~ l mg c e l l u l a r p r o t e i n " 1 . O n l y t r a c e s 

o f G l y - S a r were s e e n h e r e i n c e l l e x t r a c t s a f t e r i n c u b a t i o n 

f o r one hour. I f , a s d i s c u s s e d above, one ml o f c e l l 

s u s p e n s i o n t a k e s up 15nmol o f G l y - S a r from the medium i n one 

hour, t h e n e a c h sample of the l h i n c u b a t i o n c e l l e x t r a c t s 

used i n the d a n s y l a t i o n r e a c t i o n ( l O O u l ) would c o n t a i n 

1.5nmol o f G l y - S a r . Only h a l f o f t h i s i s s p o t t e d onto e a c h 

p olyamide s h e e t , t h e r e f o r e 0.75nmol o f G l y - S a r s h o u l d have 

been p r e s e n t on t h e s e chromatograms. The minimum l e v e l o f 

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

0.2nmol o f p e p t i d e (J.W. Payne, p e r s o n a l c o m m u n i c a t i o n ) . I t 

i s d i f f i c u l t t o q u a n t i f y s u c h low l e v e l s o f p e p t i d e from a 

v i s u a l i n s p e c t i o n o f the p l a t e s , so t h a t t h e l e v e l s of 

G l y - S a r o b s e r v e d a r e c o n s i s t e n t w i t h t h o s e c a l c u l a t e d from 

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

A l t h ough the d a n s y l c h l o r i d e a s s a y s d i d not p r o v i d e a s 

much i n f o r m a t i o n about uptake as had been hoped, t h e y 

d e m o n s t r a t e d t h a t no e x t r a c e l l u l a r or p e r i p l a s m i c p e p t i d a s e s 

a c t i v e towards the p e p t i d e s t e s t e d a r e p r e s e n t i n P. 

a e r u g i n o s a , a s no c l e a v a g e p r o d u c t s o f the p e p t i d e s used i n 

each a s s a y were d e t e c t e d even a f t e r one hour o f i n c u b a t i o n . 

T h i s l a c k o f e x t e r n a l p e p t i d a s e a c t i v i t y a l l o w s the use o f 
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the more s e n s i t i v e f l u o r e s c a m i n e a s s a y . 

5.5 EFFECT OF NITROGEN SOURCE ON PEPTIDE UPTAKE IN P. 

AERUGINOSA 

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

The a b i l i t y t o u t i l i s e e v e r y a v a i l a b l e n u t r i e n t s o u r c e 

e f f i c i e n t l y would be c o n s i s t e n t w i t h t h e known wide range o f 

h a b i t a t s w h i c h P_̂_ a e r u g i n o s a o c c u p i e s . One might e x p e c t , 

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

comparable t o t h a t i n E_^ c o l i when P_̂  a e r u g i n o s a was growing 

i n an env i r o n m e n t c o n t a i n i n g p e p t i d e s . Such a t r a n s p o r t 

s y s t e m might be i n d u c i b l e o n l y under c e r t a i n c o n d i t i o n s w h i c h 

had not been p r o v i d e d i n the s t u d i e s u n d e r t a k e n so f a r . I f a 

h i g h e r r a t e o f p e p t i d e t r a n s p o r t were p o s s i b l e by v a r y i n g t h e 

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

t h i s s t u d y . T h e r e f o r e b e f o r e any f u r t h e r work was 

u n d e r t a k e n , on t h e a s s u m p t i o n t h a t n i t r o g e n r e g u l a t i o n a f 

p e p t i d e t r a n s p o r t might o c c u r , c e l l s were grown i n media 

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

i n f l u e n c e on 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 . The r a t e o f 

p e p t i d e uptake was measured u s i n g the manual f l u o r e s c a m i n e 

a s s a y and t h e growth r a t e of c e l l s i n e a c h medium was 

m o n i t o r e d . 
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Methods 

O v e r n i g h t c u l t u r e s grown i n A+C medium were used to 

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

v a r i o u s n i t r o g e n s o u r c e s . T h e s e c u l t u r e s were h a r v e s t e d 

d u r i n g e x p o n e n t i a l phase and used i n t h e manual f l u o r e s c a m i n e 

a s s a y a s p r e v i o u s l y d e s c r i b e d ( s e e s e c t i o n 5 . 2 ) . 

Growth r a t e s were m o n i t o r e d by m e a s u r i n g t h e A f e 6 o o f 

c u l t u r e s i n a B a u s c h and Lomb S p e c t r o n i c 20 

s p e c t r o p h o t o m e t e r . 

R e s u l t s 

The uptake o f Gl y - P h e or A l a - A l a - A l a was measured a f t e r 

growth i n a medium c o n t a i n i n g p r o l i n e , P r o - G l y , peptone or 

ammonium s u l p h a t e a s t h e n i t r o g e n s o u r c e . F o r the r e s u l t s 

s e e T a b l e 5.1. The r e s u l t s of t h e growth measurements a r e 

shown i n F i g u r e 5.2. 

D i s c u s s i o n 

Growth i n a medium c o n t a i n i n g e i t h e r ammonium s u l p h a t e 

and/or p r o l i n e as s o l e n i t r o g e n s o u r c e d i d not s t i m u l a t e 

p e p t i d e uptake over t h a t on ammonium s u l p h a t e a l o n e . Growth 

w i t h p r o l i n e and P r o - G l y d i d not c a u s e any marked i n c r e a s e i n 



-236-

660 

1-5 

o 

0 

8 30 

Time ( h o u r s ) 

F i g u r e 5.2 E f f e c t o f n i t r o g e n source on growth of P. aeruginosa. 

+ , 1% (w/v) tryptone; O , ammonium sulphate lmg/ml; A , p r o l i n e 5mg/ml; 

• , Pro-Gly lmg/ml. B a s a l growth medium was A+C without a d d i t i o n of 

ammonium s u l p h a t e . 
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T a b l e 5.1. I n f l u e n c e o f n i t r o g e n s o u r c e on 

p e p t i d e uptake i n £ ^ a e r u g i n o s a 

Growth medium P e p t i d e u ptake 

c o m p o s i t i o n G l y-Phe A l a - A l a - A l a 

+ NH4. 0.5 0.4 

+ Pro 0.5 0.5 

+ NĤ ., P r o 0.4 

+ P r o , P r o - G l y 0.7 

+ Peptone 0.5 

The b a s a l growth medium was A+C w i t h o u t a d d i t i o n 

o f ammonium s u l p h a t e . 

Supplements were added as f o l l o w s : 

ammonium s u l p h a t e , lmg ml" 1 ; p r o l i n e , 5mg ml" 1 ; 

P r o - G l y , lmg ml"1 ; peptone, 1% (w/v) . 

Uptake r a t e s a r e e x p r e s s e d i n nmol min" 1 mg c e l l u l a r 

p r o t e i n " ' . 

A l l v a l u e s a r e the mean o f 2-3 e x p e r i m e n t s and have 

a S.E. o f a p p r o x i m a t e l y 0.15nmol min" 1 mg"1 . 
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p e p t i d e t r a n s p o r t e i t h e r . The use o f a p e p t i d e a s t h e s o l e 

n i t r o g e n s o u r c e was p r e c l u d e d by the l a r g e amount o f p e p t i d e 

r e q u i r e d t o grow 50ml o f c e l l s (250mg per a s s a y ) . Peptone, 

whi c h c o n t a i n s l a r g e amounts o f s m a l l p e p t i d e s , was a l s o 

u s e d , but t h i s too f a i l e d t o s t i m u l a t e p e p t i d e t r a n s p o r t 

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

peptone was used i n the growth medium and p e p t i d e t r a n s p o r t 

was v e r y s l o w or u n d e t e c t a b l e ) . A l t h o u g h i t would be 

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

amino a c i d a u x o t r o p h s , from t h e s e r e s u l t s i t would appear 

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 o b s e r v e d i s c o n s t i t u t i v e 

and p e r h a p s t h e maximum o f w h i c h t h i s o r g a n i s m i s c a p a b l e . 

The growth measurements i n d i c a t e t h a t i n P^ a e r u g i n o s a , 

p r o l i n e and P r o - G l y a r e much po o r e r n i t r o g e n s o u r c e s t h a n 

ammonium s u l p h a t e , d e s p i t e t h e r e b e i n g t h r e e t i m e s as much 

n i t r o g e n p r e s e n t i n the media i n amino a c i d form th a n i n 

ammonium form. The e f f e c t o f peptone on growth i s more 

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

c o n t a i n i n g compounds whic h a r e p r e s e n t . U s i n g the a n a l y s i s 

p r e s e n t e d i n t h e D i f c o manual (1953) a 1% peptone s o l u t i o n 

s h o u l d c o n t a i n a p p r o x i m a t e l y 0.9mg m l - 1 n i t r o g e n i n amino 

a c i d s and 0.4mg m l - 1 n i t r o g e n i n d i p e p t i d e form, however 

t h e r e may a l s o be up to 0.3mg ml - 1 o f n i t r o g e n i n ammonium 

form so t h a t t h i s i s l i k e l y t o be the major s o u r c e of 

u t i l i s a b l e n i t r o g e n i n the medium. 
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.6 DIRECT MEASUREMENT OF PEPTIDE UPTAKE IN P. AERUGINOSA 

USING THE MANUAL FLUORESCAMINE ASSAY 

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

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

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

s t a r t u s i n g i t when t h e d a n s y l c h l o r i d e a s s a y p r o v e d too 

i n s e n s i t i v e t o d e t e c t p e p t i d e t r a n s p o r t i n P^ a e r u g i n o s a . 

The d a n s y l c h l o r i d e a s s a y had, however, i n d i c a t e d t h e a b s e n c e 

o f any e x t r a c e l l u l a r or p e r i p l a s m i c p e p t i d a s e a c t i v i t y . T h i s 

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

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

a c t i v i t y ( s e e s e c t i o n 1 . 4 ) . 

Methods 

C e l l s were grown i n L - b r o t h and h a r v e s t e d a s d e s c r i b e d i n 

s e c t i o n 5.2. Manual f l u o r e s c a m i n e a s s a y s were performed a s 

d e s c r i b e d i n s e c t i o n 2.5. 

R e s u l t s 

Samples were t a k e n from c e l l s u s p e n s i o n s shaken i n a w a t e r 

ba t h a t 37°C, of A f c 6 0 1.0-1.5 over a p e r i o d of 90min ( i n i t i a l 

p e p t i d e c o n c e n t r a t i o n lOOuM) and uptake was de m o n s t r a t e d f o r 
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a number o f p e p t i d e s ( s e e T a b l e 5 . 2 ) . 

D i s c u s s i o n 

Use o f the manual f l u o r e s c a m i n e a s s a y was s u c c e s s f u l i n 

d e m o n s t r a t i n g p e p t i d e uptake i n a e r u g i n o s a . T r a n s p o r t o f 

d i - and o l i g o p e p t i d e s was shown up to t e t r a a l a n i n e . No 

d e c r e a s e i n t h e r a t e o f uptake was o b s e r v e d when going from a 

t r i - t o a t e t r a p e p t i d e . T h i s r e s u l t e n d o r s e s t h e c o n c l u s i o n 

o f M i l l e r and B e c k e r (1978) ( a l s o i n P^ a e r u g i n o s a ) but 

c o n t r a d i c t s t h a t o f C a s c i e r i and M a l l e t t e (1976a) who found 

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

growth o f a m e t h i o n i n e a u x o t r o p h o f P^ p u t i d a a t a r a t e 3 

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

t r i p e p t i d e , d e s p i t e s i m i l a r p e p t i d a s e a c t i v i t i e s towards t r i -

and t e t r a p e p t i d e s . T h i s c o u l d be a r e f l e c t i o n of a much 

lower r a t e o f t e t r a p e p t i d e t r a n s p o r t i n P^ p u t i d a , a s 

C a s c i e r i and M a l l e t t e c o n c l u d e d , however, when p e p t i d e 

t r a n s p o r t i s o n l y j u s t s u f f i c i e n t t o p r o v i d e enough amino 

a c i d s o u r c e t o s u p p o r t growth t h e n a s m a l l d e c r e a s e i n 

t r a n s p o r t r a t e c a n c a u s e a l a r g e d e c r e a s e i n growth r a t e , and 

t h i s may be the c a s e h e r e . 

The uptake o f G l y - S a r w h i c h was shown by t h e d a n s y l 

c h l o r i d e a s s a y i s c o n f i r m e d by t h e s e r e s u l t s . No uptake was 

d e t e c t e d f o r G l y - D V a l , s u g g e s t i n g t h a t p e p t i d e t r a n s p o r t i n p 
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T a b l e 5.2. P e p t i d e uptake by P. a e r u g i n o s a measured by 

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

P e p t i d e Uptake 

A l a - A l a 0.6 

A l a - A l a - A l a 0.4 

A l a - A l a - A l a - A l a 0.5 

L e u - L e u - L e u 0.6 

G l y - G l y - P r o 0.8 

G l y - S a r 0.6 

G l y - P h e 0.5 

G l y - V a l 0.7 

G l y - D V a l ND 

Uptake r a t e s g i v e n a s nmol p e p t i d e min" 1 mg c e l l u l a r 

p r o t e i n - 1 . 

A l l v a l u e s a r e t h e mean of 2-3 e x p e r i m e n t s and have a 

S.E. o f a p p r o x i m a t e l y 0.15nmol min" 1 mg"1 

A l l i n i t i a l p e p t i d e c o n c e n t r a t i o n s were lOOuM 
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a e r u g i n o s a has some s t e r e o s p e c i f i c i t y towards L - amino a c i d 

r e s i d u e s , a s has been shown t o o c c u r i n t h e o t h e r b a c t e r i a l 

s p e c i e s s t u d i e d (Payne, 1 9 8 0 ) . The s t e r e o s p e c i f i c i t y o f 

p e p t i d e t r a n s p o r t i n P^ a e r u g i n o s a i s d e a l t w i t h i n more 

d e t a i l i n s e c t i o n 5.11. 

I n o r d e r t o check t h a t s t r a i n 6749 i s not a t y p i c a l l y s l o w 

a t t r a n s p o r t i n g p e p t i d e s ( i t might p o s s i b l y be p e p t i d e 

t r a n s p o r t d e f i c i e n t a l r e a d y ) , s t r a i n s P2 and P3 ( s e e T a b l e 

2.1) were a l s o t e s t e d f o r u ptake o f A l a - A l a and A l a - A l a - A l a 

and gave s i m i l a r r a t e s o f u ptake t o t h o s e o f s t r a i n 6749 

( d a t a not shown). 

T h e s e r e s u l t s show t h a t P_̂  a e r u g i n o s a does t r a n s p o r t a 

range o f p e p t i d e s , but t h a t t h e r a t e s o b s e r v e d a r e low 

compared w i t h many o t h e r p r e v i o u s l y s t u d i e d b a c t e r i a . 
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.7 DIRECT MEASUREMENT OF PEPTIDE UPTAKE IN P. AERUGINOSA 

USING RADIOACTIVELY LABELLED PEPTIDES 

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

The r a t e s o f t r a n s p o r t measured i n t h i s s t u d y a r e nea r t h e 

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

Measurements o f t h e e f f e c t s o f m e t a b o l i c i n h i b i t o r s on uptake 

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

u s i n g t h i s method. I n a d d i t i o n i n f o r m a t i o n on t h e number and 

n a t u r e o f p e p t i d e permeases i n P_̂  a e r u g i n o s a would a l s o be 

d i f f i c u l t to o b t a i n u s i n g t h e f l u o r e s c a m i n e a s s a y as 

c o m p e t i t i o n e x p e r i m e n t s c a n n o t be performed. I n view o f 

t h e s e problems i t was d e c i d e d to use 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 t o s t u d y t h e s e a s p e c t s o f p e p t i d e t r a n s p o r t . The 

o n l y r e p o r t to d a t e o f t h e use o f t h i s a s s a y i n Pseudomonas 

has been t h a t o f C a s c i e r i and M a l l e t t e (1976a) who measured 

t h e u ptake of G l y - G l y - [ 1 - , < f C] A l a i n P_̂  p u t i d a . The uptake o f 

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

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

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

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

t r a n s p o r t i n P. a e r u g i n o s a (Kay and Gr o n l u n d , 1 9 6 9 ) . 

Methods 
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T a b l e 5.3. P e p t i d e uptake i n P_̂_ a e r u g i n o s a measured 

u s i n g both t h e 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 a s s a y and 

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

P e p t i d e R a t e R e a d i n g s S.E. S.E ./Rate 

A l a - A l a - A l a (R) 0.57 6 0.07 0 .12 

A l a - A l a - A l a (F) 0.4 3 0.10 0 .25 

G l y -Phe (R) 0.34 6 0.05 0 .14 

G l y - P h e (F) 0.5 6 0.12 0 .24 

G l y (R) 0.2 2 

Phe (R) 0.9 2 

R a t e s g i v e n as nmol p e p t i d e (amino a c i d ) min~ mg 

c e l l u l a r p r o t e i n " 

(R)= 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 a s s a y 

( F ) = Manual f l u o r e s c a m i n e a s s a y 

S.E.= S t a n d a r d e r r o r 



= 244 -

Uptake o f 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 or amino a c i d was 

measured as d e s c r i b e d i n s e c t i o n 2.5, e x c e p t f o r c e l l 

h a r v e s t i n g w h i c h i s d e s c r i b e d i n s e c t i o n 5.2. 

R e s u l t s 

A l i q u o t s o f c e l l s u s p e n s i o n were removed a t t h e b e g i n n i n g 

and end o f e a c h e x p e r i m e n t t o d e t e c t any changes i n t h e t o t a l 

number o f c o u n t s p r e s e n t i n the i n c u b a t i o n medium ( a s 

d e s c r i b e d i n s e c t i o n 2 . 5 ) . No change i n t h e t o t a l number o f 

c o u n t s was o b s e r v e d , i n d i c a t i n g t h a t under the c o n d i t i o n s 

used i n the a s s a y , P^ a e r u g i n o s a does not c a u s e any l o s s o f 

c o u n t s t o the a i r through d e c a r b o x y l a t i o n of [U- l 4"C]Phe or 

[U- "•'ClAla. Such a l o s s o f c o u n t s has been shown to a f f e c t 

t h e r a t e s o b t a i n e d from uptake a s s a y s u s i n g some 

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 i n c o l i and o t h e r 

m i c r o o r g a n i s m s (Payne and N i s b e t , 1980a; N i s b e t , 1 9 8 0 ) . 

The r a t e o f uptake of A l a - A l a - [ U - , l f C ] A l a and 

G l y - [ U - "*C]Phe a t an i n i t i a l c o n c e n t r a t i o n of lOOuM was 

measured s i x t i m e s f o r e a c h p e p t i d e . The means o f t h e s e 

r e s u l t s t o g e t h e r w i t h t h e i r s t a n d a r d e r r o r s a r e shown i n 

T a b l e 5.3. A l s o i n c l u d e d f o r c o m p a r i s o n a r e the v a l u e s f o r 

uptake of A l a - A l a - A l a and Gly-Phe o b t a i n e d from t h e manual 

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

g l y c i n e and p h e n y l a l a n i n e a r e a l s o shown. The r a t e s o f 
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uptake o f r a d i o a c t i v e l y l a b e l l e d A l a - A l a - A l a and G l y-Phe were 

a l s o measured a t i n i t i a l c o n c e n t r a t i o n s o f 20 and lOuM. 

T h e s e r e s u l t s were p l o t t e d u s i n g t h e L i n e w e a v e r - B u r k e 

t r a n s f o r m a t i o n o f the M i c h a e l i s - M e n t e n e q u a t i o n ( s e e F i g u r e 

5.3) and t h e v a l u e s f o r Km and Vmax c a l c u l a t e d from t h e 

y - a x i s and x - a x i s i n t e r c e p t s r e s p e c t i v e l y . The v a l u e s 

o b t a i n e d a r e shown i n T a b l e 5.4. 

D i s c u s s i o n 

I f e a c h s t a n d a r d e r r o r f o r p e p t i d e uptake i s e x p r e s s e d a s 

a p e r c e n t a g e o f the mean uptake r a t e f o r t h a t p e p t i d e , i t c a n 

be s e e n t h a t t h e s t a n d a r d e r r o r o b t a i n e d when u s i n g t h e 

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

t h a t o b t a i n e d from the 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 

t r a n s p o r t a s s a y (25% compared t o 1 3 % ) . T h i s c o n f i r m s t h a t 

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 p e p t i d e s i s a more s e n s i t i v e and 

p r e c i s e way o f m o n i t o r i n g p e p t i d e uptake under t h e s e 

c o n d i t i o n s . 

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

u p take measured u s i n g the 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 

a s s a y w h i l e not a f f e c t i n g the f l u o r e s c a m i n e a s s a y t o t h e same 

e x t e n t b e c a u s e the 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 a s s a y does 

not d i s c r i m i n a t e between amino a c i d s and p e p t i d e s w h i l e the 

f l u o r e s c a m i n e a s s a y does ( s e e s e c t i o n 1 . 4 ) . The s i m i l a r i t y 
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F i g u r e 5.3 Double r e c i p r o c a l p l o t of the uptake of Gly-Phe ( • ) 

and A l a - A l a - A l a . ( O ) 
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T a b l e 5.4. K i n e t i c p a r a m e t e r s f o r p e p t i d e uptake i n 
P. a e r u g i n o s a 

P e p t i d e Vmax Km 

A l a - A l a - A l a 0.65 18 

Gly-Phe 0.42 19 

V a l u e s f o r Vmax g i v e n i n nmol p e p t i d e min"' mg c e l l u l a r 

p r o t e i n - 1 

V a l u e s f o r Km g i v e n i n uM 
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between t h e r a t e s o b t a i n e d by both methods i n d i c a t e s t h a t 

l i t t l e i f any amino a c i d exodus o c c u r s d u r i n g p e p t i d e u ptake 

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

The v a l u e s f o r t h e Km of p e p t i d e uptake c a l c u l a t e d h e r e 

a r e s i m i l a r t o , or a l i t t l e h i g h e r t h a n t h o s e o b t a i n e d f o r 

p e p t i d e t r a n s p o r t i n c o l i by o t h e r w o r k e r s u s i n g t h e same 

methods ( C o w e l l , 1974; S t a r o s and Knowles, 1 9 7 8 ) . Y o s h i m u r a 

and N i k a i d o (1982) found t h a t t h e v a l u e s f o r the growth Km 

(t h e s u b s t r a t e c o n c e n t r a t i o n a t w h i c h t h e growth r a t e i s h a l f 

maximal) o f a number o f c a r b o n s o u r c e s were h i g h e r i n P. 

a e r u g i n o s a than i n c o l i a l t h o u g h t h e d a t a were d i f f i c u l t 

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

c u l t u r e d i l u t i o n . Y o s h i m u r a and N i k a i d o (1982) c o n c l u d e d 

t h a t low p e r m e a b i l i t y o f t he o u t e r membrane was r e s p o n s i b l e 

f o r t h e h i g h growth Km v a l u e s w h i c h t h e y o b s e r v e d . The 

e f f e c t s o f EDTA and polymyxinB, w h i c h a r e o u t e r membrane 

d i s r u p t i v e a g e n t s i n P_̂  a e r u g i n o s a (Brown, 1975) , a r e s t u d i e d 

i n s e c t i o n 5.12 t o f u r t h e r i n v e s t i g a t e the r o l e o f the o u t e r 

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

The v a l u e s f o r uptake o f p h e n y l a l a n i n e and g l y c i n e a r e 

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

t h a t p e p t i d e s a r e not e s p e c i a l l y p o o r l y t r a n s p o r t e d i n p. 

a e r u g i n o s a . The r a t e s a r e a l s o s i m i l a r t o t h o s e o b t a i n e d by 

Kay and G r o n l u n d (1969) who r e p o r t e d t h a t t h e r a t e s o f uptake 
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o f 18 amino a c i d s i n a e r u g i n o s a v a r i e d between 0.2 and 

8nmol min" 1 mg c e l l u l a r p r o t e i n - 1 „ 
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5.8 AMINO ACID AND PEPTIDE TRANSPORT ARE SEPARATE IN P. 

AERUGINOSA 

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

I n o r d e r t o d e m o n s t r a t e p e p t i d e t r a n s p o r t p e r ^ s e . and n o t 

m e r e l y e x t r a c e l l u l a r c l e a v a g e f o l l o w e d by amino a c i d u p t a k e , 

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

amino a c i d s do not compete f o r u ptake ( s e e s e c t i o n 1 . 3 ) . 

E v i d e n c e from M i l l e r and B e c k e r (1978) and the d a n s y l 

c h l o r i d e a s s a y s performed i n t h i s s t u d y ( s e c t i o n 5.4) 

i n d i c a t e s t h a t t h e r e i s no e x t r a c e l l u l a r or p e r i p l a s m i c 

p e p t i d a s e a c t i v i t y i n a e r u g i n o s a e i t h e r , but a s y e t t h e r e 

has been no d i r e c t d e m o n s t r a t i o n o f t h e s e p a r a t i o n o f amino 

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

Methods 

The c o m p e t i t i o n a s s a y s were performed as d e s c r i b e d i n 

s e c t i o n 5.2. 

R e s u l t s 

C o n c e n t r a t i o n s o f lOOuM and ImM of a l a n i n e and 

p h e n y l a l a n i n e were used as c o m p e t i t o r s f o r uptake w i t h 

A l a - A l a - A l a and Gly-Phe r e s p e c t i v e l y ( s e e T a b l e 5 . 5 ) . No 
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T a b l e 5.5. C o m p e t i t i o n f o r uptake between amino a c i d s 

and p e p t i d e s i n P. a e r u g i n o s a 

P e p t i d e C o m p e t i t o r % uptake 

r e m a i n i n g 

A l a - A l a - A l a 100 

A l a - A l a - A l a A l a (lOOuM) 102 

A l a - A l a - A l a A l a (ImM) 97 

Gly-Phe 100 

Gly-Phe Phe (lOOuM) 100 

Gly-Phe Phe (ImM) 93 

A l l p e p t i d e c o n c e n t r a t i o n s lOOuM 
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c o m p e t i t i o n f o r uptake between p e p t i d e s and amino a c i d s was 

o b s e r v e d . 

D i s c u s s i o n 

T h e s e r e s u l t s c o n f i r m e a r l i e r o b s e r v a t i o n s ( M i l l e r and 

B e c k e r , 1978; Haas e t a l . , 1981; t h i s s t u d y , s e c t i o n 5.4) 

t h a t t h e r e i s no e x 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 i n P. 

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

by t h e permease and o n l y h y d r o l y s e d l a t e r . The uptake o f 

i n t a c t G l y - S a r shown i n s e c t i o n 5.4 a l s o i n d i c a t e s t h a t 

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

t r a n s p o r t i n a e r u g i n o s a as has been s u g g e s t e d by M i l l e r 

and B e c k e r ( 1 9 7 8 ) , but o c c u r s as a s e p a r a t e r e a c t i o n a f t e r 

t h e i n t a c t p e p t i d e has been r e l e a s e d from the permease. 



- 254 -

5.9 COMPETITION BETWEEN P I - AND OLIGOPEPTIDES FOR UPTAKE IN P. 

AERUGINOSA 

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

No s t u d y o f c o m p e t i t i o n between d i - and o l i g o p e p t i d e s has 

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

on a Pseudomonad was t h a t o f C a s c i e r i and M a l l e t t e (1976a) 

who showed t h a t t r i p e p t i d e s d i d not i n h i b i t growth o f a 

m e t h i o n i n e a u x o t r o p h of P_̂  p u t i d a on Gly-Met but t h a t o t h e r 

d i p e p t i d e s c o u l d . They c o n c l u d e d t h a t t h e r e were s e p a r a t e 

s y s t e m s f o r d i - and o l i g o p e p t i d e s i n P^ p u t i d a . 

Methods 

The c o m p e t i t i o n a s s a y s were performed as d e s c r i b e d i n 

s e c t i o n 5.2. 

R e s u l t s and d i s c u s s i o n 

C o m p e t i t i o n f o r uptake between A l a - A l a - A l a and G l y-Phe and 

a range of d i - and o l i g o p e p t i d e s was measured ( s e e T a b l e 

5 . 6 ) . A l l the o l i g o p e p t i d e s t e s t e d competed f o r uptake w i t h 

A l a - A l a - A l a i n d i c a t i n g t h a t they s h a r e a common t r a n s p o r t 

s y s t e m . The l a r g e s t p e p t i d e shown to compete w i t h 

A l a - A l a - A l a was h e x a a l a n i n e . M i l l e r and B e c k e r (1978) showed 
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T a b l e 5.6. C o m p e t i t i o n f o r uptake between d i - and 

o l i g o p e p t i d e s i n P. a e r u g i n o s a 

P e p t i d e C o m p e t i t o r Cone, o f % uptake 

c o m p e t i t o r r e m a i n i n g 

A l a - A l a - A l a 100 

A l a - A l a - A l a L e u - L e u - L e u lOOuM 91 

A l a - A l a - A l a L e u - L e u - L e u ImM 48 

A l a - A l a - A l a H e x a a l a n i n e lOOuM 81 

A l a - A l a - A l a # H e x a a l a n i n e 200uM 60 

A l a - A l a - A l a T e t r a a l a n i n e lOOuM 84 

A l a - A l a - A l a Gly-Phe lOOuM 95 

A l a - A l a - A l a G l y -Phe ImM 72 

A l a - A l a - A l a A l a - A l a lOOuM 100 

A l a - A l a - A l a A l a - A l a ImM 42 

A l a - A l a - A l a L e u - L e u ImM 60 

G l y - P h e 100 

Gly-Phe A l a - A l a lOOuM 43 

Gly-Phe L e u - L e u ImM 29 

Gly-Phe A l a - A l a - A l a lOOuM 93 

Gly-Phe A l a - A l a - A l a ImM 80 

Gly-Phe L e u - L e u - L e u ImM 50 

Gly-Phe V a l - V a l - V a l ImM 38 

A l a - A l a - A l a and Gly-Phe used a t lOOuM u n l e s s s t a t e d . 

# A l a - A l a - A l a used a t 20uM, uptake c a l c u l a t e d r e l a t i v e 

to 20uM A l a - A l a - A l a w i t h o u t c o m p e t i t o r . 
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t h a t p e n t a m e t h i o n i n e c o u l d s u p p o r t the growth o f P. 

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

l o n g as h e x a p e p t i d e s c a n be t r a n s p o r t e d . 

A l l t h e d i p e p t i d e s t e s t e d a l s o competed w i t h A l a - A l a - A l a 

f o r u p t a k e . Most p e p t i d e permeases t h a t can t r a n s p o r t 

o l i g o p e p t i d e s can a l s o t r a n s p o r t d i p e p t i d e s (Payne, 1980) 

p r e s u m a b l y b e c a u s e s u c h permeases have l i t t l e s p e c i f i c i t y f o r 

the C - t e r m i n u s w h i c h can v a r y i n p o s i t i o n depending on t h e 

c h a i n l e n g t h o f the p e p t i d e . B o t h d i p e p t i d e s t e s t e d competed 

w i t h G l y-Phe f o r uptake i n d i c a t i n g t h a t t h e y too s h a r e a 

common t r a n s p o r t s y s t e m . I n t e r e s t i n g l y , however, a l l t h e 

o l i g o p e p t i d e s t e s t e d a l s o competed w i t h Gly-Phe f o r u p t a k e . 

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

t h e r e i s o n l y one p e p t i d e permease i n P^ a e r u g i n o s a w h i c h 

h a n d l e s both d i - and o l i g o p e p t i d e s . E q u a l l y c o n s i s t e n t w i t h 

t h e s e r e s u l t s would be two (or more) p e p t i d e t r a n s p o r t 

permeases w i t h o v e r l a p p i n g s p e c i f i c i t i e s . T h i s seems t o be 

the c a s e i n c o l i , where the d i p e p t i d e permease and 

o l i g o p e p t i d e permease both t r a n s p o r t d i - and o l i g o p e p t i d e s 

( s e e s e c t i o n 3 . 6 ) . T h e r e a r e s e v e r a l ways o f d e t e r m i n i n g how 

many t r a n s p o r t s y s t e m s a r e p r e s e n t : -

1) By i s o l a t i n g mutants d e f i c i e n t i n p e p t i d e t r a n s p o r t and 

m e a s u r i n g t h e r e s i d u a l uptake a c t i v i t y ( i f a n y ) . A t t e m p t s to 

i s o l a t e p e p t i d e d e f i c i e n t mutants a r e d e s c r i b e d i n s e c t i o n 

5.10. 



- 257 -

2) T r a n s p o r t k i n e t i c d a t a c a n be t r a n s f o r m e d so t h a t i t i s 

p o s s i b l e t o d i s t i n g u i s h uptake by one or more s y s t e m s ( e . g . 

the I n u i - C h r i s t e n s e n p l o t , I n u i and C h r i s t e n s e n , 1 9 6 6 ) . 

T h e s e methods however r e q u i r e d a t a w h i c h a r e more 

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

3) R e c i p r o c a l c o m p e t i t i o n s t u d i e s c a n be u n d e r t a k e n i n w h i c h 

t h e c o m p e t i t i o n o f s u b s t r a t e A w i t h s u b s t r a t e B and then 

s u b s t r a t e B w i t h s u b s t r a t e A i s measured. I f o n l y one 

t r a n s p o r t s y s t e m i s p r e s e n t then one s u b s t r a t e s h o u l d show a 

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

w h i c h i s t h e c o m p e t i t o r . I f t h e r e i s more than one t r a n s p o r t 

s y s t e m t h e n t h i s need not be the c a s e , f o r i n s t a n c e , i f A has 

a h i g h a f f i n i t y f o r t r a n s p o r t s y s t e m 1 and B has a low 

a f f i n i t y f o r i t , t h e n B w i l l compete p o o r l y w i t h A. I f B h a s 

a h i g h a f f i n i t y f o r t r a n s p o r t s y s t e m 2 and A a low a f f i n i t y 

f o r i t , t h e n A w i l l a l s o compete p o o r l y w i t h B. T h e r e f o r e 

t h e a p p a r e n t a f f i n i t y f o r t r a n s p o r t depends on whic h p e p t i d e 

i s t h e c o m p e t i t o r . T h i s seems t o be the c a s e f o r Gly-Phe and 

A l a - A l a - A l a . At a 10:1 molar r a t i o , G ly-Phe o n l y i n h i b i t s 

A l a - A l a - A l a uptake by 28% , A l a - A l a - A l a , a l s o a t a 10:1 molar 

r a t i o , o n l y i n h i b i t s G ly-Phe uptake by 20% i n s t e a d of t h e 

95-98% e x p e c t e d . T h i s i n d i c a t e s t h a t t h e r e i s more than one 

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

t r a n s p o r t i n g both d i - and o l i g o p e p t i d e s . 
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10 RESISTANCE OF P. AERUGINOSA TO PEPTIDE MIMETIC 

ANTIBIOTICS 

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

P e p t i d e m i m e t i c a n t i b i o t i c s have been shown t o be t o x i c t o 

a range o f m i c r o o r g a n i s m s ( R i n g r o s e , 1980) and s e v e r a l have 

been used s u c c e s s f u l l y i n t h i s s t u d y ( s e e s e c t i o n 3.3) t o 

i s o l a t e p e p t i d e permease d e f i c i e n t mutants i n E ^ c o l i . The 

i s o l a t i o n o f s u c h mutants i n P^ a e r u g i n o s a would g r e a t l y 

f a c i l i t a t e t h e s t u d y o f t h e number and s p e c i f i c i t i e s of t h e 

p e p t i d e p e r m e a s e ( s ) p r e s e n t . Pseudomonas s p e c i e s p o s s e s s a 

h i g h l e v e l o f i n t r i n s i c r e s i s t a n c e t o many a n t i b i o t i c s ; i f 

p e p t i d e m i m e t i c a n t i b i o t i c s were t o be t o x i c towards 

Pseudomonads, t h i s would r e p r e s e n t a p o t e n t i a l l y i m p o r t a n t 

advance i n Pseudomonad chemotherapy. 

Methods 

The lawn i n h i b i t i o n zone a s s a y was used ( s e e s e c t i o n 2.4) 

w i t h a p p r o x i m a t e l y 2 x l 0 8 c e l l s s p r e a d per p l a t e . 

R e s u l t s 

See T a b l e 5.7 f o r the p e p t i d e m i m e t i c a n t i b i o t i c s u sed. 

I n i t i a l e x p e r i m e n t s used l O u l o f p e p t i d e s o l u t i o n s of 
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T a b l e 5.7. P e p t i d e m i m e t i c a n t i b i o t i c s u s e d a g a i n s t 

P. a e r u g i n o s a 

A l a - a m i n o x y p r o p i o n i c a c i d 

A l a - A l a - a m i n o x y p r o p i o n i c a c i d 

P r o - A l a - a m i n o x y p r o p i o n i c a c i d 

A l a - a m i n o e t h y l p h o s p h o n i c a c i d 

A l a - A l a - a m i n o e t h y l p h o s p h o n i c a c i d 

Orn-Orn-Orn 

N o r l e u - N o r v a l 



f 
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c o n c e n t r a t i o n l-20mM. None o f t h e s e proved i n h i b i t o r y t o 
growth. L a t e r e x p e r i m e n t s used l-2mg of s o l i d p e p t i d e l o a d e d 
d i r e c t l y onto t h e c e n t r e o f t h e p l a t e , but t h e s e too were not 
i n h i b i t o r y t o growth. 

D i s c u s s i o n 

I t i s c l e a r from t h e s e r e s u l t s t h a t a e r u g i n o s a i s 

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

o t h e r b a c t e r i a e.g. e n t e r o b a c t e r i a . The range o f a n t i b i o t i c s 

used makes i t u n l i k e l y t h a t the c e l l s a r e r e s i s t a n t to e a c h 

t o x i c m o i e t y per s e , i t i s more l i k e l y t h a t t r a n s p o r t o f 

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

a c c u m u l a t e d i n s i d e t h e c e l l s i s i n s u f f i c i e n t to c a u s e 

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

the i s o l a t i o n o f t r a n s p o r t d e f i c i e n t mutants by t h i s means 

h e r e . 
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5.11 S T E R E O S P E C I F I C I T Y OF PEPTIDE TRANSPORT IN P. AERUGINOSA 

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

T h e r e have been no r e p o r t s c o n c e r n i n g t h e 

s t e r e o s p e c i f i c i t y o f p e p t i d e t r a n s p o r t i n P_̂  a e r u g i n o s a . I n 

growth s t u d i e s u s i n g a m e t h i o n i n e a u x o t r o p h o f P_̂  p u t i d a 

C a s c i e r i and M a l l e t e (1976a) showed t h a t a D-amino a c i d 

r e s i d u e i n e i t h e r p o s i t i o n i n a d i p e p t i d e or t h e N - t e r m i n a l 

p o s i t i o n i n a t r i p e p t i d e p r e v e n t e d c o m p e t i t i o n w i t h a Met 

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

D-amino a c i d r e s i d u e s i n o t h e r p o s i t i o n s i n t r i p e p t i d e s were 

not s t u d i e d . Here, v a r i o u s s t e r e o i s o m e r s o f A l a - A l a - A l a and 

A l a - A l a have been used i n c o m p e t i t i o n s t u d i e s w i t h 

L A l a - L A l a - L A l a and G l y - L P h e r e s p e c t i v e l y . 

Methods 

The c o m p e t i t i o n s t u d i e s were c a r r i e d out as d e s c r i b e d i n 

s e c t i o n 5.2. 

R e s u l t s and d i s c u s s i o n 

The r e s u l t s of t he c o m p e t i t i o n s t u d i e s f o r uptake between 

the p e p t i d e s t e r e o i s o m e r s a r e shown i n T a b l e 5.8. N e i t h e r 

D A l a - D A l a - L A l a nor DAla-DAla-DAla competed f o r uptake w i t h 
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T a b l e 5.8. C o m p e t i t i o n f o r uptake between p e p t i d e 

s t e r e o i s o m e r s i n P. a e r u g i n o s a 

P e p t i d e C o m p e t i t o r % uptake 

r e m a i n i n g 

A l a - A l a - A l a 100 

A l a - A l a - A l a A l a - D A l a - D A l a 70 

A l a - A l a - A l a D A l a - D A l a - A l a 100 

A l a - A l a - A l a DAla-DAla-DAla 100 

Gly-Phe 100 

Gly-Phe A l a - A l a (lOOuM) 43 

Gly-Phe A l a - D A l a 94 

Gly-Phe D A l a - A l a 100 

Gly-Phe DAla-DAla 100 

A l l p e p t i d e c o n c e n t r a t i o n s lOOuM 

A l l c o m p e t i t o r c o n c e n t r a t i o n s ImM u n l e s s s t a t e d 

A l l L - r e s i d u e s u n l e s s s t a t e d 
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Ala-Ala-Ala whereas LAla-DAla-DAla did compete although not 

very s t r o n g l y . T h i s i n d i c a t e s t h a t the requirement of the 

peptide permease for an N-terminal L-amino a c i d r e sidue i s 

absolute whereas i n other p o s i t i o n s D-amino a c i d r e s i d u e s can 

be t o l e r a t e d , but that they reduce the binding a f f i n i t y 

between the peptide and the permease. I n c o l i there i s a 

requirement for the N-terminal and second r e s i d u e s of a 

t r i p e p t i d e to be i n the L - c o n f i g u r a t i o n (Payne,1980). 

Only LAla-LAla was found to compete with Gly-Phe for 

uptake. T h i s shows that dipeptide t r a n s p o r t i n aeruginosa 

i s s p e c i f i c for L=amino a c i d s i n both r e s i d u e s as i s 

dipeptide t r a n s p o r t i n c o l i (Payne, 1980). These r e s u l t s 

provide f u r t h e r evidence for there being two separate peptide 

t r a n s p o r t systems i n P_̂  aeruginosa, one s t e r e o s p e c i f i c for 

the f i r s t and second r e s i d u e s of a peptide and with a high 

a f f i n i t y for Gly-Phe and one with a l e s s s t r i c t requirement 

for the second residue of a peptide and a high a f f i n i t y for 

A l a - A l a - A l a . 
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12 THE EFFECT OF METABOLIC INHIBITORS ON PEPTIDE TRANSPORT IN 

P. AERUGINOSA 

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

Peptide t r a n s p o r t has been shown to be coupled to 

phosphate bond energy i n E ^ c o l i (Cowell, 1974; Payne and 

B e l l , 1979) and to a proton gra d i e n t i n Saccharomyces 

c e r e v i s i a e and Streptococcus f a e c a l i s (Nisbet, 1980). The 

two types of e n e r g i s a t i o n of t r a n s p o r t can be d i s t i n g u i s h e d 

by the use of metabolic i n h i b i t o r s . Substances such as 

carbonylcyanide m-chlorophenylhydrazone (CCCP) ac t as 

protonophores destroying the transmembrane proton g r a d i e n t 

(CCCP) or a l t e r n a t i v e l y , substances such as N-N' 

dic y c l o h e x y l c a r b o d i i m i d e (DCCD) a c t as i n h i b i t o r s of the 

ATPase used to produce the g r a d i e n t and thus both e f f e c t i v e l y 

i n h i b i t t r a n s p o r t systems l i n k e d to proton g r a d i e n t s . Other 

i n h i b i t o r s such as a r s e n a t e , which i s a phosphate antagonist, 

i n t e r f e r e with g l y c o l y t i c and r e s p i r a t o r y ATP production and 

thus i n h i b i t phosphate bond l i n k e d t r a n s p o r t . The i n h i b i t i o n 

of t r a n s p o r t by one type of i n h i b i t o r but not by the other i s 

strong evidence for t r a n s p o r t being l i n k e d to one or other 

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

C a s c i e r i and M a l l e t t e (1976a) reported that uptake of 

r a d i o a c t i v e l y l a b e l l e d Gly-Gly- [1- lH"C] Ala i n P. putida was 
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abolished by a d d i t i o n of 5mM 2,4-dinitrophenol (DNP). T h i s 

r e s u l t i m p l i e s that peptide t r a n s p o r t i n P^ putida may be 

energised by a proton gr a d i e n t as DNP i s a protonophore and 

destroys the transmembrane proton g r a d i e n t . 

The e f f e c t s of both arsenate and DCCD on the uptake of 

Gly-Phe and Ala-Ala-Ala i n P^ aeruginosa are desc r i b e d here. 

Methods 

C e l l s were harvested and resuspended as desc r i b e d i n 

s e c t i o n 5.2 except that c e l l s to be used with arsenate were 

resuspended i n T r i s H C l buffer (50mM, pH7.2) i n s t e a d of 

phosphate buffer (as phosphate and arsenate are an t a g o n i s t s , 

the high phosphate c o n c e n t r a t i o n i n the buffer would decrease 

any i n h i b i t o r y e f f e c t of a r s e n a t e ) . Uptake r a t e s of c e l l s 

with added arsenate were compared with r a t e s obtained from 

c e l l s without arsenate a l s o incubated i n T r i s b u f f e r . 

I n h i b i t o r s were added to c e l l supensions lOmin before the 

ad d i 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 peptide. 

R e s u l t s 

The e f f e c t s of arsenate and DCCD on Ala-Ala-Ala and 

Gly-Phe uptake are shown i n Table 5.9. DCCD has no 

i n h i b i t o r y e f f e c t on e i t h e r Ala-Ala-Ala uptake or Gly-Phe 
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Table 5.9. E f f e c t s of arsenate and DCCD on peptide 

uptake i n P. aeruginosa 

Peptide I n h i b i t o r % uptake 

remaining 

A l a - A l a - A l a 100 

Ala-A l a - A l a DCCD (ImM) 103 

Ala-Al a - A l a Arsenate (30mM) 59 

Gly-Phe 100 

Gly-Phe DCCD (ImM) 108 

Gly-Phe Arsenate (30mM) 46 

A l l peptide c o n c e n t r a t i o n s were lOOuM 
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uptake. Arsenate i n h i b i t s the uptake of both peptides 

i n d i c a t i n g t h a t t h e i r uptake i s energised s i m i l a r l y . 

D i s c u s s i o n 

The i n h i b i t i o n of peptide uptake by arsenate i s c l e a r 

evidence that peptide t r a n s p o r t i n aeruginosa i s an a c t i v e 

process r e q u i r i n g high energy phosphate bond cleavage to 

proceed. The lac k of i n h i b i t i o n by DCCD i n d i c a t e s that 

peptide t r a n s p o r t i s not l i n k e d to a membrane proton 

g r a d i e n t . Peptide t r a n s p o r t i n P_̂  aeruginosa would appear to 

be energised i n the same way as that i n c o l i . The 

i n h i b i t i o n of uptake by DNP observed by C a s c i e r i and M a l l e t t e 

(1976a) i n P^ putida, may i n d i c a t e a d i f f e r e n t type of energy 

coupling for peptide t r a n s p o r t from t h a t seen i n the other 

Gram-negative b a c t e r i a s t u d i e d to date, but i t may a l s o be 

caused by a secondary e f f e c t of DNP. When the proton 

gr a d i e n t i s destroyed by DNP, the a c t i v i t y of the membrane 

bound ATPase which forms the gradient i n c r e a s e s , presumably 

i n an attempt to r e e s t a b l i s h the g r a d i e n t . T h i s i n c r e a s e d 

a c t i v i t y causes a reduction i n c e l l u l a r ATP l e v e l s which can 

cause a reduction i n ATP dependent a c t i v i t i e s . DNP has a l s o 

been shown to i n h i b i t peptide t r a n s p o r t i n E^ c o l i (Payne and 

B e l l , 1979) although by not as much as ar s e n a t e . Experiments 

with d i f f e r e n t metabolic i n h i b i t o r s should determine which 

mode of e n e r g i s a t i o n i s operating i n P. putid a . 
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A l l phosphate bond l i n k e d t r a n s p o r t systems i n c o l i are 

s e n s i t i v e to osmotic shock, probably because p e r i p l a s m i c 

binding p r o t e i n s , needed to s h u t t l e the s u b s t r a t e from the 

outer membrane to the t r a n s p o r t p r o t e i n at the inner 

membrane, are l o s t during shock (Wilson and Smith, 1978). I t 

would be i n t e r e s t i n g to see i f peptide t r a n s p o r t i n P. 

aeruginosa i s s i m i l a r l y "shockable". 
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.13 THE EFFECT OF EDTA AND POLYMYXIN B ON PEPTIDE TRANSPORT IN 

P. AERUGINOSA 

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

The outer membrane of Gram-negative b a c t e r i a provides an 

important p e r m e a b i l i t y b a r r i e r to many s o l u t e s . I t has been 

suggested t h a t the strong r e s i s t a n c e of Pseudomonads to a 

wide range of a n t i b i o t i c s may be due to low p e r m e a b i l i t y of 

t h e i r outer membranes (Brown,1975). As i n E ^ c o l i , 

permeation of h y d r o p h i l i c molecules a c r o s s the outer membrane 

of aeruginosa i s f a c i l i t a t e d by pori n molecules. Benz and 

Hancock (1981) showed that the p r o t e i n F pori n of P. 

aeruginosa formed pores with a diameter of 2.2nm which i s 

s i g n i f i c a n t l y l a r g e r than the pores formed by OmpF i n E_^ c o l i 

(1.4nm). To account for the apparent c o n t r a d i c t i o n of the 

outer membrane having l a r g e pores and being r e l a t i v e l y 

impermeable, Benz and Hancock (1981) suggest t h a t l e s s than 

1% of the porin molecules form open pores i n vivo . Yoshimura 

and Nikaido (1982) c l a i m that the outer membrane of P. 

aeruginosa i s s i g n i f i c a n t l y l e s s permeable than that of E. 

c o l i from the r e s u l t s of assays which measured the r a t e s of 

h y d r o l y s i s of B-lactams and phosphate e s t e r s i n i n t a c t c e l l s 

and c e l l s o n i c a t e s . Yoshimura and Nikaido (1982) have a l s o 

shown that the values for growth Km of s e v e r a l carbon sources 

are higher i n P. aeruginosa than i n E. c o l i and suggest that 
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t h i s i s f u r t h e r evidence for the outer membrane of P. 

aeruginosa being a great e r p e r m e a b i l i t y b a r r i e r than i n E. 

c o l i . Scudamore and Goldner (1982) c l a i m that the outer 

membrane c o n t r i b u t e s l i t t l e towards the i n t r i n s i c a n t i b i o t i c 

r e s i s t a n c e of P^ aeruginosa, a r e s u l t which would not be 

expected i f the outer membrane was r e l a t i v e l y impermeable. 

Hopefully t h i s apparent c o n t r a d i c t i o n w i l l be c l a r i f i e d by 

f u r t h e r work. 

I f the outer membrane does provide a s i g n i f i c a n t b a r r i e r 

to peptide d i f f u s i o n , the r a t e s of peptide t r a n s p o r t measured 

may be only a f r a c t i o n of the maximum c a p a c i t y of the 

permeases. I f the outer membrane p e r m e a b i l i t y b a r r i e r could 

be reduced without a f f e c t i n g the inner membrane then perhaps 

higher r a t e s of t r a n s p o r t might be observed. I t has been 

reported (Brown, 1975) th a t EDTA and polymyxin B d i s r u p t the 

outer membrane of P_̂  aeruginosa. At high concentrations both 

these molecules cause c e l l l y s i s , but i f a range of 

concentrations i s used i t may be p o s s i b l e to s p e c i f i c a l l y 

damage the outer membrane while l e a v i n g the cytoplasmic 

membrane i n t a c t . S e v e r a l c o n c e n t r a t i o n s of both EDTA and 

polymyxin B were used, and peptide uptake was monitored by 

both the manual fluorescamine assay and the r a d i o a c t i v e l y 

l a b e l l e d peptide assay i n an attempt to measure the e f f e c t of 

s e l e c t i v e d i s r u p t i o n of the outer membrane on peptide 

t r a n s p o r t . 
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Methods 

C e l l s were harvested as described i n s e c t i o n 5.2. The 

peptide t r a n s p o r t asays were performed as d e s c r i b e d i n 

s e c t i o n 2.5. C e l l suspensions were preincubated with EDTA or 

polymyxin B i n potassium phosphate buffer (50mM, pH7.2) for 

lOmin before a d d i t i o n of peptide. 

R e s u l t s 

The r e s u l t s of the uptake assays a f t e r incubation with 

e i t h e r EDTA or polymyxin B are shown i n Table 5.10. When 

measured by the r a d i o a c t i v e l y l a b e l l e d peptide assay, peptide 

t r a n s p o r t decreases with i n c r e a s i n g EDTA co n c e n t r a t i o n u n t i l 

a t lOOmM EDTA, no uptake i s d e t e c t a b l e . When measured by the 

manual fluorescamine assay, t r a n s p o r t was a f f e c t e d l i t t l e by 

25mM EDTA but the apparent r a t e of uptake was in c r e a s e d 400 

f o l d a f t e r a d d i t i o n of 250mM EDTA. The e f f e c t s of polymyxin 

B a d d i t i o n were s i m i l a r . When measured by the r a d i o a c t i v e l y 

l a b e l l e d peptide assay the t r a n s p o r t r a t e was reduced by 

i n c r e a s i n g polymyxin B co n c e n t r a t i o n u n t i l i t became 

undetectable a t 100 u n i t s ml - 1 . The fluorescamine assay 

again showed l i t t l e e f f e c t on peptide t r a n s p o r t except a t 

high concentrations when the apparent r a t e of t r a n s p o r t 

i n c r e a s e d d r a m a t i c a l l y . 
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Table 5.10. The e f f e c t of EDTA and polymyxin B on 

peptide t r a n s p o r t i n aeruginosa 

Peptide EDTA Polymyxin B uptake 

r a t e 

A la-Ala-Ala 0.57(R) 

Ala-Ala-Ala 5 0.25(R) 

Ala-Ala-Ala 20 0.23(R) 

Ala- A l a - A l a 100 ND (R) 

Ala-Ala-Ala 40 0.39(R) 

Ala-Ala-Ala 80 0.19(R) 

Ala-Ala-Ala 800 ND (R) 

Gly-Phe 0.5 (F) 

Gly-Phe 25 0.4 (F) 

Gly-Phe 250 180 (F) 

Gly-Phe 40 0.4 (F) 

Gly-Phe 400 >100 (F) 

Rates expresed as nmol peptide min"1 mg c e l l u l a r 

p r o t e i n " 1 

ND not de t e c t a b l e 

R r a d i o a c t i v e l y l a b e l l e d peptide assay 

F manual fluorescamine assay 

Peptides used at lOOuM i n i t i a l c o n c e n t r a t i o n 

EDTA concentrations i n mM 

Polymyxin B con c e n t r a t i o n s in u n i t s ml"1 
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D i s c u s s i o n 

The r e s u l t s of the r a d i o a c t i v e l y l a b e l l e d peptide assays 

do not show any s t i m u l a t i o n of peptide t r a n s p o r t by e i t h e r 

EDTA or polymyxin B, d e s p i t e using c o n c e n t r a t i o n s of both 

which have been reported to have e f f e c t s on the outer 

membrane. The d e c l i n e i n t r a n s p o r t r a t e s measured i n t h i s 

way i n d i c a t e s that the a c t i o n of both EDTA and polymyxin B i s 

to i n h i b i t apparent peptide t r a n s p o r t . T h i s could occur i n a 

number of ways? damage to the outer membrane might lead to 

l o s s of a p e r i p l a s m i c binding p r o t e i n , thus reducing uptake 

a c t i v i t y or the cytoplasmic membrane might a l s o be damaged 

producing decreased permease a c t i v i t y and/or leakage of 

t r a n s p o r t products back i n t o the medium, both of which would 

lead to a decrease i n apparent uptake r a t e . At 

conc e n t r a t i o n s of EDTA and polymyxin B which cause l o s s of 

over 50% of apparent t r a n s p o r t measured by the r a d i o a c t i v e l y 

l a b e l l e d peptide assay, r a t e s obtained from the fluorescamine 

assay show only s l i g h t d ecreases. Bearing i n mind the 

d i f f e r e n t f a c t o r s which a f f e c t the r a t e s measured by each 

assay (see s e c t i o n 1.4), t h i s suggests t h a t the decrease i n 

tr a n s p o r t r a t e s observed using the r a d i o a c t i v e l y l a b e l l e d 

peptide assay may be caused by leakage of amino a c i d back 

in t o the medium. The f l u o r e s c e n c e y i e l d of amino a c i d s i s 

r e l a t i v e l y low under the c o n d i t i o n s used i n the fluorescamine 

assay (see s e c t i o n 1.4) so that the r a t e s measured are 
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a f f e c t e d l i t t l e by amino a c i d exodus, whereas leakage of 

l a b e l l e d amino a c i d i n t o the medium would g r e a t l y i n t e r f e r e 

with the r a t e s obtained from the r a d i o a c t i v e l y l a b e l l e d 

peptide assay. At high c o n c e n t r a t i o n s of EDTA and polymyxin 

B the c e l l s are probably l y s e d , leading to a r e l e a s e of 

peptidases i n t o the medium. The r e l e a s e of peptidase 

a c t i v i t y i n t o the medium would cause r a p i d h y d r o l y s i s of the 

peptide present. T h i s peptide cleavage would be detected 

using the fluorescamine assay by a r a p i d decrease i n 

flu o r e s c e n c e y i e l d ( i n d i s t i n g u i s h a b l e from r a p i d peptide 

uptake) and the c e l l l y s i s would prevent any accumulation of 

counts i n s i d e the c e l l s and a b o l i s h apparent uptake shown by 

the r a d i o a c t i v e l y l a b e l l e d peptide a s s s a y . I n t h i s way the 

two assays could give such d i f f e r e n t r e s u l t s from the same 

e f f e c t . I n t e r e s t i n g l y , the l e v e l s of i n t r a c e l l u l a r peptidase 

a c t i v i t y measured i n aeruginosa and putida ( M i l l e r and 

Becker, 1978; Haas et a l . , 1981; C a s c i e r i and Mallete, 1976b) 

correspond c l o s e l y to the l e v e l s of apparent peptide uptake 

recorded by the fluorescamine assay. 

Yoshimura and Nikaido (1982) and Scudamore and Goldner 

(1982) have r e c e n t l y produced c o n f l i c t i n g r e p o r t s as to the 

importance of the outer membrane as a d i f f u s i o n b a r r i e r . I n 

t h i s study EDTA and polymyxin B have shown no e f f e c t s which 

can be used as evidence for the outer membrane playing an 

important r o l e i n l i m i t i n g peptide uptake i n P. aeruginosa, 
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although the r e s u l t s i n d i c a t e that n e i t h e r compound was 

s p e c i f i c a l l y d i s r u p t i n g the outer membrane as had been hoped, 

even though the c o n d i t i o n s used were chosen as those most 

l i k e l y to have such an e f f e c t . 

F u r t h e r work on the pe r m e a b i l i t y of r e c o n s t i t u t e d v e s i c l e s 

c o ntaining p o r i n p r o t e i n F and s t u d i e s of the uptake 

parameters of other t r a n s p o r t systems may lead to a b e t t e r 

understanding of the c o n t r i b u t i o n of the outer membrane 

towards n u t r i e n t uptake and a n t i b i o t i c r e s i s t a n c e . 
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14 CONCLUDING DISCUSSION 

T h i s study has used d i r e c t means to demonstrate peptide 

uptake i n aeruginosa. Peptide uptake i s a r e l a t i v e l y slow 

process i n P^ aeruginosa compared with most of the other 

organisms studied to date, making i t more d i f f i c u l t to obtain 

accurate t r a n s p o r t data and l i m i t i n g the scope of a study 

such as t h i s . 

I n summary, the following 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 i n P_̂  aeruginosa may be deduced from the r e s u l t s 

presented here. E x t r a c e l l u l a r cleavage of peptides does not 

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

peptides are transported v i a separate systems. Gly-Sar i s 

taken up i n t a c t , t h e r e f o r e uptake i s not dependent on 

membrane bound peptidase a c t i v i t y . Peptides at l e a s t s i x 

amino a c i d r e s i d u e s i n length can be t r a n s p o r t e d . Uptake i s 

probably c o n s t i t u t i v e and does not appear to be regulated by 

the nitrogen sources which have been used i n t h i s study. 

There are probably two peptide t r a n s p o r t systems, one 

c h a r a c t e r i s e d by a high a f f i n i t y for Gly-Phe (system A) and 

one c h a r a c t e r i s e d by a high a f f i n i t y for Ala-Ala-Ala (system 

B ) , but both are capable of t r a n s p o r t i n g both d i - and 

o l i g o p e p t i d e s . System A i s s p e c i f i c for peptides containing 

L-amino a c i d r e s i d u e s while system B can t o l e r a t e a D-amino 

a c i d r e sidue i n e i t h e r the 2nd or 3rd p o s i t i o n of a 
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t r i p e p t i d e , although the a f f i n i t y of the permease for such a 

peptide i s much reduced. Both t r a n s p o r t systems are coupled 

to high energy phosphate bond cleavage. 

The only previous d e s c r i p t i o n of peptide t r a n s p o r t i n P. 

aeruginosa ( M i l l e r and Becker, 1978) showed, using growth 

s t u d i e s , that peptides up to pentapeptides were u t i l i s e d and 

t h a t blocking the N-terminus but not the C-terminus prevented 

uptake, d e s p i t e the a b i l i t y to c l e a v e both types 

i n t r a c e l l u l a r l y . M i l l e r and Becker (1978) a l s o found 

membrane-bound peptidase a c t i v i t y a s s o c i a t e d with the 

p a r t i c u l a t e f r a c t i o n of l y s e d c e l l s . T h i s a c t i v i t y was l a t e r 

shown to be a s s o c i a t e d with the inner r a t h e r than the outer 

membrane f r a c t i o n (Haas et a l . , 1981). However i n t a c t c e l l s 

showed no d e t e c t a b l e e x t r a c e l l u l a r or p e r i p l a s m i c peptidase 

a c t i v i t y , t h e r e f o r e i f the peptidases are bound to membranes 

in v i v o , they are only a c c e s s i b l e a t the inner s u r f a c e of the 

cytoplasmic c e l l membrane. M i l l e r and Becker (1978) 

suggested that h y d r o l y s i s might be coupled to peptide uptake 

as proposed i n a model for i n t e s t i n a l absorption by Ugolev et 

a l . (1977). The i n t a c t uptake of Gly-Sar i n d i c a t e s t h a t i f 

t h i s does occur i t i s not the s o l e mechanism of uptake. 

C a s c i e r i and M a l l e t t e ' s study of peptide t r a n s p o r t i n P. 

putida (1976a,b) although mainly based on growth t e s t s , shows 

that uptake i s broadly s i m i l a r to that i n P. aeruginosa with 
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some apparent d i f f e r e n c e s between the two s p e c i e s . C a s c i e r i 

and M a l l e t t e (1976a) reported no competition between d i - and 

oligo p e p t i d e s and did not detect any competition by Gly-Sar 

for dipeptide uptake, uptake of Gly-Gly-Ala was completely 

i n h i b i t e d by DNP and t e t r a p e p t i d e s appeared to be near the 

upper s i z e l i m i t for t r a n s p o r t . Many of these 

d i s s i m i l a r i t i e s may be due to the poor s e n s i t i v i t y of the 

growth assays used, as e a r l y growth s t u d i e s of peptide uptak 
i n I L c o ] - i (Payne and G i l v a r g , 1971) gave analogous 

d i f f e r e n c e s to r e s u l t s from l a t e r s t u d i e s using more d i r e c t 

techniques (Payne, 1980). 

Peptide t r a n s p o r t i n IP^ aeruginosa and c o l i seem to be 

q u a l i t a t i v e l y s i m i l a r with system A i n ̂  aeruginosa 

corresponding to the Dpp i n E ^ c o l i and system B 

corresponding to the Opp. The only d i f f e r e n c e found (apart 

from the obvious d i f f e r e n c e i n r a t e s ) was th a t system B i n P 

aeruginosa shows some l i m i t e d s p e c i f i c i t y towards LDD 

t r i p e p t i d e s whereas E_^ c o l i does not t r a n s p o r t LDD 

t r i p e p t i d e s . 

The low r a t e of t r a n s p o r t i n P^ aeruginosa r a i s e s 

p a r t i c u l a r d i f f i c u l t i e s i n designing an e f f e c t i v e 

anti-Pseudomonad drug using the "smugglin" concept (Matthews 

and Payne, 1975b) of j o i n i n g an otherwise impermeant t o x i c 

moiety to a c a r r i e r peptide which then c a r r i e s the moiety 
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i n s i d e the c e l l where i t i s r e l e a s e d by peptidase a c t i v i t y . 

The slow uptake of peptides i n Pseudomonads i s probably a 

property of the t r a n s p o r t system per se, although low outer 

membrane p e r m e a b i l i t y may a l s o play a p a r t . The c o n t r i b u t i o n 

of the outer membrane towards p e r m e a b i l i t y i s not yet c l e a r 

and i t remains an area which r e q u i r e s f u r t h e r study. 

A 

E. c o l i e x i s t s i n an environment i n which there are 

a l t e r n a t e l y high and then low l e v e l s of peptides and other 

n u t r i e n t s . Under these c o n d i t i o n s i t i s c l e a r l y advantageous 

to t r a n s p o r t n u t r i e n t s r a p i d l y when they are a v a i l a b l e , 

t h e r e f o r e E_;_ c o l i has developed high a c t i v i t y peptide 

t r a n s p o r t systems. Pseudomonads, on the other hand, e x i s t i n 

a g r e a t v a r i e t y of environments where they are u n l i k e l y to 

come acr o s s high l e v e l s of n u t r i e n t s , but where there i s 

often competition from a n t i b i o t i c - p r o d u c i n g microorganisms. 

Under these c o n d i t i o n s Pseudomonads appear to have developed 

a r e l a t i v e l y impermeable c e l l envelope and slow t r a n s p o r t 

systems. That the decrease i n growth r a t e s produced by slow 

n u t r i e n t uptake i s more than compensated for by the a b i l i t y 

to compete with other microorganisms, even when they produce 

a n t i b i o t i c s , i s demonstrated by the near u b i q u i t y of 

Pseudomonads. 
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CONCLUDING REMARKS 

In the study of peptide t r a n s p o r t i n E ^ c o l i presented 

here, mutants d e f e c t i v e i n dpp, opp and opt have been 

i s o l a t e d . The opt gene has been mapped for the f i r s t time 

and has been shown to l i e between 84 and 88min on the 

chromosome. E a r l i e r r e p o r t s of the l o c a t i o n s of the opp and 

dpp genes (Lenny and Margolin, 1980, Hartmann, 1980) have 

been confirmed. 

These mutants have been used to show that both the Dpp and 

Opt permeases have wider s p e c i f i c i t i e s than has been reported 

p r e v i o u s l y (see Payne, 1980 for r e v i e w ) , and that 

c o n s i d e r a b l e o v e r l a p occurs between the s p e c i f i c i t i e s of the 

three peptide t r a n s p o r t systems. E a r l i e r s t u d i e s using 

i n d i r e c t growth t e s t s had i n d i c a t e d narrower s p e c i f i c i t i e s 

for the permeases but the r e s u l t s presented here demonstrate 

the n e c e s s i t y of using d i r e c t , s e n s i t i v e t r a n s p o r t a s s a y s , 

such as the fluorescamine assay, i f t r a n s p o r t s p e c i f i c i t i e s 

are to be a c c u r a t e l y determined. The range of f l u o r e s c e n c e 

assays now a v a i l a b l e allows the p r e c i s e and rapid monitoring 

of both peptide uptake and amino a c i d exodus. These assays 

have been used s u c c e s s f u l l y i n a range of organisms i n c l u d i n g 

y e a s t s , E n t e r o b a c t e r i a , Pseudomonads and S t r e p t o c o c c i , and 

should enable the peptide t r a n s p o r t s p e c i f i c i t i e s of 

c l i n i c a l l y important microorganisms to be q u i c k l y and 
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a c c u r a t e l y determined. T h i s information i s important for the 

r a t i o n a l design of novel peptide a n t i b i o t i c s . I t i s a l s o 

important, i n t h i s regard, to have a d e t a i l e d knowledge of 

the range of peptidase a c t i v i t i e s of both the t a r g e t 

microorganism and the host t i s s u e to obtain maximum 

s p e c i f i c i t y of a c t i o n . 

As the s p e c i f i c i t i e s of the three peptide permeases i n E. 

c o l i are now w e l l c h a r a c t e r i s e d , future s t u d i e s i n t h i s 

organism should attempt to di s c o v e r the molecular mechanisms 

of peptide t r a n s p o r t . The new techniques which have been 

developed i n molecular g e n e t i c s should help g r e a t l y with t h i s 

work. The locus coding for Opp i n typhimurium has al r e a d y 

been cloned and i s being sequenced (C.F. Higgins, personal 

communication). When the genes coding for Opp, Dpp and Opt 

have a l l been cloned and sequenced, i t w i l l be of great 

i n t e r e s t to determine the degree of homology between the 

components of the peptide t r a n s p o r t systems i n a s i n g l e 

s p e c i e s and between the t r a n s p o r t systems of d i f f e r e n t 

s p e c i e s . Presumably those sequences which have been most 

conserved w i l l be those which are important i n the t r a n s p o r t 

process, while those sequences showing d i f f e r e n c e s may be 

involved i n d e f i n i n g the s p e c i f i c i t i e s of each system. There 

may a l s o be an e v o l u t i o n a r y r e l a t i o n s h i p between a l l the 

ATP-linked t r a n s p o r t systems, with t r a n s p o r t s p e c i f i c i t i e s 

being mainly a fe a t u r e of the p e r i p l a s m i c binding p r o t e i n s 
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rat h e r than the permease per se. 

The study of outer membrane p r o t e i n d e f i c i e n c y on peptide 

t r a n s p o r t showed t h a t the major route for peptide d i f f u s i o n 

a c r o s s the outer membrane was through the p o r i n s . Of the 

three porin types i n c o l i , OmpF was shown to be more 

important than e i t h e r OmpC or PhoE i n mediating peptide 

d i f f u s i o n . I t has been suggested t h a t t h i s could be due to 

the OmpF pore having a s l i g h t l y l a r g e r i n t e r n a l diameter than 

the other two pores (Nikaido and Rosenberg, 1983). Other 

f a c t o r s , such as the charges on the amino a c i d s l i n i n g the 

pore, may a l s o have a r o l e i n determining the pore 

s p e c i f i c i t i e s . What i s required i s a s y s t e m a t i c study of 

outer membrane p e r m e a b i l i t y using a range of mutants and 

s u b s t r a t e s which have a v a r i e t y of s i z e s , charges, 

h y d r o p h o b i c i t i e s e t c . . Nikaido and Rosenberg (1983) noted 

t h a t the pores seemed to be more d i s c r i m i n a t o r y i n vi v o than 

i n v i t r o , p o s s i b l y because i n t e r a c t i o n s with other outer 

membrane components are necessary for normal pore f u n c t i o n . 

T h i s being the case, the sy s t e m a t i c study should use i n t a c t 

c e l l s . Monitoring peptide t r a n s p o r t k i n e t i c s as desc r i b e d i n 

Chapter 4 allows the use of a wider range of s i z e s , charges 

e t c . than any of the other s u b s t r a t e s used so f a r e.g. 

sugars, B-lactams and would seem to be i d e a l for such a 

study. 
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The l o s s of the OmpA p r o t e i n has been shown to have a 

marked e f f e c t on peptide t r a n s p o r t i n three d i f f e r e n t s t r a i n s 

of Ej_ c o l i K12. I t seems u n l i k e l y that the OmpA p r o t e i n 

forms a pore i t s e l f as i t showed no pore-forming a c t i v i t y i n 

the liposome assay (Nakae, 1976a), although i t has not been 

shown that OmpA does not form pores in v i v o . As the por i n s 

are only a c t i v e i n the presence of LPS, the l o s s of OmpA 

might decrease the a c t i v i t y of the porin channnels by 

d i s r u p t i n g the i n t e r a c t i o n s between porins and the LPS. 

Furth e r work on the l o c a l i s a t i o n and i n t e r a c t i o n s between 

outer membrane components i n the absence of OmpA i s required 

to c l a r i f y the exact r o l e of the OmpA p r o t e i n i n the 

pore-forming process. 

An understanding of how s o l u t e s d i f f u s e through the p o r i n s 

and how to maximise the r a t e of d i f f u s i o n a c r o s s the outer 

membrane would be u s e f u l i n the design of most a n t i b i o t i c s as 

almost a l l t o x i c molecules must penetrate the outer membrane 

to reach t h e i r s i t e of a c t i o n . 

The f i r s t evidence for i n t a c t peptide uptake i n p. 

aeruginosa has been presented i n Chapter 5. The use of 

d i r e c t f l u o r e s c e n c e and r a d i o a c t i v e l y - l a b e l l e d peptide uptake 

assays has shown that uptake i n P^ aeruginosa i s s i m i l a r to 

uptake i n c o l i with regard to e n e r g i s a t i o n and 

s t e r e o s p e c i f i c i t y . There appears to be at l e a s t two peptide 
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permeases i n aeruginosa which are q u a l i t a t i v e l y s i m i l a r to 

the Dpp and Opp i n c o l i , although f u r t h e r competition 

s t u d i e s using d i f f e r e n t peptides should be undertaken to 

confirm t h i s . 

The major d i f f e r e n c e between the peptide uptake systems i n 

the two s p e c i e s i s the r a t e at which t r a n s p o r t occurs, as 

peptide t r a n s p o r t i s almost two orders of magnitude slower i n 

P. aeruginosa than i n JE^ c o l i . As Pseudomonads are renowned 

for t h e i r a b i l i t y to u t i l i s e a wide range of p o t e n t i a l 

n u t r i e n t s , i t might have been expected that a higher r a t e of 

t r a n s p o r t could be induced under s u i t a b l e growth c o n d i t i o n s . 

A range of nitrogen sources was used, but peptide t r a n s p o r t 

remained a t i t s low c o n s t i t u t i v e l e v e l . However even the low 

l e v e l s of t r a n s p o r t measured in t h i s study, which are s i m i l a r 

to the r a t e s of amino a c i d t r a n s p o r t p r e v i o u s l y determined 

(Kay and Gronlund, 1969a,b), may be s u f f i c i e n t to supply the 

c e l l s requirement for amino a c i d s under n a t u r a l growth 

c o n d i t i o n s , even assuming none of the amino a c i d was 

s y n t h e s i s e d from other N-sources, as the following 

c a l c u l a t i o n shows, lmg of c e l l u l a r m a t e r i a l would have to be 

s y n t h e s i s e d i n one generation, i n a c u l t u r e c o n t a i n i n g lmg of 

c e l l s per ml. Assuming that h a l f of the c e l l mass i s 

p r o t e i n , then 500ug of p r o t e i n would have to be s y n t h e s i s e d . 

I f there are 20 p r o t e i n amino a c i d s , then 25ug of each amino 

a c i d w i l l be required for one c e l l generation. Therefore 
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250nmol of each amino a c i d or lOOnmol of a mixture of d i - and 

t r i p e p t i d e s would have to be transported int o the c e l l per 

generation to s a t i s f y the amino a c i d requirement (assuming an 

average amino a c i d molecular weight of 100). I f the r a t e of 

peptide uptake was 0.5nmol rnin-1 mg~'f enough amino a c i d for 

one generation could be transported i n 200min. The average 

generation time i n a n a t u r a l environment i s l i k e l y to be 

slower than t h i s , t h e r e f o r e both peptide and amino a c i d 

t r a n s p o r t are l i k e l y to be s u f f i c i e n t l y rapid to meet the 

organism's needs. 

The r e s i s t a n c e of aeruginosa to many a n t i b i o t i c s has 

been a s c r i b e d to a r e l a t i v e l y impermeable outer membrane. 

E a r l y i n v e s t i g a t i o n s (Hancock and Nikaido, 1978) of the 

p e r m e a b i l i t y of the outer membrane reported an e x c l u s i o n 

l i m i t for molecules above a molecular weight of 6,000 

(compared with an e x c l u s i o n l i m i t of 600 in Ê _ c o l i ) . Benz 

and Hancock (1981) reported that the porin p r o t e i n F had a 

pore s i z e of 2.2nm (compared with 1.4nm for OmpF i n E_^ c o l i ) , 

but to e x p l a i n the low membrane p e r m e a b i l i t y i n the presence 

of such l a r g e pores, they suggested t h a t only a s m a l l 

proportion of the pores i n aeruginosa were open in v i v o . 

Recently, C a u l c o t t e t a l . , (1984) have reported an apparent 

e x c l u s i o n l i m i t for molecules of molecular weight over 400. 

The r e s u l t s of peptide t r a n s p o r t s t u d i e s ( M i l l e r and Becker, 

1978; Chapter 5, t h i s study) have shown that penta-Met 
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(molecular weight 673) and hexa-Ala (molecular weight 444) 

are transported i n t o aeruginosa. Both of these peptides 

are l a r g e r than the e x c l u s i o n l i m i t proposed by C a u l c o t t e t 

a l . (1984). F u r t h e r experiments s i m i l a r to those being used 

to c h a r a c t e r i s e the pore types i n c o l i are required to 

determine the nature of the outer membrane p e r m e a b i l i t y 

b a r r i e r i n P. aeruginosa. 
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APPENDIX A 

An example of the data gathering and proc e s s i n g procedure 

used i n the c a l c u l a t i o n of uptake k i n e t i c s i n Chapter 5 i s 

shown here. Graphs 1, 2 and 3 (see P l a t e s A . l and A.2) are 

t r a c e s of the uptake of Ala- A l a by s t r a i n Hi. 1 shows an 

assay with an i n i t i a l peptide c o n c e n t r a t i o n of lOOuM, 2 shows 

an assay with an i n i t i a l peptide c o n c e n t r a t i o n of 200uM and 3 

shows an assay with an i n i t i a l peptide c o n c e n t r a t i o n of 

500uM. Graphs l a , 2a and 3a (see P l a t e s A . l and A.2) are the 

t r a c e s shown i n 1, 2 and 3 r e s p e c t i v e l y , a f t e r the data has 

been c o r r e c t e d for amino a c i d exodus, as desc r i b e d in s e c t i o n 

4.5. Graph 4 shows the best f i t M i c h a e l i s Menten parabola 

c a l c u l a t e d from the data using the Micmen program. Graph 5 

i s a r e p r e s e n t a t i o n of the 95% confidence l i m i t s which can be 

placed on the estimates for Km and Vmax, prepared by the 

subroutine contour of the Micmen program. I f two d i f f e r e n t 

contours are o v e r l a i d , i t can be seen whether the estimates 

are s i g n i f i c a n t l y d i f f e r e n t from each other or not. 
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P l a t e s A . l and A.2 

An example of the peptide uptake data g a t h e r i n g and p r o c e s s i n g used t 

c a l c u l a t e the Michaelis-Menten k i n e t i c parameters i n Chapter 4. See 

t e x t f o r d e s c r i p t i o n o f each t r a c e . 
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APPENDIX B 

Most of the peptide mimetic analogues used i n t h i s study 

are of three types, aminoxy peptides, hydrazino peptides and 

phosphono peptides (for an explanation of the nomenclature 

see Morley e t a l . (1983). The peptides shown here are a l l 

L-Ala-L-Ala d e r i v a t i v e s although any other amino a c i d 

r e s i d u e s could be s u b s t i t u t e d . Peptide A (see Figure B . l ) i s 

Ala-aminoxyAla, which has an e x t r a oxygen i n s e r t e d i n t o the 

peptide backbone, peptide B, i s Ala-hydrazinoAla, which has 

an e x t r a NH i n s e r t e d i n t o the peptide backbone and peptide C 

i s Ala-Alaphosphonic a c i d , which has a phosphonic a c i d group 

s u b s t i t u t i n g for the C-terminal carboxyl group. 
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C H 3 C H , 

N H 3 - C H - C O - N H O - C H - C 0 2 

Ala-aminoxyAla 

CH, C H , 
+ I I 3 

b NH , -CH-CO-NH-NH-CH-CO 2 

Ala-hydraz i noA1a 

CH, CH, 

N H - C H - C O - N H - C H - P O H 

Ala-AlaphospHonic a c i d 

F i g u r e B . l Chemical s t r u c t u r e s of peptide mimetic a n t i b a c t e r i a l 

agents. 
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