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SUMMARY

The c r e a t i o n  o f  c h e m i c a l l y  w e l l - d e f i n e d  e l e c t r o n -  

t r a n s f e r  membranes was t h e  o v e r a l l  o b j e c t i v e  o f  t h e  r e s e a r c h  

u n d e r t a k e n .  Each membrane would form an i n t e r m e d i a t e  

p h a s e  b e tw ee n  a p r i m a r y  aqueous  r e d u c t a n t  and a  r e d u c i b l e  

aqu eo u s  s u b s t r a t e  and would m e d i a t e  e l e c t r o n  t r a n s f e r  

b e tw e e n  t h e  aqueous  p h a s e s  w i t h o u t  a l l o w i n g  them t o  come 

i n t o  p h y s i c a l  c o n t a c t .  Such membranes c o u l d  be o f  a 

s o l i d  o r  l i q u i d  n a t u r e .  P r e l i m i n a r y  r e s e a r c h ,  h o w ev er ,  

showed t h a t  l i q u i d  membranes ,  composed o f  an i n e r t  s o l v e n t  

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

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

o f  c a r r i e r  t r a n s p o r t  i n  b i o l o g i c a l  membranes i s  now w e l l  

e s t a b l i s h e d  an d ,  i n d e e d ,  t h e  f i n a l  membrane s y s t e m s ,  

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

q u in o n e  v i t a m i n  as  t h e  e l e c t r o n  ( and  p r o t o n )  c a r r i e r .

A h y d r o c a r b o n ,  n o r m a l l y  h e x a n e ,  was u s e d  as  t h e  i n e r t  

membrane s o l v e n t .

A s e r i e s  o f  i n v e s t i g a t i v e  s t u d i e s  were c a r r i e d  o u t  

t o  d e t e r m in e  which aqueous  r e d u c t a n t s  and o x i d a n t s  c o u l d  

be  u s e d  i n  t h e s e  r e d o x  s y s t e m s .  C o n t r o l  e x p e r i m e n t s  were 

c o n d u c te d  to  e n s u r e  t h a t  t h o s e  compounds, f o u n d  to  r e a c t  

w i t h  v i t a m i n  K, were  t o t a l l y  membrane i n s o l u b l e .  I n  

a d d i t i o n ,  s i m i l a r  c o n t r o l  e x p e r i m e n t s  were  u n d e r t a k e n  to



v e r i f y  t h a t  t h e  c a r r i e r  was c o m p l e t e l y  i m m i s c i b l e  i n  w a t e r .  

Only  i f  b o th  t h e  c a r r i e r  and t h e  aqueous  r e a g e n t s  were 

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

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

Once s u i t a b l e  r e d o x  membrane s y s te m s  were e s t a b l i s h e d ,  t h e  

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

The k i n e t i c s  o f  r e d u c t i o n  o f  a  number  o f  common o x i d a t i o n -  

r e d u c t i o n  i n d i c a t o r s  were  f i r s t  s t u d i e d .  S u b s e q u e n t l y  

t h e  heme p r o t e i n ,  cy tochrom e c ,  was u s e d  a s  t h e  s u b s t r a t e .

The e l e c t r o n - t r a n s f e r  membranes d e v e lo p e d  h e r e  o p e r a t e

by a c a r r i e r  mechanism which  i s  c o n c e p t u a l l y  s i m i l a r  t o
/

t h o s e  p o s t u l a t e d  f o r  b i o l o g i c a l  p r o c e s s e s .  I n  co n seq u e n c e  

t h e  e x p e r i m e n t s  c o n d u c t e d ,  u s i n g  t h e  membrane sy s te m s  

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

r e g a r d e d  as  m o d e l l i n g  t h e s e  n a t u r a l  p r o c e s s e s .  C e r t a i n  

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

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

i n c o r p o r a t e d  i n t o  t h e  s y n t h e t i c  r e d o x  membrane s y s t e m s  and 

t h e  d e g r e e  t o  which t h e s e  membranes a c t e d  as  v i a b l e  models  

f o r  b i o l o g i c a l  s y s te m s  h as  b e e n  a s s e s s e d .  The v a l i d i t y  

o f  t h e s e  sy s tem s  as  b i o l o g i c a l  models  would  be f u r t h e r  

en h an ced  i f  t h e  membranes c o u ld  be r e d u c e d  to  t h e  t h i c k n e s s  

o f  b i o l o g i c a l  membranes.  A l th o u g h  r e d o x  r e a c t i o n s  a c r o s s  

a  membrane of  b i l a y e r  d im e n s io n s  h as  n o t  b e e n  a t t e m p t e d ,  

e l e c t r o n  t r a n s f e r  a c r o s s  a  t h i n  ' l e n s '  membrane h a s  b ee n  

d e m o n s t r a t e d .
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Even th o u g h  t h e  r e d o x  s y s tem s  d e v e l o p e d  u s e d  a  

n a t u r a l l y  o c c u r r i n g  c a r r i e r ,  a number  o f  n o n - b i o l o g i c a l  

u s e s  f o r  such  s y s te m s  h a s  b e en  d e m o n s t r a t e d .  These  sy s tem s  

p r o v i d e  new s e n s i t i v e  methods  f o r  t h e  p r e p a r a t i o n  and 

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

t i v e  compounds, w i t h o u t  t h e  added  c o m p l i c a t i o n  o f  c h e m ic a l  

c o n t a m i n a t i o n  ( o t h e r  t h a n  p r o t o n s  r e q u i r e d  t o  e n s u r e  e l e c t r o  

n e u t r a l i t y ) .



ABBREVIATIONS

A Area  o
T h ic k n e s s  i n  Angstroms

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

AC A l t e r n a t i n g  c u r r e n t

ADP A d enos ine  d i p h o s p h a t e

ATP A denos ine  t r i p h o s p h a t e

BLM B i l a y e r  l i p i d  membranes

C C a p a c i t a n c e

c C o n c e n t r a t i o n  (mole l i t r e " ”^ )

c Speed  o f  l i g h t  (cms~^)

CL C a r d i o l i p i n

cp V i s c o s i t y  ( c e n t i p o i s e )
2 —1D D i f f u s i o n  c o e f f i c i e n t  (cm s~  )

d T h ic k n e s s  o f  t h e  h y d r o c a r b o n  r e g i o n  o f  BLM

DC D i r e c t  c u r r e n t

DCIP 2 , 6 - D i c h l o r o p h e n o l  i n d o p h e n o l

DMPC D i m y r i s t o y l  p h o s p h a t i d y l  c h o l i n e

DPPC D i p a l m i t o y l  p h o s p h a t i d y l  c h o l i n e

E° S t a n d a r d  r e d u c t i o n  p o t e n t i a l

Membrane p o t e n t i a l  

Emx M id p o in t  p o t e n t i a l  a t  pH X

e D i e l e c t r i c  c o n s t a n t

emf E l e c t r o - m o t i v e  f o r c e

EPR E l e c t r o n  p a r a m a g n e t i c  r e s o n a n c e
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F

f

FAD
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FMN
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F
P

g

H

h

I

K

k

ko

k l

™2
I

LL

-In

l o g

M

m

KB

F a r a d a y  (coulombs e q u i v a l e n t ” "̂) 

A c t i v i t y  c o e f f i c i e n t  

F l a v i n  a d e n i n e  d i n u c l e o t i d e  

Reduced f l a v i n  a d e n in e  d i n u c l e o t i d e  

F l a v i n  m o n o n u c le o t id e  

Reduced f l a v i n  m o n o n u c le o t id e  

F l a v o p r o t e i n  

E l e c t r o n i c  g f a c t o r  

M a g n e t ic  f i e l d  ( g a u s s )

P l a n c k * s  c o n s t a n t  ( e r g . s )

I n t e n s i t y  o f  l i g h t  

V i t a m i n
E q u i l i b r i u m  c o n s t a n t  

R a te  c o n s t a n t

Z e ro —o r d e r  r a t e  c o n s t a n t  (mole l i t r e  

F i r s t - o r d e r  r a t e  c o n s t a n t  ( t i m e ” ^)  

Reduced v i t a m i n  

P a t h  l e n g t h  (cm)

L y s o l e c i t h i n

N a t u r a l  l o g a r i t h m  ( b a s e  e )

L o g a r i t h m  ( b a s e  10)

M o l a r i t y

m e t r e

M e th y le n e  b l u e



ABBREVIATIONS (C ontd. )

Mj N u c l e a r  s p i n  quantum number i n  Z - d i r e c t i o n

m in .  m in u te s

M . p h l e i  M ycobac te r ium  p h l e i

MV Methyl  v i o l o g e n

n Number o f  moles
Number of  e l e c t r o n s  t r a n s f e r r e d

NAD N i c o t in a m id e  a d e n in e  d i n u c l e o t i d e

NADH Reduced n i c o t i n a m i d e  a d e n i n e  d i n u c l e o t i d e

NADP N i c o t i n a m i d e  a d e n i n e  d i n u c l e o t i d e  p h o s p h a te

NADPH Reduced n i c o t i n a m i d e  a d e n i n e  d i n u c l e o t i d e
p h o s p h a te

NHI Nonheme i r o n

NMR N u c l e a r  m a g n e t i c  r e s o n a n c e

OD O p t i c a l  d e n s i t y

PC P h o s p h a t i d y l  c h o l i n e

PE P h o s p h a t i d y l  e t h a n o l a m i n e

PI  P h o s p h a t i d y l  i n o s i t o l

ppm P a r t s  p e r  m i l l i o n

R Gas c o n s t a n t  ( e r g  deg ” *mole” * )
C o r r e l a t i o n  c o e f f i c i e n t  
R e s i s t a n c e  (ohms)

RMV Reduced m e th y l  v i o l o g e n

rpm R e v o l u t i o n s  p e r  m in u te

T A b s o l u t e  t e m p e r a t u r e

t  Time v a r i a b l e
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H a l f - l i f e  ( m i n u t e s )

V V o l t s  
Volume

P E l e c t r o n i c  Bohr  magneton  . ( e r g  g a u s s ” ^ )

6 T h ic k n e s s  o f  t h e  d i f f u s i o n  l a y e r

e M o la r  e x t i n c t i o n  c o e f f i c i e n t  ( l i t r e  m o l e ^ c m ” ^ )

A V a v e le n g th  ( n a n o m e t e r s )

Amax V a v e le n g th  o f  maximum a b s o r p t i o n

V F req u e n c y  ( h e r t z )

I  Summation s i g n
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INTRODUCTION

The s t u d y  o f  membranes p o s s e s s i n g  t h e  a b i l i t y  t o  

c o n t i n u o u s l y  t r a n s f e r  e l e c t r o n s  a c r o s s  t h e i r  con t inuum  has  

b e e n  a n e g l e c t e d  t o p i c  w i t h i n  t h e  g e n e r a l  a r e a  o f  membrane 

phenomena.  At t h e  o u t s e t  o f  t h i s  r e s e a r c h  no s a t i s f a c t o r y  

e l e c t r o n - t r a n s f e r  membranes o f  t h i s  t y p e  had  b e e n  d e s c r i b e d  

o r  c h a r a c t e r i s e d .  Development  o f  e l e c t r o n - t r a n s f e r  

membranes o f  t h e  l i q u i d / c a r r i e r  t y p e  d u r i n g  t h e s e  s t u d i e s  

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

s y s t e m ,  u s e d  t h r o u g h o u t  t h i s  t h e s i s ,  i s  u s e d  t o  d e n o te  an  

e x p e r i m e n t a l  a r r a n g e m e n t  which  may be c o n v e n i e n t l y  r e p r e s 

e n t e d  a s :

aqueous  s o lu t i o n / m e m b r a n e / a q u e o u s  s o l u t i o n .

I t  i s  o f  i n t e r e s t  t o  sum m ar ise  b r i e f l y  t h e  h i s t o r y  o f  membrane 

s c i e n c e  t o  show why o u r  p a r t i c u l a r  r e d o x  s y s te m s  were ch o s e n ,  

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

o f  membrane phenomena and to  d i s c u s s  t h e i r  s i m i l a r i t y  to  

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

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

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

membranes may be t r a c e d  back  to  t h e  f i r s t  h a l f  o f  t h e  l a s t  

c e n t u r y  when D u t r e c h t ,  J o l l y ,  Graham and o t h e r s  s t u d i e d  t h e  

d i f f u s i o n  o f  e l e c t r o l y t e s  and  c o n c o m i t a n t  o s m o t i c  f lo w  o f



w a t e r  a c r o s s  p o ro u s  membranes made f rom e i t h e r  u n g l a z e d  

e a r t h e n w a r e  o r  an im a l  t i s s u e  ( l ) .  The s e  w o rk e r s  f a i l e d  

t o  o b s e r v e  how ever ,  t h e  e l e c t r o m o t i v e  e f f e c t s  wh ich  

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

membranes and i t  was n o t  u n t i l  t h e  end o f  t h e  n i n e t e e n t h  

c e n t u r y  t h a t  a t h e o r y  was d e v e l o p e d  by O s tw a ld ,  to  c o v e r  

t h e  e l e c t r o m o t i v e  p r o p e r t i e s  o f  s e m ip e rm e ab le  membranes .

The p o s s i b i l i t y  t h a t  a  membrane,  made o f  a  n o n - m e t a l l i c  

m a t e r i a l  and immersed i n  an  aqueous  e n v i r o n m e n t ,  c o u ld  a c t  

a s  an  e l e c t r o n  c o n d u c t o r  was f i r s t  shown by B e c q u e r e l  and 

l a t e r  by B ra u n .  On p a s s i n g  a  d i r e c t  c u r r e n t  t h r o u g h  a 

p o r o u s  g l a s s  membrane i n t e r p o s e d  b e tw een  two aqueous  

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

R e d u c t i o n  t o o k  p l a c e  on t h e  s i d e  o f  t h e  membrane f a c i n g  

t h e  anode and o x i d a t i o n  on t h e  s i d e  f a c i n g  t h e  c a t h o d e .

T h is  p r o c e s s  was t e rm e d  e l e c t r o s t e n o l y s i s  ( 2 ) .  However,  

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

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

were  p r e s e n t  a t  o p p o s i t e  s i d e s  ( 3 ) .  T h i s  p r o c e s s  was 

t e rm e d  s p o n ta n e o u s  e l e c t r o s t e n o l y s i s .  ( E l e c t r o s t e n o l y s i s  

i s  t a k e n  t o  mean e l e c t r o l y s i s  i n  a  n a r ro w  p a s s a g e . ) The 

e x p e r i m e n t s  o f  B e c q u e re l  and B raun  were t h e  f i r s t  r e p o r t e d  

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

n o t  r e c o g n i s e d  as  s u c h  a t  t h a t  t i m e . )

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

c h e m i s t r y ,  e s p e c i a l l y  e l e c t r o c h e m i s t r y , o f  membranes



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

s o l i d  " p o ro u s "  ( a l s o  c a l l e d  " s t r u c t u r a l " o r  " s i e v e " )  

membranes o r  t h e  " s o l v e n t - t y p e " ( a l s o  c a l l e d  " l i q u i d " ,

" o i l "  o r  " d i s s o l u t i o n " )  membranes were u s e d  f o r  s t u d y .

The v a s t  m a j o r i t y  o f  p a p e r s  on t h e  p h y s i c a l  c h e m i s t r y  

o f  s y n t h e t i c  membranes i s  c o n c e r n e d  w i t h  membranes o f  t h e  

p o ro u s  t y p e .  I n  t h e  c a s e  o f  n o n - e l e c t r o l y t e  p e rm ea n ts  

p e r m - s e l e c t i v i t y  i s  d e t e r m in e d  by s o l u t e  s i z e  o r  t h e  ad 

s o r p t i o n  c h a r a c t e r i s t i c s  a t  t h e  m e m b r a n e - s o l u t io n  i n t e r f a c e .  

With e l e c t r o l y t e  p e rm e a n t s  t h e  s i z e  f a c t o r  becomes s e c o n d a r y  

and f u n c t i o n a l i t y  i s  now c o n f e r r e d  by t h e  m em b ra n e - f ix e d  

c h a r g e .  Membranes c f  f i x e d  p o s i t i v e  o r  n e g a t i v e  c h a r g e  

a r e  p r e f e r e n t i a l l y  p e rm e a b le  t o  a n i o n s  o r  c a t i o n s  r e s p e c t 

i v e l y .  These  l a t t e r  i o n - e x c h a n g e  membranes f u n c t i o n  by 

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

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

s i m i l a r  c h a rg e  i n  t h e  b u l k  s o l u t i o n  ( 4 ) .

S o i l s  were t h e  f i r s t  i o n - e x c h a n g e  m a t e r i a l s  exam ined .  

S t u d i e s  u n d e r t a k e n  d u r i n g  t h e  m id d le  o f  t h e  l a s t  c e n t u r y  

q u i c k l y  showed t h a t  s i l i c a t e s  and  a l u m i n o s i l i c a t e s  ( z e o l i t e s )  

were  r e s p o n s i b l e  f o r  most  o f  t h e i r  exchange  p r o p e r t i e s .

By t h e  t u r n  o f  t h i s  c e n t u r y  s y n t h e t i c  z e o l i t e s  had  b e e n  

d e v e l o p e d  c o m m e r c i a l ly  f o r  u s e  as  w a t e r  s o f t e n e r s  and as  

m o l e c u l a r  s i e v e s .  The f i r s t  o r g a n i c  i o n —e x c h a n g e r s , 

s y n t h e s i s e d  by c o n d e n s i n g  fo rm a ld e h y d e  w i t h  a r o m a t i c  p h e n o l s  

and a m in e s ,  a p p e a r e d  i n  1935.  I n  1944 r a d i c a l - i n d u c e d
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a d d i t i o n  p o l y m e r i s a t i o n  was f i r s t  a p p l i e d  t o  t h e  s y n t h e s i s  

o f  i o n - e x c h a n g e  r e s i n s  and  t h e  m a j o r i t y  o f  p r e s e n t  day  

r e s i n s  a r e  now p r e p a r e d  hy t h i s  t e c h n i q u e  ( 5 )* I t  i s  o n ly  

o v e r  t h e  l a s t  few d e c a d e s  t h a t  i o n —exchange  po ly m ers  have  

b e e n  c a s t  i n  s h e e t  form and u s e d  as  s o l i d  membranes.  The 

m ain  u s e s  o f  t h e s e  i o n - e x c h a n g e  membranes a r e  as  p e r m s e l e c t i v e  

membranes a l l o w i n g  t h e  e l e c t r o c h e m i c a l  t r a n s p o r t  o f  io n s  o f  

one c h a rg e  t y p e  o n l y .  By v i r t u e  o f  t h i s  p r o p e r t y  t h e s e  

membranes have  found  w i d e s p r e a d  u s e  i n  t h e  g e n e r a l  f i e l d  o f  

s a l i n e  w a t e r  and e f f l u e n t  t r e a t m e n t .

S i n c e  i t  was p o s s i b l e  t o  r e v e r s i b l y  exchange  p r o t o n s  

a t  t h e  s u r f a c e  o f  some r e s i n s  t h e n ,  i t  was a rg u e d  ( 6 ) ,  i t  

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

m e n ta l  p a r t i c l e s ,  namely  e l e c t r o n s .  I n  1949 C a s s id y  

s u c c e e d e d  i n  s y n t h e s i s i n g  t h e  f i r s t  such  m a t e r i a l  which he 

named an  o x i d a t i o n —r e d u c t i o n  ( o r  r e d o x )  p o ly m e r .  Redox 

p o ly m ers  ( 7 ) ,  ( 8 ) ,  a r e  s o l i d ,  i n s o l u b l e ,  n o n - p o r o u s ,  h i g h  

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

e l e c t r o n s  when i n  c o n t a c t  w i t h  r e a c t i v e  i o n s  o r  m o l e c u l e s .  

M o r p h o l o g i c a l l y  t h e s e  p o ly m e rs  may be c l a s s i f i e d  a c c o r d i n g  

to  w h e t h e r  t h e  a c t i v e  r e d o x  g roup  i s  p a r t  o f  t h e  backbone  

o f  t h e  p o ly m er  c h a i n  ( C l a s s  I )  o r  a  s u b s t i t u e n t  on t h e  

p o ly m er  c h a i n  ( C l a s s  I I . )  The main  s t u d i e s  em ploy ing  

r e d o x  p o ly m e rs  hav e  b e e n  c a r r i e d  o u t  u s i n g  t h e  q u i n o n e / q u i n o l  

m o i e t y  as  t h e  f u n c t i o n a l  g r o u p .  C l a s s  I  p o ly m e rs  were 

p r e p a r e d  by t h e  c o p o l y m e r i s a t i o n  o f  fo rm a ld e h y d e  w i t h



d i p h e n o l s  and C la s s  I I  po ly m ers  by t h e  a d d i t i o n  p o ly m er 

i s a t i o n  o f  v i n y l h y d r o q u i n o n e s . T h i a z i n e ,  f e r r o c e n e ,  

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

examples  o f  some o f  t h e  o t h e r  t y p e s  o f  m o le c u l e s  i n c o r p o r a t e d  

i n t o  r ed o x  p o ly m e rs  i n  t h i s  way. An a l t e r n a t i v e  and 

l i t t l e  u s e d  method o f  g e n e r a t i n g  o x i d a t i o n - r e d u c t i o n  po ly m ers  

i s  t o  employ c o n v e n t i o n a l  s t r o n g  a c i d  and s t r o n g  b a s e  r e s i n s  

to  i r r e v e r s i b l y  a b s o rb  r e d o x  a c t i v e  c a t i o n s  and  a n i o n s .

Manecke was t h e  f i r s t  to  s u g g e s t  t h a t  f i l m s  o f  p o l y -  

q u in o n e  p o ly m ers  c o u l d  a c t  as  s o l i d  s t a t e  m e d i a t o r s  i f  t h e y  

s e p a r a t e d  two s o l u t i o n s ,  one c o n t a i n i n g  an o x i d a n t ,  t h e  

o t h e r  a  r e d u c t a n t  (9)#  I t  was s u g g e s t e d  t h a t  i n  t h e  

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

i n t e r f a c i a l  l a y e r  would i n t e r a c t  w i t h  t h e  a d j a c e n t  s u b l a y e r  

o f  o x i d i s e d  po ly m er  to  g e n e r a t e  two l a y e r s  o f  s em iq u in o n e .

The s u r f a c e  l a y e r  would  be f u r t h e r  r e d u c e d  and r e d u c t i o n  

would t h e n  p r o c e e d  i n t o  t h e  i n t e r i o r  o f  t h e  f i l m  by r e p e t i t i o n  

o f  t h i s  p r o c e s s .  An e x a c t l y  a n a lo g o u s  s i t u a t i o n  would a p p l y  

f o r  aqueous  o x i d a n t - r e d u c e d  po ly m er  i n t e r a c t i o n s .  T h is  . 

would be t h e  o n l y  p o s s i b l e  mechanism f o r  e l e c t r o n  c o n d u c t i o n  

th r o u g h  s u c h  membranes f o r ,  u n l i k e  th e  l i q u i d  membranes to  

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

w i t h i n  t h e  r i g i d  p o ly m er  m a t r i x  and t h e r e f o r e  l a c k  t h e  

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

f o r  t h i s  t h e o r y  came from t h e  work o f  B e l t z e r  and B a t z o l d .  

U s in g  t h e  e x p e r i m e n t a l  sy s tem  shown i n  f i g u r e  0 -1  and
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F i g u r e  0 -1  The e x p e r i m e n t a l  s y s t e m  u s e d  by B a t z o l d  and 

B e l t z e r  (10 )  to  show t h e  r ed o x  m e d i a t o r  c a p a b i l i t y  of  

s o l i d  o x i d a t i o n - r e d u c t i o n  p o ly m e r s .



em ploy ing  q u in o n e  r e d o x  p o l y m e r s ,  P ,  o f  e i t h e r  C la s s  I  o r  

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

d e v e lo p e d  b e tw een  t h e  two p l a t i n u m  e l e c t r o d e s  f u s e d  to  t h e  

r e d o x  membranes as  shown. From t h i s  t h e y  i n f e r r e d  t h a t  

s o l i d  s t a t e  e l e c t r o c h e m i c a l  m e d i a t i o n  had  o c c u r r e d .  They 

a l s o  o b t a i n e d  e v i d e n c e  to  s u g g e s t  t h a t  m e d i a t i o n  was s low  

compared  to  t h e  i n t e r f a c i a l  r ed o x  r e a c t i o n s  ( l O ) .

The t r a n s f e r  o f  e l e c t r o n s  t h r o u g h  t h e s e  r e d o x  po lym ers  

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

r ed o x  g roups  w i t h i n  t h e  m a t e r i a l  t o  move i n t o  a n  o r i e n t a t i o n  

which a l l o w s  e l e c t r o n  t r a n s f e r  t o  o c c u r .  Due t o  t h e  r i g i d  

n a t u r e  o f  t h e  p o ly m e r  m a t r i x  h o w ever ,  t h e  r e q u i r e d  r o t a t i o n a l  

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

t r a n s f e r  p r o c e s s e s  w i l l  be e x c e p t i o n a l l y  s lo w .  F o r  t h i s  

r e a s o n  l i q u i d  as  opp o sed  to  s o l i d  r e d o x  e x c h a n g e r s  were 

c o n s i d e r e d  to  be p o t e n t i a l l y  more v i a b l e .  T h is  k i n e t i c  

f a c t o r  i s  a l s o  one o f  th e  p r i n c i p a l  r e a s o n s  why redox  po ly m ers  

have  n o t  f o u n d  w i d e s p r e a d  u s e .  They have  been  shown, 

how ever ,  t o  have  p o t e n t i a l  r o l e s  as  a n t i o x i d a n t s ,  as  ’ c l e a n 1 

o x i d a n t s  o r  r e d u c t a n t s  and as  c h e m o t h e r a p u t i c  a g e n t s .

Column o r  b a t c h w i s e  u s e  o f  t h e  p o ly m e r ,  i n  b e ad  fo rm ,  b e i n g  

t h e  method o f  u t i l i s a t i o n .

The l i t e r a t u r e  on t h e  p h y s i c a l  c h e m i s t r y  o f  l i q u i d  

membranes,  th o u g h  v o l u m i n o u s ,  i s  f a r  l e s s  e x t e n s i v e  t h a n  

t h a t  on s o l i d  membranes.  T h i s ,  t o  a  c e r t a i n  d e g r e e ,  i s  

a  r e f l e c t i o n  upon t h e  f a c t  t h a t  i n  p r a c t i c e  l i q u i d  membranes



show a  number o f  d i s c o u r a g i n g  f a c t o r s ;  t h e y  a r e  n o t  as  

e a s i l y  h a n d l e d  as  s h e e t s  o f  p o ro u s  membrane,  i o n  t r a n s p o r t  

a c r o s s  them i s  v e r y  l i m i t e d ,  t h e i r  e x t r e m e l y  h i g h  r e s i s t 

a n c e s  make p o t e n t i o m e t r i c  m easu rem en ts  d i f f i c u l t  and 

i n d u s t r y  p r e f e r s  t h e  f a s t e r  and  more c o n v e n i e n t  method o f  

s e r i a l  e x t r a c t i o n  to  t h e  u s e  o f  b u l k  l i q u i d  membranes ( 4 ) .  

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

membranes a l s o  d i s p l a y  a number o f  h i g h l y  d e s i r a b l e  

p r o p e r t i e s :  membranes o f  i n f i n i t e l y  v a r i a b l e  b u t  w e l l  —

—d e f i n e d  c o m p o s i t i o n  can be r e a d i l y  formed and s t u d i e d  s i n c e  

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

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

c o n t in u u m ,  t h e  f u n c t i o n a l  m o l e c u l e s  and groups  w i t h i n  t h e  

membrane p o s s e s s  a  h i g h  d e g r e e  o f  r o t a t i o n a l  an d  t r a n s 

l a t i o n a l  m o b i l i t y .  I n  co n se q u en ce  n o t  o n l y  a r e  r e a c t i o n s  

b e tw een  a d j a c e n t  p a i r s  o f  m o l e c u l e s  f a s t e r  b u t  t h e  p o s s i b 

i l i t y  o f  m o l e c u l e s  moving f rom one s i d e  o f  t h e  membrane 

t o  t h e  o t h e r  b e f o r e  r e a c t i o n  ( t h a t  i s  a c t i n g  as  c a r r i e r s )  

now e x i s t s .  L i q u i d  membranes s h o u l d  t h e r e f o r e  e x h i b i t  

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

Membranes o f  t h e  ’’d i s s o l u t i o n "  t y p e  were t h e  f i r s t  

k i n d  o f  l i q u i d  membrane s t u d i e d  ( l l ) .  Membrane c o n c e n 

t r a t i o n  c e l l s  i n  which  a  s t r o n g  b i n a r y  e l e c t r o l y t e  was 

s o l u b l e  i n  an " i m m i s c i b l e 1' l i q u i d  membrane p h a s e  i n  a 

h i g h l y  d i s s o c i a t e d  s t a t e ,  were  em ployed .  The s o l v e n t s



u s e d  were a l l  h y d r o x y l i c  compounds which  a c t u a l l y  c o n t a i n e d  

c o n s i d e r a b l e  q u a n t i t i e s  o f  w a t e r  ( t a k e n  up from t h e  aqueous  

p h a s e s )  and were, t h e r e f o r e ,  n o t  t r u l y  w a t e r - i m m i s c i b l e .

The l i q u i d  membrane p h a s e  a c t e d  m e r e ly  as  a s o l v e n t  f o r  t h e  

e l e c t r o l y t e  u n d e r  c o n s i d e r a t i o n  w h ic h ,  once d i s s o l v e d  i n  

t h e  membrane, c o u ld  d i f f u s e  t h r o u g h  i t .

Membranes o f  t h e  N e r n s t - R i e s e n f e l d  t y p e  would be u n 

s u i t a b l e  as  e l e c t r o n - t r a n s f e r  membranes s i n c e  t h e y  would 

a l l o w  aqueous  r e d o x  r e a g e n t s  t o  d i s s o l v e  i n  t h e  membrane 

and t h e r e f o r e  to  r e a c t  d i r e c t l y  w i t h  t h e  o t h e r  r ed o x  r e a g e n t  

c o n t a i n e d  i n  t h e  o p p o s i t e  aqueous  p h a s e .  These hypo

t h e t i c a l  membranes may be c o n s i d e r e d  as  b e i n g  t h e  l i q u i d  

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

e a r l i e r .  S i n c e  i n  b o t h  o f  t h e s e  c a s e s  r e a g e n t  m o le c u le s  

would  have  t o  p e r m e a te  t h e  membrane b e f o r e  r e a c t i o n  c o u ld  

o c c u r ,  r e a c t i o n  v i a  membrane i n t e r v e n t i o n  o f f e r s  no o b v io u s  

a d v a n t a g e .  H a b e r - B e u t n e r  t y p e  membranes,  on t h e  o t h e r  

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

red o x  membrane. The o r i g i n a l  s t u d i e s  w i t h  t h i s  t y p e  o f  

membrane were c o n te m p o ra ry  w i t h  t h o s e  o f  N e r n s t  and 

R i e s e n f i e l d  ( 1 2 ) ,  ( 1 3 )  b u t  i t  t o o k  a l o n g  t im e  b e f o r e  t h e  

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

by t h e s e  membranes c o u ld  be a t t r i b u t e d  to  t h e  phenomenon 

o f  i o n  e x c h a n g e .  Over  t h e  l a s t  d e cad e  a new group  o f  

H a b e r - B e u t n e r  t y p e  membranes h a s  b e e n  d e v e l o p e d .  These



l i q u i d  i o n - e x c h a n g e  membranes show t h e  c h a r a c t e r i s t i c  

e l e c t r o m o t i v e  p r o p e r t i e s  o f  t h e  o r i g i n a l  H a b e r - B e u t n e r  

t y p e  membranes t o  a v e r y  h i g h  d e g r e e  ( 1 4 ) .  L i q u i d  i o n -  

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

o f  min im al  w a t e r  s o l u b i l i t y  and t y p i c a l l y  b e n zen e  o r  

h i g h e r  a l c o h o l s ) ,  o f  s u b s t a n c e s  c o n s i s t i n g  o f  an  i o n o g e n i c  

g roup  a t t a c h e d  to  an o r g a n i c  m o le c u l e  o f  a  s u i t a b l e  n a t u r e  

t o  make t h e s e  compounds and t h e i r  s a l t  forms v e r y  s p a r i n g l y  

s o l u b l e  i n  aqueous  e l e c t r o l y t e  s o l u t i o n s .  I n  c o m p ar i so n  

t o  t h e  s o l i d  e x c h a n g e r s ,  l i q u i d  i o n  e x c h a n g e r s  a r e  c o n s t r 

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

and n o t  by ch e m ic a l  bonds .  The n e u t r a l  i o n - p a i r s  formed 

be tw een  t h e  e x c h a n g e r s  and t h e i r  c o u n t e r  i o n s  a r e  a b l e ,  

t h e r e f o r e ,  t o  d i f f u s e  f r e e l y  w i t h i n  t h e  membrane con t inuum .  

With i d e a l  H a b e r - B e u t n e r  membranes t h e  o n l y  s u b s t a n t i a l  

p r o c e s s  which  can  o c c u r  i s  t h e  ' o n e - t o - o n e 1 c r o s s  membrane 

exchange  o f  a n io n s  o r  c a t i o n s .  T h is  t r a n s p o r t  o f  i o n s  

a c r o s s  l i q u i d  i o n  exchange  membranes i s  an example o f  t h e  

c ross -m em brane  movement o f  a s o l u t e  by a c a r r i e r  p r o c e s s ,  

a mechanism e x t e n s i v e l y  u t i l i s e d  i n  n a t u r e .  C o m m e rc ia l ly ,  

l i q u i d  i o n  e x c h a n g e r s  have  fo u n d  u s e  i n  l i q u i d - l i q u i d  

e x t r a c t i o n  p r o c e s s e s  and ' i d e a l '  membranes,  by  v i r t u e  o f  

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

c e l l s  l i k e  d o u b le  s i d e d  r e v e r s i b l e  e l e c t r o d e s  s p e c i f i c  

f o r  t h e  n o m i n a l l y  p e rm e a b le  i o n ,  have  fo u n d  u s e  as  

i o n - s p e c i f i c  e l e c t r o d e s .



L i q u i d  membranes o f  a  more b i o l o g i c a l  n a t u r e  have 

b ee n  i n t r o d u c e d  r e l a t i v e l y  r e c e n t l y  and may be  c o n s i d e r e d  

a s  H a b e r - B e u t n e r  membranes o f  a v e r y  s p e c i a l  t y p e .  These 

b i l a y e r  l i p i d  membranes,  i n t r o d u c e d  i n  t h e  e a r l y  1 9 6 0 *s 

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

membranes. The membranes a r e  fo rm ed from two d im e n s i o n a l  

s h e e t s  o f  a m p h ip a th i c  ( p o l a r )  l i p i d  m a t e r i a l  ( s t r u c t u r a l l y  

s i m i l a r  t o  l i q u i d  i o n - e x c h a n g e r s ) .  I t  i s  v i s u a l i s e d  t h a t  

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

l i p i d  e x t e n d  in w ard  t o  form a c o n t in u o u s  h y d r o c a r b o n  

i n t e r i o r  and t h a t  t h e  h y d r o p h i l i c  heads  f a c e  o u tw a r d ,  

e x t e n d i n g  i n t o  t h e  aqueous  p h a s e s .  P l a n a r  b i l a y e r  l i p i d  

membranes ( a l s o  known as  b i m o l e c u l a r  o r  b l a c k  l i p i d  

membranes o r  s im p ly  BLM) a r e  formed u n d e r w a t e r  by s p r e a d i n g  

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

s m a l l  o r i f i c e  (15 ) • C lo se d  b i l a y e r  s h e e t s  o f  l i p i d ,

c a l l e d  v e s i c l e s  ( a l s o  known as  r a i c r o v e s i c l e s , l i p o s o m e s ,  

s p h e r u l e s  o r  s m e c t i c  m e s o p h a s e s ) ,  a r e  formed (1 6 )  by 

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

h y d r a t e d  l i p i d  t o  g i v e  v e s i c l e s  o f  a ro u n d  50 and 0 . 0 5  

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

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

t y p i c a l  l i p i d ,  a r e  g i v e n  i n  f i g u r e  0 - 2 .  V e s i c l e s  have 

t h e  a d v a n ta g e  t h a t  t h e y  do n o t  r e q u i r e  t h e  p r e s e n c e  o f  an 

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

a r e a  f o r  s t u d y .  T h e i r  main  d i s a d v a n t a g e  i s  i n  t h e  f a c t
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F i g u r e  0 -2  The s t r u c t u r e  o f  b i l a y e r  membranes.  Also  

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

c h o l i n e .



t h a t ,  owing to  t h e i r  m in u te  s i z e ,  t h e  p o w e r fu l  e l e c t r i c a l  

methods  u s e d  so s u c c e s s f u l l y  w i t h  BLM, c a n n o t  be a p p l i e d .

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  u n m o d i f i e d  b i l a y e r s

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

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

i n t e r i o r  o f  t h e  b i l a y e r  makes i t  v i r t u a l l y  impermeable

t o  i o n s .  Water  and n o n - e l e c t r o l y t e s ,  on t h e  o t h e r  h an d ,

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

t h e  membrane by p a s s i v e  o r  hydrodynam ic  f lo w  ( 1 7 ) .  The
10 —2r e s i s t a n c e s  o f  t h e s e  BLM a r e  v e r y  h i g h  (> 10 Q .cm" ) 

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

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

F o r  t h e s e  membranes to  e x h i b i t  i o n - e x c h a n g e  o r  e l e c t r o n -  

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

be m o d i f i e d .

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

i n t o  t h e  b i l a y e r  can impose s e l e c t i v e  i o n  p e r m e a b i l i t y  

eg .  v a l i n o m y c i n ,  a  c y c l i c  o l i g o p e p t i d e ,  h a s  been  shown to  

r e n d e r  t h e  membrane p e r m e a b le  to  p o t a s s i u m  i o n s  ( 1 8 ) .

P l a n a r  b i l a y e r s  so m o d i f i e d  may be  c o n s i d e r e d  i n  a l l  b u t  

s c a l e  t o  be i d e a l  H a b e r - B e u t n e r  membranes where  l i p i d  has  

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

The a b i l i t y  o f  b i l a y e r  membranes t o  a c t  a s  e l e c t r o n  

c o n d u c t o r s  h a s  b e en  d e m o n s t r a t e d  i n  a number o f  e x p e r i m e n t s .  

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

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



membrane p o t e n t i a l #  The n a t u r e  o f  t h i s  p o t e n t i a l  i s  such 

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

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

o n l y  an  e x t r e m e l y  s m a l l  number o f  c h a r g e s  have  b e e n  t r a n s 

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

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

C e r t a i n  m o d i f i e d  BLM have  b e e n  found  t o  behave  l i k e  

r e d o x  e l e c t r o d e s .  These membranes have  b e en  fo u n d  to  

a c t  e i t h e r  r e v e r s i b l y  t o  an i o n  i n  s o l u t i o n ,  as  f o r  example 

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

i o d i d e )  (1 7 )  o r  as  an  i n e r t  e l e c t r o d e  s e r v i n g  m e r e ly  as  a 

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

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

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

o f  F e ( l l )  by p e rm a n g a n a te  ( 1 9 ) .

L i p i d  b i l a y e r s  w i t h  a p h o t o - e l e c t r i c  r e s p o n s e  can  be 

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

t h e  membrane f o rm in g  s o l u t i o n  ( e g .  c h l o r o p h y l l  and c a r o -  

t e n o i d  p i g m e n t s )  o r  i n t o  one o f  t h e  two e l e c t r o l y t e  

com par tm en ts  s u r r o u n d i n g  t h e  b i l a y e r  ( e g .  c y a n in e  d y e s ) .

I n  a d d i t i o n  c e r t a i n  i n o r g a n i c  i o n s  and o r g a n i c  dyes  

( e g .  F e ( l l l ) ,  t h i o n i n e ,  m e th y le n e  b lu e  and  m e th y l  v i o l o g e n )  

can  s e n s i t i s e  an  o t h e r w i s e  p h o t o - i n a c t i v e  b i l a y e r  membrane. 

A l l  p h o t o - e l e c t r i c  e f f e c t s  may be t h o u g h t  o f  as  a r i s i n g  

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



t h e  m a t e r i a l  u n d e r  i l l u m i n a t i o n .  A red o x  e l e c t r o d e  

mechanism and a d i p o l e  mechanism have  been  p o s t u l a t e d  as  

two p o s s i b l e  ways o f  c r e a t i n g  c h a rg e  s e p a r a t i o n ,  

f i g u r e  0 - 3 ,  F o r  p h o t o - e l e c t r i c  e f f e c t s  t o  be s e e n ,  

c e r t a i n  a s y m m e t r i c a l  c o n d i t i o n s  must  e x i s t  a c r o s s  t h e  

membrane. Th is  c o u l d  be t h e  r e s u l t  o f  t h e  p r e s e n c e  o f  

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

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

a c r o s s  t h e  membrane. The g e n e r a t i o n  o f  an e l e c t r i c  f i e l d  

a c r o s s  t h e  p h o t o - a c t i v e  BLM, w h e th e r  e x t e r n a l l y  a p p l i e d  

o r  g e n e r a t e d  by a d d in g  an e l e c t r o n  a c c e p t o r ,  g r e a t l y  

enhances  t h e  p h o t o r e s p o n s e .  This  f i e l d  a c t s  by a s s i s t i n g  

t h e  l i g h t  i n d u c e d  c h a rg e  s e p a r a t i o n  ( 1 7 ) •  A l th o u g h  i t  

i s  i m p o s s i b l e  to  m easu re  p h o t o p o t e n t i a l s  i n  l i p o s o m e s ,  

p h o t o r e d u c t i o n  o f  cy tochrom e c by c h l o r o p h y l l  c o n t a i n i n g  

v e s i c l e s  h a s  b ee n  d e m o n s t r a t e d  ( 2 0 ) .  P h o to re d o x  r e a c t i o n s  

a c r o s s  BLM have  a l s o  b e e n  s t u d i e d  ( 1 7 ) .  U s in g  F e ( I I I )  

a s  t h e  e l e c t r o n  a c c e p t o r  i n  one c om par tm e n t ,  t h e  e f f e c t  

o f  a d d i n g  v a r i o u s  m o d i f i e r s  t o  t h e  o t h e r  aqueous  compar tment  

was s t u d i e d .  I t  was fo und  t h a t  a number o f  i n o r g a n i c  

and o r g a n i c  e l e c t r o n  do n o rs  en h anced  t h e  p h o t o p o t e n t i a l .

The BLM i s  v i s u a l i s e d  as  a c t i n g  as  two c o u p le d  r e d o x  

e l e c t r o d e s  w i t h  one s i d e  r e d u c i n g  and t h e  o t h e r  o x i d i s i n g .  

C o n v e r s e l y ,  compounds known to  a c t  as  e l e c t r o n  u n c o u p l e r s  

o r  p r o t o n  c a r r i e r s  s u p p r e s s e d  t h i s  emf. These  l a t t e r  

compounds a r e  t h o u g h t  t o  a c t  by p r e v e n t i n g  c h a r g e  s e p a r a t i o n



REDOX ELECTRODE DIPOLE MODEL
HYPOTHESIS

EXCITATION Chl + hN ->Chl P + M  — >  P

S  C h i * e - v c h f  P*+D —> P - D +

Chl and P are photo-active molecules added to the 
membrane forming and aqueous solutions respectively. D 
is a donor molecule.

F i g u r e  0 -3  P r o b a b l e  mechanisms by which  a p h o t o v o l t a g e  

can  be g e n e r a t e d  i n  a BLM.



i n  t h e  membrane. A l i s t  o f  t h e  m o d i f i e r s  which  enhanced  

t h e  p h o t o p o t e n t i a l  i s  g i v e n  i n  t a b l e  1.

A l l  e l e c t r o n  t r a n s f e r  r e a c t i o n s  a c r o s s  b i l a y e r  

membranes d i s c u s s e d  up t o  now have  r e q u i r e d  some k i n d  o f  

e x t e r n a l  im p e tu s  f o r  e l e c t r o n s  t o  be exchanged  be tw een  

membrane and b a t h i n g  s o l u t i o n .  I n  t h i s  c o n t e x t  t h e r e f o r e  

t h e y  a r e  a n a lo g o u s  to  B r a u n ' s  e l e c t r o s t e n o l y s i s  membranes . 

S t u d i e s  i n v o l v i n g  b i l a y e r s  an a lo g o u s  to  t h e  B e c q u e r e l  

t y p e  i n  w hich  t h e  re d o x  a g e n t s  t h e m s e l v e s ,  by v i r t u e  o f  

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

w i t h  t h e  membrane have  b e en  o f  o n l y  l i m i t e d  number.  One 

s u c h  e x p e r im e n t  (2 1 )  u s e d  an i n e r t  BLM m o d i f i e d  w i t h  

coenzyme ( a  q u i n o n e )  t o  s e p a r a t e  two a e r a t e d  aqueous  

chambers  one o f  w hich  c o n t a i n e d  t h e  n o n - a u t o x i d i s a b l e  

r e d u c i n g  a g e n t  r e d u c e d  n i c o t i n a m i d e  a d e n in e  d i n u c l e o t i d e

The b e h a v i o u r  o f  t h e  membrane p o t e n t i a l ,  g e n e r a t e d  i n  

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

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

(NADH).

NADH + Q (0- 1 )

(0 - 2 )

( 0 - 3 )

( 0 - 1 ) ,  f o l l o w e d  by a s lo w e r  q u e n c h in g  r e a c t i o n ,  e q u a t i o n  

( 0 —2)•  However,  when s o l u t i o n s  o f  h ig h  b u f f e r i n g  c a p a c i t y



T a b le  1 E f f e c t  o f  m o d i f i e r s  on t h e  Ch^-BLM p h o t o —emf. 

The c e l l  a r r a n g e m e n t  was:

S a l t  / Aqueous s o l u t i o n  / Ch't-BLM / Aqueous s o l u t i o n  / S a l t  
b r i d g e  F e C ^  '  '  m o d i f i e r  b r i d g e

MODIFIERS

I n o r g a n i c
N a l ,  Na2S20 4 , K4P e (CN)6 

PeCJ' T l C l ,  CuCl

O rg a n ic
A s c o r b i c  a c i d ,  h y d r o q u i n o n e , FMN, 

NAD, Cytochrome c ,  v i t a m i n  K



were employed no membrane p o t e n t i a l  was d e t e c t i b l e .

Th is  was e x p l a i n e d  by t h e  in v o lv e m e n t  o f  an  a d d i t i o n a l  

p r o c e s s  i n  which t h e  q u i n o l  becomes p r o t o n a t e d ,  e q u a t i o n  

( 0 - 3 ) .  U nder  t h e s e  c o n d i t i o n s ,  s i n c e  no ch a rg e  s e p a r a t i o n  

now o c c u r s ,  t h e  q u i n o n e , i n  a d d i t i o n  to  a c t i n g  as a  p r o t o n  

c a r r i e r ,  can  now a c t  as  an e l e c t r o n  c a r r i e r  c a p a b l e  o f  

s u s t a i n i n g  a c o n t in u o u s  r edox  r e a c t i o n  be tw een  aqueous 

p h a s e s .  T h is  l a t t e r  p o s s i b i l i t y  was n o t  a p p r e c i a t e d  by 

t h e  a u t h o r s ,  a p p a r e n t l y .

S u s t a i n e d  t ransm em brane  r ed o x  r e a c t i o n s  u s i n g  l i p i d  

b i l a y e r s  have  o n l y  been  d e m o n s t r a t e d  e x p e r i m e n t a l l y  i n  

l i p o s o m e s .  D i b u t y l  f e r r o c e n e ,  N-methyl  p h en az in iu m  

m e th y l  s u l p h a t e  (PMS), b o t h  r e q u i r i n g  th e  p r e s e n c e  o f  

t e t r a p h e n y l  boron ,  and h y d r o q u in o n e  have  a l l  been  s u c c e s s 

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

t o  m e d ia t e  t h e  r e d u c t i o n  o f  i n t e r n a l l y  t r a p p e d  aqueous 

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

s o l u t i o n  ( 2 2 ) .  R e a c t i o n  was found  o n l y  t o  o c c u r  i f  t h e  

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

v e s i c l e ,  shown t o  e x i s t  by s t u d y i n g  i t s  BLM a n a lo g u e  ( 2 3 ) ,  

was d i s c h a r g e d  by a d d in g  io n o p h o ro u s  compounds.  S i n c e  

how ever  t h e  red o x  m o d i f i e r s  u s e d  t o  g e n e r a t e  t h e  r e d o x  

l ip o so m e s  were membrane p e r m e a b l e ,  t h e s e  v e s i c l e s  e x h i b i t  

t h e  same d i s a d v a n t a g e  as  t h e  e l e c t r o s t e n o l y s i s  and 

( h y p o t h e t i c a l )  r e d o x  N e r n s t - R i e s e n f e l d  membranes d i s c u s s e d



e a r l i e r .  Cytochrome o x i d a s e  ( 2 4 ) i s  one o f  t h e  many 

red o x  p r o t e i n s  (25 )> (2 6 )  which  on i n c o r p o r a t i o n  i n t o  

l i p o s o m e s  h as  been  shown to  f u n c t i o n  i n  a  s i m i l a r  manner  

t o  t h e  s i m p l e r  r ed o x  m e d i a t o r s  d e s c r i b e d  above .  A l th o u g h  

t h e s e  re d o x  p r o t e i n  m o d i f i e r s  i n  g e n e r a l  p o s s e s s  no w a t e r  

s o l u b i l i t y  and a r e  t h e r e f o r e  an  improvement  upon t h e  

s i m p l e r  compounds j u s t  d e s c r i b e d ,  t h e y  s u f f e r  from t h e  

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

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

u n s u i t a b l e  a s  model, sy s tem s  f o r  s t u d y i n g  e l e c t r o n  t r a n s f e r  

a c r o s s  a membrane. The c o n c o m i t a n t  t r a n s p o r t  o f  p r o t o n s  

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

s t u d i e d .

The o v e r a l l  s t r u c t u r e  o f  b i l a y e r  membranes , f i g u r e  0 - 2 ,  

i s  i d e n t i c a l  t o  t h a t  p r o p o s e d  some f o r t y  y e a r s  e a r l i e r  (27 )  

f o r  t h e  m orpho logy  o f  t h e  p la s m a  membrane and i s  now t h e  

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

most  n a t u r a l  membranes ( d i s c u s s e d  s u b s e q u e n t l y ) .  I t  i s  

f o r  t h i s  r e a s o n  t h a t  t h e s e  u l t r a t h i n  membranes have  found 

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

t h e y  a r e ,  p e r h a p s ,  t h e  b e s t  s t u d i e d  ty p e  o f  l i q u i d  membrane.

T r a c i n g  t h e  d e v e lo p m en t  o f  i o n —exchange  and e l e c t r o n — 

t r a n s f e r  membranes and m a t e r i a l s ,  i n  a d d i t i o n  t o  b e i n g  

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

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

-  34 -



h as  b e en  l e f t  f a l l o w  u n t i l  now. This  i s  more c l e a r l y  

i l l u s t r a t e d  by c o n s u l t i n g  t a b l e  2. The p h y s i c a l  s t a t e  

and n a t u r e  o f  t h e  exchange  p r o p e r t i e s  o f  t h e  membrane 

and membrane m a t e r i a l s  d e t e r m in e  i n t o  which o f  t h e  f o u r  

q u a d r a n t s  i t  s h o u ld  be p l a c e d .  W i th in  each  o f  t h e  f o u r  

s u b s e c t i o n s  a c h r o n o l o g i c a l  o r d e r  a p p l i e s .  E x a m in a t io n  

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

membranes have  n e v e r  been  s t u d i e d  a n d ,  from t h e  p r e v i o u s  

d i s c u s s i o n ,  i t  i s  a p p a r e n t  t h a t  such  s t u d i e s  c a r r i e d  o u t  

w i t h  b i l a y e r  membranes were m a in ly  c o n f i n e d  to  membrane 

p o t e n t i a l  m e asu rem e n ts .

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

b i o l o g i c a l  c e l l s  by v i r t u e  o f  t h e i r  in v o lv e m e n t  i n  

e l e c t r o n - t r a n s f e r  and p h o t o s y n t h e t i c  p a th w a y s .  These 

p r o c e s s e s  a r e  t h e  c e l l ' s  p r im a r y  s o u r c e s  o f  a d e n o s in e  

t r i p h o s p h a t e  (ATP) which i s  a u n i v e r s a l  b i o l o g i c a l  f u e l .  

The en e rg y  r e l e a s e d  as  complex o r g a n i c  m o le c u le s  a r e  

s u c c e s s i v e l y  b r o k e n  down and o x i d i s e d  a l o n g  c a t a b o l i c  

pa thw ays  i s  p a r t i a l l y  c o n s e r v e d  by s y n t h e s i s i n g  t h i s  h i g h  

e n e rg y  compound. The e n e r g y  r e l e a s e d  d u r i n g  t h e  

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

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

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

The m a jo r  s i t e  o f  ATP s y n t h e s i s  i n  a l l  a e r o b i c  e u c a r y o t i c  

c e l l s  ( and  hence  an im a l  c e l l s )  i s  t h e  m i t o c h o n d r i o n .

T h is  c e l l u l a r  o r g a n e l l e ,  o f  g r a n u l a r  s h a p e ,  i s  bounded 

on t h e  o u t s i d e  by a  d o u b le  membrane. The i n n e r  membrane
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i s  f o l d e d  in w a rd s  a t  a number o f  p l a c e s  so as  t o  p r o j e c t  

i n t o  t h e  m a t r i x  a s  l a m e l l a e ,  t e rm e d  c r i s t a e .  A t t a c h e d  

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

and o x i d a t i v e  p h o s p h o r y l a t i o n .  E l e c t r o n  t r a n s p o r t  i s  

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

t h e  i n t e r m e d i a t e s  o f  t h e  t r i c a r b o x y l i c  a c i d  c y c l e  f lo w  down 

a  m u l t i -m e m b e red  c h a i n  o f  e l e c t r o n  c a r r i e r  ( r e d o x )  

enzymes o f  s u c c e s s i v e l y  l o w e r  en e rg y  l e v e l  u n t i l  t h e y  

e v e n t u a l l y  r e d u c e  m o l e c u l a r  oxygen .  D u r in g  t h i s  p r o c e s s  

ATP i s  s y n t h e s i s e d  f rom a d e n o s i n e  d i p h o s p h a t e  (ADP) 

and i n o r g a n i c  p h o s p h a t e  by means o f  e n z y m a t i c a l l y  

c o u p le d  r e a c t i o n s ,  t h e  p r o c e s s  b e i n g  te rm e d  o x i d a t i v e  

p h o s p h o r y l a t i o n  ( 2 8 ) .  M e ta b o l i c  pa thways  i n  t h e  m i t o 

c h o n d r i o n  i n v o l v e ,  t h e r e f o r e ,  r e d o x  r e a c t i o n s  b e tw een  

aqueous  s o l u t e s  and membrane ( l i p i d )  p h a s e s .

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

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

f u n c t i o n a l  membranes i s  w i d e l y ,  b u t  by no means u n a n i 

mously  a c c e p t e d  as  b e i n g  t h a t  o f  a f l u i d  m osa ic  ( 3 6 ) ,

( 3 7 ) .  The araph i p a t h i c  l i p i d s  o f  t h e  membrane ( m o s t l y  

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

as  an i n t e r r u p t e d  b i l a y e r  w i t h  t h e i r  p o l a r  h e a d  g roups  

i n  c o n t a c t  w i t h  t h e  aqueous  p h a s e s .  G l o b u l a r  i n t e g r a l  

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

b i l a y e r  and t o  p e n e t r a t e  t h e  l a t t e r  h y d ro p h o b ic  s t r u c t u r e  

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



p r o t e i n s ,  i f  o f  a s u i t a b l e  n a t u r e  and s i z e ,  may t r a n s 

v e r s e  t h e  e n t i r e  b i l a y e r  s t r u c t u r e ,  f i g u r e  0 —4. 

P e r i p h e r a l  p r o t e i n  i s  s u g g e s t e d  to  be bound to  t h e  

membrane by o n l y  r a t h e r  weak e l e c t r o s t a t i c  i n t e r a c t i o n s .  

The p o i n t  which d i s t i n g u i s h e s  t h i s  model from t h e  ' u n i t '  

membrane h y p o t h e s i s  C3 8 ) —( 4 3 ) ,  i s  t h a t  t h e  l i p i d  

b i l a y e r  i s  e n v i s a g e d  as  b e i n g  i n  a f l u i d  s t a t e  t h u s  

a l l o w i n g  t h e  t w o - d im e n s i o n a l  t r a n s l a t i o n a l  d i f f u s i o n  o f  

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

t h e  p l a n e  o f  t h e  membrane ( l a t e r a l  d i f f u s i o n ) .  The 

m o l e c u l a r  t u m b l i n g  o r  ' f l i p - f l o p *  o f  t h e s e  m o le c u le s  

a c r o s s  t h e  membrane ( t r a n s v e r s e  d i f f u s i o n )  would n o t  

however  o c c u r  a t  any s i g n i f i c a n t  r a t e .  I t  s h o u l d  be 

n o t e d  t h a t  t r a n s v e r s e  d i f f u s i o n  o f  l i p i d  be tw een  th e  

two d i m e n s i o n a l  s h e e t s  o f  p h o s p h o l i p i d  w i t h  t h e  membrane 

i s  o n ly  s low  f o r  c h a rg e d  l i p i d .  N e u t r a l  l i p i d ,  as 

f o r  example coenzyme Q and v i t a m i n  K u s e d  i n  t h i s  

r e s e a r c h ,  e x h i b i t  f a s t  r a t e s  o f  ' f l i p - f l o p '  (4 4 )  due 

t o  th e  s m a l l  f r e e  e n e rg y  r e q u i r e d  to  d e s o rb  them from 

one l a m e l l a  and th r o u g h  t h e  h y d ro p h o b ic  m a t r i x .

L a t e r a l  m o b i l i t y  o f  p r o t e i n  and l i p i d  w i t h i n  b o t h  

n a t u r a l  and a r t i f i c i a l  b i l a y e r  membranes has  b ee n  amply 

v e r i f i e d  e x p e r i m e n t a l l y  ( 3 6 ) ,  ( 4 5 ) - ( 4 8 ) .  The i n g e n i o u s  

e l e c t r o n  p a r a m a g n e t i c  r e s o n a n c e  e x p e r i m e n t  o f  K o rn b e rg  

and McConnel l  (4 9 )  h a s  shown t h a t  t r a n s v e r s e  d i f f u s i o n



globular protein phospholipid

F i g u r e  0 - 4  S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  t h r e e  d im e n s io n a l  

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

m osa ic  model .



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

s lo w .

Thus p r o v i d e d  w i t h  a  knowledge  o f  t h e  p r e v i o u s  

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

t r a n s f e r  membranes , i t  was d e c i d e d  t h a t  t h e  aims o f  t h i s  

r e s e a r c h  would be  t h e  g e n e r a t i o n  and s tu d y  o f  c h e m i c a l l y  

w e l l - d e f i n e d  e l e c t r o n  t r a n s f e r  membranes,  c a p a b l e  o f  

s u s t a i n i n g  c o n t i n u o u s  r ed o x  r e a c t i o n s  b e tw ee n  aqueous  

s u b s t r a t e s .  I n  a d d i t i o n  to  f i l l i n g  an a p p a r e n t  gap 

i n  t h e  membrane l i t e r a t u r e  i t  was hoped t h a t  su c h  

membranes , by v i r t u e  o f  t h e i r  a b i l i t y  t o  mimic t h e  

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

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

e n e rg y  t r a n s d u c t i o n  p r o c e s s e s .  S in c e  b u l k  l i q u i d  

membranes a r e  e x p e r i m e n t a l l y  much e a s i e r  to  h a n d l e  

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

as  n a t u r a l  membrane m o d e l s ,  i t  was d e c i d e d  t o  form t h e  

red o x  a n a lo g u e s  o f  H a b e r - B e u t n e r  membranes i n i t i a l l y ,  

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

u l t r a t h i n  membranes .

Throughou t  t h e  p r e c e d i n g  d i s c u s s i o n  a number  o f  

r e q u i r e m e n t s  f o r  a s u i t a b l e  e l e c t r o n - t r a n s f e r  s y s te m  

has  been  d i s c u s s e d .  I t  i s  a p p r o p r i a t e ,  a t  t h i s  s t a g e ,  

t o  g a t h e r  t o g e t h e r  and expand  upon  t h e  c h e m ic a l  and 

p h y s i c a l  p r o p e r t i e s  which m ust  n e c e s s a r i l y  be u p h e l d



by each  o f  t h e  s y s t e m ' s  com ponen ts .  The membrane 

s o l v e n t  must  n o t  r e a c t  w i th  any o f  t h e  r e a g e n t s  u s e d  

( i . e .  i t  must  be c h e m i c a l l y  i n e r t )  and i t  must  n o t  a c t  

as  a s o l v e n t  f o r  any  o f  t h e  aqueous r e a g e n t s  u s e d .

I n  a d d i t i o n ,  t o  e n s u r e  t h a t  t h e  membrane c a n n o t  f u n c t i o n  

i n  a  manner  a n a lo g o u s  to  N e r n s t - R i e s e n f e l d  membranes,  

i t  must  be w a t e r  i m m i s c i b l e .  Chemical i n e r t n e s s ,  

i n a b i l i t y  t o  s o l v a t e  aqueous r e a g e n t s  and w a t e r  im m isc -  

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

t h e  s o l v e n t .  F u l f i l m e n t  o f  t h e s e  ' a  p r i o r i 1 c o n d i t i o n s  

e n s u r e s  t h a t  no r e a c t i o n  w i l l  be c a p a b le  o f  t a k i n g  

p l a c e  a c r o s s  t h e  membrane i n  t h e  ab sen ce  o f  c a r r i e r .

I n  a d d i t i o n  i t  i s  e x p e r i m e n t a l l y  d e s i r a b l e  t h a t  t h e  

s o l v e n t  u s e d  s h o u ld  have  a min im al  t e n d e n c y  t o  form 

m i c e l l e s .  S im ple  u n b r a n c h e d  a l k a n e s  from hexane  

upward a r e  found  t o  e x h i b i t  a l l  t h e  d e s i r e d  c r i t e r i a .  

A l though  p a r a f f i n s  a r e  n o t  c o m p l e t e l y  w a t e r  im m i s c i b l e  

t h e  amount o f  w a t e r  which t h e y  do d i s s o l v e ,  b e tw een  

40-150 p . p .m .  (by  w e i g h t ) a t  25°C ( 5 0 ) ,  ( 5 1 ) ,  f o r  t h e s e  

p u r p o s e s  may be c o n s i d e r e d  n e g l i g i b l e .  The f u n c t i o n  

o f  t h e  membrane s o l v e n t  i s ,  t h e r e f o r e ,  m e r e ly  to  p r o v i d e  

a  c h e m i c a l l y  i n e r t  h y d r o p h o b ic  b a r r i e r  b e tw e en  t h e  

aqueous  p h a s e s .  T h is  membrane i s  made f u n c t i o n a l  o n ly  

when t h e  r ed o x  c a r r i e r s  a r e  ad d e d .  The aqueous  

o x i d i s i n g  and r e d u c i n g  a g e n t s  must  b e  t o t a l l y  c o n f i n e d  

t o  t h e i r  r e s p e c t i v e  aqueous p h a s e s  and  have  no s o l u b i l i t y



i n  t h e  membrane,  i n  any form w h a t s o e v e r .  I n  a d d i t i o n ,  

i t  i s  d e s i r a b l e  t h a t  once r e a c t e d ,  t h e i r  r ed o x  p r o d u c t s  

a r e  a l s o  membrane i n s o l u b l e .  The c a r r i e r  m o l e c u l e s ,  i n  

b o t h  t h e i r  o x i d i s e d  and r e d u c e d  s t a t e ,  must  be t o t a l l y  

c o n f i n e d  t o ,  and s o l u b l e  i n  t h e  h y d ro p h o b ic  membrane 

m a t r i x .  Th is  r e q u i r e m e n t  d i c t a t e s  t h a t  any re d o x  

r e a c t i o n  which  o c c u r s  be tw een  aqueous and membrane-bound 

r e a c t a n t s  must  n e c e s s a r i l y  o c c u r  o n ly  a t  t h e  i n t e r f a c e s .

I t  i s  a g a i n  w o r th w h i le  n o t i n g  t h a t  t h e  n o n - b i o l o g i c a l  

m e d i a t o r s  u s e d  by H in k le  (2 2 )  d i d  n o t  conform w i t h  t h i s  

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

i l i t y .  These  membranes c a n n o t  t h e r e f o r e  be c o n s i d e r e d  

as  ' i d e a l 1 s i n c e  r e a c t i o n  b e tw ee n  m e d i a t o r  and  aqueous 

r e a g e n t s  c o u ld  a l s o  o c c u r  i n  t h e  b u l k  aqueous  p h a s e s .

The c a r r i e r s  must  a l s o  be c a p a b l e  o f  u n d e r g o i n g  r e v e r s i b l e  

o x i d a t i o n  and r e d u c t i o n  i f  t h e y  a r e  t o  behave  as  t r u e  

c a r r i e r s  and a l l o w  c o n t i n u o u s  r e a c t i o n  to  o c c u r .  A 

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

t h a t  i t  must  be t h e r m o d y n a m i c a l l y  f a v o u r a b l e  f o r  th e  

c a r r i e r  t o  be b o th  r e d u c e d  and o x i d i s e d  by t h e  aqueous  

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

p o t e n t i a l  o f  th e  c a r r i e r  must  l i e  be tw een  t h o s e  o f  t h e  

o x i d a n t  and r e d u c t a n t .  A thermodynamic  a p p r o a c h  can  

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

f a v o u r a b l e .  I t  c a n n o t ,  o f  c o u r s e ,  i n d i c a t e  how q u i c k l y



a ' f a v o u r a b l e '  r e a c t i o n  w i l l  a c t u a l l y  o c c u r .

Redox c a r r i e r  m o le c u le s  may be g ro u p ed  c o n v e n i e n t l y  

i n t o  two g e n e r i c  t y p e s  a c c o r d i n g  t o  w h e th e r  t h e  c a r r i e r  

changes  o r  m a i n t a i n s  i t s  o v e r a l l  c h a rg e  a f t e r  c o n v e r s i o n s  

be tw een  re d u c e d  and o x i d i s e d  s t a t e s .  F o r  c o n v e n i e n c e ,  

t h e y  a r e  d e n o t e d  as  ty p e  1 and ty p e  2 c a r r i e r s  r e s p e c t 

i v e l y .  C o n s id e r  a l i q u i d  redox  membrane c o n t a i n i n g  a 

t y p e  1 r ed o x  c a r r i e r .  To be more s p e c i f i c ,  im ag ine  

t h a t  t h e  c a r r i e r  i s  some p o l y c h e l a t e d  i r o n  atom e . g .  

heme o r  f e r r o c e n e  ty p e  m o l e c u l e s .  The r ed o x  c y c l e  o f  

such  a c a r r i e r  would i n v o l v e ;  g e n e r a t i o n  o f  t h e  F e ( l l )  

form by d o n a t i o n  o f  an e l e c t r o n  from t h e  aqueous  

r e d u c i n g  a g e n t  to  t h e  o x i d i s e d  form o f  t h e  c a r r i e r ,  

t r a n s l o c a t i o n  o f  t h e  r e d u c e d  form a c r o s s  t h e  membrane, 

r e g e n e r a t i o n  o f  th e  F e ( I I I )  form by d o n a t i o n  o f  an  

e l e c t r o n  from t h e  c a r r i e r  t o  t h e  aqueous  o x i d i s i n g  a g e n t  

and f i n a l l y  t r a n s l o c a t i o n  o f  t h i s  o x i d i s e d  form back  

a c r o s s  t h e  membrane to  t h e  r e d u c i n g  i n t e r f a c e .  Comple t i  

o f  one such  c y c l e  has  t h e  o v e r a l l  e f f e c t  o f  t r a n s f e r r i n g  

one e l e c t r o n  from t h e  aqueous  r e d u c t a n t  t o  t h e  aqueous  

o x i d a n t  w i t h  t h e  c o n c o m i t a n t  dev e lo p m en t  o f  an e l e c t r i c a l  

p o t e n t i a l  g r a d i e n t  a c r o s s  t h e  membrane. Th is  membrane 

p o t e n t i a l ,  c r e a t e d  by t h e  unco m p en sa ted  t r a n s f e r  o f  t h e  

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

oppose  f u r t h e r  e l e c t r o n  f lo w .  A f t e r  o n l y  a v e r y  few



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

membrane p o t e n t i a l  d e v e lo p e d  would i n h i b i t  f u r t h e r  

r e a c t i o n .  From t h i s  a  p o i n t  o f  f u n d am e n ta l  s i g n i f i c a n c e  

a r i s e s ;  any e l e c t r o n - t r a n s f e r  membrane h a v i n g  as  i t s  

o n l y  c a r r i e r  a r ed o x  m o le c u le  which u n d e rg o e s  an  o v e r a l l  

change o f  c h a rg e  d u r i n g  i t s  r ed o x  c y c l e ,  w i l l  n o t  a l l o w  

c o n t in u o u s  e l e c t r o n  f lo w  be tw een  t h e  aqueous  o x i d i s i n g  

and r e d u c i n g  a g e n t s  which i t  s e p a r a t e s .  To a l l o w  t h e  

membrane to  f u n c t i o n  i n  a c o n t i n u o u s  manner ,  any t e n d e n c y  

t o  g e n e r a t e  a membrane p o t e n t i a l  would have  t o  be 

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

l i p o s o m e s ,  t h i s  may be a c h i e v e d  by a d d in g  an  i o n o p h o re  

as  an  a d d i t i o n a l  c a r r i e r  t o  t h e  membrane p h a s e  t o  a l l o w  

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

o r  a n io n s  i n  o p p o s i t i o n  t o ,  a n t i p o r t ,  t h e  d i r e c t i o n  o f  

e l e c t r o n  f lo w  ( 5 2 ) ,  t h e r e b y  m a i n t a i n i n g  e l e c t r o n e u t r a l i t y .  

Fo r  a redox  c a r r i e r  to  r e t a i n  t h e  same c h a r g e  i n  b o t h  

r e d o x  s t a t e s  an i n t r i n s i c  a b i l i t y  t o  r e v e r s i b l y  exchange  

b o t h  e l e c t r o n s  and io n s  i s  r e q u i r e d .  T h e r e f o r e ,  l i q u i d  

membranes c o n t a i n i n g  ty p e  2 as  opposed  t o  t y p e  1 c a r r i e r s  

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

a g e n t s  f o r  c o n t i n u o u s  r edox  m e d i a t i o n  t o  o c c u r .  Charged 

ty p e  2 c a r r i e r s  w ou ld ,  h o w ev er ,  r e q u i r e  t h e  p r e s e n c e  o f  

a d d i t i o n a l  h y d ro p h o b ic  c o u n t e r i o n s  f o r  them t o  d i s p l a y  

t h e  d e s i r e d  membrane s o l u b i l i t y  ( t h i s  was t h e  f u n c t i o n



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

b i l a y e r  work d i s c u s s e d  e a r l i e r ) .  N e u t r a l  t y p e  2 

c a r r i e r s  do n o t  r e q u i r e  t h e  a d d i t i o n  o f  such  c o u n t e r i o n s .  

The s i m p l e s t  t y p e  o f  l i q u i d  r ed o x  membrane c a p a b l e  o f  

a l l o w i n g  e l e c t r o n  f lo w  i s ,  t h e r e f o r e ,  one composed o f  

s o l v e n t  and ty p e  2 c a r r i e r  m o le c u le s  o n ly  and i t  was t o  

t h i s  k i n d  o f  membrane t h a t  a l l  s u b s e q u e n t  a t t e n t i o n  was 

f o c u s s e d .

Quinone m o le c u le s  a r e  by f a r  t h e  most  commom 

example o f  n e u t r a l  t y p e  2 c a r r i e r s .  On r e d u c t i o n ,  t h e  

q u in o n e  m o le c u le  g a i n s  two p r o t o n s  and two e l e c t r o n s  to  

form t h e  c o r r e s p o n d i n g  d i h y d ro q u in o n e  ( q u i n o l ) ,  f i g u r e  

0 —5 ( a ) .  Quinone m e d i a t o r s  a r e ,  t h e r e f o r e ,  b im oda l

f u n c t i o n i n g  as  b o th  e l e c t r o n  and i o n  ( p r o t o n )  c a r r i e r s .  

C o m p le t io n  o f  each  re d o x  c y c l e  r e s u l t s  i n  t h e  t r a n s 

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

membrane. Quinones  a l s o  have  t h e  added a d v a n ta g e s  

t h a t  t h e y  can be r e v e r s i b l y  r e d u c e d  and a r e ,  i n  b o th  

red o x  s t a t e s ,  g e n e r a l l y  more s o l u b l e  i n  h y d r o p h o b ic  as  

opposed  to  aqueous  s o l v e n t s .  F o r  t h e s e  r e a s o n s ,  t h e  

q u in o n e  m o le c u l e  seemed i d e a l l y  s u i t e d  t o  t h e  r o l e  o f  

an  e l e c t r o n  c a r r i e r  and i t  was from w i t h i n  t h i s  f a m i l y  

o f  compounds t h a t  s u i t a b l e  c a r r i e r s  were s o u g h t .

The f u n c t i o n i n g  o f  a l i q u i d  red o x  membrane o f  t h e  

t y p e  d e s c r i b e d  r e q u i r e s  t h a t  e l e c t r o n s  ( an d  p r o t o n s )



F i g u r e  0 - 5  Q u i n o n e s  i n  e l e c t r o n  t r a n s p o r t .  ( a )  Redox  

b e h a v i o u r  o f  q u i n o n e s .  ( b )  S t r u c t u r e  r e q u i r e d  o f  an 1 i d e a l *  

q u i n o n e  c a r r i e r .  ( c )  N a t u r a l l y  o c c u r r i n g  q u i n o n e s .
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be exchanged  b e tw een  aqueous r e a g e n t s ,  and t h e  qu in o n e  

d i s s o l v e d  i n  an i m m is c ib l e  o r g a n i c  l a y e r .  Such l i q u i d  

b i p h a s i c  r edox  r e a c t i o n s  have  been  s t u d i e d  u s i n g  t e t r a -  

c h lo r o b e n z o q u in o n e  ( 5 3 ) .  Because  o f  i t s  s o l u b i l i t y  i n  

w a t e r  (54 )  t h i s  q u in o n e  c o u l d  n o t  be c o n s i d e r e d  f o r  u s e  

i n  t h e  l i q u i d  membrane sy s tem  d e s i r e d .  To e n s u r e  t h a t  

t h e  q u in o n e  i s  t o t a l l y  c o n f i n e d  to  t h e  h y d ro p h o b ic  

membrane m a t r i x  i t  i s  a d v a n ta g e o u s  f o r  t h e  m o le c u le  t o  

p o s s e s s  a lo n g  h y d r o c a r b o n  t a i l ,  f i g u r e  0 - 5 ( b ) .

S y n t h e t i c  q u in o n e s  o f  t h i s  ty p e  a r e  n o t  r e a d i l y  a v a i l a b l e .  

F o r t u n a t e l y  s e v e r a l  n a t u r a l l y  o c c u r r i n g  and c o m m e rc ia l ly  

a v a i l a b l e  n e u t r a l  l i p i d s  have  e x a c t l y  t h e  s t r u c t u r e  

d e s i r e d .  These  l i p o p h i l i c  ( l i p i d  a m p h i p h i l e s )  q u i n o n e s ,  

u b i q u i t o u s  t h r o u g h o u t  th e  b a c t e r i a l ,  p l a n t  and an im al  

k ingdom s,  may c o n v e n i e n t l y  be d i v i d e d  i n t o  f o u r  c l a s s e s ;  

t h e  u b i q u i n o n e s  ( o r  coenzymes Q),  t h e  v i t a m i n s  K, 

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

0 - 5 ( c ) .  A l l  have  been  fo und  l o c a l i s e d  i n  t h e  v a r i o u s  

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

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

and m i t o c h o n d r i a .  Coenzymes Q a r e  i n v o l v e d  i n  b o th  

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

t r a n s p o r t ;  v i t a m i n s  K a r e  i n v o l v e d  i n  p h o t o s y n t h e s i s ,  

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

e l e c t r o n  t r a n s p o r t ;  t h e  p l a s t o q u i n o n e s  and t o c o p h e r o l -



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

t r a n s p o r t  ( 5 5 ) —( 5 3 ) .  A c r i t i c a l  e x a m i n a t i o n  o f  a l l

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

showed t h a t  t h e  m ost  a t t r a c t i v e  ty p e  o f  m o le c u l e  would 

be a n e u t r a l  q u in o n e  which p o s s e s s e d  a l o n g  h y d r o p h o b ic  

s i d e  c h a i n .  The u b i q u i t o u s  o c c u r r e n c e  o f  such  q u in o n e s  

t h r o u g h o u t  t h e  b i o l o g i c a l  membranes i n v o l v e d  i n  e l e c t r o n  

t r a n s f e r  p r o c e s s e s  would seem to  i n d i c a t e  t h a t  N a tu re  

h e r s e l f  had p r e v i o u s l y  come to  a  s i m i l a r  c o n c l u s i o n .  

V i t a m in  an d ,  t o  a l e s s e r  e x t e n t ,  coenzyme Q^q were 

ch o se n  as  t h e  q u in o n e s  t o  f u n c t i o n  as  t h e  l i q u i d  

membrane r ed o x  c a r r i e r s .  They w i l l  be r e f e r r e d  to  

t h r o u g h o u t  as  v i t a m i n  K and coenzyme Q ( o r  u b i q u i n o n e )  

r e s p e c t i v e l y .

The g e n e r a l  form o f  t h e  s y s te m s  s t u d i e d  t h r o u g h o u t  

t h i s  r e s e a r c h  i s  t h a t  o f  a  l i q u i d  membrane, composed 

o f  a h y d r o c a r b o n  i n  which were d i s s o l v e d  t h e  v i t a m i n  K 

o r  coenzyme Q m o l e c u l e s ,  b r i d g i n g  two o t h e r w i s e  s e p a r a t e  

aqueous  p h a s e s ,  one c o n t a i n i n g  a r e d u c i n g  a g e n t  and t h e  

o t h e r  an  o x i d i s i n g  a g e n t .  Such a  membrane may be 

v i s u a l i s e d  as  b e i n g  composed o f  t h r e e  p a r t s :  two

i n t e r f a c i a l  m o n o la y e r s  where t h e  r e d o x  m o l e c u l e s  a r e  

assumed to  be i n  a h i g h l y  o r i e n t a t e d  s t a t e  and an  i n t e r 

v e n i n g  b u l k  ( s o l u t i o n )  p h a s e  i n  which  t h e  m o l e c u l e s  

a r e  randomly o r i e n t a t e d  and f r e e l y  m o b i l e ,  f i g u r e  0 - 6 ( a ) .
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I n  t h i s  s y s t e m ,  q u in o n e  m o l e c u l e s  i n  t h e  membrane 

r e d u c e d  a t  one i n t e r f a c e  l e a v e  t h e  m o n o lay e r  and a r e  

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

On e n t e r i n g  t h i s  s e c o n d  m o n o la y e r  t h e  aqueous  o x i d a n t  

i s  now a b l e  t o  r e a c t  w i t h  and t h e r e b y  r e o x i d i s e  t h e  

membrane-bound q u i n o l  m o l e c u l e s .  To co m p le te  a  c y c l e  

t h e  m o l e c u l e s ,  once r e a c t e d ,  l e a v e  th e  m o n o lay e r  and a r e  

t r a n s l o c a t e d  back  t h r o u g h  t h e  b u l k  membrane to  t h e  

r e d u c i n g  s i d e  where t h e y  (once  more)  r e - e n t e r  t h e  

m o n o la y e r .  A redox  c y c l e  o f  t h i s  k i n d ,  f i g u r e  0 - 6 ( b )  

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

m o le c u le  t r a n s l o c a t i n g  two p r o t o n s  and two e l e c t r o n s  

( s y m p o r t )  a c r o s s  t h e  membrane p e r  c y c l e ,  f i g u r e  0 - 6 ( c ) .  

These  ( q u in o n e )  r ed o x  c a r r i e r s  a r e  a n a lo g o u s  to  l i q u i d  

i o n - e x c h a n g e r s . M o b i l i t y  w i t h i n  t h e  membrane con t inuum  

i s  a n e c e s s a r y  p r e - r e q u i s i t e  f o r  any c a r r i e r  mechanism 

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

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

By d e c r e a s i n g  t h e  amount o f  b u l k  s o l u t i o n  w i t h i n  t h e  

l i q u i d  membrane t h e  s u r f a c e  t o  volume r a t i o  i n c r e a s e s  

w h i l s t  t h e  d i s t a n c e  b e tw een  i n t e r f a c i a l  m o n o lay e r s  

d e c r e a s e s .  E v e n t u a l l y  when a l l  t h e  b u l k  s o l u t i o n  has  

b e e n  e x t r u d e d  t h e  two m o n o lay e r s  w i l l  be i n  c o n t a c t  

w i t h  each  o t h e r .  I f  n e u t r a l  a m p h i p a t h i c  l i p i d  m o le c u le s  

a r e  u s e d  as  c a r r i e r s ,  t h e n  t h e  s t r u c t u r e  o f  s u c h  an



' u l t r a t h i n n e d 1 membrane w i l l  be t h a t  o f  a l i p i d  b i l a y e r  

L i p i d  b i l a y e r  membranes, t h e r e f o r e ,  may be c o n s i d e r e d  

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

i n t e r p o s e d  b e tw een  two aqueous  s o l u t i o n s  where c h a rg e d  

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

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



C h a p t e r  One

BIPHASIC REACTIONS OF VITAMIN R AND COENZYME 0

The s e a r c h  f o r  ' i d e a l '  r e d o x  H a b e r - B e u t n e r  ty p e  

membranes i s  t h e  main theme o f  t h e  r e s e a r c h  d i s c u s s e d  i n  

t h e  p r e s e n t  c h a p t e r .  The many p r e r e q u i s i t e  p r o p e r t i e s  

r e q u i r e d  o f  t h e  i n d i v i d u a l  components  o f  su c h  membranes , 

d i s c u s s e d  a t  some l e n g t h  i n  t h e  i n t r o d u c t i o n ,  impose 

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

f r u s t r a t e  t h e  e x p e r i m e n t e r .  D e s p i t e  t h i s ,  t h e  e s t a b l i s h 

ment o f  c h e m i c a l l y  w e l l  d e f i n e d  l i q u i d  r ed o x  membrane 

sy s tem s  i n  t h e  l a b o r a t o r y ,  t h a t  l a y  w i t h i n  t h e s e  c o n s t r a i n t s ,  

was s o u g h t .

V i t a m in  K and coenzyme Q a r e  more s t a b l e  i n  t h e i r  

o x i d i s e d  forms u n d e r  normal  l a b o r a t o r y  c o n d i t i o n s .  The 

f i r s t  s t e p  to w ard s  t h e  g e n e s i s  o f  a l i q u i d  r e d o x  membrane 

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

which  would b i p h a s i c a l l y  r e d u c e  b o th  q u i n o n e s .  Due t o  t h e  

e x t rem e  oxygen s e n s i t i v i t y  o f  r e d u c e d  v i t a m i n  K (5 9 )  and 

o f  a number o f  t h e  aqueous  r e d u c i n g  a g e n t s  u s e d ,  t h e s e  

e x p e r im e n t s  had  t o  be c a r r i e d  o u t  i n  t h e  s t r i c t  a b se n c e  o f



oxygen .  A d d i t i o n a l l y ,  s i n c e  b o th  q u in o n e s  a r e  known t o  be . 

d e g r a d e d  by s u n l i g h t  o r  u l t r a v i o l e t  r a d i a t i o n  ( 6 0 ) ,  ( 6 1 ) ,  

i t  was a d v i s a b l e  t o  c a r r y  o u t  t h e s e  e x p e r im e n t s  i n  t h e  

a b s e n c e  o f  l i g h t .

Once s u i t a b l e  r e d u c i n g  a g e n t s  had  been  fo u n d  i t  was 

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

d i s p l a y e d  a l l  t h e  n e c e s s a r y  r e q u i r e m e n t s ,  b e f o r e  any com ple te  

s y s te m  c o u ld  be a s se m b le d .  I n  a d d i t i o n  t o  c a r r y i n g  o u t  

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

r e d u c t i o n  was a l s o  i n v e s t i g a t e d .  U l t r a v i o l e t  s p e c t r o s c o p y  

and n u c l e a r  m a g n e t i c  r e s o n a n c e  s p e c t r o s c o p y  (NMR) were 

employed f o r  t h i s  l a t t e r  s t u d y .  Both  q u in o n e s  c o n t a i n  

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

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

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

method o f  i n v e s t i g a t i n g  t h i s  p o s s i b i l i t y .  Because  t h e s e  

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

t h e  a b s o r p t i o n  s p e c t r a  o f  t h e s e  q u in o n e s  a r e  n o t  a f f e c t e d  

by t h e  d oub le  bonds p r e s e n t  i n  t h e  s i d e  c h a i n .  U l t r a v i o l e t  

s p e c t r o s c o p y  c o u l d  n o t ,  t h e r e f o r e ,  be u s e d  to  p ro b e  unwanted  

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

u s e d  to  i n v e s t i g a t e ,  b o t h  q u a l i t a t i v e l y  and q u a n t i t a t i v e l y ,  

t h e  r e v e r s i b i l i t y  o f  t h e  r e d o x  r e a c t i o n  w i th  r e s p e c t  t o  

t h e  c o n j u g a t e d  r i n g  s y s t e m s .

The a b i l i t y  t o  r e v e r s i b l y  r e d u c e  t h e  c a r r i e r  a t  t h e  

a q u e o u s /h e x a n e  i n t e r f a c e  u s i n g  an ' i d e a l 1 aqueous  r e d u c t a n t



a l lo w e d  t h e  s e a r c h  f o r  s u i t a b l e  aqueous  r e a g e n t s  ( f r e q u e n t l y -  

r e f e r r e d  t o  as  s u b s t r a t e s ) ,  which would  o x i d i s e  t h e  r ed u c e d  

c a r r i e r ,  t o  b e g i n .  These e x p e r im e n t s  were c a r r i e d  o u t  

u n d e r  a n a e r o b i c  c o n d i t i o n s  as  b e f o r e .

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

t r a n s f e r  o f  e l e c t r o n s  a c r o s s  t h e  a q u e o u s /h e x a n e  i n t e r f a c e .  

E l e c t r o n  p a r a m a g n e t i c  r e s o n a n c e  s p e c t r o s c o p y  (EPR) was u s e d  

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

known to  o c c u r .

1 - 1  MIDPOINT POTENTIALS OF VITAMIN K AND COENZYME Q.

V a lu es  f o r  t h e  m i d p o i n t  p o t e n t i a l s  a t  pH7 , E ^  ( 6 2 ) ,  

o f  v i t a m i n  K and coenzyme Q, t h e  q u in o n e s  u s e d  t h r o u g h o u t  

t h i s  s t u d y ,  were r e q u i r e d  a t  t h e  o u t s e t  o f  t h e s e  e x p e r im e n t s  

Such a .knowledge would p r e v e n t  t h e r m o d y n a m i c a l l y  u n f a v o u r 

a b l e  r e a c t i o n s  from b e i n g  a t t e m p t e d .  V a r io u s  v a l u e s  have 

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

t h e i r  s o u r c e s ,  a r e  g iv e n  i n  t a b l e  3 . M easurements  u s i n g  

i s o l a t e d  coenzyme Q and v i t a m i n  K have  a l l  been  p e r fo rm e d  

i n  a l c o h o l - H C l - w a t e r  s o l u t i o n s  and r e q u i r e  t h a t  t h e  v a l u e s  

fo u n d  be e x t r a p o l a t e d  t o  pH7 . I n  c e r t a i n  c a s e s  t h i s  i s  an  

a r b i t r a r y  p r o c e d u r e  due to  t h e  t e m p e r a t u r e  b e i n g  unknown. 

E x a m in a t io n  o f  t h e  coenzyme Q r e s u l t s  shows t h a t  t h e  v a l u e s  

o f  found  from t h e  i s o l a t e d  q u in o n e  s t u d i e s ,  a r e  some
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40-60mV more p o s i t i v e  t h a n  t h o s e  o b t a i n e d  from s t u d i e s  where 

t h e  qu inone  was membrane-bound (7 l )#  This  d i f f  e r e n c e , 

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

coenzyme Q i n c o r p o r a t e d  i n t o  t h e  membrane i s  i n  a more aqueous 

en v i ro n m en t  t h a n  t h e  i s o l a t e d  qu inone  d i s s o l v e d  i n  aqueous 

e t h a n o l ,  s i n c e  t h e  s i m p l e r  benzo q u in o n e  d e r i v a t i v e s  a l s o  

e x h i b i t  a lO-40mV more n e g a t i v e  p o t e n t i a l  when d i s s o l v e d  

i n  w a t e r ,  t a b l e  3. I t  seem s,  t h e r e f o r e ,  t h a t  t h e  b en zo 

q u in o n e  r i n g  o f  t h e  u b i q u in o n e  i s  p r o t r u d i n g  o u t  o f  t h e  

l i p i d  p h a se  o f  t h e  ( m i t o c h o n d r i a l )  membrane, i n  which t h e  

i s o p r e n o i d  c h a i n  o f  t h e  coenzyme i s  immersed,  and i n t o  t h e  

aqueous  p h a se  ( 7 1 ) .  As t h e  q u in o n e  i s  v i s u a l i s e d  as  b e in g  

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

r edox  membrane, f i g u r e  0 - 6 ( a ) ,  a v a l u e  o f  E ^  ~  75mV (25°C) 

f o r  u b i q u in o n e  would seem to  be most  a p p r o p r i a t e  f o r  t h i s  

s t u d y .  As f a r  as t h e  a u t h o r  i s  aware o n ly  t h e  m id p o in t  

p o t e n t i a l s  o f  i s o l a t e d  v i t a m i n  K have b een  d e t e r m in e d .

Recen t  s t u d i e s ,  ju d g e d  to  be t h e  most  r e l i a b l e ,  g iv e  a 

v a l u e  o f  E ^  = - 75mV (25°C) f o r  v i t a m i n  K. However,  

1 , 4 - n a p h t h o q u i n o n e  i t s e l f  shows an E ^  ~  30mV more n e g a t i v e  

i n  a q u e o u s ,  as  opposed  to  a l c o h o l i c  s o l u t i o n ,  t a b l e  3 ,  

and t h e r e f o r e ,  r e a s o n i n g  as  ab o v e ,  t h i s  v a l u e  may w e l l  be 

s e v e r a l  t e n s  o f  m i l l i v o l t s  to o  p o s i t i v e  f o r  v i t a m i n  K 

m o le c u le s  l o c a t e d  w i t h i n  t h e  i n t e r f a c i a l  m o n o lay e r s  o f  

t h e  l i q u i d  redox  membrane.



A lthough  t h e  p r e c i s e  m i d p o i n t  p o t e n t i a l s  f o r  each  

q u in o n e  a r e  u n c e r t a i n ,  i t  i s  c l e a r  t h a t  v i t a m i n  K h a s  a  

m i d p o i n t  p o t e n t i a l  a t  l e a s t  lOOmV more n e g a t i v e  t h a n  

coenzyme Q, s u g g e s t i n g  t h a t  o x i d i s e d  v i t a m i n  K w i l l  be 

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

e a s i e r  t o  o x i d i s e  t h a n  i t s  b en zo q u in o n e  c o u n t e r p a r t .

T h is  was b o rn e  o u t  d u r in g  s u b s e q u e n t  e x p e r i m e n t s .

1 - 2  EPR THEORT

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

s p e c t r o s c o p y  i s  o n l y  a p p l i c a b l e  to  chem ica l  s p e c i e s  t h a t  

p o s s e s s  m a g n e t i c  moments: an  u n p a i r e d  e l e c t r o n  p o s s e s s e s

i n t r i n s i c  a n g u l a r  momentum due to  t h e  s p i n  and o r b i t a l  

c l o s e d  lo o p  ty p e  m o t io n s  which i t  u n d e r g o e s .  S in c e  i t  

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

m a g n e t i c  moment. Th is  v e c t o r  t a k e s  up one o f  two p o s s i b l e  

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

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

l i s h e s  two m a g n e t i c  e n e r g y  l e v e l s  (Zeeman e f f e c t ) .  

T r a n s i t i o n s  b e tw een  l e v e l s  may be made t o  o c c u r  i f  a  s e c o n d ,  

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

f r e q u e n c y  g i v e n  b y ,

v = gpH/h ( l —l )

where  v i s  t h e  r e s o n a n t  f r e q u e n c y ,  |3 i s  t h e  e l e c t r o n i c



Bohr  m agneton ,  h i s  P l a n c k ’ s c o n s t a n t  and H i s  th e  m a g n e t ic  

f i e l d .  The e l e c t r o n i c  f a c t o r ,  g,  i s  a t e n s o r  w h ic h ,  f o r  

o r g a n i c  r a d i c a l s  g e n e r a t e d  i n  l i q u i d s ,  has  a v a l u e  ap p ro ach  

i n g  2 .0 0 2 3 2 .  The f i e l d  H i s  r e a l l y  t h e  f i e l d  e x p e r i e n c e d  

by t h e  e l e c t r o n  whose r e s o n a n c e  c h a r a c t e r i s t i c s  a r e  b e i n g  

examined and i s ,  t h e r e f o r e ,  t h e  v e c t o r  sum o f  t h e  a p p l i e d  

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

by n e i g h b o u r i n g  m a g n e t i c  ( s p i n n i n g )  n u c l e i .  I n  l i q u i d s  

t h e  r e s u l t a n t  f i e l d ,  H, i s  g iv e n  b y ,

H = Ho + Z a . (MT ).  ( 1- 2 )i  1 I  1
where  a^ i s  t h e  i s o t r o p i c  h y p e r f i n e  c o u p l i n g  c o n s t a n t  f o r  

m a g n e t i c a l l y  i d e n t i c a l  n u c l e i ,  i ,  and i s  t h e  quantum 

number which s p e c i f i e s  t h e  z -  component  o f  t h e i r  n u c l e a r  

s p i n  a n g u l a r  momentum. These  a d d i t i o n a l  m a g n e t ic  f i e l d s  

c au s e  f u r t h e r  s m a l l e r  s p l i t t i n g s  o f  t h e  m a g n e t ic  e n e rg y  

l e v e l s  and r e s u l t  i n  f i n e  s t r u c t u r e  b e i n g  su p e r im p o se d  

upon t h e  m a jo r  a b s o r p t i o n  s p e c t r u m .  The EPR s p e c t r a  o f  

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

s t r u c t u r e  due t o  t h e  h y p e r f i n e  i n t e r a c t i o n  b e tw een  t h e  

u n p a i r e d  e l e c t r o n  and h y d ro g e n  o r  n i t r o g e n  m a g n e t i c  n u c l e i .

An e l e c t r o m a g n e t  w i th  an a v a i l a b l e  f i e l d  r a n g e  o f  

5OO-5OOO gauss  and w i t h  a f i e l d  u n i f o r m i t y  o f  1 : 10^ i s  

r e q u i r e d  f o r  a c c u r a t e  EPR s t u d i e s .  The m a g n i tu d e  o f  t h e  

f i e l d s  employed d i c t a t e s  t h a t  microwave r a d i a t i o n  be u s e d  

t o  g e n e r a t e  t h e  c i r c u l a r l y  p o l a r i s e d  m a g n e t ic  f i e l d .
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S i n c e ,  how ever ,  a m p l i f i e r s  do n o t  f u n c t i o n  d i r e c t l y  a t  

h i g h  microwave f r e q u e n c i e s  t h e  DC s i g n a l  ( o b t a i n e d  from 

t h e  c r y s t a l  d e t e c t o r  when t h e  r e s o n a n c e  c o n d i t i o n  i s  

r e a c h e d ,  e q u a t i o n  ( 1 —1 ) )  i s  c o n v e r t e d  t o  an AC one by 

m o d u l a t i o n  o f  t h e  m a g n e t i c  f i e l d .  P r o v id e d  t h a t  t h e  modul

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

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

T h is  d e t e c t i o n  method has  t h e  added a d v a n ta g e  o f  i n c r e a s i n g  

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

The a b s o l u t e  number o f  f r e e  r a d i c a l s  r e q u i r e d  f o r
12d e t e c t i o n  i s  t y p i c a l l y  10 e l e c t r o n s ,  b u t  f o r  a d e t a i l e d  

a n a l y s i s  a c o n c e n t r a t i o n  o f  10"^ -  10“ ** M i s  n o r m a l ly  

n e c e s s a r y .  I t  i s  i m p o r t a n t  to  r e a l i s e ,  how ever ,  t h a t  

f a i l u r e  t o  r e c o r d  an EPR s p e c t ru m  c a n n o t  be t a k e n  as  p r o o f  

t h a t  a f r e e  r a d i c a l  i s  a b s e n t ;  i t  may be due t o  t h e  

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

ex t rem e i n s t a b i l i t y  o f  t h e  r a d i c a l  ( 7 4 ) .  None t h e  l e s s ,  

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

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

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

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



1 -3  EXPERIMENTAL

1 - 3 . 1  M a t e r i a l s

C h e m i c a l s : U n le s s  o t h e r w i s e  s t a t e d  t h e  s o u r c e  and p u r i t y  

( t h e  h i g h e s t  r e a d i l y  a v a i l a b l e )  o f  e v e r y  c h em ica l  u s e d  i n  

t h i s  r e s e a r c h  i s  t h a t  g i v e n  i n  a p p e n d ix  I .

S o l u t i o n s : S o l u t i o n s  o f  O.lM h y d r o c h l o r i c  a c i d  and O.lM

sodium h y d r o x id e  were made u s i n g  'CONVOL' CVS v i a l s  

(Hopkin  and W i l l i a m s ,  E n g l a n d ) .

B u f f e r  s o l u t i o n s  o f  pH4 ( p h t h a l a t e ) ,  pH7 ( p h o s p h a t e )  

and pH9 ( b o r a t e )  were made from b u f f e r  t a b l e t s  (BDH, E n g l a n d ) .

0.025M p h o s p h a t e  b u f f e r  pH 6 . 8 6  (25°C) was made 

a c c o r d i n g  to  t h e  method o f  Vogel  ( l 0 4 )  u s i n g  p o t a s s i u m  

d i h y d ro g e n  p h o s p h a te  and d i so d iu m  h y d ro g en  p h o s p h a te .

F r e s h l y  d i s t i l l e d  w a t e r  was u s e d  t h r o u g h o u t  t o  p r e p a r e  

t h e  aqueous  s o l u t i o n s .

S o l u t i o n s  o f  v i t a m i n  K and coenzyme Q were p r e p a r e d  

u s i n g  hexane as  t h e  h y d r o c a r b o n  s o l v e n t .

N i t r o g e n : Com m erc ia l ly  ' p u r e '  n i t r o g e n  gas  ( B r i t i s h  Oxygen

Co. L t d . ,  S c o t l a n d )  was f u r t h e r  d eo x y g e n a te d  by p a s s i n g  i t  

t h r o u g h  a gas t r a i n  c o n t a i n i n g  a m i x t u r e  o f  sodium a n t h r a -  

q u i n o n e - 2- s u l p h o n a t e ,  sodium d i t h i o n i t e  and p o t a s s i u m  

h y d r o x id e  d i s s o l v e d  i n  w a t e r  (75)*  Th is  s o l u t i o n  r e a d i l y  

removes t h e  l a s t  t r a c e s  o f  oxygen .  The p r e s e n c e  o f  t h e  

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

as  an i n d i c a t o r ,  becoming c o l o u r l e s s  when t h e  s o l u t i o n



i s  e x h a u s t e d .  A l l  g l a s s - t o - g l a s s  c o n n e c t i o n s  were made 

u s i n g  b u t y l  r u b b e r  t u b i n g  (Watson & Marlow, E n g la n d )  s i n c e  

i t  i s  r e l a t i v e l y  im p e rv io u s  t o  oxygen ( 6 2 ) .

The n i t r o g e n  u s e d  i n  c o n j u n c t i o n  w i t h  vacuum l i n e  

work was d e o x y g e n a te d  by p a s s i n g  t h e  above commerc ia l  s o u r c e  

s l o w l y  o v e r  c o p p e r  f i l i n g s ,  C u p r in  r e a g e n t  (Coleman 

I n s t r u m e n t s ,  USA), h e a t e d  t o  b e tw e en  400-450°C,  ( 6 2 ) .

Rubber  s e n t a : One o f  t h e  m a jo r  e x p e r i m e n t a l  d i f f i c u l t i e s

e n c o u n t e r e d  d u r i n g  t h i s  r e s e a r c h  was th e  m a in t e n a n c e  o f  an  

o x y g e n - f r e e  e n v i ro n m e n t  w i t h i n  r e a c t i o n  v e s s e l s .  F r e q u 

e n t l y  t h e  most  s u i t a b l e  method o f  a c h i e v i n g  such  a c o n d i t i o n  

was by em ploying  r u b b e r  s e p t a ,  c o m m e rc ia l ly  c a l l e d  1s u b a -  

- s e a l s 1 (Freeman & Co. L t d . ,  E n g l a n d ) .  These c l o s u r e s ,  

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

p r o p e r t y  o f  r e f o r m i n g  an a i r t i g h t  s e a l ,  a f t e r  h a v i n g  been  

p u n c t u r e d  by hypoderm ic  s y r i n g e  n e e d l e s .  U s in g  n e e d l e  

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

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

f l u s h e d  f r e e  o f  oxygen .  These  s e p t a  a l s o  p r o v i d e d  a 

f a c i l e  method o f  a d d in g  r e a g e n t s  t o  o r  e x t r a c t i n g  them 

from t h e  a p p a r a t u s ,  u n d e r  c o n d i t i o n s  which m in im ise d  con

t a m i n a t i o n  by oxygen .  A d d i t i o n a l l y ,  s i n c e  t h e y  c o u l d  be 

o b t a i n e d  i n  a  number  o f  d i f f e r e n t  s i z e s ,  a l a r g e  v a r i e t y  

o f  g l a s s w a r e  c o u ld  be  m o d i f i e d  to  a c c e p t  one o f  t h e  s i z e s  

a v a i l a b l e .
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1-3*2  B i p h a s i c  r e d u c t i o n s  o f  v i t a m i n  K and coenzvme Q*

( a )  The v i a l  m e th o d : This  method i n v o l v e d  t h e  u s e  o f

g l a s s  t u b e s  which c o u ld  be h e r m e t i c a l l y  s e a l e d  a f t e r  t h e  

a d d i t i o n  o f  r e a g e n t s *  The t u b e s  were c o n s t r u c t e d  from an 

18 cm s e c t i o n  o f  p y r e x  t u b i n g  ( 10 mm i n t e r n a l  d i a m e t e r )  

c l o s e d  a t  one end by a 2 . 5  cm d i a m e t e r  b u l b .  The neck  

o f  t h e  t u b e  was c o n s t r i c t e d  t o  ~ 0 . 2  cm i n t e r n a l  d i a m e t e r .

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

a 3 ml s o l u t i o n  o f  t h e  o x i d i s e d  form o f  t h e  r e d u c t a n t ,  was 

added .  The t u b e s  were i s o l a t e d  from t h e  a tm o sp h e re  by 

f i t t i n g  No. 17 ! s u b a - s e a l s '  to  t h e i r  open ends and t h e i r  

c o n t e n t s  d e o x y g e n a te d  by p a s s i n g  a  g e n t l e  f lo w  o f  n i t r o g e n  

t h r o u g h  each  o f  t h e  v i a l s .  P a i r s  of  s y r i n g e  n e e d l e s  w i t h  

B7 ( f e m a l e )  g l a s s  s o c k e t s  a r a l d i t e d  i n t o  t h e i r  l u e r  ends 

were u s e d  as  gas  i n l e t s  and  o u t l e t s .  Groups o f  s i x  v i a l s  

were c o n n e c t e d  i n  s e r i e s  u s i n g  s e c t i o n s  o f  b u t y l  r u b b e r  

t u b i n g  f i t t e d  w i t h  B7 (m a le )  g l a s s  s o c k e t s  to  form a gas 

t r a i n ,  t h e  l a s t  o u t l e t  b e i n g  c o n n e c t e d  to  a  s m a l l  gas 

b u b b l e r .  The t u b e s  were d e o x y g e n a te d  f o r  a minimum p e r i o d  

o f  30 m in .  A f t e r  t h i s  p e r i o d  3 ml a l i q u o t s  o f  e i t h e r  

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

f i n  s i t u 1 , 0 . 5  ml a l i q u o t s  o f  sodium d i t h i o n i t e  s o l u t i o n  

were added .  Th is  was f o l l o w e d  by t h e  a d d i t i o n  o f  3 ml o f  

coenzyme Q s o l u t i o n  o r  1 ml o f  v i t a m i n  K s o l u t i o n .  A l l  

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



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

t h e  tw o -p h a se  s y s t e m s ,  were c o v e re d  w i t h  a lumin ium f o i l ,  

p l a c e d  on a v i b r o - m i x e r  ( C h e m ie -A p p a ra te b a y , Z u r i c h )  and 

g e n t l y  a g i t a t e d  f o r  0 . 5 - 5  days a t  25°C.

C o n c e n t r a t i o n s  o f  3 mM v i t a m i n  K and 50 coenzyme Q 

were u s e d  t h r o u g h o u t  t h e s e  e x p e r im e n t s  t o g e t h e r  w i t h  m o la r  

e x c e s s e s  o f  aqueous r e d u c t a n t s  i n  t h e  ran g e  10—500X and 

50—1000X r e s p e c t i v e l y .

( b )  Vacuum l i n e  m e th o d : To a l l o w  b o th  q u a l i t a t i v e  and

q u a n t i t a t i v e  u l t r a v i o l e t  s p e c t r o s c o p y  t o  be u s e d  when 

i n v e s t i g a t i n g  t h e  r e d u c t i o n  o f  v i t a m i n  K, a second  method 

o f  s tu d y  was d e v i s e d .  Th is  method had  t h e  added a d v a n ta g  

t h a t  i t  p e r m i t t e d  t h e  u s e  o f  g r e a t e r  m o la r  e x c e s s e s  o f  

r e d u c t a n t .

T h is  second  p r o c e d u r e  a g a i n  i n v o l v e d  t h e  u s e  o f  a 

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

l - l ( a ) .  The a p p a r a t u s  c o n s i s t e d  o f  a  15 ml g l a s s  r e a c t i o  

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

i a l l y  r e a c t i n g  t w o - p h a s e  sy s tem  was p l a c e d .  A much lo n g e  

s id e a rm  l e d  to  an  u l t r a v i o l e t / v i s i b l e  o p t i c a l  c e l l  o f  

10 mm p a t h  l e n g t h  (Thermal  S y n d i c a t e  L t d . ,  E n g l a n d ) .

A t h i r d  s id e a rm  was u s e d  t o  c o n n e c t  t h e  a p p a r a t u s  t o  a 

vacuum l i n e .  The v e s s e l  was s e a l e d  by a  1R o ta f lo *  t a p  

( Q u i c k f i t  and Q u a r tz  L t d . ,  E n g lan d )  w h ic h ,  when op en ,  

a l l o w e d  t h e  c e l l  t o  be  e v a c u a t e d .



F i g u r e  1-1 A p p a ra tu s  d e s ig n e d  to  c a r r y  o u t  tw o -p h a se  

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

was c o m p l e t e l y  removed from t h e  a p p a r a t u s  and th e  s o l i d  

r e d u c t a n t  m a n i p u l a t e d  i n t o  t h e  s h o r t  s id e a r m .  A sm a l l  

t e f l o n  ' f l e a 1, t o g e t h e r  w i t h  t h e  a p p r o p r i a t e  volume o f  

aqueous  s o l v e n t ,  ( 4  m l)  was added so t h a t  t h e  l e v e l  o f  th e  

aqueous p h a se  was j u s t  below t h e  o p e n in g  o f  t h e  s id e a r m .

At t h i s  s t a g e ,  t h e r e f o r e ,  t h e  aqueous  s o l v e n t  and t h e  

s o l i d  r e d u c t a n t  d i d  n o t  come i n t o  c o n t a c t  w i t h  eac h  o t h e r .

An a l i q u o t  (5 ml)  o f  a hexane s o l u t i o n  o f  t h e  q u in o n e  was 

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

a t t a c h e d  t o  a vacuum l i n e .  The s o l u t i o n s  were t h e n  

d e g a s s e d  by f r e e z i n g  w i t h  l i q u i d  n i t r o g e n  and e v a c u a t i n g .

At l e a s t  f o u r  f re e z e -p u m p  c y c l e s  were c a r r i e d  ou t  b e f o r e  

t h e  i n s i d e  o f  t h e  v e s s e l  was b r o u g h t  back  to  a t m o s p h e r i c  

p r e s s u r e  u s i n g  p u r e ,  o x y g e n - f r e e ,  n i t r o g e n .  With t h e  

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

t h e  vacuum l i n e ,  wrapped i n  a lum in ium  f o i l  and a l l o w e d  to  

once  a g a i n  r e a c h  room t e m p e r a t u r e .  The aqueous s o l v e n t  

and s o l i d  r e d u c t a n t  were now mixed and t h e  tw o -p h a se  

sy s te m  l e f t  s t i r r i n g  f o r  a  p e r i o d  o f  0 . 5 - 5  days  a t  25°C. 

C a r e f u l  t i l t i n g  o f  t h e  a p p a r a t u s  a l lo w e d  t h e  t r a n s f e r  o f  

t h e  hexane  s o l u t i o n  i n t o  t h e  o p t i c a l  c e l l .  I n  t h i s  way 

t h e  sp e c t ru m  o f  t h e  hexane  l a y e r  c o u ld  be e a s i l y  r e c o r d e d .

C o n c e n t r a t i o n s  of  v i t a m i n  K and coenzyme Q u s e d  were 

5 and 50 r e s p e c t i v e l y .  A 50—500X e x c e s s  o f  r e d u c t a n t  

was employed.



D e t e c t i o n  o f  r e a c t i o n ; A s o l u t i o n  o f  o x i d i s e d  v i t a m i n  K 

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

q u i n o l  s o l u t i o n  i s  c o l o u r l e s s .  Hence,  i f  t h e  v i t a m i n  K 

l a y e r  i n  th e  v i a l  e x p e r i m e n t s  became c o l o u r l e s s ,  r e d u c t i o n  

was assumed t o  have t a k e n  p l a c e .  The v e r y  d i f f e r e n t  

u l t r a v i o l e t  s p e c t r a  e x h i b i t e d  by t h e  q u in o n e  and q u i n o l  

forms o f  b o t h  v i t a m i n  K and coenzyme Q ( C h a p t e r  2 ) ,  

e n a b l e d  any q u in o n e  r e d u c t i o n  to  be r e a d i l y  d e t e c t e d  when 

t h e  vacuum l i n e  t e c h n i q u e  was employed.  S in c e  u b i q u i n o l  

i s  o n l y  s lo w ly  r e o x i d i s e d  i n  a i r  (76 )  t h e  h e r m e t i c a l l y  

s e a l e d  v i a l s  c o n t a i n i n g  coenzyme Q co u ld  be opened to  t h e  

a tm o sp h e re  and t h e  hexane  l a y e r  examined s p e c t r o s c o p i c a l l y ,  

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

At t h e  end o f  each  e x p e r im e n t  t h e  aqueous p h a s e s  were 

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

Th is  e n s u r e d  t h a t  i n t e r p r e t a t i o n  o f  n e g a t i v e  r e s u l t s  was 

n o t  m i s l e a d i n g .

1 - 3 . 3  I m m i s c i b i l i t . y  t e s t s .

E x p e r im en t  A . Equa l  volumes ( 4  ml)  o f  m e thy l  v i o l o g e n ,

25 mM, and pH 6 .8 6  b u f f e r  ( c o n t r o l )  were b o th  e q u i l i b r a t e d  

w i t h  an  eq u a l  volume o f  s p e c t r o s c o p i c  hexane  ( s e c t i o n  2 - 2 . 2 )  

f o r  a p e r i o d  o f  12 h o u r s  u s i n g  th e  v i a l  method ( s e c t i o n  1 - 3 . 2 ) .  

S p e c t r a  o f  t h e  t o p  hexane  l a y e r s  were r e c o r d e d  on a P y e -  

—Unicam SP 8000 u l t r a v i o l e t / v i s i b l e  s p e c t r o m e t e r .

E x p e r im en t  B. V i a l s  c o n t a i n i n g  4 ml a l i q u o t s  o f  e i t h e r  

v i t a m i n  K d i s s o l v e d  i n  s p e c t r o s c o p i c  h e x a n e ,  2 . 5  mM, o r
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s p e c t r o s c o p i c  hexane  ( c o n t r o l )  were e q u i l i b r a t e d  o v e r  

e q u a l  volumes o f  pH 6*86 b u f f e r  and s p e c t r a  o f  t h e  bo t tom  

aqueous  l a y e r s  r e c o r d e d ,  as  ab o v e .

E x p e r im en t  C. Equa l  volumes ( 4  ml)  o f  s p e c t r o s c o p i c  

h exane  and r e d u c e d  m e th y l  v i o l o g e n  ( e x c e s s  d i t h i o n i t e ) ,

25 mM, were e q u i l i b r a t e d  w i t h  each  o t h e r  a c c o r d i n g  to  t h e  

vacuum l i n e  method ( s e c t i o n  1—3 . 2 ) ,  b u t  w i t h  t h e  v i o l o g e n  

s o l u t i o n  r e p l a c i n g  t h e  aqueous s o l v e n t .  The u l t r a v i o l e t /  

v i s i b l e  s p e c t ru m  o f  t h e  hexane  l a y e r  was r e c o r d e d  a f t e r  

6 h o u r s .

E x p e r im en t  D. The i n s o l u b i l i t y  o f  r e d u c e d  v i t a m i n  K 

i n  w a t e r  was t e s t e d  u s i n g  a 1V-shaped* r e a c t i o n  v e s s e l .

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

o x y g e n - f r e e  by f i t t i n g  ' s u b a - s e a l s '  t o  t h e  two open ends 

and t h e n  f l u s h i n g  w i t h  n i t r o g e n .  V a r io u s  r e a g e n t s  were 

i n j e c t e d  i n t o  t h e  c e l l  t h r o u g h  t h e s e  c a p s .  A 5 ml 

a l i q u o t  o f  m e thy l  v i o l o g e n ,  25 m M ,( d i s s o lv e d  i n  pH 6 . 8 6  

b u f f e r )  a l r e a d y  c o n t a i n e d  i n  t h e  v e s s e l  was r e d u c e d  by 

i n j e c t i n g  1 ml o f  d i t h i o n i t e  s o l u t i o n  (60 mg ml“ M .

This  volume o f  aqueous s o l u t i o n  was c a r e f u l l y  ch o sen  t o  

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

i n t o  two o t h e r w i s e  i s o l a t e d  c o m p a r tm e n ts .  S p e c t r o s c o p i c  

hexane  and v i t a m i n  K i n  s p e c t r o s c o p i c  hexane  r e s p e c t i v e l y ,  

were  added to  o p p o s i t e  com par tments  t o  form t h e  s y s t e m ,  

v i t a m i n  K s o l u t i o n / r e d u c e d  m e th y l  v i o l o g e n / h e x a n e .



The aqueous  p h a s e  was l e f t  g e n t l y  s t i r r i n g .  A f t e r  two 

days  t h e  s e a l s  were c a r e f u l l y  removed and t h e  c o n t e n t s  

l e f t  t o  r e o x i d i s e  i n  a i r -  An u l t r a v i o l e t  s p e c t ru m  o f  

t h e  fpure* hexane  s o l v e n t  l a y e r  was r e c o r d e d .

1 - 3 . 4  NMR s t u d i e s

A tu b e  c o n t a i n i n g  100 mg o f  sodium d i t h i o n i t e  was 

capped  w i t h  a f s u b a - s e a l '  and f l u s h e d  w i t h  n i t r o g e n .

A l i q u o t s  (5 ml)  o f  h e x a n e ,  c o n t a i n i n g  25 mg o f  e i t h e r  

v i t a m i n  K o r  coenzyme Q, and o f  an aqueous s o l u t i o n  0.1M 

i n  b o th  sodium h y d r o x id e  and m ethy l  v i o l o g e n ,  were added 

and t h e  c o n t e n t s  g e n t l y  s h ak en  u n t i l  t h e  q u in o n e  i n  t h e  

hexane  l a y e r  became f u l l y  r e d u c e d  ( a s  i n d i c a t e d  by t h e  

d e c o l o u r i s a t i o n  o f  t h e  q u in o n e  l a y e r ) .  The c o n t e n t s  

were t h e n  opened t o  t h e  a tm o sp h e re  and t h e  hexane  l a y e r  

e x t r a c t e d ,  washed and d r i e d  ( a n h y d ro u s  sodium s u l p h a t e ) .  

R e o x i d a t i o n  o f  v i t a m i n  K and coenzyme Q was e f f e c t e d  by 

oxygen ( a i r )  and s i l v e r  o x id e  r e s p e c t i v e l y .  F i n a l l y  

t h e  hexane  was e v a p o r a t e d  o f f ,  t h e  q u in o n e s  d i s s o l v e d  i n  

d e u t e r o c h l o r o f o r m  ( C . E .A . ,  F r a n c e )  and t h e i r  NMR s p e c t r a  

r e c o r d e d  u s i n g  a V a r i a n  T60, 60 MHz s p e c t r o m e t e r .  S p e c t r a  

o f  u n t r e a t e d  s am p les  o f  q u in o n e  were r e c o r d e d  f o r  co m p a r i so n .  

1—3 .5  U l t r a v i o l e t  s p e c t r o s c o p y  s t u d i e s

The a p p a r a t u s  shown i n  f i g u r e  1 - 1 ( b )  was s p e c i a l l y  

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

v e s s e l s  f i t t e d  w i t h  ' R o t o f l o '  t a p s  were i n t e r c o n n e c t e d  

by a s e c t i o n  o f  g l a s s  t u b i n g ,  c o n t a i n i n g  a n o t h e r  such  t a p .



The t a p ,  when open ,  a l lo w e d  t h e  t r a n s f e r  of  l i q u i d  be tw een  

t h e  l im b s  b u t  e l i m i n a t e d  unwanted  m ix in g  when c l o s e d .

One r e a c t i o n  b u lb  was f i t t e d  w i t h  a s h o r t  s id e a rm  and 

c o u l d  be c o n n e c t e d  to  a vacuum l i n e  by means o f  a l imb 

f i t t e d  w i t h  a B14 cone .

A sm a l l  t e f l o n  ' f l e a 1 and an a l i q u o t  ( 4  ml)  o f  

p r e v i o u s l y  oxygen s a t u r a t e d  b u f f e r  (pH 6 . 8 6 )  were added  

to  b u lb  B and t a p s  T2 and T3 t h e n  c l o s e d ,  f i g u r e  l - l ( b ) .

A s o l u t i o n  o f  v i t a m i n  K (10 ml)  i n  s p e c t r o s c o p i c  hexane  

was r e d u c e d  i n  b u lb  A by a s o l u t i o n  o f  r e d u c e d  m ethy l  

v i o l o g e n  (25 mM) i n  pH 6 .8 6  b u f f e r ,  u s i n g  t h e  method 

o u t l i n e d  i n  s e c t i o n  1 - 3 . 3 ,  e x p e r im e n t  C. Once r e d u c e d ,  

t a p  T2 was opened and a p p r o x i m a t e l y  h a l f  o f  t h e  q u i n o l  

s o l u t i o n  t r a n s f e r r e d  i n t o  b u lb  B. T2 was t h e n  s h u t  once 

more and Tl opened  t o  a l l o w  a i r  t o  e n t e r  b u lb  A. A l l  

t a p s  were t h e n  s e c u r e l y  c l o s e d  ( t o  p r e v e n t  hexane  e v a p o r 

a t i o n ) ,  t h e  b u l b s  c o v e re d  w i t h  a luminium f o i l  and t h e i r  

c o n t e n t s  l e f t  to  r e o x i d i s e  o v e r n i g h t .  A s m a l l  sample  

o f  u n t r e a t e d  v i t a m i n  K s o l u t i o n  was a l s o  l e f t  a t  room 

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

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

s o l u t i o n  i n  b u l b s  A and B were t h e n  d e t e r m in e d  a t  t h e  

w a v e le n g th s  o f  maximum a b s o r p t i o n  e x h i b i t e d  by v i t a m i n  K 

( C h a p t e r  2 ) ,  u s i n g  a H i l g e r  H7OO 'UVISPEK' s p e c t r o m e t e r .

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

was u sed  f o r  coenzyme Q. However ,  t h e  f a c t  t h a t  u b i q u i n o l
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i s  o n l y  s lo w ly  o x i d i s e d  by oxygen n e c e s s i t a t e d  t h e  u s e  o f  

s i l v e r  o x id e  as  t h e  o x i d a n t  ( i n  b u l b  B) and t h a t  o n l y  t h e  

q u in o n e  s o l u t i o n  i n  t h i s  b u lb  be a n a l y s e d  s p e c t r o p h o t o -  

m e t r i c a l l y  a t  t h e  a b s o r p t i o n  maximum o f  u b i q u i n o n e  ( C h a p t e r  2 ) .  

1—3*6 G enes is  o f  H a b e r - B e u t n e r  t y p e  r edox  membranes

The c e l l  d e s i g n e d  to  c a r r y  o u t  t h e s e  e x p e r i m e n t s ,  

f i g u r e  l - l ( c ) ,  may be c o n s i d e r e d  t o  be formed by t h e  b r i d g i n g  

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

( s e c t i o n  1 - 3 . 2 )  by means o f  a h o r i z o n t a l  s e c t i o n  (5 cm) 

o f  p y r e x  g l a s s  t u b i n g  ( l  cm d i a m e t e r )  f u s e d  on to  t h e  s tem 

o f  each  v i a l  a t  a p o i n t  midway be tw een  t h e  r e a c t i o n  b u lb  

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

'H - s h a p e d * •

The p r o c e d u r e  a d o p te d  to  f i l l  each c e l l  was as  f o l l o w s :

4*5 ml o f  25 mM m eth y l  v i o l o g e n  s o l u t i o n  and 5*0 ml o f  t h e  

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

(pH 6 . 8 6 ) ,  were added  t o  o p p o s i t e  b u l b s  o f  t h e  same c e l l .

The two o p e n in g s  o f  t h e  c e l l  were s e a l e d  u s i n g  r u b b e r  s e p t a  

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

A f t e r  t h i s  p e r i o d ,  t h e  m e th y l  v i o l o g e n  was r e d u c e d  by t h e  

a d d i t i o n  o f  0 . 5  ml o f  sodium d i t h i o n i t e  s o l u t i o n  (20 mg ml ) .  

The s o l v e n t  membrane was g e n e r a t e d  by  t h e  a d d i t i o n  o f  h e x a n e ,  

o f  s u f f i c i e n t  volume to  e n s u r e  t h a t  t h e  two aqueous  p h a s e s  

were  c o n n e c t e d  v i a  a hexane  l a y e r  and t h a t  t h e  h o r i z o n t a l  

l im b  was a lm o s t  c o m p l e t e l y  f i l l e d  by t h i s  membrane p h a s e .
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The l i q u i d  membrane sys tem s  were t h e n  p l a c e d  on t h e  

v i b r o - m i x e r  and l e f t  r e a c t i n g  f o r  12-48 h o u r s  a t  25°C. 

C o n t r o l  e x p e r im e n t s  were c a r r i e d  o u t  u s i n g  q u i n o n e - f r e e , 

b u t  o t h e r w i s e  i d e n t i c a l  s y s t e m s .  R e d u c t io n  was ju d g e d  

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

became c o l o u r l e s s  o r  v i c e - v e r s a .

1 - 3 . 7  EPR s t u d i e s

EPR e x p e r im e n t s  were c a r r i e d  o u t  u s i n g  an aqueous 

f l a t  sample  c e l l  ( O p t i g l a s s  L t d . ,  E n g la n d )  o f  0 . 2  mm p a t h  

l e n g t h .  G las s  a d a p t o r s ,  d e s ig n e d  t o  a c c e p t  No. 9 and 

1 c c - t y p e  1s u b a - s e a l s ' ,  were f i t t e d  w i t h  fem ale  and male 

s o c k e t s  r e s p e c t i v e l y ,  o f  a p p r o p r i a t e  s i z e  t o  co u p le  w i t h  

t h o s e  a l r e a d y  p r e s e n t  on t h e  c e l l ,  f i g u r e  l - 2 ( a ) .  The 

j o i n t s  were made a i r t i g h t  w i t h  K e l - F  wax (M in n e so ta  M in ing  

and M a n u fa c tu r in g  C o . ,  USA) cem ent .  T h i s ,  t o g e t h e r  w i t h  

t h e  u s e  o f  r u b b e r  s e p t a ,  a l lo w e d  t h e  m a in te n a n c e  o f  an 

o x y g e n - f r e e  e n v i ro n m e n t  w i t h i n  t h e  c e l l  d u r i n g  t h e  p e r i o d  

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

t h e  s p e c t r o m e t e r  was a d j u s t e d ,  by  means o f  a movable t e f l o n  

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

i n  t h e  c a v i t y .  T h is  e n s u r e d  t h a t  o n ly  t h e  s p e c t r a  o f  

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

d e t e c t e d .
_2The c o n c e n t r a t i o n  o f  aqueous  r ed o x  a g e n t s  was 10 M, 

t h e  s o l v e n t  b e i n g  pH 6 .8 6  p h o s p h a te  b u f f e r .  The o x i d i s e d
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F i g u r e  1-2  A p p a ra tu s  f o r  EPR s t u d i e s .  ( a )  The m o d i f i e d  
aqueous  f l a t  sample  c e l l  u s e d .  ( b ) ,  ( c ) ,  ( d)  & ( e ) :
The p o s i t i o n s  o f  t h e  h e x a n e / w a t e r  i n t e r f a c e  when t h e  b u lk  
h e x a n e ,  t h e  i n t e r f a c e ,  t h e  aqueous p h ase  j u s t  be low t h e  
i n t e r f a c e ,  o r  t h e  b u l k  aqueous  p h a s e ,  r e s p e c t i v e l y ,  were 
b e i n g  i n v e s t i g a t e d .
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and r ed u c e d  v i t a m i n  K s o l u t i o n s ,  d i s s o l v e d  i n  s p e c t r o s c o p i c  

h e x a n e ,  v e r e  10“  M and ~ 2 . l 0 “  M ( s a t u r a t e d  s o l u t i o n )  

r e s p e c t i v e l y .  The method o f  f i l l i n g  t h e  c e l l  w i t h  o x y g en -  

- f r e e  s o l u t i o n s  was as  f o l l o w s :  t h e  aqueous  s o l u t i o n s

v e r e  p l a c e d  i n  s m a l l  t u b e s  which were t h e n  capped  w i t h  

1s u b a - s e a l s 1• The s o l u t i o n s  were p u rg ed  o f  oxygen by a 

s t r e a m  o f  p u r e  n i t r o g e n  f o r  a p e r i o d  o f  one h o u r .  At t h e  

end o f  t h i s  p e r i o d ,  i f  m e thy l  v i o l o g e n  o r  FMN sam ples  were 

b e i n g  u s e d ,  a  s o l u t i o n  o f  sodium d i t h i o n i t e  was added t o  

g e n e r a t e  r e d u c e d  fo rm s .  Reduced v i t a m i n  K i n  hexane  was 

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

r e a c t i n g  i t  w i th  r e d u c e d  m ethy l  v i o l o g e n ,  i n  a r u b b e r  

capped  v i a l ,  f o r  a s i m i l a r  p e r i o d .  The EPR c e l l ,  f i t t e d  

w i t h  1s u b a - s e a l s 1, was f l u s h e d  w i t h  n i t r o g e n  f o r  a t  l e a s t  

15 m in u te s  b e f o r e  b e i n g  f i l l e d .  To m in im ise  oxygen 

d i f f u s i o n ,  g a s - t i g h t  H a m i l to n  s y r i n g e s  (V.A. Howe, E n g lan d )  

v e r e  u s e d  to  t r a n s f e r  t h e  s o l u t i o n s  f rom t h e  p r e p a r a t i o n  

t u b e s  i n t o  t h e  EPR c e l l ,  by way o f  t h e  l o w e r  s e a l .  A

s m a l l  volume o f  aqueous  s o l u t i o n  was f i r s t  a d d e d .  T h is

was im m e d ia t e ly  f o l l o w e d  by t h e  a d d i t i o n  o f  t h e  hexane  

s o l u t i o n  ( 0 .5  ml ) ,  a l l o w i n g  i t  t o  p a s s  s lo w ly  t h r o u g h  t h e  

aqueous  ( r e d u c i n g )  l a y e r .  I n  t h i s  way t h e  hexane  was 

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

a n d ,  i f  u s e d ,  t h e  o x i d i s e d  v i t a m i n  K s o l u t i o n  was a t  l e a s t  

p a r t i a l l y  d e o x y g e n a te d  s i n c e  t h e  aqueous  r e d u c t a n t  l a y e r



s h o u ld  f u n c t i o n  as  an oxygen s c a v a n g e r .  A d d i t i o n a l  

aqueous  s o l u t i o n  was i n j e c t e d  u n t i l  t h e  ( t o p )  h exane  p h ase  

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

was s i t u a t e d  ~1 cm below t h e  b e g i n n i n g  o f  t h i s  r e g i o n .  

F u r t h e r  a d d i t i o n  o f  aqueous  s o l u t i o n  a l l o w e d  t h e  p o s i t i o n  

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

and f i n a l l y  to  t o t a l l y  above t h e  f l a t t e n e d  s e c t i o n  o f  t h e  

c e l l .  I n  t h i s  way t h e  b u lk  hexane  s o l u t i o n ,  t h e  h e x a n e /  

aqueous  i n t e r f a c e ,  t h e  aqueous s o l u t i o n  j u s t  be low t h e  

i n t e r f a c e  and t h e  b u lk  aqueous s o l u t i o n  c o u ld  be o b s e rv e d  

s e q u e n t i a l l y ,  f i g u r e  l - 2 ( b ) ,  ( c ) ,  ( d )  and ( e )  r e s p e c t i v e l y .

A l l  s p e c t r a  were r e c o r d e d  on a Decca X3 s p e c t r o m e t e r  

combined w i t h  a Newport i n s t r u m e n t s  1 1 - i n c h  magnet  sy s tem  

u s i n g  9270 MHz r a d i a t i o n ,  m o d u la te d  a t  100 k Hz.

Reduced m e th y l  v i o l o g e n / v i t a m i n  K, FMNH^/vitamin K 

and m e th y le n e  b l u e / r e d u c e d  v i t a m i n  K were t h e  t h r e e  b i p h a s i c  

sys tem s  i n v e s t i g a t e d .

1 - 4  RESULTS AND DISCUSSION

1 - 4 . 1  B i p h a s i c  r e d u c t i o n s  o f  v i t a m i n  K and coenzyme Q.

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

hexane  s o l u t i o n s  o f  b o th  v i t a m i n  K and coenzyme Q a r e  

summ arised  i n  t a b l e  4.  Also i n c l u d e d  i n  t h i s  t a b l e  a r e  

t h e  m i d p o in t  p o t e n t i a l s  o r  E° v a l u e s  f o r  t h e  v a r i o u s  aqueous 

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

c o n d i t i o n s  u s e d .

An e x a m i n a t i o n  o f  t a b l e  4 r e v e a l s  t h a t  v i t a m i n  K 

d i s p l a y s  p o o r  r e a c t i v i t y  to w ard s  i n o r g a n i c  r e d u c t a n t s ,  b u t  

r e a c t s  w i th  a number o f  o r g a n i c  o n e s .  Coenzyme Q, on t h e  

o t h e r  h an d ,  d i s p l a y s  a more g e n e r a l  r e a c t i v i t y  to w ard s  

b o t h  i n o r g a n i c  and o r g a n i c  r e a g e n t s .  A l th o u g h  a l l  t h e  

r e a c t i o n s  a t t e m p t e d  were th e rm o d y n a m ic a l ly  f a v o u r a b l e  i t  

can  be seen  t h a t  a number o f  p o t e n t i a l l y  v e r y  f a v o u r a b l e  

r e a c t i o n s  d i d  n o t  o c c u r ,  p re su m a b ly  b e c a u s e  o f  k i n e t i c  

l i m i t a t i o n s .  Sodium d i t h i o n i t e  and b o r o h y d r i d e ,  common 

s t r o n g  i n o r g a n i c  r e d u c t a n t s ,  were u n a b l e  t o  r e d u ce  v i t a m i n  K 

b i p h a s i c a l l y  even th ough  b o t h  compounds can  r e d u c e  th e  

q u in o n e  i n  a homogeneous s o l u t i o n  ( 7 8 ) ,  ( 7 9 ) .  The i n 

a b i l i t y  to  r e a c t  m u s t ,  t h e r e f o r e ,  be a t t r i b u t e d  to  an 

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

o f  t h e  r e a c t i o n .  I n  c o n t r a s t ,  sodium d i t h i o n i t e  and 

b o r o h y d r i d e ,  known to  r e d u c e  coenzyme Q i n  a homogeneous 

medium ( 8 0 ) ,  a l s o  b i p h a s i c a l l y  r e d u c e  t h i s  q u in o n e .  The 

d i f f e r e n c e  i n  r e a c t i v i t y  be tw een  t h e  two q u in o n e s  may be 

due to  t h e  f a c t  t h a t  t h e  q u in o n e  r i n g  o f  v i t a m i n  K a t  

t h e  i n t e r f a c e  i s  s h i e l d e d  from t h e  aqueous r e d u c t a n t s  by 

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

t o  form a h y d ro p h o b ic  b a r r i e r  t h a t  would r e p e l  t h e  c h a rg ed  

aqueous s p e c i e s .  The b u l k y  a r o m a t i c  r e s i d u e  may a l s o
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impede r e a c t i o n  b e c a u s e  o f  a s t e r i c  e f f e c t .

V i ta m in  K can  be s e e n  to  p r e f e r  to  r e a c t  b i p h a s i c a l l y  

w i t h  o n e - e l e c t r o n  a g e n t s  w hereas  coenzyme Q i s  l e s s  

s e l e c t i v e  and r e a c t s  w i t h  b o th  o n e -  and t w o - e l e c t r o n  

r e d u c t a n t s .  This  d i f f e r e n c e  i n  r e a c t i v i t y  i s  c o n s i d e r e d  

t o  be due n o t  to  t h e i r  r e l a t i v e l y  sm a l l  d i f f e r e n c e s  i n  

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

mode o f  r e a c t i o n .

C h rom ium (I I ) ,  r ed u c e d  m ethy l  v i o l o g e n  (HMV), r e d u c e d  

b e n z y l  v i o l o g e n ,  FMNH  ̂ and FADH^ were a l l  found  to  be 

s u c c e s s f u l  aqueous r e d u c t a n t s .  However,  t h e  n e c e s s i t y  o f  

an a c i d i c  s o l v e n t  f o r  c h r o m iu m t I I ) ,  t h e  u n f a v o u r a b l e  

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

t h e  u n a v a i l a b i l i t y  o f  a r e a d y  s u p p l y  o f  FADH^ p e r m i t t e d  

o n l y  RMV and FMNH  ̂ to  be c o n s i d e r e d  as  g e n e r a l  r e d u c t a n t s  

f o r  s u b s e q u e n t  e x p e r im e n t s  w h ic h ,  i n  a n a lo g y  w i t h  b i o l o g i c a l  

s y s t e m s ,  were t o  be c a r r i e d  o u t  a t  n e u t r a l  pH.

The i n a b i l i t y  o f  NADH t o  r e d u c e  coenzyme Q b i p h a s i c a l l y  

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

r e s u l t s  o f  I s m a i l o v  e t  a l . (2 1 )  which  were e x p l a i n e d  i n  

te rm s  o f  t h e  e x i s t e n c e  o f  such  a r e a c t i o n  ( s e e  I n t r o d u c t i o n ) .  

These d i f f e r e n t  f i n d i n g s  may be r e c o n c i l e d  by t h e  f a c t  

t h a t  o n ly  a v e r y  s m a l l  number o f  m o le c u le s  i s  r e q u i r e d  to  

r e a c t  t o  g e n e r a t e  a membrane p o t e n t i a l ,  whereas  f o r  a  n e t  

chem ica l  r e a c t i o n  to  be d e t e c t e d  a much l a r g e r  number must 

r e a c t .
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1-4*2  I d e a l i t y  o f  c a r r i e r s  and aqueous r e d u c t a n t s .

The u l t r a v i o l e t  s p e c t r a  o b t a i n e d  from t h e  hexane  

l a y e r s ,  which had  p r e v i o u s l y  been  e q u i l i b r a t e d  o v e r  m e thy l  

v i o l o g e n  (MV) and RMV ( s e c t i o n  1 - 3 . 3 ,  e x p e r im e n t s  A and C),  

were found  to  show no a b s o r p t i o n  o v e r  a 225-700 nm r a n g e ,  

w i t h i n  which b o th  r edox  s t a t e s  o f  t h e  v i o l o g e n  e x h i b i t  

s t r o n g  maxima. The u l t r a v i o l e t  s p e c t r a  r e c o r d e d  from 

t h e  aqueous b u f f e r  l a y e r s ,  p r e v i o u s l y  e q u i l i b r a t e d  w i t h  

v i t a m i n  K s o l u t i o n s ,  showed no t r a c e  o f  t h e  quinone*

Both  t h e  c o n t r o l  and t e s t  s o l u t i o n s ,  how ever ,  showed a 

m in o r ,  b r o a d  a b s o r p t i o n  ( o p t i c a l  d e n s i t y  < 0 .05 )  w i th  a 

Xmax ~265 nm. T h is  was assumed to  be due t o  some common 

c o n ta m in a n t  p r e s e n t  i n  t h e  hexane  o r  r e l e a s e d  by t h e  

f s u b a - s e a l f . The u l t r a v i o l e t  s p e c t ru m  o f  t h e  ' p u r e '  

hexane  l a y e r ,  from t h e  e x p e r i m e n t  d e s ig n e d  t o  t e s t  t h e  

i n s o l u b i l i t y  o f  r e d u c e d  v i t a m i n  K i n  t h e  aqueous  p h ase  ( s e c t i o n  

1 - 3 . 3 ,  e x p e r im e n t  D) ,  showed no t r a c e  o f  v i t a m i n  K 

( o p t i c a l  d e n s i t y  < 0 .0 5  o v e r  t h e  range  225—275 nm).

S h o u ld  t h e  q u i n o l ,  g e n e r a t e d  by r e a c t i o n  be tw een  v i t a m i n  K 

and RMV, have even an  e x t r e m e l y  s m a l l  s o l u b i l i t y  i n  t h e  

aqueous  p hase  t h e n ,  i t  was assum ed,  t h e  q u i n o l  would be 

c o n t i n u o u s l y  r e - e x t r a c t e d  i n t o  t h e  f o r m e r l y  p u re  hexane  

l a y e r  to  y i e l d  a d e t e c t i b l e  c o n c e n t r a t i o n  o f  t h e  v i t a m i n .

I t  s h o u ld  be p o i n t e d  o u t ,  h o w ev er ,  t h a t  on a  number o f  

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

Th is  e f f e c t  co u ld  be m in im is e d ,  b u t  n e v e r  t o t a l l y  e l i m i n a t e d .  

A s i m i l a r  e x p e r im e n t  c a r r i e d  o u t  w i th  coenzyme Q r e p l a c i n g  

v i t a m i n  K, was found to  g iv e  t h e  same n e g a t i v e  r e s u l t  ( 8 1 ) .

The NMR s p e c t r a  o f  v i t a m i n  K and coenzyme Q which had  

been  p u t  th ro u g h  a r e d u c t i o n - o x i d a t i o n  c y c l e  a r e  shown i n  

f i g u r e  l - 3 ( a )  and ( b )  r e s p e c t i v e l y .  Both  q u in o n e s  were 

r e d u c e d  by RMV; v i t a m i n  K and coenzyme Q were r e o x i d i s e d  

u s i n g  a tm o s p h e r i c  oxygen and s i l v e r  o x id e  r e s p e c t i v e l y  

( s e c t i o n  1 - 3 . 4 ) .  The NMR spe c t r a  o f  t r e a t e d  and u n t r e a t e d  

sam ples  o f  v i t a m i n  K were found  to  be i d e n t i c a l  to  each 

o t h e r  and to  t h a t  r e p o r t e d  i n  t h e  l i t e r a t u r e  ( 7 8 ) .  The 

c h e m ic a l  s h i f t s  o b t a i n e d  from t h i s  r e s e a r c h  and t h o s e  

p r e v i o u s l y  p u b l i s h e d ,  were found to  a g r e e  to  w i t h i n  

+0 . 0 5  ppm. From t h e  i n t e g r a l  t r a c e  t h e  t h e o r e t i c a l  

r e l a t i v e  r a t i o s  o f  p r o t o n s  p e r  s i g n a l  were o b t a i n e d .  The 

NMR sp e c t ru m  o f  t r e a t e d  coenzyme Q was ,  however ,  found  to  

d i f f e r  from t h o s e  o f  t h e  u n t r e a t e d  and p u b l i s h e d  (8 0 )  

ones  i n  t h a t  two a d d i t i o n a l  r e s o n a n c e s  were o b s e r v e d  w i th  

chem ica l  s h i f t s  o f  1 .2 5  and 0 . 8 8 .  These r e s o n a n c e s  

c o r r e s p o n d  to  R-CH^-R and R-CH^ p r o t o n  r e s o n a n c e s  r e s p e c t 

i v e l y .  The ch em ica l  s h i f t s  f o r  t h e  o t h e r  r e s o n a n c e s  

a g r e e d  to  w i t h i n  + 0 .0 2  ppm o f  t h e  l i t e r a t u r e  v a l u e s .

The i n t e g r a l  t r a c e  i n d i c a t e d  t h a t  i t  was o n l y  t h a t  s e c t i o n  

o f  t h e  sp ec t ru m  i n  t h e  r an g e  0 . 5 - 2 . 5  ppm which was anom alous .
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This  f i n d i n g  th row s  d o u b t  upon th e  r e v e r s i b i l i t y  o f  

coenzyme Q r e d u c t i o n  by RMV.

The a b s o rb a n c e s  o b t a i n e d  from t h e  more q u a n t i t a t i v e  

u l t r a v i o l e t  s t u d i e s  c a r r i e d  o u t  u s i n g  b o th  v i t a m i n  K and 

coenzyme Q ( s e c t i o n  1 - 3 . 5 )  a r e  r e c o r d e d  i n  t a b l e s  5 and 6 

r e s p e c t i v e l y .

The f i r s t  two columns of  t a b l e  5 show t h a t  when a 

s o l u t i o n  o f  v i t a m i n  K i s  l e f t  a t  room t e m p e r a t u r e ,  u n 

p r o t e c t e d  from a i r ,  f o r  a p e r i o d  o f  ~12 h o u r s ,  s m a l l  

changes  i n  o p t i c a l  d e n s i t i e s  r e s u l t .  F o r  t h i s  r e a s o n  

a l l  f u r t h e r  co m p ar iso n s  were made r e l a t i v e  t o  t h e  c o n t r o l .

I t  can be s e e n  t h a t  t h e  a b s o rb a n c e s  o b t a i n e d  from b u l b s  

A and B a r e  v e r y  s i m i l a r  to  each  o t h e r  and to  t h e  c o n t r o l .  

The s l i g h t l y  h i g h e r  r e a d i n g s  o b t a i n e d  a t  lo w er  w a v e le n g th s  

i n  column f o u r  a r e  a t t r i b u t a b l e  to  oxygen ,  f o r  i t  had  been  

shown p r e v i o u s l y  t h a t  p r o lo n g e d  c o n t a c t  o f  v i t a m i n  K 

s o l u t i o n s  i n  a i r  c a u s e d  a s h o u l d e r  t o  a p p e a r  a t  240nm 

i n  t h e  u l t r a v i o l e t  s p e c t ru m .  C o n t r o l  and t r e a t e d  s o l u t i o n s  

o f  v i t a m i n  K y i e l d e d  i d e n t i c a l  and normal  s p e c t r a .  From 

an a n a l y s i s  o f  t h e s e  r e s u l t s  i t  may be  c o n c lu d e d  t h a t  RMV 

h a s  r e v e r s i b l y  r e d u c e d  a minimum of  96^ o f  t h e  v i t a m i n  K 

p r e s e n t .  These r e s u l t s  f u r t h e r  d e m o n s t r a t e  t h e  w a t e r  

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

b o t h  b u lb s  A and B, a f t e r  r e o x i d a t i o n  o f  t h e  q u i n o n e ,  

c o n t a i n e d  e x a c t l y  t h e  same c o n c e n t r a t i o n  o f  v i t a m i n  K
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Table 5 Absorbance o f  o x i d i s e d  v i ta m in  s o l u t i o n s

b e f o r e  and a f t e r  a r e d u c t i o n - o x i d a t i o n  c y c l e .

1 A bsorbance  o f  v i t a m i n  K s o l u t i o n s
A

UNTREATED TREATED

(nm) FRESH CONTROL Bulb  A Bulb B

243 0 .4 7 3 0 • 464 0 .4 6 1 0 .4 8 7

248 0 .4 8 7 0 .4 8 2 0 .4 7 4 0 .4 9 0

261 0 .4 8 1 0 .4 6 4 0 .4 5 1 0 .4 5 9

269 0 .4 7 9 0 .4 5 6 0 .4 4 1 0 .4 4 7

325 0 .0 8 6 0 .0 8 2 0 .0 8 3 0 .0 8 3



Table 6 Absorbance o f  o x i d i s e d  coenzyme Q-̂ q b e fo r e

and a f t e r  a r e d u c t i o n - o x i d a t i o n  c y c l e .

E q u i l i b r a t i o n  
t im e  w i th  Ag20 

( h o u r s )

OD of  Coenzyme Q a t  270 nm

UNTREATED TREATED

0 0 .771 -

2 - 0 .715

16 - 0 .6 2 6



(b  e c a u s e  t h e y  e x h i b i t e d  s i m i l a r  a b s o r b a n c e s ) .  No q u i n o l  

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

t h e  t r a n s f e r  o f  s o l u t i o n  i n t o  b u lb  B.

The r e s u l t s  o b t a i n e d  f o r  coenzyme Q, t a b l e  6 ,  show 

t h a t  93% o f  t h e  o r i g i n a l  q u in o n e  co u ld  be r e g e n e r a t e d  a f t e r  

two h o u r s  e q u i l i b r a t i o n  o f  t h e  q u i n o l  w i th  s i l v e r  o x i d e .  

However,  as  t h e  r e a c t i o n  t im e  was i n c r e a s e d  t h e  p e r  c e n t  

r e c o v e r y  d e c r e a s e d  and was accompanied  by t h e  c o n c o m i t a n t  

d eve lo p m en t  o f  an i n f l e x i o n  p o i n t  a t  252nm i n  t h e  u l t r a 

v i o l e t  s p e c t ru m .

The NMR and u l t r a v i o l e t  s p e c t r o s c o p y  r e s u l t s  o b t a i n e d  

f o r  v i t a m i n  K show t h a t  RMV r a d i c a l s  r e a c t  a t  l e a s t  96% 

r e v e r s i b l y  w i th  th e  qu in o n e  c e n t r e  o f  v i t a m i n  K and rem ain  

c h e m i c a l l y  i n e r t  to w a rd s  th e  r e m a in d e r  of  t h e  m o l e c u l e .  

R e s u l t s  from th e  NMR and u l t r a v i o l e t  s t u d i e s  u s i n g  coenzyme Q 

a r e  much more d i f f i c u l t  t o  i n t e r p r e t .  The NMR r e s u l t s  

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

o b v io u s  e x p l a n a t i o n  would be t h a t  RMV i r r e v e r s i b l y  i n t e r a c t s  

w i t h  t h i s  qu in o n e  i n  some way. However,  s i n c e  s t r o n g  

b a s e  i s  a l s o  known t o  d e s t r o y  u b i q u i n o n e ,  (76 )  an  a l t e r 

n a t i v e  e x p l a n a t i o n  would be t h a t  t h i s  e f f e c t  was c a u s e d ,  

n o t  by t h e  r e d u c t a n t ,  b u t  by b a s e .  R e s u l t s  f rom t h e  

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

A l th o u g h  i t  has  been  r e p o r t e d  i n  th e  l i t e r a t u r e  (7 6 )  t h a t  

s i l v e r  o x id e  r e g e n e r a t e s  t h e  o x i d i s e d  form o f  t h e  coenzyme



c l e a n l y  from th e  c o r r e s p o n d i n g  q u i n o l ,  t h e  r e s u l t s  o b t a i n e d  

from t h i s  r e s e a r c h ,  t a b l e  6 ,  do n o t  c o r r o b o r a t e  t h i s  c l a i m .  

The anomalous NMR s p e c t ru m  may t h e r e f o r e  o r i g i n a t e  from a 

s i d e  r e a c t i o n  o c c u r r i n g  be tween  th e  s i l v e r  o x id e  and th e  

q u in o n e  o r  q u i n o l .  The e f f e c t  i s  sm a l l  am ount ing  to  <7f° 

a f t e r  a p e r i o d  o f  2 h o u r s  and would be d i f f i c u l t  to  d e t e c t  

f o r  e x p e r im e n t s  c o n d u c te d  o v e r  s h o r t  p e r i o d s  o f  t i m e .

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

t e s t s ,  NMR s t u d i e s  and u l t r a v i o l e t  s t u d i e s  show t h a t  RMV 

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

o f  t h e  aqueous r e d u c t a n t  and r ed o x  c a r r i e r  components  

r e s p e c t i v e l y ,  o f  an 1 i d e a l '  redox  membrane s y s te m .  I n  

a d d i t i o n ,  FMNH  ̂ and coenzyme Q may be s u i t a b l e  s u b s t i t u t e s  

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

c o n t r o l  e x p e r im e n t s  would have  t o  be c a r r i e d  o u t  f o r  t h i s  

t o  be v e r i f i e d .  I n  v iew  o f  t h e  p ro v en  i d e a l i t y  o f  RMV 

and v i t a m i n  K, t h e s e  compounds were i n c o r p o r a t e d  i n t o  a l l  

f u t u r e  r edox  sy s tem s  t h a t  were t o  be s u b j e c t e d  t o  d e t a i l e d  

s t u d y .

1 -4*3  G enes is  o f  H a b e r - B e u tn e r  ty p e  redox  membranes .

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

s u i t a b l e  aqueous  o x i d a n t s  f o r  b o th  r e d u c e d  q u in o n e s  

( s e c t i o n  1 - 3 . 6 )  a r e  g i v e n  i n  t a b l e  7 .  F u r t h e r ,  s i n c e  

t h e  e x p e r i m e n t a l  a r r a n g e m e n t  u s e d  was

RMV ( a q u e o u s ) / q u i n o n e  ( h e x a n e ) / s u b s t r a t e  ( a q u e o u s )  

e v e r y  sy s tem  t h a t  c o n t a i n e d  a r e a c t i n g  s u b s t r a t e  s h o u ld  be

-  81 -
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c o n s i d e r e d  as  a H aber—B e u tn e r  t y p e  r ed o x  membrane, t h e  

i d e a l i t y  o f  t h e  s u b s t r a t e ,  a t  t h i s  s t a g e ,  b e in g  open t o  

q u e s t i o n .

Whereas coenzyme Q was e a s i e r  to  r e d u c e  t h a n  v i t a m i n  K, 

t h e  r e v e r s e  o r d e r  a p p l i e s  when t h e  r e d u c in g  a b i l i t i e s  o f  

t h e  c o r r e s p o n d i n g  q u i n o l  forms a r e  c o n s i d e r e d ,  t a b l e  7 .

I n  a l l  r e a c t i o n s  where v i t a m i n  K and coenzyme Q r e a c t e d  w i th  

a  common s u b s t r a t e ,  th e  fo rm e r  was a lways  found  to  r e a c t  

a t  an  a p p r e c i a b l y  g r e a t e r  r a t e  t h a n  th e  l a t t e r .  I n  

a d d i t i o n ,  v i t a m i n  K was found to  r e a c t  w i th  t h i a z i n e  dyes  

( m e th y le n e  b l u e  and t h i o n i n e )  w hereas  coenzyme Q d i s p l a y e d  

l i t t l e  r e a c t i v i t y  to w ard s  t h i s  g roup  o f  d y e s ,  t a b l e  7.

Th is  c o u ld  r e f l e c t  the rm odynam ic ,  as  opposed  to  k i n e t i c ,  

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

t h e  two t h i a z i n e s  and t h a t  o f  coenzyme Q a r e  v e r y  s i m i l a r .  

However,  t h e  o b s e r v a t i o n s  t h a t  m e th y le n e  b lu e  r e a c t s  

( s l o w l y )  w i th  coenzyme Q b u t  t h i o n i n e  does  n o t  a rgue  

a g a i n s t  t h i s  s i n c e  m e th y len e  b l u e  h a s  t h e  more n e g a t i v e  

m i d p o i n t  p o t e n t i a l .

The i r o n ( l l l )  o - p h e n a n t h r o l i n e  complex,  a  p o t e n t i a l  

model compound f o r  r ed o x  hem e- ty p e  m o l e c u l e s ,  was r e d u c e d  

by b o th  q u in o n e s .  However, th e  hexane s o l u b i l i t y  o f  t h e  

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

t h i s  compound. No s im p le  hem e- ty p e  a n a lo g u e  was found  

which would be s u i t a b l e  f o r  s t u d y  a n d ,  t h e r e f o r e ,  t h e  

b i o l o g i c a l  heme, cy tochrome c ,  was u s e d  i n  s u b s e q u e n t  

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

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

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

s i m i l a r  t o  t h o s e  d e s c r i b e d  i n  s e c t i o n  1 - 3 . 3  were c a r r i e d  

o u t  u s i n g  2 , 6 - d i c h l o r o p h e n o l - i n d o p h e n o l , DCIP. At low 

c o n c e n t r a t i o n s  o f  dye t h e  hexane  l a y e r ,  which had  been  

e q u i l i b r a t e d  above aqueous s o l u t i o n s  o f  t h e  d y e ,  a p p e a re d  

f r e e  o f  DCIP. However,  i f  v e r y  s t r o n g  s o l u t i o n s  o f  t h e  

dye were u s e d  ( l 0 “  M) t h e  v i s i b l e  spec t rum  o f  an o ra n g e  

c o l o u r e d  compound c o u ld  be o b t a i n e d .  This  sp e c t ru m  was

fo und  to  be i d e n t i c a l  t o  t h a t  o b t a i n e d  f o r  t h e  f u l l y

p r o t o n a t e d  ( r e d )  o x i d i s e d  form o f  DCIP, f i g u r e  1 - 4 ,  

d i s s o l v e d  i n  hexane (Xmax = 465nm). This  fo rm ,  b e i n g  

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

e x t r a c t e d  i n t o  t h e  o r g a n i c  l a y e r .  Th is  r e s u l t s  i n  th e  

c o n t in u o u s  p r o d u c t i o n  ox more p r o t o n a t e d  form i n  t h e  

aqueous  l a y e r  t h u s  p r e s e r v i n g  thermodynamic e q u i l i b r i u m  

(pKa = 5 * 7 ) .  I n  t h i s  way, even th o u g h  a t  any g i v e n  t im e

o n l y  5f° (pH 7 )  o f  t h e  t o t a l  DCIP i s  i n  t h e  r e d  fo rm ,  a

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

An a p p ro x im a te  v a l u e  o f  20 was o b t a i n e d  f o r  t h e  d i s t r i b u t i o n  

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

d y e .  I t  i s  w o r th  n o t i n g  t h a t  DCIP (and  i n d o p h e n o l ) ,  i n  

b o t h  i t s  o x i d i s e d  and r e d u c e d  f o rm s ,  can  behave  i n  t h i s  

f a s h i o n ,  f i g u r e  1 - 4 .
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The bimodal  n a t u r e  o f  DCIP e x p l a i n s  why t h e  compound 

can  f u n c t i o n  as  a l i p i d  s o l u b l e  e l e c t r o n  m e d i a t o r  ( 8 4 ) .

The o b s e r v a t i o n  t h a t  s u c c i n a t e  d e h y d ro g en ase  a c t i v i t y  

v i a  DCIP as  a c c e p t o r  i s  n o t  a f f e c t e d  by th e  e x t r a c t i o n  o f  

t h e  l i p i d  (79 )  c o u ld  a l s o  p o s s i b l y  be e x p l a i n e d  by t h e  

f a c t  t h a t  DCIP i s  c a p a b l e  o f  p e n e t r a t i n g  b o th  h y d ro p h o b ic  

and h y d r o p h i l i c  e n v i r o n m e n ts .  Thus ,  d e s p i t e  th e  change i n  

p o l a r i t y  a ro u n d  t h e  enzyme’s a c t i v e  s i t e ,  r e s u l t i n g  from 

l i p i d  e x t r a c t i o n ,  DCIP would a lways  manage to  r e a c h  t h e  

s i t e .  The b e h a v i o u r  e x h i b i t e d  by t h e  i n d o p h e n o l s  i s  

e x a c t l y  a n a lo g o u s  to  t h e  mode o f  a c t i o n  o f  th e  s im p le  

m e d i a t o r s  u s e d  to  g e n e r a t e  t h e  r edox  l ip o so m es  d i s c u s s e d  

e a r l i e r .

1 - 4 . 4  EPR s t u d i e s

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

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

s t e p s ,  t h e  i n t e r m e d i a t e  s t a t e  b e i n g  a f r e e  r a d i c a l "

M ic h a e l i s  (8 5 )

The EPR s p e c t r a  r e c o r d e d  from t h e  e x p e r im e n t s  u s i n g  

RMV/vitamin K, FMNH^/vitamin K and r ed u c e d  v i t a m i n  K/  

m e th y le n e  b l u e  a r e  r e c o r d e d  i n  f i g u r e s  1 - 5 ,  1 -6  and 1-7  

r e s p e c t i v e l y .  The g f a c t o r s  q u o te d  were c a l c u l a t e d  u s i n g  

e q u a t i o n  ( l - l ) .

As b o th  t h e  o x i d i s e d  and r e d u c e d  forms o f  v i t a m i n  K 

a r e  i n s o l u b l e  i n  w a t e r ,  a l o g i c a l  a s s u m p t io n  would be t h a t  

t h e i r  i n t e r m e d i a t e  r a d i c a l s ,  i f  fo rm ed ,  would a l s o  behave
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F i g u r e  1-5 EPR s p e c t r a  of  t h e  v i t a m i n  K/RMV tw o -p h ase  
sy s te m  o b t a i n e d  from ( a )  th e  b u l k .h e x a n e  p h a s e ,  ( b ;  t h e  
i n t e r f a c e  and ( c )  th e  b u lk  aqueous p h a s e .
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F i g u r e  1-6  EPR s p e c t r a  o f  t h e  v i t a m i n  K/FMNII^ tw o -p h a se  
sy s te m  o b t a i n e d  from ( a )  t h e  b u lk  hexane  p h a s e ,  ( b )  t h e  
i n t e r f a c e  a n d . ( c )  t h e  b u l k  aqueous  p h a s e .
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F i g u r e  1—7 EPR s p e c t r a  o f  t h e  r e d u c e d  v i t a m i n  K /m e th y len e  
b l u e  sys tem  o b t a i n e d  from ( a )  t h e  b u lk  hexane  p h a s e ,  (b )  th e  
i n t e r f a c e ,  ( c )  t h e  aqueous  p h ase  j u s t  be low th e  i n t e r f a c e  
and ( d )  t h e  b u l k  aqueous p h a s e .



s i m i l a r l y #  R a d i c a l s  d e t e c t e d  i n  t h e  b u lk  aqueous p h ase  

were  t h e r e f o r e  c o n s i d e r e d  as  r e s u l t i n g  from p a r a m a g n e t i c  

s p e c i e s  d e r i v e d  from t h e  aqueous r e a c t a n t .  Hence ,  t h e  

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

RMV/vitamin K, FMNH^/vitamin K and m ethy lene  b l u e / r e d u c e d  

v i t a m i n  K e x p e r im e n t s  were a t t r i b u t a b l e  t o  t h e  methy l  

v i o l o g e n  c a t i o n  r a d i c a l ,  f i g u r e  1 - 8 ( a ) ,  FMN sem iq u in o n e  

r a d i c a l s ,  f i g u r e  l - 8 ( b )  and to  th e  m e thy lene  b lu e  r a d i c a l ,  

f i g u r e  l - 8 ( c ) .  The m ethy l  v i o l o g e n  r a d i c a l  EPR s p e c t ru m ,  

f i g u r e  l - 5 ( c ) ,  was t h e  same as t h a t  p r e v i o u s l y  o b t a i n e d  

f o r  t h i s  r a d i c a l  d i s s o l v e d  i n  aqueous e t h a n o l  (86 )  w i th  

t h e  e x c e p t i o n  t h a t  t h e  b r o a d  s p e c t ru m  o b t a i n e d  i n  t h i s  

s tu d y  (due e i t h e r  t o  d i r e c t  d i p o l e  o r  s o l v e n t  e f f e c t s ) ,  

masked t h e  w eaker  h y p e r f i n e  i n t e r a c t i o n s  o b s e rv e d  i n  t h e  

e t h a n o l i c  s o l u t i o n .  The s p e c t r a  o b t a i n e d  from t h e  FMN 

r a d i c a l s  f i g u r e  l - 6 ( b )  and ( c )  a r e  c l o s e l y  s i m i l a r  t o  

t h o s e  p r e v i o u s l y  r e p o r t e d  ( 8 7 ) ,  (8 8 )  f o r  t h e s e  r a d i c a l s  

( a t  pH 7 ) .  No p u b l i s h e d  EPR sp e c t ru m  o f  m e th y le n e  b lu e  

r a d i c a l s  c o u ld  be o b t a i n e d  f o r  comparison# However,  

p o t e n t i o m e t r i c  (8 9 )  and ( u l t r a v i o l e t )  s p e c t r o s c o p i c  (90 )  

s t u d i e s  have  v e r i f i e d  t h e i r  e x i s t e n c e  i n  s o l u t i o n .

The s h a r p  s i g n a l  r e c o r d e d  a t  t h e  HMV/vitamin K i n t e r 

f a c e ,  f i g u r e  1 - 5 ( b )  i n d i c a t e d  t h a t  a second  r a d i c a l ,  

d i f f e r e n t  from RMV, was p r e s e n t .  The s i g n a l  f o r  t h i s  

r a d i c a l  was much w eaker  t h a n  t h a t  o f  RMV and hen ce  t h e

-  86 -



F i g u r e  1—8 Redox s t a t e s  o f  ( a )  m ethyl  v i o l o g e n  
f lavocoenzym es  ( c )  t h i a z i n e s  and (d )  v i t a m i n  K.
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c o n c e n t r a t i o n  m u s t ,  c o r r e s p o n d i n g l y ,  be much l e s s .

Reduced m ethy l  v i o l o g e n  and v i t a m i n  K were t h e  o n ly  two 

compounds p r e s e n t  i n  t h e  EPR c e l l  which c o u ld  g e n e r a t e  

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

c o r r e s p o n d  to  v i t a m i n  K sem iqu inone  r a d i c a l s ,  f i g u r e  l - 8 ( d ) .  

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

o f  s o l v e n t s  ( 9 1 ) ,  ( 9 2 ) ,  a l l  show a b ro a d  s i g n a l ,  e x h i b i t i n g  

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

t i n g s  b e i n g  i n  t h e  o r d e r  o f  one g a u s s .  S in c e  s p l i t t i n g s  

o f  t h i s  o r d e r  a r e  d e t e c t i b l e  w i th  th e  m ethyl  v i o l o g e n  

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

e c t i b l e  w i th  t h e  s em iq u in o n e .  The e x p l a n a t i o n  p r o p o s e d  

f o r  t h e  s h a r p e n i n g  o f  th e  s p e c t ru m  i s  t h a t  a ch a rg e  t r a n s f e r  

complex was formed be tw een  e i t h e r  v i t a m i n  K and RMV mol

e c u l e s  o r  be tw een  p a i r s  o f  v i t a m i n  K m o le c u le s  o f  d i f f e r i n g  

r e d o x  s t a t e s ,  one o f  which b e i n g  th e  s e m iq u in o n e .  The 

u n p a i r e d  e l e c t r o n  was c o n s i d e r e d  t o  be r a p i d l y  exchanged  

b e tw een  th e  c o n j u g a t e d  r i n g s  o f  t h e  p a i r s  of  m o le c u le s  con

s t i t u t i n g  th e  c h a rg e  t r a n s f e r  complex.  The o b s e r v a t i o n  t h a t  

no s em iqu inone  r a d i c a l s  a r e  d e t e c t i b l e  a t  t h e  i n t e r f a c e s  

d u r i n g  t h e  o t h e r  two e x p e r i m e n t s ,  f i g u r e s  l - 6 ( b )  and 1—7 ( b ) ,  

s u g g e s t s  t h a t  e i t h e r  t h e  l i f e t i m e  of  th e  uncom plexed  sem i

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

any g i v e n  t im e  i s  much l e s s  t h a n  t h a t  o b t a i n e d  when u s i n g  

RMV as t h e  r e a c t a n t .  In d e e d  b o th  f a c t o r s  may be i m p o r t a n t .
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The n e g a t i v e  r e s u l t  o b t a i n e d  when t h e  b u lk  hexane  l a y e r  

o f  t h e  RMV/vitamin K e x p e r im e n t  was s t u d i e d ,  f i g u r e  1—5 ( a )  

i s  c o n s i s t e n t  w i t h  t h e  sem iqu inone  r a d i c a l  h a v i n g  o n ly  a 

s h o r t  l i f e t i m e .  The a b se n c e  o f  d e t e c t i b l e  c o n c e n t r a t i o n s  

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

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

Analogous EPR e x p e r im e n t s  u s i n g  coenzyme Q/RMV and 

coenzyme Q/FMNH^ b i p h a s i c  sys tem s  have  a l s o  been  s t u d i e d  

( 8 1 ) .  These sys tem s  were found to  y i e l d ' s p e c t r a  s i m i l a r  

t o  t h o s e  o b t a i n e d  from t h e  c o r r e s p o n d i n g  v i t a m i n  K 

e x p e r i m e n t s  d e s c r i b e d  i n  t h i s  r e s e a r c h .

These  EPR e x p e r im e n t s  c l e a r l y  d e m o n s t r a t e  t h e  p r e s e n c e  

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

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

w i t h  o n e - e l e c t r o n  a g e n t s .  The f a c t  t h a t  m e th y le n e  b l u e ,  

f i g u r e  l - 7 ( c ) ,  ( d ) ,  t h i o n i n e  (89 )  and in d o p h e n o l  (9 3 )  

r a d i c a l s  have a l l  been  shown to  be p r e s e n t  i n  aqueous  

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

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

to  o n e - e l e c t r o n  a g e n t s .  The f l a v i n  m o n o n u c le o t id e  

s o l u t i o n s  u s e d  i n  t h e  EPR s t u d i e s  c o n t a i n e d  80fo r e d u c e d  

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

does  n o t  n e c e s s a r i l y  im p ly  t h a t  t h e y  a r e  i n v o l v e d  i n  t h e  

r e a c t i o n  w i t h  v i t a m i n  K, s i n c e  m i x t u r e s  o f  FMN and FMNH2 

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

f o r m a t i o n  o f  a c h a rg e  t r a n s f e r  complex b e tw een  t h e  r e d u ce d
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and o x i d i s e d  forms ( 9 4 ) ,  ( 9 5 ) .  The f a c t  t h a t  FMN r a d i c a l s  

a r e  d e t e c t e d  i n  t h e  b u lk  aqueous p h ase  s u p p o r t s  t h i s  a rg u m en t ,  

f i g u r e  l - 6 ( c ) .  S i m i l a r  c a u t i o n  must be a p p l i e d  t o  t h e  

m e th y le n e  b lu e  r e s u l t s ,  f i g u r e  l - 7 ( c ) ,  ( d ) .

The p o s s i b l e  in v o lv em en t  of  a  ch a rg e  t r a n s f e r  i n t e r 

m e d ia t e  be tw een  v i t a m i n  K and RMV i s  o f  i n t e r e s t  s i n c e  

c h a r g e  t r a n s f e r  complexes  have been  p ro p o se d  to  have 

i m p o r t a n t  r o l e s  i n  n a t u r e  ( 9 6 ) .  A l though  no such  complex  

c o u ld  be d e t e c t e d  when FMNH2 r e p l a c e d  RMV, f i g u r e  l - 6 ( b ) ,  

t h e  f a c t  t h a t  f l a v i n s  a r e  a v i d  complex fo rm e rs  (9 5 )  and 

t h a t  r i b o f l a v i n  forms a c h a rg e  t r a n s f e r  complex w i th  

p -h y d ro q u in o n e  (9 6 )  and l u m i f l a v i n  forms one w i th  

b i s - n a p h t h a l e n e - 2 , 3 d i o l  (9 8 )  s u g g e s t s  t h a t  a c h a r g e  t r a n s f e r  

complex be tw een  FMNH  ̂ and v i t a m i n  K m igh t  w e l l  be formed.

I t  i s  o f  i n t e r e s t  t h a t  c h a rg e  t r a n s f e r  complexes  be tw een  

v i t a m i n s  K and f l a v i n s  have p r e v i o u s l y  been  p o s t u l a t e d  

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

e l e c t r o n - t r a n s f e r  r e a c t i o n s  (99)*  As d i s c u s s e d  i n  

s e c t i o n  1 - 2 ,  t h e  f a c t  t h a t  no v i t a m i n  K sem iq u in o n e  r e s o n 

an ce s  were d e t e c t i b l e  i n  f i g u r e s  l - 6 ( b )  and 1—7 ( b )  does  

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

d u r i n g  r e a c t i o n .  I t  i s  o f  f u r t h e r  i n t e r e s t  t o  n o t e  t h a t  

s y m m e t r i c a l  EPR s i g n a l s  s i m i l a r  t o  t h a t  shown i n  f i g u r e  1 - 5 ( b ) : 

h a v i n g  a g v a l u e  o f  2 .003  and a l i n e  w i d t h  o f  ~10 g a u s s ,  

have  b ee n  o b t a i n e d  from f r o z e n  r e s p i r a t o r y  membranes .

These  r e s u l t s  have  been  a t t r i b u t e d  t o  t h e  p r e s e n c e  o f  s m a l l
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q u a n t i t i e s  o f  u b i s e m iq u in o n e  v i t h i n  t h e  membranes ( 1 0 0 ) ,  

( 1 0 1 ) .  I t  may b e ,  t h e r e f o r e ,  t h a t  i s o p r e n o i d  q u in o n e s  

l o c a t e d  a t  e i t h e r  a RMV ( a q u e o u s ) /h e x a n e  i n t e r f a c e  o r  an  

a q u e o u s / r e s p i r a t o r y  membrane ( l i p i d )  i n t e r f a c e ,  behave i n  

an  a n a lo g o u s  manner ,  t r a n s f e r r i n g  as  M ic h a e l i s *  g e n e r a l  

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

u n i v a l e n t  s t e p s .

1—4 .5  F u r t h e r  a s p e c t s  o f  b i o l o g i c a l  r e l e v a n c e .

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

e a r l i e r  i t  i s  c o n v e n i e n t  to  c o n c lu d e  t h i s  c h a p t e r  by 

com par ing  th e  g e n e r a l  scheme o f  e l e c t r o n  t r a n s p o r t  found  

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

membranes•

The w id e ly  a c c e p t e d  scheme f o r  t h e  e l e c t r o n - t r a n s p o r t  

s y s te m  i n  mammalian m i t o c h o n d r i a  ( 7 9 ) ,  showing t h e  p r o p o s e d  

s i t e  o f  coenzyme Q, i s  g iv e n  i n  f i g u r e  l - 9 ( a ) .  As shown 

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

f rom t h e  f l a v o p r o t e i n  d e h y d r o g e n a s e s ,  F ^ (and  t h e i r  

a s s o c i a t e d  nonheme i r o n )  to  cy tochrom e b .  These f l a v o -  

p r o t e i n s  c o n t a i n  e i t h e r  FMN o r  FAD as t h e i r  p r o s t h e t i c  

g r o u p s .  A s i m i l a r  scheme,  i n v o l v i n g  one o f  th e  K v i t a m i n s  

( a c t u a l l y  v i t a m i n  , f i g u r e  0 -5  (n  = 9 ) ,  i n  which one o f  

t h e  do u b le  bonds i n  t h e  s i d e  c h a i n  i s  s a t u r a t e d ) ,  f o r  t h e  

e l e c t r o n  t r a n s p o r t  sy s tem  o f  Mycobacter ium p h l e i  (M. p h l e i )  

i s  g iv e n  i n  f i g u r e  l - 9 ( b )  ( 1 0 2 ) .  S i n c e  v i t a m i n  c o u ld  a c t
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( a )

N A D   = > F p ( F M N )

^ 0  —> c y t  b  -* c y t  Cj—> c y t  c - » c y t  a  —*  c y t  f

s u c c i n a t e  —^ F p ( F A D )  H2O

( b )
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s u c c i n a t e  —> F p ( F A D ) — > X  H^O

F i g u r e  1-9 E l e c t r o n  t r a n s p o r t  s e q u en ce s  ( a )  i n  b e e f - h e a r t  
m i t o c h o n d r i a  s h o v in g  t h e  p r o p o se d  s i t e  o f  coenzyme Q and
( b )  i n  M. p h l e i  s h o v in g  th e  s i t e  o f  v i t a m i n  K (X i s  a f a c t o r  
d e s t r o y e d  by u l t r a v i o l e t  l i g h t ) .



as  a s u b s t i t u t e  f o r  t h e  endogenous v i t a m i n  ( 1 0 3 ) ,  t h i s  

scheme may be c o n s i d e r e d  as  a p p ly in g  d i r e c t l y  t o  v i t a m i n  K.

Of p a r t i c u l a r  r e l e v a n c e  t o  t h e  r o l e  o f  coenzyme Q 

and v i t a m i n  K i n  n a t u r a l  membranes were t h e  o b s e r v a t i o n s  

t h a t ,  a l t h o u g h  aqueous  s o l u t i o n s  o f  NADH and NADPH were 

u n a b l e  t o  r ed u c e  t h e  q u in o n e  d i r e c t l y ,  t h e y  may do so 

i n d i r e c t l y  by a s t e p w i s e  r e d u c t i o n  i n v o l v i n g  FMN ( o r  FAD) 

as  an e s s e n t i a l  i n t e r m e d i a t e ,  t a b l e  4.  These r e s u l t s ,  

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

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

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

a n a lo g u e  even th o u g h  t h e  enzymes, n e c e s s a r y  to  c a r i y  o u t  

t h e s e  r e a c t i o n s  a t  more f a v o u r a b l e  r a t e s ,  a r e  a b s e n t .

Th is  may be a f o r t u i t o u s  c o i n c i d e n c e  however ,  s i n c e  a t  

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

were b o th  found  to  r e a c t  d i r e c t l y  w i th  s o l u b l e  cy tochrom e c ,  

t a b l e  7 .

-  91 -



C h a p te r  Two

QUANTITATIVE ULTRAVIOLET/VISIBLE SPECTROSCOPY

2-1  THEORY

2—1•1 G en e ra l  d e s c r i p t i o n

I f  e l e c t r o m a g n e t i c  e n e rg y  i s  a l lo w e d  to  impinge  upon 

a  t r a n s p a r e n t  medium, some i s  r e f l e c t e d ,  some a b s o rb e d  and 

t h e  r e m a in d e r  t r a n s m i t t e d .  Vhen th e  t r a n s m i t t e d  r a d i a t i o n  

i s  p a s s e d  th ro u g h  a d e v i c e  (p r i sm  o r  g r a t i n g )  c a p a b l e  o f  

r e s o l v i n g  t h e  beam i n t o  i t s  c o n s t i t u e n t  w a v e l e n g t h s ,  an 

a b s o r p t i o n  s p e c t ru m  i s  o b t a i n e d .  This  s p e c t ru m  i n d i c a t e s  

t h o s e  p o r t i o n s  o f  t h e  i n c i d e n t  beam t h a t  have been  a b s o rb e d  

by t h e  medium. E l e c t r o n i c  s p e c t r a  a r i s e  from t r a n s i t i o n s  

b e tw ee n  e l e c t r o n i c  en e rg y  l e v e l s  ( o f  o u t e r  s h e l l  e l e c t r o n s )  

accom pan ied  by changes  i n  b o t h  v i b r a t i o n a l  and r o t a t i o n a l  

s t a t e s .  However,  when s o l u t i o n s  a r e  examined,  t h e  f i n e  

s t r u c t u r e ,  due to  t h e  accompanying v i b r a t i o n a l  and r o t a t i o n a l  

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

i n t e r a c t i o n s  which  t e n d  t o  smooth o u t  t h e  sp e c t ru m  i n t o
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b a n d s .  The d i f f e r e n c e  i n  ene rgy  be tween  e l e c t r o n i c  ene rgy  

l e v e l s  i s  r e l a t i v e l y  l a r g e  ( t y p i c a l l y  400,000 Jmole*”* ) .  

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

t h e  v i s i b l e  (400-700  nm) and u l t r a v i o l e t  (1 0 -4 0 0  nm) r e g i o n s  

o f  t h e  e l e c t r o m a g n e t i c  s p e c t ru m .  Only i n  t h o s e  c o l l i s i o n s  

b e tw een  q u a n t a  o f  r a d i a n t  e n e rg y  and m o l e c u l e s ,  where th e  

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

AE, b e tw een  t h e  ground and e x c i t e d  s t a t e s ,  w i l l  a b s o r p t i o n  

o f  en e rg y  occurs

AE = hc/X ( 2 - 1 )

where c i s  t h e  sp e e d  o f  l i g h t .  While i t  i s  n o t  a lw ays  

p o s s i b l e  t o  i n t e r p r e t  t h e  n a t u r e  o f  t h e  energy  l e v e l s  o f  

t h e  e l e c t r o n i c  s t a t e s  be tw een  which t h e s e  t r a n s i t i o n s  o c c u r ,  

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

t h a t  o r g a n i c  compounds c o n t a i n i n g  c e r t a i n  groups  o f  atoms 

w i t h i n  t h e i r  m o le c u le s  showed d i s t i n c t i v e  a b s o r p t i o n  bands 

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

These  g r o u p s ,  o r  c h ro m o p h o res , a r e  m o s t ly  o f  a p o l a r  o r  

u n s a t u r a t e d  n a t u r e .  The w a v e le n g th s  and i n t e n s i t i e s  o f  

maximum a b s o r p t i o n  a r e  q u i t e  c h a r a c t e r i s t i c  o f  th e  chromo— 

p h o r i c  group c o n c e r n e d .

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

an  e l e c t r o n i c  t r a n s i t i o n  i s  t h e  en e rg y  c o n t e n t ,  e q u a t i o n  

( 2 - 1 ) .  I n  a d d i t i o n ,  t h e  symmet:ry o f  th e  m o le c u le  b e i n g  

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

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

o f  such  a band i s  much l e s s  th a n  m ight  be a n t i c i p a t e d .  

T h e o r e t i c a l l y  f o r b i d d e n  t r a n s i t i o n s  a r e  sometimes  e x h i b i t e d  

b e c a u s e  t h e  m o l e c u l a r  symmetry i s  d i s t o r t e d  by m o l e c u l a r  

v i b r a t i o n s .  I n  such  c a s e s  th e  m o la r  e x t i n c t i o n  c o e f f i c i e n t  

i s  n o r m a l ly  l e s s  t h a n  1000,

E l e c t r o n i c  s p e c t r a  o f  o r g a n i c  s u b s t a n c e s  i n  s o l u t i o n  

commonly obey t h e  B ee r -L am b er t  Lav ,  e q u a t i o n  ( 2 - 2 ) .  This  

law m a t h e m a t i c a l l y  e x p r e s s e s  th e  r e l a t i o n s h i p  be tween  th e  

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

and t h e  l e n g t h  o f  s o l u t i o n  th ro u g h  which th e  l i g h t  p a s s e s :

l o g  ( I  / I )  = e c t  ( 2 - 2 )o

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

t h e  i n t e n s i t y  o f  t h e  i n c i d e n t  beam, e i s  t h e  m o la r

e x t i n c t i o n  c o e f f i c i e n t  ( a  p r o p e r t y  o f  t h e  compound u n d e r

i n v e s t i g a t i o n  a t  a g iv e n  w a v e l e n g t h ) ,  c i s  t h e  c o n c e n t r a t i o n

i n  moles l i t r e " ’'*' and I  i s  t h e  p a t h  l e n g t h  e x p r e s s e d  i n

c e n t i m e t r e s  ( l 0 5 ) .  The v a l u e  o f  l o g  ( I  / I )  i s  r e f e r r e do
to  as  t h e  a b s o r b a n c e  o r  o p t i c a l  d e n s i t y  (0D).  The 

a b s o rb a n c e  i s  n o r m a l l y  m easured  a t  a w av e len g th  where 0 

h as  a maximum v a l u e  s i n c e  t h e  change i n  a b s o rb a n c e  f o r  a 

g i v e n  change i n  c o n c e n t r a t i o n ,  (which d e t e r m in e s  t h e  

a n a l y t i c a l  s e n s i t i v i t y ) ,  i s  g r e a t e s t  a t  t h i s  p o i n t .  

A d d i t i o n a l l y ,  measurem ent  on th e  s i d e  o f  a  ban d ,  where 

t h e  a b s o rb a n c e  changes  r a p i d l y  as  a f u n c t i o n  o f  w a v e l e n g t h ,
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r e n d e r s  th e  measurement  v e r y  s e n s i t i v e  to  e r r o r s  i n  t h e  

w a v e le n g th  s c a l e  o f  t h e  i n s t r u m e n t .

The g r a p h  o f  a b s o rb a n c e  o f  a s im p le  s o l u t i o n  a g a i n s t  

i t s  c o n c e n t r a t i o n  i s  n o r m a l ly  a s t r a i g h t  l i n e ,  i n  a c c o rd a n c e  

w i t h  B e e r f s Law. I n  p r a c t i c e ,  t h e  g raph  may d e v i a t e ,  

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

c o n c e n t r a t i o n s .  D e v i a t i o n s  from i d e a l  b e h a v i o u r  may be 

due to  complex f o r m a t i o n  w i th  t h e  s o l v e n t , p o l y m e r i s a t i o n ,  

o r  change  o f  pH as  t h e  c o n c e n t r a t i o n  i n c r e a s e s .

S i n c e  t h e  a b s o rb a n c e  o f  a s u b s t a n c e  i s  p r o p o r t i o n a l  

t o  i t s  c o n c e n t r a t i o n ,  s p e c t r o p h o t o m e t r y  can  be u s e d  as  

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

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

band  w i t h i n  t h e  s p e c t r a l  r ange  o f  t h e  i n s t r u m e n t ,  o r  can  

p r o d u c e ,  i n  a q u a n t i t a t i v e l y  r e p r o d u c i b l e  chem ica l  r e a c t i o n ,  

a  s p e c i e s  which does  ab s o rb  i n  t h i s  r a n g e ,  i t  can be 

a n a l y t i c a l l y  d e t e r m in e d ,  u s i n g  e q u a t i o n  ( 2- 2 ) .  S i m i l a r l y ,  

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

r e a c t a n t  o r  p r o d u c t  d u r i n g  a chem ica l  r e a c t i o n  may be u se d  

t o  m easu re  t h e  c o r r e s p o n d i n g  change i n  c o n c e n t r a t i o n  

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

w a v e le n g th  i s  chosen  t o  be one a t  which a b s o r p t i o n  o f  th e  

component i s  r e a s o n a b l y  f r e e  f rom i n t e r f e r e n c e  by o t h e r  

r e a c t a n t s .  A p r i o r  knowledge o f  c i s , o f  c o u r s e ,

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

-  95 -



v i s i b l e  s p e c t r o p h o t o m e t r y  have been u se d  e x t e n s i v e l y  

t h r o u g h o u t  t h i s  r e s e a r c h .

2 - 1 . 2  B in a r y  c o n j u g a t e  systems

The a n a l y s i s  o f  m u l t icom ponen t  m ix tu re s  i s  more 

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

a r e  s u p e r im p o se d  and a change i n  t h e  c o n c e n t r a t i o n  o f  one 

component  may a f f e c t  t h e  a b so rb a n c e  v a lu e  a t  t h e  w a v e le n g th  

where a n o t h e r  component has  an a b s o r p t i o n  maximum. 

F o r t u n a t e l y ,  b i n a r y  m i x t u r e s  were t h e  o n ly  ty p e  o f  m u l t i -  

component sy s tem  u s e d  i n  t h i s  s t u d y .  An a d d i t i o n a l  

s i m p l i f i c a t i o n  a r o s e  b e ca u s e  t h e s e  two components were 

d i f f e r e n t  redox  o r  p r o t o n a t e d  s t a t e s  o f  t h e  one common 

s u b s t a n c e .  They may t h e r e f o r e  be c o n s i d e r e d  as  c o n j u g a t e  

p a i r s .  S in c e  t h e  a b s o rb a n c e  o f  th e  m ix tu re  i s  t h e  

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

com ponen ts ,  p r o v i d i n g  t h e r e  i s  no i n t e r a c t i o n  b e tw een  them,  

t h e  B ee r -L a m b er t  Law can  be w r i t t e n :

w a v e le n g th  . . . . e t c .  I f  t h e  t o t a l  c o n c e n t r a t i o n  o f  t h e  

s u b s t a n c e ,  c ,  rem ains  c o n s t a n t  th ro u g h  th e  e x p e r i m e n t ,  

e q u a t i o n  ( 2- 4 ) must  a lways  be v a l i d :

Af = ( e-^Xc x + €^c^) l ( 2 - 3 )

where A^ i s  t h e  o b s e rv e d  a b s o rb a n c e  a t  w av e len g th  1 , 

e1X i s  t h e  e x t i n c t i o n  c o e f f i c i e n t  o f  component x a t  t h i s

c ( 2 - 4 ) .
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C o m b in a t io n  o f  e q u a t i o n s  ( 2- 3 ) and ( 2- 4 ) ,  t o g e t h e r  w i th  

t h e  a s s u m p t io n  t h a t  t h e  p a t h  l e n g t h  i s  1 c e n t i m e t r e ,  g iv e s  

e q u a t i o n  ( 2- 3 ) ,

I f  t h e  t o t a l  c o n c e n t r a t i o n  o f  t h e  compound i n  s o l u t i o n  i s  

known, t o g e t h e r  w i t h  t h e  e x t i n c t i o n  c o e f f i c i e n t s  o f  t h e  

two c o n j u g a t e  fo rm s ,  t h e n ,  from t h e  o b se rv ed  o p t i c a l  

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

i n  s o l u t i o n  can  be c a l c u l a t e d  u s i n g  e q u a t i o n s  ( 2- 5 ) and 

( 2 - 4 ) .

2 -2 -  GENERAL EXPERIMENTAL ASPECTS

2 - 2*1 I n s t r u m e n t a t i o n

A l l  f i x e d  w a v e le n g th  measurements  c a r r i e d  o u t  t h r o u g h 

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

u s i n g  a H i l g e r  H7OO !U v i s p e k ! s p e c t r o p h o t o m e t e r .  The 

o p t i c a l  sys tem  c o n t a i n e d  i n  t h i s  s i n g l e  w a v e le n g th  

i n s t r u m e n t  i s  o u t l i n e d  i n  f i g u r e  2 - 1 .  L i g h t  from e i t h e r  

s i d e  o f  t h e  s t a b i l i s e d  lamps e n t e r s  th e  monochromator  

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

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

t h e  s p e c t r a l  r e g i o n  i s  made by r o t a t i n g  t h e  d i s p e r s i n g  

p r i s m  th ro u g h  a s m a l l  a n g l e .  The l i g h t  from th e  e x i t
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c o n c a v e  m ir r o r

d i s p e r s i n g  p r i s m

MONOCHROMATOR

MEASURING
UNIT

w av elen g th  d r u m
s p e c im e n  c e l l s

p la n e  m i r r o r
f i la m e n t  la m p  

h y d r o g e n  la m p

h y d ro g e n  s o u r c e  m irro r 

-f ilam en t s o u r c e  m ir r o r

f i la m e n t p o s i t io n  

h y d ro g e n  p o s t io n  

s h u t t e r

p h o to c e l l s

F i g u r e  2-1 The o p t i c a l  sy s tem  o f  a H i l g e r  H700 'Uvispek* 

s p e c t r o m e t e r .



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

s o l u t i o n  on i t s  way t o  a p h o t o c e l l .  The o u t p u t  o f  t h e  

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

t o  an  e l e c t r o n i c  m e a s u r i n g  u n i t  where  i t  can be b a l a n c e d  

by an  o p p o s i n g  e l e c t r o - m o t i v e  f o r c e  from a  c a l i b r a t e d  

p o t e n t i o m e t e r .  A g a l v a n o m e t e r  i n d i c a t e s  when t h e  opposed  

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

0 - 3  c a n  be  m e a s u r e d  t o  an a c c u r a c y  o f  + 0 .0 0 1 .  I n  t h i s  

s t u d y ,  h o w e v e r ,  s o l u t i o n s  w i t h  a b s o r b a n c e s  below 1 . 0  were 

a lw a y s  em p lo y e d .

U l t r a v i o l e t / v i s i b l e  s p e c t r a  o f  a l l  t h e  compounds 

s t u d i e d  w ere  o b t a i n e d  u s i n g  Unicam SP8000 and SP800 d u a l  

w a v e l e n g t h  r e c o r d i n g  s p e c t r o p h o t o m e t e r s .  F o r  a l l  wave

l e n g t h  maxima d e t e r m i n a t i o n s  t h e  f o r m e r  i n s t r u m e n t  was 

em ployed  and  t h e  w a v e l e n g t h  r e a d i n g s  c a l i b r a t e d  u s i n g  

holmium ( 2 0 0 -6 4 0  nm) and didymium ( 5 7 0 -8 0 0  nm) f i l t e r s .  

2 - 2 . 2  S o l v e n t s

The aq u eo u s  s o l v e n t s  u s e d  t h r o u g h o u t  a l l  t h e  u l t r a 

v i o l e t / v i s i b l e  s t u d i e s  hav e  b ee n  p r e v i o u s l y  d e s c r i b e d  

( s e c t i o n  1 - 3 . l ) .

The h e x a n e  em ployed  as  a s o l v e n t  was e i t h e r  commer

c i a l l y  a v a i l a b l e  s p e c t r o s c o p i c  h ex an e  o r  h exane  p u r i f i e d  

t o  g i v e  an  a b s o r b a n c e  low enough f o r  u s e  i n  s p e c t r o s c o p i c  

w ork .  The l a t t e r  was a c h i e v e d  by p a s s i n g  h ex a n e  t h r o u g h  

a  co lumn o f  c h r o m a t o g r a p h i c  s i l i c a  g e l  ( S i l i c a  Gel L t d . ,
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E n g l a n d ) ,  p r e v i o u s l y  h e a t e d  t o  350°C ( l 0 6 ) .  F o r  

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

u s e d  t h r o u g h o u t  any  one s e t  o f  m e a s u re m e n ts .

2 - 2 . 3  Sample c e l l s

The sam p le  c e l l s  u s e d  t h r o u g h o u t  t h i s  r e s e a r c h  w ere  

■ S p e c t r o s i l *  ( s y n t h e t i c  s i l i c a )  u l t r a v i o l e t / v i s i b l e  c e l l s  

(T h e rm a l  S y n d i c a t e  L t d . ,  E n g la n d )  o f  1 cm p a t h  l e n g t h .

G la s s  s u r f a c e s  can  r a p i d l y  a d s o r b  c o n t a m i n a n t s  and 

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

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

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

p r o c e d u r e ,  recommended by t h e  m a n u f a c t u r e r ,  was a d o p t e d :

Each c e l l  was l e f t  im m ersed  o v e r n i g h t  i n  f r e s h l y  p r e p a r e d  

ch rom ic  a c i d  ( p o t a s s i u m  d i c h r o m a t e  d i s s o l v e d  i n  c o n c e n t r a t e d  

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

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

a c e t o n e  and  d r i e d  i n  an  oven a t  40 -50°C .

D u r i n g  m e a s u r e m e n t s ,  c a r e  was t a k e n  t o  e n s u r e  t h a t  

t h e  o p t i c a l  f a c e s  o f  t h e  c e l l s  were  k e p t  f r e e  f rom  co n 

t a m i n a t i o n  an d  t h a t  t h e  r a d i a t i o n  was a lw ays  i n c i d e n t  

upon  a  g i v e n  f a c e .  A f t e r  h a v i n g  d e t e r m i n e d  t h e  c e l l  b i a s  

a t  t h e  s t a r t  o f  a n  e x p e r i m e n t ,  c a r e  was a lw ays  t a k e n  t o  

e n s u r e  t h a t  t h e  same r e f e r e n c e  and  sample  c e l l s  were  u s e d  

d u r i n g  s u b s e q u e n t  m e a s u re m e n t s .



2 - 3  EXPERIMENTAL DETERMINATION OP E X T IN C T IO N  CO EFFIC IEN TS

2 - 3 . 1  2 , 6 - D i c h l o r o p h e n o l  I n d o p h e n o l

An a p p r o x i m a t e l y  10 mM s o l u t i o n  o f  DCIP was made 

by d i s s o l v i n g  t h e  s o l i d  i n  pH 6 . 8 6  p h o s p h a t e  b u f f e r .

The s o l u t i o n  was f i l t e r e d  and t h e  r e s u l t i n g  s t o c k  s o l u t i o n  

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

( 1 0 7 ) ,  e q u a t i o n  ( 2 - 8 ) .  Due t o  t h e  a u t o x i d i s a b l e  n a t u r e  

o f  t h e  l e u c o  form  o f  t h e  d y e ,  i t  was found  n e c e s s a r y  t o  

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

p r e c a u t i o n  r e p o r t e d  as  b e i n g  u n n e c e s s a r y .  The a s c o r b i c  

a c i d  s o l u t i o n  was s t a n d a r d i s e d  a g a i n s t  i o d i n e ,  g e n e r a t e d  

* in  s i t u 1 by t h e  a d d i t i o n  o f  e x c e s s  p o t a s s i u m  i o d i d e  t o  

a known vo lum e o f  a  s t a n d a r d  p o t a s s i u m  i o d a t e  s o l u t i o n  i n  

a n  a c i d i c  (~0.5M HCt) medium, e q u a t i o n s  ( 2 - 6 )  and ( 2 - 7 ) .

No i n d i c a t o r  was u s e d  s i n c e  s t a r c h  h a s  an i n h i b i t o r y  

e f f e c t  on t h e  r e a c t i o n  (108 ) • The s t a n d a r d  i o d a t e

s o l u t i o n  was p r e p a r e d  b y  d i s s o l v i n g  a  w e ig h ed  amount  o f  

t h e  p u r e  compound i n  d i s t i l l e d  w a t e r  and d i l u t i n g  t o  a  

d e f i n i t e  volume ( 1O4 ) .

10 ~ + 51“  + 6H+ ^  312 + 3H20 ( 2 - 6 )

x2 + W e  —  W e  + 2H+ + 2I~ (2- 7)

C6H8°6 + ^  C6H6°2 + leu co  DCIP (2 - 8 )

A c c u r a t e  vo lum e d i l u t i o n s  o f  t h e  s t o c k  s o l u t i o n  

were  made u s i n g  pH 6 . 8 6  b u f f e r  and t h e  o p t i c a l  d e n s i t y



o f  e a c h  o f  t h e s e  s o l u t i o n s  m ea su red  a t  t h e  w a v e l e n g t h  

w here  t h e  compound d i s p l a y e d  maximum a b s o r p t i o n .

2 - 3 . 2  M e th y le n e  b l u e

The c o m m e r c i a l l y  a v a i l a b l e  sam ple  o f  t h e  dye was 

r e c r y s t a l l i s e d  f rom  w a t e r  b e f o r e  u s e .  An a p p r o x i m a t e l y  

10 mM s t o c k  s o l u t i o n  o f  m e t h y l e n e  b l u e  (MB) was made by 

f i r s t  d i s s o l v i n g  t h e  dye i n  d i s t i l l e d  w a t e r  and t h e n  

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

The s t o c k  s o l u t i o n  was s t a n d a r d i s e d  by c a r r y i n g  o u t  

a  g r a v i m e t r i c  a n a l y s i s  ( l 0 9 ) ,  b a s e d  on t h e  f o r m a t i o n  o f  

an  i n s o l u b l e  com plex  b e tw ee n  m e th y le n e  b l u e  and d i c h r o m a t e  

e q u a t i o n  ( 2 - 9 ) .  A 50 ml a l i q u o t  o f  t h e  s t o c k  and  a  25 ml 

a l i q u o t  o f  a  0.02M p o t a s s i u m  d i c h r o m a t e  s o l u t i o n  were 

p i p e t t e d  i n t o  a 100 ml v o l u m e t r i c  f l a s k  and t h e  volume 

a d j u s t e d  to  t h e  mark w i t h  d i s t i l l e d  w a t e r .  A f t e r  5 

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

composed o f  t h e  s o l i d  m e th y le n e  b l u e  complex and e x c e s s  

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

250 ml b e a k e r ,  u s i n g  more d i c h r o m a t e  s o l u t i o n  to  t r a n s f e r  

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

r e a c t i o n  m i x t u r e  was h e a t e d  t o  75°C f o r  a  f u r t h e r  5 m in u te  

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

t r a n s f e r r e d  t o  a p r e v i o u s l y  w e ig h e d ,  p o r o s i t y  3 ,  Gooch 

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

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



w ashed  w i t h  10 ml o f  c o l d  w a t e r ,  d r i e d  a t  100°C f o r  

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

w e i g h t  r e a d i n g s  w ere  o b t a i n e d .

2MB+ + e x c e s s  C r ^ 2 - — > (MB)2 C r ^  + Cr20 2“  ( 2 - 9 )

S o l u t i o n s  o f  m e t h y l e n e  b l u e  i n  pH 6 . 8 6  b u f f e r  w ere  

o b t a i n e d  by volume d i l u t i o n  o f  t h e  s t o c k  u s i n g  p h o s p h a t e  

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

d e t e r m i n e d  a t  t h e  two w a v e l e n g t h s  where  a b s o r p t i o n  maxima 

a r e  f o u n d .

2 - 3 . 3  p - N i t r o p h e n o l

A s t o c k  s o l u t i o n  o f  p - n i t r o p h e n o l , 8 5 . 4  mM, was 

p r e p a r e d  by d i s s o l v i n g  a  known w e i g h t  o f  t h e  compound i n  

O.lM NaOH. Volume d i l u t i o n s  o f  t h i s  s o l u t i o n  were  c a r r i e d  

o u t  u s i n g  O.lM HC^ and  O.lM Na0H as  s o l v e n t s  t o  g i v e  

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

d i s s o c i a t e d  fo rm s  o f  t h e  compound r e s p e c t i v e l y .  The 

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

m e a s u re d  a t  t h e  w a v e l e n g t h s  w here  t h e  d i s s o c i a t e d  and 

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

a b s o r p t i o n  maxima.

2 - 3 . 4  O x i d i s e d  v i t a m i n  IC

A q u a n t i t y  o f  v i t a m i n  K was l e f t  o v e r n i g h t  i n  a  

d e s i c c a t o r ,  c o n t a i n i n g  p h o s p h o ru s  p e n t o x i d e ,  t o  remove 

t r a c e s  o f  w a t e r .  A known w e i g h t  o f  t h e  o i l  was t h e n  

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



mark w i t h  h e x a n e .  S o l u t i o n s  o f  s u i t a b l e  o p t i c a l  

d e n s i t i e s  w ere  o b t a i n e d  by volume d i l u t i o n .  The a b s o r b 

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

l e n g t h s  a t  wh ich  t h e  q u in o n e  e x h i b i t s  an a b s o r p t i o n  maximum. 

2 - 3 . 5  Reduced v i t a m i n  K

S o l u t i o n s  o f  o x i d i s e d  v i t a m i n  K i n  h e x a n e ,  o f  

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

p r e p a r e d  by t a k i n g  a p p r o x i m a te  d i l u t i o n s  o f  a s t o c k  

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

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

a t  t h e  f o u r  u l t r a v i o l e t  w a v e l e n g t h s  where  t h e  q u i n o n e  

e x h i b i t s  a b s o r p t i o n  maxima and t h e n  by a p p l y i n g  e q u a t i o n  

( 2 - 2 ) ,  u s i n g  t h e  p r e v i o u s l y  d e t e r m i n e d  e v a l u e s .

A l i q u o t s  o f  t h e  s t a n d a r d i s e d  v i t a m i n  K s o l u t i o n s  

w ere  r e d u c e d  i n  t h e  s p e c i a l  vacuum l i n e  c e l l  shown i n  

f i g u r e  1 - 1 ( a ) ,  e m p lo y in g  t h e  e x p e r i m e n t a l  t e c h n i q u e  o u t 

l i n e d  i n  s e c t i o n  1 - 3 . 2 .  Reduced m e th y l  v i o l o g e n ,  25 mM, 

was u s e d  a s  t h e  aq u e o u s  r e d u c t a n t .  S p e c t r a  o f  t h e  f u l l y  

r e d u c e d  q u i n o n e  w ere  r e c o r d e d  on a  Unicam SP8000 s p e c t r o 

m e t e r .  Due t o  t h e  t im e  t a k e n  t o  g e n e r a t e  t h e  q u i n o l

f o rm ,  o n l y  one s p e c t r u m  c o u l d  be r e c o r d e d  p e r  .day. To 

a l l o w  c o r r e c t i o n  t o  be  made f o r  t h e  d a y —t o —d ay  a b s o r b a n c e  

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

a  d i c h r o m a t e  s o l u t i o n ,  60 mg p e r  l i t r e  o f  0 . 0 0 5 M s u l p h u r i c  

a c i d ,  was a d d i t i o n a l l y  r e c o r d e d .  A b a s e l i n e  was r e c o r d e d
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on  e a c h  s p e c t r u m  u s i n g  m a tch ed  c e l l s  c o n t a i n i n g  p u r e  

s o l v e n t .  The b i a s  o f  t h e s e  c e l l s  to w a rd s  t h e  vacuum 

l i n e  c e l l  was d e t e r m i n e d  e x p e r i m e n t a l l y .  The d i f f e r e n c e  

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

b a s e l i n e  a t  any  g i v e n  w a v e l e n g t h  gave t h e  u n c o r r e c t e d  

a b s o r b a n c e  o f  t h e  s a m p le  a t  t h a t  w a v e l e n g t h .

A b s o rb a n c e  a c c u r a c y  c o r r e c t i o n s  were e a s i l y  c a l c u l a t e d  

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

a b s o r b a n c e  r e a d i n g s  o b t a i n e d  a t  t h e  two maxima,  257 and 

350  nm, and t h e  two m in im a ,  235 and  313 nm, on each  

s p e c t r u m  were  com pared  w i t h  t h e  e x p e c t e d  ones  o f  0 . 8 6 9 ,  

0 . 6 4 4 ,  0 . 7 4 8  and 0 , 2 9 3  r e s p e c t i v e l y .  The o b s e r v e d  

d e v i a t i o n s  w ere  p l o t t e d  as  a f u n c t i o n  o f  w a v e l e n g t h  and 

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

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

be o b t a i n e d .  The d e v i a t i o n s  m e a s u re d  n e v e r  amounted  t o  

more t h a n  5^ o f  t h e  o b s e r v e d  o p t i c a l  d e n s i t y .

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

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

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

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

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

c o r r e c t i o n s ,  w h ic h  t o o k  a c c o u n t  o f  t h e  b i a s  e x i s t i n g  

b e t w e e n  t h e  vacuum l i n e  c e l l  and  t h e  two m a tc h e d  c e l l s  

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

r e a d i n g s .
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2 -3 * 6  E x p e r i m e n t a l  r e s u l t s

The w a v e l e n g t h s  a t  w hich  ea c h  compound was f o u n d  to  

e x h i b i t  an  a b s o r p t i o n  maximum, t o g e t h e r  w i t h  t h e  e x t i n c t i o n  

c o e f f i c i e n t s  o f  t h e  compounds a t  t h e s e  maxima,  a r e  r e c o r d e d  

i n  t a b l e s  8 an d  9* A lso  i n c l u d e d  i n  t h e s e  two t a b l e s  

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

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

and r e d u c e d  v i t a m i n  K a r e  shown i n  f i g u r e s  2 -2  and 2 - 4  

r e s p e c t i v e l y .  The a b s o r p t i o n  s p e c t r a  o f  p - N i t r o p h e n o l , 

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

g i v e n  i n  f i g u r e  2 - 3 .  The s p e c t r u m  o b t a i n e d  f rom  a 

s o l u t i o n  o f  v i t a m i n  K, b e f o r e  an d  a f t e r  i t s  r e d u c t i o n ,  i s  

g i v e n  i n  f i g u r e  2 - 5 .

2 - 4  EXTINCTION COEFFICIENTS USED DIRECTLY FROM LITERATURE 

SOURCES

2 - 4 . 1  O x i d i s e d  a n d . r e d u c e d  coenzvme Q

V a l u e s  f o r  t h e  e x t i n c t i o n  c o e f f i c i e n t s  o f  coenzyme Q 

i n  h e x a n e  c o u l d  n o t  be f o u n d .  However ,  t h e y  h a v e  b e e n  

d e t e r m i n e d  f o r  t h e  q u i n o n e  d i s s o l v e d  i n  l i g h t  p e t r o l e u m  

( 8 0 ) .  S i n c e  t h e  w a v e l e n g t h  maxima q u o t e d  a g r e e d  w i t h  

t h o s e  e x p e r i m e n t a l l y  o b t a i n e d  i n  t h i s  r e s e a r c h  when h e x an e  

was u s e d  a s  s o l v e n t ,  t h e  e x t i n c t i o n  c o e f f i c i e n t  v a l u e s  

o f  15100 a t  270 nm f o r  t h e  o x i d i s e d  form and 4470 a t  291 nm
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absorbance

-aa
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02

600 650 wavelength(nrrO550

absorbance

X = 655 nm

10.0
concentration (jjM)

F i g u r e  2 - ?  . O p t i c a l  d e n s i t y  o f  m e t h y l e n e  b l u e ,  d i s s o l v e d  i n  

0.025M p h o s p h a t e  b u f f e r  (pH 6 . 8 6 ) ,  a s  a  f u n c t i o n  o f  c o n c e n 

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

a 10nM s o l u t i o n .



1.0H

<D
O
C

JB
owJQ
O 0.1 M NaOH

pH 7

0.1 M HCl

wavelength (nm)

F i g u r e  2 -3  S p e c t r a  o f  a  (36pM) p - n i t r o p h e n o l  i n  a c i d ,  

b a s e  and  p h o s p h a t e  b u f f e r .  The s t r u c t u r e  o f  t h e  tv o  

c o n j u g a t e  fo rm s  o f  t h i s  weak a c i d  i s  a l s o  i n c l u d e d .
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f o r  t h e  r e d u c e d  f o rm ,  were  c o n s i d e r e d  s u i t a b l e  f o r  u s e .

The s p e c t r a  o f  b o t h  t h e  o x i d i s e d  and r e d u c e d  fo rm s  o f

coenzyme Q a r e  shown i n  f i g u r e  2 - 6 .

2—4 . 2  O x i d i s e d  and  r e d u c e d  cy to ch ro m e  c

^-educed c y to c h ro m e  c ,  f e r r o c y t o c h r o m e  c ,  e x h i b i t s  a 

t y p i c a l  d o u b le  b an d e d  hem o ch ro m e- ty p e  s p e c t r u m  i n  t h e  

v i s i b l e  p a r t  o f  t h e  s p e c t r u m  w i t h  maxima a t  550 nm ( a - b a n d )  

and  521 nm ( (3 -b a n d ) .  I n  a d d i t i o n ,  a  s t r o n g e r  a b s o r p t i o n  

a t  416 nm (S o r e t  o r  y - b a n d )  i s a l s o  o b s e r v e d .  O x i d i s e d  

c y to c h ro m e  c ,  f e r r i c y t o c h r o m e  c ,  d i s p l a y s  two maxima i n  

t h e  v i s i b l e  r e g i o n  o f  t h e  s p e c t r u m ,  a t  529 nm and 410 nm

(S o r e t  o r  y - b a n d ) ,  f i g u r e  2 - 7 ,  ( 8 2 ) .

The r e d u c t i o n  o f  f e r r i c y t o c h r o m e  c can  be  c o n v e n i e n t l y  

m o n i t o r e d  a t  550 nm. P r o v i d e d  t h a t  t h e  e x t i n c t i o n  co 

e f f i c i e n t s  f o r  b o t h  f e r r o c y t o c h r o m e  and f e r r i c y t o c h r o m e  c 

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

form may be o b t a i n e d  u s i n g  e q u a t i o n  ( 2 - 5 ) .  The m os t  

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

o f  t h e  r e d u c e d  and o x i d i s e d  forms a t  550  nm ( a - b a n d )  hav e  

b e e n  j u d g e d  ( 8 2 )  t o  be  2 .9 5  x 10^  and  0 . 8 4  x  10^  r e s p e c t 

i v e l y ,  ( 1 1 6 ) .  T hese  v a l u e s  were  u s e d  i n  t h e  c u r r e n t  

r e s e a r c h .

2 - 4 . 3  T h i o n i n e

T h i o n i n e ,  when d i s s o l v e d  i n  p h o s p h a t e  b u f f e r ,  e x h i b i t s  

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

o b s e r v e d  f o r  m e t h y l e n e  b l u e ,  t h e  p r e s e n c e  o f  b o t h  monomer



F i g u r e  3 

coenzyme
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225 250 275 300 350325
wavelength (nm)

6  S p e c t r a  o f  o x i d i s e d  ------- and  r e d u c e d

Q10 d i s s o l v e d  i n  h e x a n e .
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and d im e r  b e i n g  i n d i c a t e d  by an a b s o r p t i o n  maximum a t  

600 nm and a s h o u l d e r  a t  570 nm r e s p e c t i v e l y .  The 

l i t e r a t u r e  v a l u e  o f  e = 5 2 ,0 0 0  a t  600 nm ( l l 7 )  was u s e d  

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

2 -5  DISCUSSION

E x a m i n a t i o n  o f  t a b l e s  8 and 9 shows t h a t  t h e  e x t i n c t i o n  

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

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

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

a b s o r p t i o n  maxima o c c u r  a l l  a g r e e  t o  w i t h i n  +5 nm.

The e x t i n c t i o n  c o e f f i c i e n t  o b t a i n e d  e x p e r i m e n t a l l y  

f o r  DCIP w i l l  be  a f u n c t i o n  o f  pH, s i n c e  t h e  u n d i s s o c i a t e d  

and d i s s o c i a t e d  fo rm s  o f  t h i s  compound ( a  weak a c i d )  

c o n t r i b u t e  u n e v e n l y  t o  t h e  a b s o r b a n c e  a t  605 nm. At 

t h i s  w a v e l e n g t h  t h e  d i s s o c i a t e d  form o f  t h e  dye a b s o r b s  

s t r o n g l y  w h e re a s  t h e  p r o t o n a t e d  ( r e d )  form sh o v s  n e g l i g i b l e  

a b s o r b a n c e .  H e n c e ,  i f  t h e  a b s o r b a n c e  o f  t h e  dye  i s  

m o n i t o r e d  a t  605 nm, t h e  e x t i n c t i o n  c o e f f i c i e n t  d e t e r 

m ined  w i l l  d e c r e a s e  w i t h  d e c r e a s i n g  pH. T h i s  i n  p a r t  

e x p l a i n s  t h e  d i s c r e p a n c y  b e tw ee n  t h e  c u r r e n t  r e s u l t s  and  

t h o s e  o f  E u l e r  e t  a l . ( i l l ) .  Such  b e h a v i o u r  h a s  b e e n  u s e d  

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

( 1 1 4 )  and  o t h e r  weak o r g a n i c  a c i d s .  The t r u e  e x t i n c t i o n  

c o e f f i c i e n t  o f  t h e  d i s s o c i a t e d  fo rm  o f  t h e  dye a t  pH 6 . 8 6  

w i l l  be ~5% h i g h e r  t h a n  t h a t  q u o t e d  i n  t a b l e  8 .  Reduced

-  109 -



DCIP e x h i b i t s  no a b s o r p t i o n  a t  6O5 nm ( l l O ) ,  and t h e r e f o r e ,  

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

DCIP, a t  any  g i v e n  t i m e ,  i s  r e a d i l y  fo u n d  f rom t h e  

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

M e th y l e n e  b l u e ,  a  c l a s s i c a l  e l e c t r o n  a c c e p t o r ,  h a s  

b e e n  r e p o r t e d  as  h a v i n g  two p r o p e r t i e s  which  make i t  

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

( l l O ) .  F i r s t l y ,  t h e  dye h a s  b e e n  fo und  t o  e x i s t  i n  

s o l u t i o n  a s  a n  e q u i l i b r i u m  m i x t u r e  o f  monomer and d i m e r ,  

t h e  r a t i o  c h a n g i n g  w i t h  c o n c e n t r a t i o n  ( 1 1 8 ) .  The monomer 

e x h i b i t s  a  s t r o n g  band  a t  655 nm and  t h e  d im e r  a  s l i g h t l y  

w ea k e r  one a t  605 nm. I n  c o n s e q u e n c e  t h e  a b s o r b a n c e  

a t  e a ch  w a v e l e n g t h  i s  r e p o r t e d  as  n o t  b e i n g  p r o p o r t i o n a l  

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

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

i n  w a t e r ,  r e s u l t i n g  i n  an  anom alous  i n c r e a s e  i n  t h e  

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

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

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

The r e s u l t s  o b t a i n e d  f rom t h i s  s t u d y ,  f i g u r e  2 - 2 ,  

i n d i c a t e  t h a t ,  w i t h i n  t h e  0 -1 5  c o n c e n t r a t i o n  r a n g e ,  

t h e  d e v i a t i o n s  f ro m  B e e r ’ s Law, e x p e c t e d  o f  m e t h y l e n e  b l u e  

due t o  i t s  m e t a c h r o m a t i c  b e h a v i o u r ,  a r e  s m a l l  and may, 

t o  a good f i r s t  a p p r o x i m a t i o n ,  be  n e g l e c t e d .  P r e c i p i t a t i o n  

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



when u s i n g  homogeneous aq u e o u s  c o n d i t i o n s ,  d o e s  n o t  occui? v 

w i t h  t h e  b i p h a s i c  a q u e o u s / h e x a n e  s y s t e m s  u s e d  i n  t h e s e  

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

i n  t h e  o r g a n i c  p h a s e  ( s e c t i o n  3 - 3 . 2 ) .  The r e d u c e d  form 

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

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

l e a v e  t h e  a q u e o u s  p h a s e  o p t i c a l l y  c l e a r .

H av in g  shown t h a t  t h e  o b j e c t i o n s  t o  t h e  u s e  o f  

m e t h y l e n e  b l u e  w ere  i n  f a c t  n o t  v a l i d  u n d e r  t h e  e x p e r i 

m e n t a l  c o n d i t i o n s  em ployed  t h r o u g h o u t  t h i s  r e s e a r c h ,  

m e t h y l e n e  b l u e  was u s e d  i n  a  number  o f  s p e c t r o p h o t o -  

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

form o f  t h e  dye sh o w in g  no c o m p l i c a t i n g  a b s o r p t i o n  a t  

e i t h e r  605 nm o r  655 nm.

The a b s o r p t i o n  s p e c t r a  o f  p - n i t r o p h e n o l  (36 |-iM), 

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

o v e r  t h e  s p e c t r a l  r a n g e  300-440  nm u s i n g  O.lM HC-t, pH7 

b u f f e r  and 0 #lM NaOH as  t h e  s o l v e n t s ,  f i g u r e  2 - 3 .  I n  

a c i d  s o l u t i o n  t h e r e  i s  a  maximum a b s o r p t i o n  a t  318 nm 

( e  = 1 0 , 3 0 0 ) ;  t h e  a b s o r p t i o n  a t  t h i s  w a v e l e n g t h  d i m i n i s h e s  

as  t h e  s o l u t i o n  becomes more a l k a l i n e  and t h e  e x t i n c t i o n  

c o e f f i c i e n t  a p p r o a c h e s  a  minimum v a l u e  ( e  = 1460)  i n  

v e r y  a l k a l i n e  s o l u t i o n .  As t h e  s o l u t i o n  becomes more 

a l k a l i n e  t h e  a b s o r p t i o n  a t  403 nm, w h ich  i s  n e g l i g i b l e  

b e lo w  pH 5 ( e  = 8 0 ) ,  i s  e n h a n c e d  and becomes  a  p r o n o u n c e d

-  I l l  -



maximum i n  t h e  a b s o r p t i o n  s p e c t r a  a t  pH v a l u e s  above  7 ,  

t h e  e x t i n c t i o n  c o e f f i c i e n t  r e a c h i n g  a maximum v a l u e  

( e  = 1 9 , 2 0 0 )  i n  v e r y  a l k a l i n e  s o l u t i o n .  The maxima a t  

318 nm and 403 nm a r e  a t t r i b u t e d  to  t h e  a c i d  and s a l t  

fo rm  r e s p e c t i v e l y ,  o f  t h e  n i t r o p h e n o l  ( l l 4 ) .  M easurem ent  

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

p h e n o l  a t  b o t h  318 nm and 403 nm a l l o w s  t h e  pH o f  t h e  

s o l u t i o n  t o  be o b t a i n e d  ( s e c t i o n  3 - 2 . 6 ) .  The n i t r o p h e n o l  

c an  t h e r e f o r e  b e  u s e d  as  a pH i n d i c a t o r .

Q u a n t i t a t i v e  u l t r a v i o l e t  d a t a  f o r  r e d u c e d  v i t a m i n  K 

h a s ,  as  f a r  a s  t h e  a u t h o r  i s  a w a re ,  n e v e r  b e e n  d e t e r m i n e d  

up t o  now. The s p e c t r u m  o f  t h e  q u i n o l ,  d i s s o l v e d  i n  

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

u s i n g  e t h a n o l  a s  s o l v e n t  ( 7 9 ) ,  t h e  f o r m e r  s p e c t r u m  d i s 

p l a y i n g  a  s t r o n g ,  s h a r p  a b s o r p t i o n  maximum a t  245 nm and a  

much b r o a d e r ,  w e a k e r  one a t  ~325 nm, f i g u r e  2 - 5 .  A more 

r i g o r o u s  c o m p a r i s o n  c a n n o t  be c a r r i e d  o u t  s i n c e  no q u a n t i 

t a t i v e  d a t a  was c i t e d .  The s p e c t r u m  shown i n  f i g u r e  2-5  

i s  a l s o  s i m i l a r  i n  s h a p e  t o  t h a t  o b t a i n e d  f o r  t h e  non—a u t o -  

x i d i s a b l e  d i a c e t a t e  d e r i v a t i v e  o f  v i t a m i n  K ( 1 1 9 ) ,  ( 1 2 0 )  

a l t h o u g h  t h e  l a t t e r  ( i n  p e t r o l e u m  e t h e r )  e x h i b i t s  a b s o r p t i o n  

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

i e n t s  o f  h i g h e r  v a l u e s ,  (231 nm, s = 8 2 ,4 0 0  and  285 nm, 

e = 6 0 0 0 ) ,  as  com pared  t o  t h e  q u i n o l .
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E x a m i n a t i o n  o f  f i g u r e s  2 -5  and 2 -6  shows t h a t  

r e d u c t i o n  o f  v i t a m i n  K and  coenzyme Q i s  a c c o m p an ied  i n  

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

T h i s  p r o p e r t y ,  as  p r e v i o u s l y  d i s c u s s e d  ( s e c t i o n  1 - 3 . 3 ) ,  

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

a b i l i t i e s  o f  a  number  o f  aqueous  r e a g e n t s .



C h a p t e r  T h re e

BASIC KINETIC STUDIES

The n a t u r e  o f  t h e  c h e m i c a l  compounds w h ic h  c o u l d  be  

u s e d  as  com ponen ts  o f  a  l i q u i d  r e d o x  membrane s y s t e m  h a s  

b e e n ,  up t o  now, t h e  p r im e  c o n s i d e r a t i o n .  The d i s c o v e r y  

o f  s u i t a b l e  compounds t h a t  w ere  c a p a b l e  o f  o x i d i s i n g  and 

r e d u c i n g  v i t a m i n  K now a l l o w e d  t h e  t i m e  p a r a m e t e r  t o  be  

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

number  o f  membrane c o m p o n e n t s ,  b o t h  i n  t h e  a b s e n c e  an d  

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

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

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

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

p r e s e n t  b u t  a l s o  o f  t h e  h y d ro d y n a m ic  c o n d i t i o n s  e x i s t i n g  

w i t h i n  t h e  membrane s y s t e m .  F o r  t h i s  r e a s o n ,  i t  i s  

n e c e s s a r y  t o  h a v e  c o n s t a n t ,  r e p r o d u c i b l e  h y d ro d y n a m ic  

c o n d i t i o n s  so  t h a t  when r e a g e n t s  a r e  ch a n g e d  and  t h e  

s u b s e q u e n t  r a t e s  co m p a red ,  t h i s  c o m p a r i s o n  i s  b e tw e e n  

o t h e r w i s e  p h y s i c a l l y  i d e n t i c a l  s y s t e m s .
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3-1  THEORY

3-1*1  The r e a c t i o n  r a t e

The r a t e  o f  a r e a c t i o n  i s  d e f i n e d  as  t h e  r a t e  o f  

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

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

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

c h e m ic a l  r e a c t i o n .  R e a c t i o n  r a t e s  a r e  a lw ays  p o s i t i v e .

I f  t h e  r e a c t i o n  s y s t e m  i s  one o f  c o n s t a n t  o r  n e a r  c o n s t a n t  

v o lu m e ,  t h e  ch an g e  i n  t h e  amount o f  r e a g e n t  w i l l  c o r r e s p o n d  

t o  a c h a n g e  i n  t h e  c o n c e n t r a t i o n  o f  t h a t  r e a g e n t .  F o r  

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

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

o f  t h e  r e a g e n t .

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

t h e  r e a c t i o n  p r o c e s s  i s  t h r o u g h  t h e  m e a su re m e n t  o f  t h e  

r a t e  w i t h  w h ich  a r e a c t i o n  p r o c e e d s  and  t h e  d ep en d e n c e  

o f  t h i s  r e a c t i o n  r a t e  on t h e  c o n c e n t r a t i o n s  o f  t h e  r e a c t i n g  

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

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

s u m m a r i s e d ,  f o r  a  g i v e n  r e a c t i o n ,  by a  r a t e  e q u a t i o n  w hich  

i s  o f  t h e  g e n e r a l  f o rm ,

R a te  = k ( T )  x f u n c t i o n  o f  r e a g e n t  c o n c e n t r a t i o n s  ( 3 - 1 )  

The q u a n t i t y  k ( T )  i s  t h e  r a t e  c o n s t a n t  a n d ,  i f  t h e  t e r m  

i n v o l v i n g  t h e  r e a g e n t  c o n c e n t r a t i o n s  c o r r e c t l y  e x p r e s s e s  

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



o f  o n l y  t e m p e r a t u r e .  S i n c e  r a t e s  o f  r e a c t i o n  a r e  v e r y  

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

r a t e  i s  f r e q u e n t l y  d o u b l e d  by  a  r i s e  i n  t e m p e r a t u r e  o f  1 0 ° C ) ,  

i t  i s  n e c e s s a r y  f o r  t h e  r e a c t i o n  t o  be c a r r i e d  o u t  i n  a  

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

The o v e r a l l  o r d e r  o f  a r e a c t i o n  i s  t h e  sum o f  t h e  c o n c e n 

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

a p p e a r i n g  i n  t h e  r a t e  l aw  a n d ,  h e n c e ,  i n v o l v e d  i n  t h e  

r e a c t i o n .  I t  s h o u l d  be n o t e d  t h a t  t h e  r a t e  law  h a s  no 

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

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

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

r e a c t i o n  a r e  e x p e r i m e n t a l l y  d e r i v e d  q u a n t i t i e s .  E q u a t i o n  

( 3 - 1 ) g i v e s  t h e  r e a c t i o n  r a t e  o f  a  s i n g l e  r e a c t i o n  s t e p .  

M u l t i s t e p  p r o c e s s e s ,  i n  g e n e r a l ,  e x h i b i t  more c o m p l i c a t e d  

r a t e  e q u a t i o n s ,  t h e  r a t e  b e i n g  p r o p o r t i o n a l  to  t h e  s l o w e s t  

s t e p .  I t  m u s t  be  e m p h a s i s e d  t h a t  i t  i s  n e v e r  p o s s i b l e  to  

a r r i v e  a t  a f i r m  c o n c l u s i o n  a b o u t  a r e a c t i o n  m echan ism .

I f  e v i d e n c e  p o i n t s  t o w a r d s  a  p a r t i c u l a r  m echan ism ,  i t  i s  

a lw ays  p o s s i b l e  t o  d e v i s e  a more c o m p l i c a t e d  one t h a t  i 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  f a c t s .  I n  v i e w  o f  t h i s ,  t h e  

p r i n c i p l e  o f  O ccam 's  r a z o r  i s  a p p l i e d  and  t h e  s i m p l e s t  

m echan ism ,  t h a t  i s  c o n s i s t e n t  w i t h  a l l  t h e  a v a i l a b l e  f a c t s ,  

a c c e p t e d  ( 1 2 1 ) .
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3 -1 * 2  F i r s t - o r d e r  r e a c t i o n s

A f i r s t - o r d e r  r e a c t i o n  i s  d e f i n e d  as one f o r  w h ic h ,  

a t  a g i v e n  t e m p e r a t u r e ,  t h e  r a t e  o f  t h e  r e a c t i o n  d ep en d s  

o n l y  on t h e  f i r s t  pow er  o f  t h e  c o n c e n t r a t i o n  o f  a s i n g l e  

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

- d c / d t  = k c  ( 3 - 2 ) .

The f i r s t - o r d e r  r a t e  c o n s t a n t ,  k ,  h a s  t h e  u n i t s  o f  

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

e x p e r i m e n t a l l y  a t  v a r i o u s  t i m e s  a r e  b e s t  compared  w i t h  t h e  

i n t e g r a t e d  form  o f  t h e  r a t e  law .  I f  t h e  i n i t i a l  c o n c e n 

t r a t i o n  a t  t i m e  t  = o ,  i s  c and i f  a t  some l a t e r  t im eo
t  t h e  c o n c e n t r a t i o n  h a s  f a l l e n  t o  c ,  i t  f o l l o w s  t h a t  

rc r*
I d c / c  = - k  J d t  ( 3 - 3 ) .

c o 0

I n t e g r a t i o n  y i e l d s  e q u a t i o n  (3—4 a)  w hich  r e a r r a n g e s  t o  t h e  

more c o n v e n i e n t  fo rm  o f  e q u a t i o n  ( 3 - 4 b ) .

l o g ( c 0/ c )  = 273026 ( 3 “ 4 a )

l o g  c = “  2 .3 0 2 6  + l o g  c o ( 3 - 4 b ) .

A r e a c t i o n  c a n  t h e r e f o r e  be  s a i d  t o  be  f i r s t - o r d e r  i f  a  

p l o t  o f  l o g ( c Q/ c )  o r  l o g  c a g a i n s t  t im e  g i v e s  a s t r a i g h t  

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

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

e q u a t i o n s  ( 3 - 4 a )  and  (3—4 b ) .
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F o r  f i r s t - o r d e r  r e a c t i o n s  i t  i s  c u s to m a r y  to  u s e  n o t

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

r e l a t e d  q u a n t i t y ,  t h e  h a l f - l i f e  o f  t h e  r e a c t i o n .  The

h a l f - l i f e ,  d e n o t e d  t^> i s  d e f i n e d  a s  t h e  t im e  r e q u i r e d  f o r
2

t h e  c o n c e n t r a t i o n  o f  t h e  r e a g e n t  to  d e c r e a s e  t o  h a l f  i t s

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

i s  e a s i l y  f o u n d  b y  i n s e r t i n g  t  = tj_,  c = c / 2  i n t o  e q u a t i o n
2 °

( 3 - 4 a ) .  I  n t h i s  way e q u a t i o n  ( 3 - 5 )  i s  o b t a i n e d .

t *  .  *4*21 . (3. 5).

F o r  a f i r s t - o r d e r  r e a c t i o n ,  t h e r e f o r e ,  t h e r e  i s  a s im p l e

r e c i p r o c a l  r e l a t i o n  b e t w e e n  k  and ti_. F u r t h e r m o r e ,  s i n c e
2

t h e  e x p r e s s i o n  i n v o l v e s  no c o n c e n t r a t i o n  t e r m ,  t h e  h a l f - l i f e  

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

3—1 . 3  Z e r o - o r d e r  r e a c t i o n s

A number  o f  r e a c t i o n s  a r e  known i n  w h ich  t h e  r a t e  i s  

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

Such a  r e a c t i o n  w i l l  f o l l o w  z e r o - o r d e r  k i n e t i c s ,  t h e  r a t e  

o f  d i s a p p e a r a n c e  o f  r e a c t a n t  b e i n g  g i v e n  by

m  -  *  < « '

w here  k  i s  t h e  z e r o —o r d e r  r a t e  c o n s t a n t ,  h a v i n g  t h e  u n i t s  

m oles  l i t r e ~ ^ t i m e ~ ^ • The r a t e  o f  r e a c t i o n  i s  t h e r e f o r e  

c o n s t a n t  t h r o u g h o u t  t h e  t i m e  o f  t h e  r e a c t i o n .  I n t e g r a t i o n  

o f  e q u a t i o n  ( 3 - 6 )  o v e r  t h e  same l i m i t s  u s e d  i n  t h e  f i r s t - o r d e r  

a n a l y s i s ,  y i e l d s

c = c -  k t  ( 3 - 7 ) .o
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H e n c e ,  i n  a z e r o - o r d e r  r e a c t i o n ,  t h e  c o n c e n t r a t i o n  o f  t h e  

r e a c t a n t  d e c r e a s e s  l i n e a r l y  w i t h  t i m e .

The h a l f - l i f e  o f  r e a c t i o n ,  e a s i l y  o b t a i n e d  f rom 

e q u a t i o n  ( 3 - 7 ) ,  i s  g i v e n  by t h e  r e l a t i o n s h i p

t j .  = J  ( 3 - 8 ) .

A g a in  a s im p l e  r e c i p r o c a l  r e l a t i o n s h i p  b e tw e e n  tjL and k
2

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

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

r e a c t a n t .

3 - 1 . 4  R e a c t i o n s  i n  s o l u t i o n

The r e a c t i o n  b e t w e e n  two m o l e c u l e s  i n  s o l u t i o n  c a n  

be t h o u g h t  o f  as  o c c u r r i n g  i n  t h r e e  w e l l - d e f i n e d  s t a g e s :

( l )  d i f f u s i o n  o f  t h e  m o l e c u l e s  to  e ac h  o t h e r ,  ( 2 ) t h e  

a c t u a l  c h e m i c a l  t r a n s f o r m a t i o n  and ( 3 ) d i f f u s i o n  o f  t h e  

p r o d u c t s  away f ro m  e ac h  o t h e r .  When r e a c t i o n  o c c u r s  a t  

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

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

a f t e r  s t e p  ( 2 ) r e s j ) e c t i v e l y , m u s t  a l s o  be c o n s i d e r e d  ( l 2 l ) .

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

i n  l i q u i d  r e d o x  membranes may, t h e r e f o r e ,  i n v o l v e  f i v e  

c o n s e c u t i v e  s t e p s .

C o n s i d e r  a r e a c t i o n  t a k i n g  p l a c e  i n  s o l u t i o n  an d  assume 

t h a t  t h e  r e a c t i o n  p r o c e e d s  a c c o r d i n g  t o  t h e  scheme

A + B ^==±X ----- >A' + B 1 ( 3 - 9 ) ,
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an  a c t i v a t e d  co m p le x ,  X, b e i n g  i n v o l v e d .  The g e n e r a l  

r a t e  i s  g i v e n  by

R a te  = k ' [ x ]  ( 3 - 1 0 ) .

I f  t h e  r e a c t a n t s  and  complex  a r e  i n  the rm odynam ic  e q u i l i 

b r iu m ,  t h e  c o n c e n t r a t i o n  o f  X may be  e x p r e s s e d  as

[X] = K[A][B]  f Af B/ f x  ( 3 - 1 1 ) .

H ere  K i s  t h e  t r u e  e q u i l i b r i u m  c o n s t a n t  and f  d e n o t e s  an  

a c t i v i t y  c o e f f i c i e n t .  S u b s t i t u t i o n  o f  e q u a t i o n  ( 3 - 1 1 )  

i n t o  e q u a t i o n  ( 3 - 1 0 )  g i v e s

R a te  = k [ A ] [ B ]  ( 3 - 1 2 ) ,

k  = k*KfAf B/ f x  ( 3 - 1 3 ) .

The form o f  e q u a t i o n  ( 3 - 1 2 )  i s  i d e n t i c a l  t o  t h a t  o b t a i n e d  

f o r  a s e c o n d - o r d e r  r e a c t i o n  b e t w e e n  two r e a c t a n t s  i n  t h e  

gas  p h a s e .  How ever ,  t h e  r a t e  c o n s t a n t  e x p e r i m e n t a l l y  

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

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

o f  t h e  medium, e q u a t i o n  ( 3 - 1 3 ) ,  s i n c e  a c t i v i t y  c o e f f i c i e n t s  

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

i s  s t r i c t l y  v a l i d  o n l y  f o r  r e a c t i o n s  i n  an i n e r t  s o l v e n t  

which  h a s  l i t t l e  e f f e c t  on k i n e t i c  b e h a v i o u r .

E q u a t i o n  ( 3 - 1 2 )  may be c o n s i d e r e d  a s  t h e  g e n e r a l  r a t e  

e q u a t i o n  a p p l y i n g  t o  r e a c t i o n  a t  e i t h e r  a q u e o u s / h e x a n e  

i n t e r f a c e  p r e s e n t  i n  t h e  l i q u i d  r e d o x  membrane s y s t e m .  

However ,  i f  t h e  c o n c e n t r a t i o n  o f  one o f  t h e  r e a c t a n t s  i s
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e x p e r i m e n t a l l y  k e p t  c o n s t a n t ,  t h e n  e q u a t i o n  ( 3 - 1 2 )  s i m p l i f i e s  

t o

R a te  = k x [A] ( 3 - 1 4 )

where  k^  = k [B ]  i s  a p seu d o  f i r s t - o r d e r  r a t e  c o n s t a n t ,  

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

im p o sed  on t h e  s y s t e m .  I f ,  i n  a d d i t i o n ,  t h e  r e a c t i o n  

r a t e  i s  i n d e p e n d e n t  o f  t h e  c o n c e n t r a t i o n  o f  A, t h e n  e q u a t i o n  

( 3 - 1 4 )  f u r t h e r  s i m p l i f i e s  t o

R a te  = k Q ( 3 - 1 5 )

where  k Q = k [ A ] [ B ]  = k ^ [ A ] ,  i s  a p seu d o  z e r o - o r d e r  r a t e  

c o n s t a n t .  I f  k^  and  k Q a r e ,  i n  a d d i t i o n ,  i n d e p e n d e n t  o f  

t h e  c o n c e n t r a t i o n  o f  B, t h e n  t h e y  a r e  t r u e  f i r s t — and 

z e r o - o r d e r  r a t e  c o n s t a n t s  r e s p e c t i v e l y .

3 - 1 . 5  A n a l y s i s  o f  r e a c t a n t  c o n c e n t r a t i o n  w i t h  t im e

The r e a c t i o n  r a t e ,  d i s c u s s e d  a b o v e ,  i s  d e f i n e d  as  t h e  

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

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

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

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

th e  c o u r s e  o f  t h e  r e a c t i o n .  T hese  d a t a  l e a d  t o  v a l u e s  

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

F o r  a  r e a c t i o n  t h a t  i s  s l o w ,  r e l a t i v e  to  t h e  t i m e  i t  t a k e s  

t o  p e r f o r m  an  a n a l y s i s ,  t h e  d a t a  f rom  w hich  t h e  r a t e  

e q u a t i o n  may be d e d u c e d  can  b e  o b t a i n e d  by  any  a n a l y t i c  

m e th o d ,  p h y s i c a l  o r  c h e m i c a l ,  t h a t  i s  a p p l i c a b l e  t o  t h e
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p a r t i c u l a r  s y s t e m .  Any p h y s i c a l  p r o p e r t y  can b e  made 

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

as  t h e  r e a c t i o n  m i x t u r e  c h a n g e s  f rom  r e a c t a n t s  t o  p r o d u c t s .

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

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

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

a t  t h i s  w a v e l e n g t h  can b e  u s e d  a s  a  m e a su re  o f  t h e  c o n c e n 

t r a t i o n  o f  t h a t  s p e c i e s  ( s e c t i o n  2 - 1 . l ) .

I t  i s  a  c h a r a c t e r i s t i c  o f  f i r s t - o r d e r  r e a c t i o n s  t h a t ,  

a s  e q u a t i o n  ( 3 —4 a )  show s ,  a l l  t h a t  n eed  be m e a s u re d  t o  

j u d g e  w h e t h e r  o r  n o t  a  r e a c t i o n  i s  f i r s t - o r d e r  i s  t h e  r a t i o  

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

c o n c e n t r a t i o n  a t  some i n i t i a l  t i m e .  The m e a su re m e n t  o f  

any  q u a n t i t y  t h a t  i s  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  

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

n e e d  n o t  be  c a l c u l a t e d .  F u r t h e r m o r e ,  t h e  s l o p e  o f  t h e  

s t r a i g h t  l i n e  g i v e s  t h e  same r a t e  c o n s t a n t  as  w o u ld  be 

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

t r a t i o n .  F o r  t h i s  r e a s o n ,  a b s o r b a n c e  r e a d i n g s  c a n  be 

d i r e c t l y  u s e d  when a n a l y s i n g  a f i r s t - o r d e r  r e a c t i o n .  F o r  

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

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

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

c o e f f i c i e n t s .

3 - 1 . 6  D i f f u s i o n  c o n t r o l

D i f f u s i o n  i n  a  l i q u i d ,  l i k e  many o t h e r  p h y s i c a l  p r o c e s s e s ,  

h a s  an  a c t i v a t i o n  e n e r g y .  The m a g n i t u d e  o f  t h i s  e n e r g y
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b a r r i e r  i s ,  h o w e v e r ,  s m a l l  and  g e n e r a l l y  n o t  g r e a t e r  t h a n  

20 k Jm o le  S i n c e  many c h e m ic a l  r e a c t i o n s  hav e  a c t i v a t i o n

e n e r g i e s  much g r e a t e r  t h a n  t h i s ,  t h e y  c a n n o t  i n v o l v e  

d i f f u s i o n  as  t h e  s lo w  s t e p .  On t h e  o t h e r  hand  t h e r e  a r e  

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

c o n t r o l l i n g ;  t h e s e  a r e  c e r t a i n  r e a c t i o n s  w hich  o c c u r  v e r y  

r a p i d l y  ( l 2 l ) .  A number  o f  h e t e r o g e n e o u s  r e a c t i o n s  b e tw e e n  

s o l i d s  and  l i q u i d s  a r e  o f  t h i s  t y p e .

A c c o r d i n g  t o  h y d ro d y n a m ic  t h e o r y ,  t h e  r a t e  o f  c o n v e c t i o n  

o f  a f l u i d  i n  a  s t i r r e d  s y s t e m ,  r e l a t i v e  to  a ( s o l i d )  i n t e r 

f a c e ,  d e c r e a s e s  c o n t i n u o u s l y  f rom t h e  b u l k  s o l u t i o n  to  t h e  

i n t e r f a c e ,  where  t h i s  r a t e  i s  z e r o .  By v i r t u e  o f  t h e  

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

b u l k  s o l u t i o n .  N e a r  t h e  p h a s e  b o u n d a r y ,  h o w e v e r ,  where  

c o n v e c t i o n  i s  s l o w ,  t h e  e q u a l i s a t i o n  o f  c o n c e n t r a t i o n  

d i f f e r e n c e s  by  t h e  s t i r r i n g  i s  much l e s s  e f f e c t i v e  and t h e  

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

p r i m a r i l y  by  d i f f u s i o n .  N e r n s t  ( 1 2 2 )  i n t r o d u c e d  t h e  c o n c e p t  

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

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

fu n s t i r r e d f , o r  N e r n s t *  l a y e r .  The t r a n s p o r t  o f  s o l u t e  

a c r o s s  t h e s e  l a y e r s  i s  a ssum ed to  o c c u r  s o l e l y  by d i f f u s i o n ,  

from t h e  b u l k  s o l u t i o n ,  w here  t h e  s o l u t e  c o n c e n t r a t i o n  

( i n  mole cm ) i s  C2 > "to t h e  i n t e r f a c e ,  w here  t h e  c o n c e n -
i

t r a t i o n  i s  c ^ ,  o r  v i c e - v e r s a .  The q u a n t i t y  o f  m a t e r i a l ,



d n ,  w hich  i s  t r a n s p o r t e d  i n  t h e  t im e  d t  i s  g i v e n  by  

F i c k f s e q u a t i o n ,

( c ‘ .  c ’ )
dn  = DA — 2 d t  ( 3 - 1 6 ) .

H ere  D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  s o l u t e ,  A t h e  

a r e a  o f  t h e  i n t e r f a c e  and 6 t h e  n o m in a l  t h i c k n e s s  o f  t h e  

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

as  c a l c u l a t e d  f rom  e q u a t i o n  ( 3 - 1 . 6 )  v a r i e s  a c c o r d i n g  t o  

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

s t i r r i n g .  I n  s o l i d - l i q u i d  s y s t e m s  w i t h  m e c h a n i c a l l y  w e l l  

s t i r r e d  aq u eo u s  s o l u t i o n s  a t  room t e m p e r a t u r e ,  d i f f u s i o n  

l a y e r s  o f  2 0 -3 0  m i c r o n s  a r e  commonly assumed t o  p e r s i s t .

I n  l i q u i d - l i q u i d  s y s t e m s ;  due t o  t h e  i n t e n s i t y  o f  maximal  

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

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

p e r s i s t ,  a l a y e r  300 m ic ro n s  t h i c k  b e i n g  c o n s i d e r e d  r e a s o n 

a b l e  ( 4 ) .  Such d i f f u s  i o n  l a y e r s  w i l l  e x i s t  on b o t h  s i d e s  

o f  a l i q u i d - l i q u i d  i n t e r f a c e ,  t h e  6 v a l u e s  o n l y  d i s p l a y i n g  

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

o f  t h e  i n t e r f a c e  i s  t h e  same.

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

I f  t h e  i n t e r f a c i a l  r e a c t i o n  i s  v e r y  f a s t  t h e n  a l l  t h e  

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

an d ,  t h e r e f o r e ,  t h e  c o n c e n t r a t i o n  o f  r e a c t a n t  w i l l  be z e ro  

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



r e a c t i o n  r a t e  i s  g o v e r n e d  by t h e  r a t e  a t  which s o l u t e  

m o l e c u l e s  can d i f f u s e  f rom t h e  b u l k  s o l u t i o n ,  a c r o s s  t h e
i

d i f f u s i o n  l a y e r ,  t o  t h e  i n t e r f a c e .  Thus ,  s i n c e  = 0 ,  

e q u a t i o n  ( 3 - 1 6 )  s i m p l i f i e s  to

- d n  DA . c 1 (3
d t  6 2 1 3 - 1 7 J .

D i v i d i n g  t h e  l e f t - h a n d  s i d e  o f  e q u a t i o n  ( 3 - 1 7 )  by t h e  

v o lu m e ,  V, o f  t h e  s o l v e n t  i n  which  t h e  r e a c t a n t  i s  d i s s o l v e d ,  

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

e q u a t i o n  ( 3 - 1 8 ) .

“f t  = v i  * c2
2 1 2 3S i n c e  D( cm s ) ,  A(cm ) ,  V(cm ) and 6(cm) a r e  a l l  ( a p p r o x 

i m a t e l y )  c o n s t a n t  t h r o u g h o u t  t h e  r e a c t i o n ,  e q u a t i o n  ( 3 - 1 8 )  

h as  e x a c t l y  t h e  same fo rm  as  e q u a t i o n  ( 3 - 2 ) .  T h u s ' a

d i f f u s i o n  c o n t r o l l e d  r e a c t i o n  o c c u r r i n g  a t  an  i n t e r f a c e

w i l l  e x h i b i t  f i r s t - o r d e r  k i n e t i c s ,  t h e  r a t e  c o n s t a n t  k^ 

b e i n g  g i v e n  b y ,

kl  = f t  ( 3 - 1 9 )

The p a r a m e t e r s  V, A and  6 a r e  a p p a r a t u s  d e p e n d e n t  a n d ,  

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

t h a n  t h e  r a t e  r e l a t i v e  to  o t h e r  c o m p a ra b le  s y s t e m s .  F o r  

an i n t e r f a c i a l  r e a c t i o n  i n  w h ich  membrane t r a n s l o c a t i o n  i s  

t h e  f a s t e s t  p o s s i b l e ,  e q u a t i o n  ( 3 - 1 9 )  d i c t a t e s  t h a t  t h e  

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

c o n s t a n t  g r e a t e r  t h a n  DA/V6. D i f f u s i o n  c o n t r o l l e d  r a t e



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

d i f f u s i o n  c o e f f i c i e n t  o f  t h e  aqueous  s p e c i e s  and t o  t h e  

a r e a  o f  t h e  i n t e r f a c e ;  t h e y  a r e  i n v e r s e l y  p r o p o r t i o n a l  

t o  t h e  vo lum e o f  t h e  aqueous  p h a s e  and  t o  t h e  t h i c k n e s s  

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

3 -2  EXPERIMENTAL

3 - 2 . 1  A p p a r a t u s

The H - c e l l  f o r m a t ,  d e s c r i b e d  i n  s e c t i o n  1 - 3 . 6 ,  was 

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

aqueous  p h a s e s  r e p l a c e d  by  ! s p e c t r o s i l l o p t i c a l  c e l l s  o f  

1 cm p a t h  l e n g t h .  As w i t h  t h e  v i b r a t o r  H - c e l l ,  t h i s  

o p t i c a l  H - c e l l  was s e a l e d  f rom  t h e  a tm o s p h e r e  u s i n g  two 

1s u b a - s e a l s 1 . The a q u e o u s  p h a s e s  w ere  s t i r r e d  m a g n e t i c a l l y  

and t h e  r o t a t i o n a l  s p e e d  o f  t h e  two i n d i v i d u a l  e x t e r n a l  

m ag n e ts  was a d j u s t a b l e  o v e r  a r a n g e  o f  0 - 2 , 0 0 0  r e v o l u t i o n s  

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

s t i r r i n g  s p e e d  o f  1650 + 100 rpm was em p lo y ed .  T u r b u l e n c e  

and m i x i n g  o f  t h e  q u i n o n e  membrane s o l u t i o n  was e f f e c t e d  

by r o c k i n g  a p i v o t e d  p l a t f o r m  w h ich  h e l d  t h e  c e l l  and 

s t i r r e r  u n i t ,  f i g u r e  3 - 1 .  R o ck in g  was a c h i e v e d  by  p l a c i n g  

an  e c c e n t r i c  a t  t h e  end  o f  t h i s  p l a t f o r m ,  i t s  edge  t a n 

g e n t i a l  t o  t h e  w h e e l .  The e c c e n t r i c  was t u r n e d  by means 

o f  a l o w - g e a r e d  e l e c t r i c  m o t o r .  B o th  r o c k e r  and m a g n e t i c  

s t i r r e r s  w e r e ,  u n l e s s  o t h e r w i s e  i n d i c a t e d ,  a lw ay s  employed
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d u r i n g  t h e s e  s t u d i e s .  As d i s c u s s e d  a b o v e ,  k i n e t i c  s t u d i e s  

a r e  v e r y  t e m p e r a t u r e  d e p e n d e n t .  F o r  t h i s  r e a s o n ,  t h e  

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

b o x ,  k e p t  a t  2 5 .0  + 0 . 1 ° C .

The H - c e l l  and  s p e c t r o m e t e r  c e l l s  u s e d  t h r o u g h o u t  

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

l i n e d  i n  s e c t i o n  2 - 2 . 3 .

3 - 2 . 2  S t i r r e r s

I n i t i a l  k i n e t i c  s t u d i e s  employed  p e r s p e x  f s p i n f i n s ! 

as  t h e  s t i r r e r s  i n  t h e  aqueous  l i m b s .  C o n t r o l  e x p e r i m e n t s ,  

h o w e v e r ,  showed t h a t  t h e y  c o n t i n u a l l y  a d s o r b e d  r e d o x  d y e s ,  

d i s p l a y i n g  no t e n d e n c y  to w a r d s  s a t u r a t i o n .  F o r  t h i s  

r e a s o n  t h e s e  s t i r r e r s  were  em ployed  o n l y  u n t i l  more s u i t a b l e  

ones  became a v a i l a b l e .

C o m m e rc ia l ly  a v a i l a b l e  t e f l o n  ’ s p i n f i n s 1 ( B e l - A r t  

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

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

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

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

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

a f t e r  o n l y  a v e r y  s h o r t  t i m e  ( —30 m in)  no f u r t h e r  dye was 

a d s o r b e d ,  5-lOf* o f  t h e  t o t a l  dye p r e s e n t  i n i t i a l l y  i n  

s o l u t i o n  h a v i n g  become a d s o r b e d .

S t i r r e r  u n t a k e  c o r r e c t i o n : I f  i t  i s  a ssum ed t h a t  t h e

f r a c t i o n s  o f  dye p r e s e n t  i n  s o l u t i o n  and bound  on t h e  

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

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

t im e  z e r o  b e tw e e n  t h e  o p t i c a l  d e n s i t i e s  o f  t h e  a l i q u o t  o f  

s o l u t i o n  t h a t  c o n t a i n s  t h e  s t i r r e r  and one i n  w hich  no 

s t i r r e r  i s  p r e s e n t ,  CO, g i v e s  a d i r e c t  m easu re  o f  t h e  amount 

o f  dye a d s o r b e d  o n to  t h e  s t i r r e r  ( i n  OD u n i t s ) .  A d d i t i o n  

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

d e n s i t y  w h ich  would  hav e  b e e n  o b t a i n e d  i f  no a d s o r p t i o n  

h a d  o c c u r r e d .  As r e d u c t i o n  o c c u r s ,  t h e  p e r c e n t a g e  d e c r e a s e  

i n  o x i d i s e d  dye c o n c e n t r a t i o n  on t h e  s t i r r e r  w i l l  be 

e x a c t l y  t h e  same as  t h a t  i n  s o l u t i o n .  H ence ,  i f  CO, 

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

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

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

v a l u e  o b t a i n e d  w i l l  g i v e  t h e  amount o f  a d s o r b e d  dye r e d u c e d  

( i n  OD u n i t s ) .  When t h i s  v a l u e  i s  s u b t r a c t e d  f rom CO, 

t h e  r e s u l t a n t  v a l u e ,  C l ,  g i v e s  t h e  amount o f  o x i d i s e d  dye 

s t i l l  a d s o r b e d .  A d d i t i o n  o f  Cl t o  Al g i v e s  t h e  o p t i c a l  

d e n s i t y  w h ich  w ou ld  hav e  b e e n  o b t a i n e d  had  no a d s o r p t i o n  

o c c u r r e d .  Cl and  Al now r e p l a c e  CO and AO r e s p e c t i v e l y ,  

and t h e  p r o c e s s  i s  r e p e a t e d  f o r  t h e  n e x t  r e a d i n g  • • • •  and 

so on .  I n  t h i s  way a s t i r r e r  u p t a k e  c o r r e c t i o n  may be 

a p p l i e d .  T h i s  a n a l y s i s  i s  o n l y  a p p l i c a b l e  t o  c a s e s  w here  

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

c o n c e n t r a t i o n  o f  r e a c t a n t .
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3 - 2 . 3  C h e m ic a l s

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

have  a l r e a d y  b e e n  g i v e n  ( s e c t i o n  1 - 3 . 1 ) .

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

were  made up w i t h  0.025M p h o s p h a t e  b u f f e r ,  pH 6 . 8 6 .

The membrane s o l v e n t  u s e d  t h r o u g h o u t  a l l  t h e  e x p e r 

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

h e x a n e •

The c o n c e n t r a t i o n s  o f  v i t a m i n  K, DCIP, m e t h y l e n e  b l u e ,  

t h i o n i n e  and cy to c h ro m e  c s o l u t i o n s  were  d e t e r m i n e d  from 

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

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

l e n g t h ,  u s i n g  t h e  m e thods  d e s c r i b e d  i n  C h a p t e r  2 .

A s t o c k  s o l u t i o n  o f  c a r d i o l i p i n  (CL) o f  c o n c e n t r a t i o n  

9 . 3  mg m l”** i n  e t h a n o l ,  was o b t a i n e d  f rom t h e  s u p p l i e r s  

and u s e d  d i r e c t l y .  D i l u t i o n  o f  t h i s  s t o c k  w i t h  h ex a n e  

was u s e d  to  p r e p a r e  a  s o l u t i o n  o f  c o n c e n t r a t i o n  0 . 8 4  mg ml” * 

t h e  s o l v e n t  b e i n g  1 0 :1  ( v / v )  h e x a n e / e t h a n o l .  S o l u t i o n s  o f  

p h o s p h a t i d y l  e t h a n o l a m i n e  ( P E ) ,  o f  c o n c e n t r a t i o n  8 . 7 6 ,  4 .5 5  

and 0 . 8 7  mg m l” * ,  l y s o l e c i t h i n  (L L ) ,  o f  c o n c e n t r a t i o n  8 .3 2  

and 0 , 8 2  mg m l” * and p h o s p h a t i d y l  i n o s i t o l  ( P i ) ,  o f  c o n c e n 

t r a t i o n  8 . 3 0 ,  8 . 1 4  and  0 .7 5  mg ml"’* ,  were  p r e p a r e d  by 

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

known vo lum es  o f  a  9 : 1  ( v / v )  CHC^/CH^OH s o l v e n t  m i x t u r e .

The s o l u t i o n s  w ere  s t o r e d  i n  s e a l e d  am poules  b e lo w  0°C



i n  t h e  a b s e n c e  o f  l i g h t .  0 . 0 3  ml s am p le s  o f  t h e s e  s o l u t i o n s  

w ere  ad d ed  t o  t h e  membrane,  when r e q u i r e d ,  by means o f  a 

H a m i l t o n  s y r i n g e .

3 - 2 . 4  P r o c e d u r e  f o r  k i n e t i c  runs

The H - c e l l  was f i l l e d  a c c o r d i n g  t o  one o f  t h r e e  b a s i c  

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

m ethod  a l l o w i n g  a  d i f f e r e n t  k i n d  o f  k i n e t i c  s t u d y  t o  be  

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

HMV, u s e d  as  t h e  v i t a m i n  K r e d u c t a n t  t h r o u g h o u t  t h e s e  

k i n e t i c  s t u d i e s ,  was g e n e r a t e d  by t h e  a d d i t i o n  o f  0 . 5  ml 

o f  a  f r e s h l y  p r e p a r e d  sod ium  d i t h i o n i t e  s o l u t i o n ,  22 mg ml- '*', 

t o  a  s o l u t i o n  o f  MY, 25 mM. The volume o f  MV and  s u b s t r a t e  

s o l u t i o n s  u s e d  was 4 m l .  The volume o f  t h e  membrane was 

4 .5  m l .  When a l l  a d d i t i o n s  h ad  b ee n  c o m p le te d  a r a l d i t e  

was p l a c e d  o v e r  t h e  p u n c t u r e  h o l e s  i n  t h e  ' s u b a - s e a l '  s e p t a .  

Method A: S t a r t i n g  f ro m  f u l l y  o x i d i s e d  c a r r i e r .

Bo th  t h e  MV and  s u b s t r a t e  s o l u t i o n s  w ere  d e g a s s e d  on 

a w a t e r  pump f o r  15 m i n u t e s  an d ,  a t  t h e  same t i m e ,  t h e  

H - c e l l  was f l u s h e d  w i t h  n i t r o g e n .  The s t i r r e r s  were  added  

a t  t h i s  s t a g e .  Care  was a lways  t a k e n  t o  e n s u r e  t h a t  t h e  

MV and s u b s t r a t e  l i m b s  ea ch  r e c e i v e d  t h e  same s t i r r e r  

t h r o u g h o u t .  A f t e r  t h i s  p e r i o d  t h e  s o l u t i o n s  were  b r o u g h t  

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

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

o p p o s i t e  l i m b s .  A 0 . 5  ml a l i q u o t  o f  t h e  q u i n o n e  s o l u t i o n



was t h e n  i n j e c t e d  ab o v e  t h e  MV s o l u t i o n  u s i n g  a H a m i l t o n  

s y r i n g e .  ! S u b a - s e a l s ! were  p l a c e d  i n  p o s i t i o n  and 2 ml 

a l i q u o t s  o f  membrane s o l v e n t  added  w i t h  a n o t h e r  H a m i l t o n  

s y r i n g e .  The v o lu m e s  c h o s e n  were  s u c h  t h a t  on i n j e c t i o n  

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

two aqueous  l i m b s ,  f o r m i n g  a  l i q u i d  membrane.  The c e l l  

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

f o r  1 h o u r ,  t o  a l l o w  t h e  s u b s t r a t e  t i m e  t o  e q u i l i b r a t e  w i t h  

t h e  s t i r r e r ,  t o  a l l o w  t h e  c e l l  and i t s  c o n t e n t s  t im e  t o  

r e a c h  t h e  d e s i r e d  t e m p e r a t u r e  and t o  g e n e r a t e  a  homogeneous 

membrane s o l u t i o n .  R e a c t i o n  was s t a r t e d  b y  a d d i n g  t h e  

d i t h i o n i t e  s o l u t i o n  to  t h e  m e th y l  v i o l o g e n  l im b .

Method B: S t a r t i n g  from t h e  f u l l y  r e d u c e d  c a r r i e r .

The a q u e o u s  s o l u t i o n s  were  d e g a s s e d ,  b r o u g h t  up t o  

a t m o s p h e r i c  p r e s s u r e  and t h e  H - c e l l  f i l l e d ,  as  d e s c r i b e d  

i n  m ethod  A. Once t h e  ' s u b a - s e a l s '  were  p l a c e d  i n  p o s i t i o n ,  

t h e  d i t h i o n i t e  s o l u t i o n  was added  t o  t h e  v i o l o g e n  l im b  and 

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

two h o u r s .  The v o lum es  o f  MV and v i t a m i n  K s o l u t i o n  were  

c a r e f u l l y  c h o s e n  t o  e n s u r e  t h a t ,  ev en  w i t h  r o c k i n g ,  t h e  

v i t a m i n  K s o l u t i o n  was c o m p l e t e l y  c o n f i n e d  to  t h e  m e th y l  

v i o l o g e n  l im b  a t  t h i s  s t a g e .  D u r in g  t h i s  p e r i o d  t h e  

v i t a m i n  K s o l u t i o n  f l o a t i n g  above t h e  RMV became f u l l y  

r e d u c e d .  B e c a u s e  o f  t h e  e x t r e m e  oxygen  s e n s i t i v i t y  o f  

r e d u c e d  v i t a m i n  K, t h i s  p r o c e d u r e  a l s o  e n s u r e d  t h a t ,  by
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t h e  t im e  t h e  r e a c t i o n  was s t a r t e d ,  any oxygen p r e s e n t  i n  

t h e  c e l l  i m m e d i a t e l y  a f t e r  f i l l i n g  was removed.  The 

r e a c t i o n  was s t a r t e d  by i n j e c t i n g  two 2 ml a l i q u o t s  o f  

hex an e  i n t o  t h e  c e l l .  I f  l i p i d  was a l s o  to  be  p r e s e n t  

( C h a p t e r  4 ) ,  t h e n  i t  was a l s o  added  a t  t h i s  t i m e .

The p r o c e d u r e  o u t l i n e d  was by f a r  t h e  m ost  common 

one a d o p t e d  t h r o u g h o u t  t h i s  r e s e a r c h  an d ,  i n  c o n s e q u e n c e ,  

where  no m ethod  o f  f i l l i n g  t h e  c e l l  i s  s p e c i f i e d ,  method B 

i s  t o  be  assum ed  u s e d .

Method C: R ig o r o u s  e x c l u s i o n  o f  oxygen .

I n v e s t i g a t i o n  o f  t h e  r e d u c t i o n  o f  cy toch rom e  c 

( C h a p t e r  4 )  i n v o l v e d  t h e  d e v e lo p m e n t  o f  a p r o c e d u r e  which  

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

t h e  f i l l i n g  s t a g e .  Method B was u n s u i t a b l e  s i n c e  t h e  

membrane s o l v e n t  ad d e d  t o  s t a r t  t h e  r e a c t i o n  had  n o t  b e en  

d e o x y g e n a t e d .  To s a t i s f y  t h e s e  r e q u i r e m e n t s  a  t h i r d  

method o f  f i l l i n g  t h e  c e l l  was d e v i s e d .

A l i q u o t s  o f  MV a n d  s u b s t r a t e  s o l u t i o n  were p l a c e d  i n  

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

t h e n  n i t r o g e n  s a t u r a t e d  as  b e f o r e .  The c e l l  was s e a l e d  and 

n i t r o g e n  b u b b l e d  t h r o u g h  t h e  s u b s t r a t e  s o l u t i o n  f o r  30 

m i n u t e s .  The MV s o l u t i o n  was t h e n  r e d u c e d  and t h e  c e l l  

f l u s h e d  w i t h  n i t r o g e n  f o r  a  f u r t h e r  30 m i n u t e s .  At t h e  

same t i m e ,  a l i q u o t s  o f  v i t a m i n  K and h e x a n e  were  e q u i l i 

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

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



s o l u t i o n s .  At  t h e  end  o f  t h i s  p e r i o d  a 0 . 5  ml a l i q u o t  

o f  r e d u c e d  v i t a m i n  K s o l u t i o n ,  f o l l o w e d  by two 2 ml 

a l i q u o t s  o f  t h e  d e o x y g e n a t e d  h e x an e  s o l u t i o n  were  i n j e c t e d  

i n t o  t h e  c e l l .  T hese  s o l u t i o n s  were  t r a n s f e r r e d ,  t h r o u g h  

a i r ,  b y  means o f  g a s t i g h t  H a m i l t o n  s y r i n g e s  and were  

added  t o  t h e  v i o l o g e n  s i d e  o f  t h e  c e l l .  Care  was t a k e n  

t o  a v o i d  t h e  t r a n s f e r  o f  RMV i n t o  t h e  h o r i z o n t a l  s e c t i o n  

o f  t h e  H - c e l l .  I f  l i p i d  was a l s o  t o  be u s e d ,  i t  was 

added  a t  t h i s  s t a g e  by i n j e c t i n g  t h e  s o l u t i o n  t h r o u g h  t h e  

RMV l a y e r  ( C h a p t e r  4 ) .

3—2 .5  G e n e r a t i o n  and t r e a t m e n t  o f  r e s u l t s

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

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

r e s p e c t i v e l y ,  f o r  t h a t  e x p e r i m e n t .  The a b s o r b a n c e s  o f  

t h e  s u b s t r a t e  i n  b o t h  t h e  H - c e l l  and c o n t r o l  c e l l  were  

m e a s u re d  d u r i n g  t h e  e q u i l i b r a t i o n  p e r i o d .  The m a g n e t i c  

f s p i n f i n '  p r e s e n t  i n  t h e  s u b s t r a t e  l im b  o f  t h e  H - c e l l  was 

h e l d  o u t  o f  t h e  o p t i c a l  p a t h  o f  t h e  l i g h t  beam by means 

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

c a r r i e r .  I f  t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  i n  

s u c c e s s i v e  a b s o r b a n c e  r e a d i n g s  ( i . e .  < 0 . 0 0 3 )  f rom t h e  

s u b s t r a t e  ( t e s t )  l i m b ,  t h e n  an  e q u i l i b r i u m  s t a t e  b e tw e e n  

t h e  s t i r r e r  an d  s u b s t r a t e  was assum ed and t h e  r e a c t i o n  

s t a r t e d ,  o t h e r w i s e  t h e  e q u i l i b r a t i o n  p e r i o d  was e x t e n d e d  

u n t i l  t h i s  c o n d i t i o n  was s a t i s f i e d .  T h is  p r o c e d u r e  was



n o t  a p p l i c a b l e  t o  t h e  few e x p e r i m e n t s  i n  w hich  p e r s p e x  

s t i r r e r s  w ere  u s e d .  From t h e  a b s o r b a n c e  o f  t h e  c o n t r o l ,  

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

be  c a l c u l a t e d .  The d i f f e r e n c e  i n  a b s o r b a n c e  b e tw e e n  t h e  

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

s e q u e n t l y  u s e d  to  c a l c u l a t e  s t i r r e r  u p t a k e  c o r r e c t i o n s  

( s e c t i o n  3 - 2 . 2 ) .

M ea su re m e n ts  o f  t h e  o p t i c a l  d e n s i t y  o f  t h e  t e s t  l im b  

were  m o n i t o r e d  w i t h  t i m e ,  r e a d i n g s  b e i n g  r e c o r d e d  e v e r y  

20 -30  m i n u t e s  on a H i l g e r  H7 OO s p e c t r o m e t e r .  S i n c e  t h e  

t im e  t a k e n  t o  e f f e c t  a  r e a d i n g  was ~1 m in u te  and t h e  

h a l f - l i v e s  o f  t h e  r e a c t i o n s  were  fo u n d  t o  be >40 m i n u t e s ,  

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

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

r e s u l t .  S i m i l a r l y  t h e  s h o r t  p e r i o d s  o f  t im e  d u r i n g  w hich  

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

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

a m b ie n t  t e m p e r a t u r e  was c l o s e  to  25°C.  F o r  c o n s i s t e n c y ,  

h o w ev er ,  r e a d i n g s  w ere  t a k e n  a t  a p p r o x i m a t e l y  e q u a l  t i m e  

i n t e r v a l s  t h r o u g h o u t  s e t s  o f  r u n s .  To check  i n s t r u m e n t  

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

was a l s o  m e a s u re d  w i t h  t i m e .  The c o n t r o l  a b s o r b a n c e s  

o b t a i n e d  a lw a y s  a g r e e d  to  w i t h i n  + 0 . 0 0 5  u n i t s  o f  t h e  

v a l u e  o b t a i n e d  i n i t i a l l y  f rom e a c h  e x p e r i m e n t .



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

t o  s u b s t r a t e  c o n c e n t r a t i o n  and t h e  r e s u l t s  obeyed  f i r s t -  

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

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

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

d e n s i t y  was a n a l y s e d  as  a  f u n c t i o n  o f  t im e  u s i n g  t h e

‘ l e a s t  s q u a r e s *  p ro g ra m  d e s c r i b e d  i n  A ppendix  I I .  I n  a l l  

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

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

o r  z e r o - o r d e r  b e h a v i o u r  by f i t t i n g  t h e  l o g a r i t h m  o f  co n 

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

t i m e ,  u s i n g  t h e  same c o m p u te r  p ro g ra m .

3 - 2 . 6  P r o c e d u r e  t o  i n v e s t i g a t e  t h e  s t o i c h i o m e t r y  o f  

a c c o m p a n y in g  -pro ton  t r a n s f e r  

Reduced v i t a m i n  K and o x i d i s e d  m e th y le n e  b l u e  (MB) 

r e a c t  a c c o r d i n g  t o  t h e  e q u a t i o n

MB+ + QH---- ---- » MBH + Q + H+ ( 3 - 2 0 )

( t h e  b a r  above  t h e  q u i n o n e  d e n o t e s  t h a t  i t  i s  l o c a t e d

v i t h i n  t h e  m em b ra n e ) .  The s t o i c h i o m e t r y  o f  t h i s  e q u a t i o n  

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

e j e c t e d  i n t o  t h e  a q u e o u s  p h a s e ;  one p r o t o n  p e r  two e l e c t r o n s  

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

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

e j e c t e d  t o  m e t h y l e n e  b l u e  r e d u c e d ,  |AHq+ |/|AMB | , i s  t h e r e f o r e ,  

e x p e c t e d  t o  b e  u n i t y .  The c h a r a c t e r i s t i c  change  i n  t h e



a b s o r p t i o n  s p e c t r u m  o f  n i t r o p h e n o l  w i t h  pH ( C h a p t e r  2 ) 

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

assumed t h a t  t h e  n e u t r a l ,  r e d u c e d  m e th y le n e  b l u e  (MBH), 

fo rm ed  d u r i n g  t h e  c o u r s e  o f  t h e  r e a c t i o n ,  d i d  n o t  r e m a in  

i n  t h e  aq u eo u s  s u b s t r a t e  p h a s e ,  b u t  was removed i n t o  t h e  

u p p e r  h e x a n e  l a y e r .

I n  o r d e r  t o  be  a b l e  t o  d e t e c t  t h e  c h an g es  i n  pH o f  

t h e  m e t h y l e n e  b l u e  l i m b ,  O.O5M sodium c h l o r i d e  was u s e d  

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

p h o s p h a t e  b u f f e r .  T h i s  s o l v e n t  was a l s o  u s e d  t o  p r e p a r e  

an a p p r o x i m a t e l y  450 pM n i t r o p h e n o l  s o l u t i o n .  P r i o r  t o  

t h e  s t a r t  o f  an  e x p e r i m e n t  a l l  u l t r a v i o l e t  c e l l s  were  

l e f t  s o a k i n g  i n  t h e  s a l i n e  s o l u t i o n  f o r  30 m i n u t e s ,  

r i n s e d  w i t h  d i s t i l l e d  w a t e r  and d r i e d .  The m easu rem en t  

and t r a n s f e r  o f  a l l  a l i q u o t s  o f  m e th y le n e  b l u e  and n i t r o 

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

which  d e l i v e r e d  p r e c i s e l y  known v o lu m e s .  A l l  a p p a r a t u s  

was s e a l e d  to  t h e  a t m o s p h e r e  u s i n g  1s u b a - s e a l s 1 •

To remove d i s s o l v e d  oxygen  and c a r b o n  d i o x i d e  t h e  

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

i n  a  s e a l e d  f l a s k ,  were  s a t u r a t e d  w i t h  p u r e  n i t r o g e n .  

D u r in g  t h i s  p e r i o d  one l im b  o f  t h e  H—c e l l  was f i l l e d  w i t h  

4 ml o f  m e th y l  v i o l o g e n  and 0 . 5  ml o f  v i t a m i n  K s o l u t i o n  

and *s u b a - s e a l s 1 f i t t e d ,  a s  b e f o r e .  The m e th y l  v i o l o g e n  

was r e d u c e d  and  s t i r r e d  t o  a l l o w  t h e  v i t a m i n  K t o  become



r e d u c e d .  A f t e r  a  p e r i o d  o f  2 h o u r s  two 1 .9 9 4 3  ml a l i q u o t s  

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

t h e  empty l im b  o f  t h e  H—c e l l  and a  s e p a r a t e  a l i q u o t  t r a n s 

f e r r e d  i n t o  a  s e a l e d  b o x - t o p  ’ s p e c t r o s i l '  c e l l ,  p r e v i o u s l y  

f l u s h e d  w i t h  n i t r o g e n .  The aq u e o u s  s o l u t i o n s  i n  t h e  H - c e l l  

were  s t i r r e d  f o r  a  f u r t h e r  h o u r  t o  a l l o w  t h e  t e f l o n  s t i r r e r  

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

o f  t h e  m e t h y l e n e  b l u e  l im b  was m e a s u re d  a t  655 nm. As 

b e f o r e ,  t h e  r e a c t i o n  was s t a r t e d  by t h e  a d d i t i o n  o f  h e x a n e  

( 4  m l )  to  fo rm  t h e  m e m b r a n e - b r i d g e .  The c o n c e n t r a t i o n  o f  

v i t a m i n  K i n  t h e  membrane was 0 . 4 0 7  mM. At a  c o n v e n i e n t  

t im e  t h e  r e a c t i o n  was s t o p p e d  and t h e  a b s o r b a n c e s  o f  t h e  

H - c e l l  l i m b ,  now c o n t a i n i n g  a  m i x t u r e  o f  b o t h  r e d u c e d  and 

o x i d i s e d  m e t h y l e n e  b l u e ,  m e a s u re d  a t  65 5 ,  403 and 318 nm.

A 1 .9 9 4 3  ml a l i q u o t  o f  t h i s  s o l u t i o n  was t h e n  t r a n s f e r r e d  

i n t o  a n o t h e r  b o x - t o p  o p t i c a l  c e l l  w h ic h  h a d  b e en  p r e v i o u s l y  

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

one c o n t a i n i n g  t h e  d e o x y g e n a t e d  s t o c k  s o l u t i o n  0 .5 0 3 3  ml 

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

o f  t h e s e  two s o l u t i o n s ,  t o g e t h e r  w i t h  t h o s e  o f  t h e  u n d i l u t e d  

s t o c k ,  w ere  a g a i n  m e a s u re d  a t  6 5 5 ,  403 and 318 nm.

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

m e th y le n e  b l u e  (Amax = 655 nm) and o f  d i s s o c i a t e d ,  A 

(Amax = 403 nm),  a n d  u n d i s s o c i a t e d ,  HA (Amax = 318 nm),  

n i t r o p h e n o l ,  c o r r e c t i o n s ,  o v e r  and above no rm a l  c e l l  b i a s



a d j u s t m e n t s , h a d  t o  be t a k e n ?  t h e  a b s o r b a n c e  r e a d i n g s  

f o r  m e t h y l e n e  b l u e  w ere  c o r r e c t e d  f o r  dye a d s o r p t i o n  o n to  

t h e  s t i r r e r  ( s e c t i o n  3 - 2 . 2 )  and t h o s e  f o r  n i t r o p h e n o l  were 

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

b l u e .  These  l a t t e r  c o r r e c t i o n s  were  c a l c u l a t e d  by m u l t i 

p l y i n g  t h e  a b s o r b a n c e  r e a d i n g s  ( a t  403  and 318 nm) o f  

m e t h y l e n e  b l u e ,  r e c o r d e d  from t h e  u n d i l u t e d  s t o c k  and H - c e l l  

l im b  a f t e r  r e a c t i o n ,  by  t h e  d i l u t i o n  f a c t o r  o f  0 . 7 9 8 5 . 

S u b t r a c t i o n  o f  t h e s e  v a l u e s  f rom t h o s e  r e c o r d e d  a t  t h e  

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

w hich  c o n t a i n e d  u n r e a c t e d  and r e a c t e d  dye r e s p e c t i v e l y ,  

y i e l d e d  a b s o r b a n c e s  due s o l e l y  to  n i t r o p h e n o l .

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

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

e q u a t i o n s  ( 2 - 2 ) and  ( 2- 5 ) t o  t h e  c o r r e c t e d  m e th y le n e  b l u e  

and n i t r o p h e n o l  a b s o r b a n c e s  r e s p e c t i v e l y .  The c o n c e n t r a t i o n  

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

( 3 - 2 2 )

[H+ ] = K[HA]/[A“ ] ( 3 - 2 2 )

The v a l u e  o f  K = 1 . 0 2 3  x  1 0 ~ ‘ ( 1 1 4 ) ,  u s e d  i n  t h e s e  c a l c u l -  

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

a c t i v i t y  c o r r e c t i o n s .  F o r  t h i s  r e a s o n  c o n c e n t r a t i o n s ,  

and n o t  a c t i v i t i e s ,  were  u s e d  t o  c a l c u l a t e  [H ] .  S i n c e  

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

c o n s t a n t ,  a  l o s s  o f  d i s s o c i a t e d  form  m ust  be  a c c o m p a n ie d



by a  c o r r e s p o n d i n g  i n c r e a s e  i n  u n d i s s o c i a t e d  a c i d .  The 

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

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

t h e  u n s i g n e d  c h a n g e s  o b s e r v e d  f o r  t h e  c o n j u g a t e  fo rm s  o f  

t h e  i n d i c a t o r .  B e c a u se  an i n c r e a s e  i n  a c i d i t y  r e s u l t s  

i n  b o t h  t h e  f o r m a t i o n  o f  more HA and f r e e  H+ i o n s ,  t h e  

s t o i c h i o m e t r i c  r a t i o  i s  g i v e n  by

|AHo+ |/ |AM B| = (!AH+ | +  |AHA!)/|AMB| ( 3 - 2 3 )

3 -3  RESULTS AND DISCUSSION

3 - 3 . 1  DCIP as  t h e  aqueous  s u b s t r a t e

The membrane s y s t e m  u s e d  i n  t h i s  s e t  o f  e x p e r i m e n t s  

may be  r e p r e s e n t e d  as

HMV/K ( i n  h e x a n e )  /  DCIP,

and was t h e  f i r s t  t y p e  o f  s o l v e n t  r e d o x  membrane to  be 

k i n e t i c a l l y  i n v e s t i g a t e d .  Due t o  t h e  n o n - i d e a l i t y  o f  

DCIP as  a  s u b s t r a t e  ( s e c t i o n  1 - 4 ) ,  o n l y  a  r e l a t i v e l y  few  

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

such  e x p e r i m e n t s  gave  a  v a l u a b l e  i n s i g h t  i n t o  t h e  t y p e  o f  

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

red o x  m em branes .  The e f f e c t s  on t h e  o b s e r v e d  k i n e t i c s  

o f  membrane a g i t a t i o n  and o f  s t a r t i n g  t h e  r e a c t i o n  w i t h  

t h e  c a r r i e r  i n  e i t h e r  t h e  f u l l y  o x i d i s e d  o r  r e d u c e d  s t a t e ,
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w ere  i n v e s t i g a t e d .  The i n i t i a l  c o n c e n t r a t i o n  o f  DCIP 

s o l u t i o n  f o r  a l l  e x p e r i m e n t s  was k e p t  c o n s t a n t  a t  12 + 1 p>l 

and t h e  change  i n  a b s o r b a n c e  o f  t h e  dye a t  605  nm u s e d  to 

i n v e s t i g a t e  t h e  r e d u c t i o n  p r o c e s s .  T h ro u g h o u t  a l l  t h e  

e x p e r i m e n t s  t h e  aq u eo u s  s o l u t i o n s  were  s t i r r e d  u s i n g  

s t a n d a r d  c o n d i t i o n s  ( s e c t i o n  3 - 2 . 1 ) .

I n  t h e  e x p e r i m e n t  w here  no membrane a g i t a t i o n  was 

e m p lo y ed ,  t h e  H - c e l l  was f i l l e d  a c c o r d i n g  to  method  A 

( s e c t i o n  3 - 2 . 4 )  and t h e  c o n c e n t r a t i o n  o f  v i t a m i n  K i n  t h e  

membrane was 0 . 2  mM. The g r a p h  o f  t h e  a b s o r b a n c e  o f  

DCIP a g a i n s t  t i m e ,  o b t a i n e d  f rom  t h i s  e x p e r i m e n t ,  i s  shown 

i n  f i g u r e  3 - 2 .  ^he i n t e r m e d i a t e  s e c t i o n  o f  t h i s  g r a p h
—8obeyed  z e r o - o r d e r  k i n e t i c s  and  gave  v a l u e s  o f  k Q = 1 . 4 6  x 10

m oles  l i t r e * ”^ m in ” ^ and t ^  = 400  m i n u t e s .  The i n i t i a l
2

i n d u c t i o n  p e r i o d  o b s e r v e d  i s  i n t e r p r e t e d  as  t h e  f i n i t e  

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

RMV i n t e r f a c e ,  t o  d i f f u s e  a c r o s s  t h e  membrane and i n t o  

t h e  s u b s t r a t e  i n t e r f a c e .  The s u b s e q u e n t  z e r o —o r d e r  

b e h a v i o u r  w i t h  r e s p e c t  t o  DCIP, i s  i n t e r p r e t e d  as  s i g n i — 

f y i n g  t h a t  t h e  d i f f u s i o n  o f  DCIP a c r o s s  t h e  aq u e o u s  N e r n s t  

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

t h e  r a t e  o f  t r a n s f e r  o f  q u i n o l  a c r o s s  t h e  membrane i s  r a t e  

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

q u i n o l  a t  t h e  i n t e r f a c e  w i l l  be z e r o .  As t h e  c o n c e n t r a t i o n  

o f  o x i d i s e d  DCIP d e c r e a s e s  w i t h  t i m e ,  a s t a g e  w i l l  e v e n t u a l l y
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Absorbance

zero-order slope

h 0.1

Time (min)1000

F i g u r e  3 -2  The a b s o r b a n c e  o f  DCIP, m e a s u re d  a t  605 nm, 
p l o t t e d  a g a i n s t  t i m e  f o r  t h e  sys tem s

EMV/Vitarain K/DCIP.
The k i n e t i c  r u n  (2 5 °C )  was s t a r t e d  w i t h  t h e  c a r r i e r  i n  t h e  
o x i d i s e d  fo rm  and was c a r r i e d  o u t  i n  t h e  a b s e n c e  o f  membrane 
a g i t a t i o n .  The c o n c e n t r a t i o n s  o f  DCIP ( d i s s o l v e d  i n  0*025^ 
p h o s p h a te  b u f f e r ,  pH 6 . 8 6 )  and v i t a m i n  ( d i s s o l v e d  i n  
h e x a n e )  w ere  12 and 0 . 2  mM r e s p e c t i v e l y *  S t a n d a r d  
s t i r r i n g  c o n d i t i o n s  ( s e c t i o n  .3—2*1)  i n  t h e  aq u e o u s  l im b s  
v e r e  used*



be r e a c h e d  i n  w h ich  t h e  r a t e  o f  d i f f u s i o n  o f  th e  dye 

to w a r d s  t h e  i n t e r f a c e  becomes i m p o r t a n t  and a  change  i n  

r e a c t i o n  o r d e r  r e s u l t s .  Hence t h e  d e v i a t i o n  f rom  z e r o -  

o r d e r  o b s e r v e d .

A s i m i l a r  e x p e r i m e n t  t o  th e  one d e s c r i b e d  above  was

c a r r i e d  o u t ,  b u t  t h e  membrane was a g i t a t e d .  The c e l l

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

u s e d  was i n c r e a s e d  t o  2 . 2  mM. The g r a p h  o f  t h e  a b s o r b a n c

o f  DCIP a g a i n s t  t im e  f o r  one o f  many s u ch  e x p e r i m e n t s  i s

shown i n  f i g u r e  3 - 3 ( a ) .  The r e s u l t s  obeyed  f i r s t - o r d e r

k i n e t i c s  an d  gave  an  a v e r a g e  r a t e  c o n s t a n t  o f

k^ = ( 4 . 4  + 0 . 9 )  x  1 0 - 3 min“ * and an a v e r a g e  h a l f - l i f e

o f  t ^  = 160 + 25 m i n u t e s .  C o m par ison  o f  f i g u r e s  3 -2  and 
2 ~

3 - 3 ( a )  shows t h a t  t h e  i n t r o d u c t i o n  o f  membrane a g i t a t i o n  

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

f o u n d  i n  t h e  a b s e n c e  o f  a g i t a t i o n .  T h is  f i n d i n g  s u p p o r t s  

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

t h e  f i n i t e  t i m e  r e q u i r e d  f o r  t h e  r e d u c e d  c a r r i e r  t o  d i f f u s  

a c r o s s  t h e  membrane and  a l s o  i n d i c a t e s  t h a t  t h e  r a t e  o f  

r e d u c t i o n  o f  t h e  q u i n o n e  by RMV i s  f a s t  compared  t o  t h e  

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

r e a c t i o n  r a t e  f o u n d  when "th e membrane c o n t e n t s  a r e  now 

mixed by t u r b u l e n c e ,  i n d i c a t e  t h e  g e n e s i s  o f  a  new r a t e -  

d e t e r m i n i n g  s t e p .  As w i l l  b e  d i s c u s s e d  s u b s e q u e n t l y ,  

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



X)

in
o
o

Time(min)
100 -  200

F i g u r e  3—3 The a b s o r b a n c e  o f  DCIP p l o t t e d  a g a i n s t  t i m e  f o r  
th e  s y s t e m :

RMV/Vitamin K/DCIP.
The k i n e t i c  e x p e r i m e n t s  (2 5 °C )  were  s t a r t e d  w i t h  t h e  c a r r i e r  
b o th  i n  t h e  o x i d i s e d  s t a t e ,  ( a )  and i n  t h e  r e d u c e d  s t a t e  l b ) .  
The membrane was a g i t a t e d  i n  a l l  e x p e r i m e n t s .  The c o n c e n 
t r a t i o n s  o f  v i t a m i n  K]̂  k i n e t i c  ru n s  ( a ) ,  lb) and ( c )  were  
2 .2  mM, 0 . 3 9  mM an d  0 . 0  r e s p e c t i v e l y .  A l l  t h e  e x p e r i m e n t s  
u se d  t h e  same i n i t i a l  c o n c e n t r a t i o n  o f  DCIP s o l u t i o n  112 pM) 
and h e n c e  a l l  t h e  e x p e r i m e n t s  s t a r t e d  a t  a  common o p t i c a l  
d e n s i t y .  F o r  c l a r i t y  o f  p r e s e n t a t i o n ,  t h e s e  z e r o —t im e  
a b s o r b a n c e s  h a v e  b e e n  s e t  a t  a r b i t r a r y  p o i n t s  on t h e  o r d i n a t e  
o f  t h i s  f i g u r e .  S t a n d a r d  s t i r r i n g  c o n d i t i o n s  were  u s e d .



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

o b s e r v e d .

The p r e v i o u s  s t u d i e s  w ere  c a r r i e d  o u t  w i t h  t h e  c a r r i e r  

p r e s e n t  i n  t h e  o x i d i s e d  form a t  t h e  s t a r t  o f  each  e x p e r i 

m e n t .  I t  was o f  i n t e r e s t  t o  i n v e s t i g a t e  w h e t h e r  t h e  

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

t h e  commencement o f  e a c h  e x p e r i m e n t ,  had  any e f f e c t  on  t h e  

o b s e r v e d  k i n e t i c s .  I n  c o n s e q u e n c e ,  t h e  H - c e l l  was f i l l e d  

a c c o r d i n g  t o  method B ( s e c t i o n  3 - 2 . 4 )  and a s i m i l a r  s e r i e s  

o f  e x p e r i m e n t s  c a r r i e d  o u t ,  membrane a g i t a t i o n  a g a i n  b e i n g  

e m p lo y ed .  The c o n c e n t r a t i o n  o f  v i t a m i n  K i n  t h e  membrane 

was l o w e r e d  t o  0 . 3 9  mM. The g r a p h  o f  t h e  a b s o r b a n c e  o f  

DCIP a g a i n s t  t i m e  f o r  a  t y p i c a l  e x p e r i m e n t  i s  g i v e n  i n  

f i g u r e  3 - 3 ( b ) .  F i g u r e  3 - 3 ( c )  r e c o r d s  t h e  r e s u l t s  o b t a i n e d  

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

b u t  u s i n g  an  o t h e r w i s e  i d e n t i c a l  p r o c e d u r e .  The r e s u l t s  

o b t a i n e d  f rom  e x p e r i m e n t s  i n  w h ich  c a r r i e r  was p r e s e n t

o b e y e d  a  f i r s t - o r d e r  r a t e  l a w ,  t h e  a v e r a g e  k i n e t i c  p a r a m e t e r s
—3o b t a i n e d  b e i n g  k ^  = ( 4 . 2  + 0 . 2 )  x  10“  m in“ and 

t i  = 170 + 10 m i n u t e s .

V h e re a s  t h e  g r a p h s  o b t a i n e d  f rom  k i n e t i c  r u n s  s t a r t e d  

w i t h  v i t a m i n  K i n  t h e  f u l l y  o x i d i s e d  f o r m ,  f i g u r e  3 - 3 ( a ) ,  

showed i n i t i a l  m i n o r  d e v i a t i o n s  f rom  f i r s t - o r d e r  k i n e t i c s ,  

t h o s e  o b t a i n e d  f rom  r u n s  i n  w h ich  t h e  q u in o n e  h a d  b e e n  

f u l l y  r e d u c e d  p r i o r  t o  t h e  g e n e r a t i o n  o f  t h e  membrane
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sh o v e d  no s u c h  d e v i a t i o n s ,  f i g u r e  3—3 ( b )• These  d e v i a 

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

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

a f f e c t  t h e  r a t e  c o n s t a n t  s i n c e  b o t h  k i n d s  o f  e x p e r i m e n t
O  1

y i e l d e d  f i r s t - o r d e r  r a t e  c o n s t a n t s  o f  ~  4 x  10 min

( t x ~  170 m i n u t e s ) .  I t  m u s t  be rem em bered ,  h o w e v e r ,  t h a t  
2

o x i d i s e d  DCIP i s  l o s t  n o t  o n l y  t h r o u g h  r e a c t i o n  b u t  a l s o ,

t h o u g h  t o  a  much l e s s e r  d e g r e e ,  by d i s s o l u t i o n  i n  t h e

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

o f  t h e  c o n t r o l  e x p e r i m e n t ,  f i g u r e  3 - 3 ( c ) .  The t r u e  r a t e

c o n s t a n t s  w i l l  t h e r e f o r e  be somewhat  s m a l l e r  t h a n  t h o s e

q u o t e d .  I f  a p p r o x i m a t e  c o r r e c t i o n s  f o r  t h i s  l o s s  a r e

a p p l i e d  ( c a l c u l a t e d  u s i n g  t h e  c o n t r o l  e x p e r i m e n t  r e s u l t s )
—3 —1a  t r u e  r a t e  c o n s t a n t  o f  k ,  ~  3 . 5  x 10“  min“  ( 1 1 ~  200 

m i n u t e s )  i s  o b t a i n e d .  The c a r r i e r  c o n c e n t r a t i o n  i n  

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

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

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

q u i n o n e .  The i d e n t i c a l  r a t e  c o n s t a n t s  o b t a i n e d  f rom b o t h  

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

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

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

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

and i s  d i f f u s i o n  c o n t r o l l e d .  T h i s  w i l l  be  d i s c u s s e d  more 

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

as  a  s u b s t r a t e .



3 —3*2 M e th y le n e  b l u e  a s  t h e  aq u eo u s  s u b s t r a t e

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

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

o f  t h e  dye a s  a  d i h y d r o v i t a m i n  K o x i d a n t .  The a d h e r e n c e  

o f  t h e  dye to  t h e  c r i t e r i a  r e q u i r e d  o f  a n  aqueous  o x i d a n t  

( I n t r o d u c t i o n )  h a s  n o t  b e e n ,  h o w e v e r ,  s u f f i c i e n t l y  demon

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

t h e  s u b s t r a t e  two f u r t h e r  c o n t r o l  e x p e r i m e n t s  were  u n d e r 

t a k e n .  A l i q u o t s  o f  a e r a t e d  0.025M p h o s p h a t e  b u f f e r  

(pH 6 . 8 6 )  and  e i t h e r  o x i d i s e d  o r  r e d u c e d  m e th y le n e  b l u e  

s o l u t i o n ,  b o t h  d i s s o l v e d  i n  b u f f e r ,  w ere  p i p e t t e d  i n t o  

o p p o s i t e  l im b s  o f  t h e  H - c e l l .  Reduced m e th y le n e  b l u e  

was g e n e r a t e d  by a d d i n g  e x c e s s  d i t h i o n i t e  t o  a  s o l u t i o n  

o f  t h e  o x i d i s e d  d y e .  The two s o l u t i o n s  were  b r i d g e d  by 

a  membrane o f  p u r e  h e x a n e  and  t h e  c e l l  s e a l e d .  A l l  

a d d i t i o n s  w ere  c a r r i e d  o u t  u n d e r  no rm a l  a t m o s p h e r i c  

c o n d i t i o n s .  The a q u eo u s  p h a s e s  w ere  s t i r r e d  and t h e  

membrane a g i t a t e d  f o r  a  p e r i o d  o f  24 h o u r s .  D u r in g  t h i s  

t im e  a b s o r b a n c e s  o f  t h e  aq u eo u s  s o l u t i o n s  were  m e as u re d  

a t  605 nm, one o f  t h e  w a v e l e n g t h s  where  o x i d i s e d  m e th y le n e  

b l u e  shows a  maximum i n  a b s o r p t i o n .

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

d u r i n g  e x p e r i m e n t s  u s i n g  r e d u c e d  m e t h y l e n e  b l u e ,  f i g u r e  

1—8 ( c ) ,  was f o u n d  t o  i n c r e a s e  w i t h  t i m e .  A s p e c t r u m  o f  

o x i d i s e d  m e t h y l e n e  b l u e  ( s e e  i n s e r t ,  f i g u r e  2 - 2 )  was
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o b t a i n e d  f rom  t h e s e  l i m b s  a t  t h e  end o f  t h e  e x p e r i m e n t s .

T h i s  showed t h a t  l e u c o  m e th y le n e  b l u e  was membrane s o l u b l e ;  

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

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

w here  i t  was o x i d i s e d  by t h e  oxygen  p r e s e n t  i n  t h e  b u f f e r ,  

t o  y i e l d  o x i d i s e d  m e t h y l e n e  b l u e  which  d i s s o l v e d  i n  t h e  

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

p u r e  b u f f e r  l im b  f rom  t h e  a n a lo g o u s  e x p e r i m e n t  w i t h  o x i d i s e d  

d y e ,  r e m a i n e d  c o n s t a n t .  T h i s  p r o v e d  t h a t  o x i d i s e d  m e th y le n e  

b l u e ,  w h ich  i s  a  c a t i o n ,  p o s s e s s e d  no membrane s o l u b i l i t y  

w h a t s o e v e r  s i n c e  ev en  a  t r a c e  s o l u b i l i t y  i n  t h e  membrane 

p h a s e  w ou ld  q u i c k l y  l e a d  to  a  d e t e c t a b l e  amount o f  d y e .

The s o l u b i l i t y  c h a r a c t e r i s t i c s  o f  o x i d i s e d  and r e d u c e d  

m e th y le n e  b l u e  i n  t h e  h y d r o c a r b o n  membrane a r e  j u s t  t h o s e  

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

M e th y l e n e  b l u e  c a n ,  t h e r e f o r e ,  b e  c o n s i d e r e d  as  an  

1 i d e a l '  o x i d a n t  i n  t h e  s e n s e  t h a t  t h e  o x i d i s e d  s u b s t r a t e  

i s  membrane i m p e r m e a b le .  A l th o u g h  t h e  compound h a s  t h e  

d i s a d v a n t a g e  o f  h a v i n g  a  membrane—s o l u b l e  l e u c o  fo rm ,  i n  

t h e  a b s e n c e  o f  a  more a t t r a c t i v e  a l t e r n a t i v e ,  e x t e n s i v e  

s t u d i e s  w ere  c a r r i e d  o u t  u s i n g  t h i s  dye  a s  t h e  s u b s t r a t e .

The s y s t e m  u s e d  i n  t h e  s e t  o f  k i n e t i c  i n v e s t i g a t i o n s  

o u t l i n e d  i n  t h i s  s e c t i o n  may c o n v e n i e n t l y  be r e p r e s e n t e d  b y ,

RMV/Vitamin K ( h y d r o c a r b o n ) / M e t h y l e n e  b l u e .

The i n f l u e n c e  o f  i n d i v i d u a l  v a r i a b l e s  on t h e  o b s e r v e d
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k i n e t i c s  was d e t e r m i n e d  by  v a r y i n g  t h i s  p a r a m e t e r  w h i l s t  

a l l  o t h e r s  were  k e p t  f i x e d .  The c o n c e n t r a t i o n  o f  EMV 

was f i x e d  i n  t h e  m anner  d e s c r i b e d  p r e v i o u s l y  ( s e c t i o n  3 - 2 . 4 ) .  

T e f l o n  s p i n f i n s  and  membrane a g i t a t i o n  were  u s e d  t o  mix 

aq u eo u s  and membrane s o l u t i o n s  r e s p e c t i v e l y ,  t h r o u g h o u t  

a l l  t h e  e x p e r i m e n t s  t o  be  d i s c u s s e d .  The change  i n  

a b s o r b a n c e  o f  t h e  dye a t  655 nm was u s e d  to  i n v e s t i g a t e  

t h e  r e d u c t i o n  p r o c e s s  o c c u r r i n g  a t  t h e  m em b ra n e /m e th y len e  

b l u e  i n t e r f a c e .  Where no m ethod  o f  f i l l i n g  t h e  H - c e l l  

i s  i n d i c a t e d ,  method B i s  t o  be assumed u s e d .  S i m i l a r l y  

s t a n d a r d  s t i r r i n g  c o n d i t i o n s  i n  t h e  aqueous  l im b s  

( s e c t i o n  3 - 2 . 1 )  a r e  t o  be  a s su m e d ,  u n l e s s  o t h e r w i s e  s p e c i 

f i e d .

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

s t i r r e r  u p t a k e  c o r r e c t i o n s  on t h e  r a t e  c o n s t a n t s  d e t e r m i n e d  

from t h e s e  r e s u l t s  were  i n v e s t i g a t e d  by r e p e a t i n g  t h e  same 

e x p e r i m e n t  a  number  o f  t i m e s .  The c o n c e n t r a t i o n  o f  

v i t a m i n  K p r e s e n t  i n  t h e  membrane was 0 .4 5 7  mM and  t h a t  

o f  m e t h y l e n e  b l u e ,  p r e s e n t  i n  t h e  t e s t  l i m b ,  was 7 .0 5  

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

were  p l o t t e d  a g a i n s t  t i m e ,  a r e  shown i n  f i g u r e  3 - 4 ,  t h e  

a b s o r b a n c e  r e a d i n g s  h a v i n g  b e e n  c o r r e c t e d  f o r  t h e  dye 

u p t a k e  o f  t h e  s t i r r e r  ( s e c t i o n  3—2 . 2 ) .  I f  t h e  l o g a r i t h m s  

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

l i n e  i s  o b t a i n e d ,  f i g u r e  3—5.  T h i s  i n d i c a t e s  t h a t  t h e
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F i g u r e  3 - 4  The a b s o r b a n c e  o f  m e th y le n e  b l u e ,  m e a s u re d  a t  
655 nm, p l o t t e d  a g a i n s t  t im e  f o r  t h e  s y s te m :

RMV/Vitamin K ( h e x a n e ) / M e t h y l e n e  b l u e .

K i n e t i c  r u n s  (2 5 °C )  w ere  s t a r t e d  w i t h  t h e  c a r r i e r  i n  f u l l y  
o x i d i s e d  f o rm .  The membranes  were  a g i t a t e d  and s t a n d a r d  
s t i r r i n g  c o n d i t i o n s  w ere  u s e d .  The c o n c e n t r a t i o n s  o f  
m e th y le n e  b l u e  ( d i s s o l v e d  i n  0.025M p h o s p h a te  b u f f e r ,  pH 6 . 8 6 )  
and v i t a m i n  w ere  7 . 0 5  pM and 0 .4 5 7  mM r e s p e c t i v e l y .
• ,  0 and  x a r e  t h e  r e s u l t s  f rom d u p l i c a t e  e x p e r i m e n t s .
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r e a c t i o n  i s  f i r s t - o r d e r  w i t h  r e s p e c t  t o  m e t h y l e n e  b l u e  

c o n c e n t r a t i o n .  The f i r s t - o r d e r  r a t e  c o n s t a n t s  and t h e  

c o r r e l a t i o n  c o e f f i c i e n t s  (R) o b t a i n e d  f rom t h e s e  r e s u l t s ,  

b o t h  b e f o r e  and a f t e r  s t i r r e r  u p t a k e  c o r r e c t i o n s  were  

a p p l i e d ,  a r e  r e c o r d e d  i n  t a b l e  1 0 .  Prom t h i s  t a b l e  i t  

c a n  be  s e e n  t h a t  t h e s e  c o r r e c t i o n s  c a u s e  o n l y  v e r y  s m a l l  

a l t e r a t i o n s  t o  t h e  f i n a l  r e s u l t s .  D e s p i t e  t h i s ,  s t i r r e r  

u p t a k e  c o r r e c t i o n s  w ere  a lw ay s  a p p l i e d ,  w here  a p p r o p r i a t e ,  

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

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

d e v i a t i o n s  b e i n g  o f  t h e  o r d e r  o f  + 5%.

The i n f l u e n c e  o f  membrane a g i t a t i o n  on t h e  o b s e r v e d  

r a t e  c o n s t a n t  was i n v e s t i g a t e d  u s i n g  an i d e n t i c a l  m ethod  

t o  t h a t  d e s c r i b e d  f o r  DCIP ( p r e v i o u s  s e c t i o n ) .  The 

c o n c e n t r a t i o n  o f  v i t a m i n  K and  m e t h y l e n e  b l u e  w ere  k e p t  

c o n s t a n t  a t  O . 4O7 mM and 6 . 5  jiM r e s p e c t i v e l y .  I n  c o n t r a s t  

t o  DCIP, t h e  r e s u l t s  o b t a i n e d ,  when t h e  r e a c t i o n  was s t a r t e d  

u s i n g  v i t a m i n  K i n  e i t h e r  t h e  f u l l y  o x i d i s e d  o r  r e d u c e d  

s t a t e ,  w ere  i d e n t i c a l  and no i n i t i a l  d e v i a t i o n  f ro m  f i r s t -  

o r d e r  k i n e t i c s  was o b s e r v e d .  As b e f o r e ,  b o t h  t y p e s  o f  

e x p e r i m e n t  gave  s i m i l a r  r a t e  c o n s t a n t s .  The a v e r a g e  f i r s t -  

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

k x = ( 1 2 . 7  + 0 . 8 )  x 10~3 m i n u t e s .  T h is  f i n d i n g  a g a i n  

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

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

membrane a r e  n o t  r a t e  l i m i t i n g .
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The d e p e n d e n c e  o f  t h e  o b s e r v e d  r e a c t i o n  r a t e  on t h e  

c o n c e n t r a t i o n  o f  m e th y le n e  b l u e  i n  s o l u t i o n  was i n v e s t i g a t e d  

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

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

c a r r i e r  c o n c e n t r a t i o n  i n  t h e  h e x a n e  membrane was k e p t  

c o n s t a n t  a t  O. 4 5 7  mM. Each o f  t h e s e  k i n e t i c  r u n s  was 

f o u n d  t o  obey  f i r s t - o r d e r  k i n e t i c s  and  y i e l d e d ,  on  a n a l y s i s ,  

a  r a t e  c o n s t a n t  and  a r e a c t i o n  h a l f - l i f e  which  w ere  i n d e p 

e n d e n t  o f  i n i t i a l  s u b s t r a t e  c o n c e n t r a t i o n ,  t a b l e  1 1 .

Prom t h e  r e s u l t s  c o l l e c t e d  a v e r a g e  v a l u e s  o f  k^ = ( 1 6 . 4  + 0 . 9 ) 
—3 —1x 10 min  and t i  = 4 2 .5  + 2 . 4  m i n u t e s  a r e  o b t a i n e d .

The i n d e p e n d e n c e  o f  t h e  r a t e  c o n s t a n t s  on th e  i n i t i a l  dye 

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

o c c u r r i n g  b e tw e e n  r e d u c e d  v i t a m i n  K and o x i d i s e d  m e th y le n e  

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

t h e  l a t t e r .

A s e r i e s  o f  e x p e r i m e n t s ,  d e s i g n e d  to  i n v e s t i g a t e  t h e  

d e p e n d e n c e  o f  t h e  o b s e r v e d  r e a c t i o n  r a t e  on t h e  c o n c e n t r a t i o n  

o f  v i t a m i n  K i n  t h e  membrane p h a s e ,  was c o n d u c t e d  by k e e p i n g  

t h e  c o n c e n t r a t i o n  o f  m e th y le n e  b l u e  c o n s t a n t  a t  5*6  + 0 . 3  pM 

and v a r y i n g  o n l y  t h e  c a r r i e r  c o n c e n t r a t i o n .  T y p i c a l  

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

c o n c e n t r a t i o n s  a r e  shown i n  f i g u r e  3—6 , w here  t h e  a b s o r b 

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

c o n c e n t r a t i o n  o f  v i t a m i n  K u s e d  i n  each  o f  t h e s e  k i n e t i c



T a b l e  11 I n f l u e n c e  o f  t h e  i n i t i a l  c o n c e n t r a t i o n  o f  m e th y le n e  

b l u e  on t h e  o b s e r v e d  r a t e  c o n s t a n t s  (25°C )  f o r  t h e  s y s t e m :  

RMV/Vitamin K ( h e x a n e ) / M e t h y l e n e  b l u e  

The c o n c e n t r a t i o n  o f  v i t a m i n  was c o n s t a n t  a t  0 . 4 5 7  mM 

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

2 -1 0  jiM. S t a n d a r d  s t i r r i n g  c o n d i t i o n s  were  u s e d .

RUN
I n i t i a l  

[ M e th y le n e  b l u e ]  
(liM)

1 0 3 X k j  

(m in - 3 )

t i2
(m in )

1 2 . 9 2 1 5 .9 4 3 .5

2 2 .9 2 1 6 .5 4 2 .1

3 4 . 7 7 1 7 . 0 4 0 . 7

4 4 . 7 7 1 6 . 9 4 0 .9

5 5 . 6 3 1 4 . 8 4 6 .8

6 5 .6 3 1 6 .1 4 3 .1

7 7 . 0 5 1 6 . 9 4 1 .1

8 7 . 0 5 1 8 . 3 3 7 .9

9 7 . 0 5 1 6 . 7 4 1 . 6

10 9 . 0 0 1 4 . 8 4 4 . 2

11 9 . 0 0 1 6 .1 4 5 . 5



F i g u r e  3 -6  The a b s o r b a n c e  o f  m e th y le n e  b l u e  p l o t t e d  
a g a i n s t  t i m e  f o r  t h e  s y s t e m :

HMV/Vitamin K ( h e x a n e / / M e t h y l e n e  b l u e .

The c o n c e n t r a t i o n  o f  v i t a m i n  was v a r i e d  o v e r  t h e  r a n g e  
1 -1 0 0 0  j.iM and p r o g r e s s i v e l y  i n c r e a s e d  f rom r u n  1 t h r o u g h  
to  8 ( s e e  t a b l e  1 2 ) .  A l l  t h e  e x p e r i m e n t s  u s e d  t h e  same 
i n i t i a l  c o n c e n t r a t i o n  o f  m e th y le n e  b l u e  s o l u t i o n  ( 5 . 6  îM) 
and h e n c e  a l l  t h e  e x p e r i m e n t s  s t a r t e d  a t  a common o p t i c a l  
d e n s i t y .  F o r  c l a r i t y  o f  p r e s e n t a t i o n  t h e s e  z e r o - t i m e  
a b s o r b a n c e s  hav e  been  s e t  a t  a r b i t r a r y  p o i n t s  on t h e  
o r d i n a t e  o f  t h i s  f i g u r e .  S t a n d a r d  s t i r r i n g  c o n d i t i o n s  
were u s e d .



A
bs

or
ba

nc
e 

(0
.1 

un
it

s/
 

di
vi

si
on

)

Time (min)
0 100 200



ru n s  i s  r e c o r d e d  i n  t a b l e  12 .  A l l  r e s u l t s  w ere  a g a i n  

fo u n d  t o  obey  a  f i r s t - o r d e r  k i n e t i c  a n a l y s i s .  The 

r e s u l t s  o b t a i n e d  f rom  d u p l i c a t e  e x p e r i m e n t s  were  a v e r a g e d  

and t h e  r e s u l t a n t  mean r a t e  c o n s t a n t s  and h a l f - l i v e s ,  

t o g e t h e r  w i t h  t h e  mean d e v i a t i o n s  o b s e r v e d ,  a r e  r e c o r d e d  

i n  t a b l e  1 2 .  A g r a p h i c a l  summary o f  t h e  r e s u l t s  o b t a i n e d  

i s  g i v e n  i n  f i g u r e  3 -7  w here  t h e  h a l f - l i v e s  fo u n d  a r e  

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

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

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

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

b e i n g  l e s s  t h a n  5*7°  p r o v i d e d  t h e  v i t a m i n  K c o n c e n t r a t i o n  

d o e s  n o t  d e c r e a s e  be low  ~10 |oM, t a b l e s  1 0 ,  11 and  12 .

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

d e c r e a s e s  m a r k e d l y ,  t a b l e  1 2 ,  p r e s u m a b l y  b e c a u s e  o f  t h e  

i n c r e a s i n g  i n f l u e n c e  o f  s m a l l ,  u n a v o i d a b l e  oxygen  l e a k s .

I n  t h e  r a n g e  o f  v i t a m i n  K c o n c e n t r a t i o n  10-1000  |iM t h e  

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

~10 t h e  h a l f - l i f e  becomes a  f u n c t i o n  o f  c a r r i e r  c o n c e n 

t r a t i o n ,  f i g u r e  3 - 7 .

The i n s e n s i t i v i t y  o f  t h e  r e a c t i o n  r a t e  t o w a r d  a  

h u n d r e d f o l d  d e c r e a s e  i n  v i t a m i n  K c o n c e n t r a t i o n ,  t a b l e  12 ,  

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

t h a t ,  p r o v i d e d  a  q u i n o n e  c o n c e n t r a t i o n  o f  g r e a t e r  t h a n  

~10 |iM i s  em p lo y ed ,  t h e  r a t e  o f  t r a n s f e r  o f  c a r r i e r  a c r o s s



T a b le  12 D ependence  o f  t h e  o b s e r v e d  r a t e  c o n s t a n t s  (25°C )  

on t h e  c o n c e n t r a t i o n  o f  v i t a m i n  i n  t h e  membrane.

RUN [ v i t a m i n  K] 

(nM)

1 0 3 X k ,  
(m in- 3 )

*1
(m in )

1 3 . 7 6 1 . 5 5  + 0 . 1 8 455 + 59

2 6 . 8 4 3 . 9 4  + 0 . 8 8 185 + 41

3 9 . 4 9 8 . 4 2  + 1 . 6 7 8 6 .2 +  1 9 .1

4 2 3 . 6 1 3 .0 8  + 0 . 1 7 53 .0 +  0 . 7

5 4 5 . 7 1 4 .2 8  + 0 . 1 0 48 .6 +  0 . 4

6 9 2 . 9 1 3 .6 0  + 0 . 1 5 51 .0 +  0 . 6

7 457 1 5 .4 5  + 0 . 6 4 4 4 .9 +  1 . 7

8 1060 1 5 . 8 4  + 0 . 0 2 43 .8 +  0 . 2
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F i g u r e  3 -7  The v a r i a t i o n  i n  t h e  h a l f - l i f e  o f  r e d u c t i o n  
o f  m e t h y l e n e  b l u e  (25°C )  as  a  f u n c t i o n  o f  v i t a m i n

c o n c e n t r a t i o n .
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t h e  membrane i s  n o t  r a t e  d e t e r m i n i n g .  The r e a c t i o n  i s  

t h e r e f o r e  d i s p l a y i n g  s a t u r a t i o n  k i n e t i c s .  O nly  when t h e  

t o t a l  c o n c e n t r a t i o n  o f  t h e  c a r r i e r  becomes c o m p a ra b le  t o  

t h a t  o f  t h e  s u b s t r a t e  d o e s  t h e  r a t e  become m a r k e d ly  a f f e c t e d .  

As t h e  c a r r i e r  c o n c e n t r a t i o n  d e c r e a s e s  so  a l s o  w i l l  t h e  

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

and  t h e r e f o r e  a  p o i n t  w i l l  e v e n t u a l l y  be r e a c h e d  where  

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

t h e  c a r r i e r  a c r o s s  t h e  membrane i n  a d d i t i o n  t o  t h e  c o n c e n 

t r a t i o n  o f  s u b s t r a t e  i n  s o l u t i o n .  From t h e s e  r e s u l t s  

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

o f  ~10 joM, f i g u r e  3-7* S i n c e  t h e  r e a c t i o n  o r d e r  a lw ay s  

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

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

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

t h e s e  c o n d i t i o n s  t h e  r a t e  would  become i n d e p e n d e n t  o f  dye 

c o n c e n t r a t i o n  ( z e r o - o r d e r )  a s  s e e n  w i t h  DCIP, f i g u r e  3 - 2 .

C o m p a r i so n  b e tw e e n  t h e  r a t e s  o f  r e a c t i o n  o f  m e th y le n e

b l u e  an d  DCIP i s  d i f f i c u l t  s i n c e  d i f f e r e n t  s t i r r e r s  w ere

u s e d  i n  e a c h  s e t  o f  e x p e r i m e n t s .  P r e l i m i n a r y  e x p e r i m e n t s

w i t h  m e t h y l e n e  b l u e  i n  w h ic h  p e r s p e x  s t i r r e r s  were  em ployed ,
- 3  . - 1gave  an a v e r a g e  r a t e  c o n s t a n t  o f  8 . 3 3  x 10 min a t  

c o m p a r a b le  v i t a m i n  K c o n c e n t r a t i o n s  ( 4  mM), a l m o s t  h a l f  

t h e  v a l u e  o b t a i n e d  u s i n g  t h e  t e f l o n  ' s p i n f i n s 1. T h i s  

f i n d i n g  a l l o w s  a  c o r r e c t i o n  f a c t o r  o f  x2 t o  b e  u s e d  t o



—3 —1g e n e r a t e  a  r a t e  c o n s t a n t  o f  ~  7 x 10 min f o r  DCIP.

T h i s  a r t i f i c i a l  v a l u e  ca n  now be d i r e c t l y  compared  w i t h
—3 . —1t h e  v a l u e  o f  ~  16 x 10 min o b t a i n e d  v i t h  m e t h y l e n e

b l u e *  The l a t t e r  r e d o x  d y e ,  t h e r e f o r e ,  r e a c t s  w i t h

d i h y d r o v i t a m i n  K a t  o v e r  t w i c e  t h e  r a t e  fo u n d  f o r  DCIP.
—3 1I f  t h e  e x p e r i m e n t a l  v a l u e s  o f  = 16 x 10 min ,

2
A = 1 cm and V = 4 m l ,  t o g e t h e r  w i t h  t h e  l i t e r a t u r e  v a l u e  

o f  D (22°C )  = 3 x 10~6 cm^ s~^ ( 1 2 3 )  f o r  m e t h y l e n e  b l u e ,  

a r e  s u b s t i t u t e d  i n t o  e q u a t i o n  ( 3 - 1 9 )  a  v a l u e  o f  6 = 2S\i 

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

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

i m a t e  i n d e p e n d e n c e  o f  r e a c t i o n  r a t e  w i t h  q u in o n e  c o n c e n 

t r a t i o n s  above  ~10 îM, t a b l e  1 2 ,  v e r i f i e s  t h a t  t h e  r e a c t i o n  

r a t e  i s  s o l e l y  d e p e n d e n t  on th e  c o n c e n t r a t i o n  o f  aqueous  

s u b s t r a t e ,  and  t h e r e f o r e  s u p p o r t s  t h e  above  a n a l y s i s .

DCIP, as  d i s c u s s e d  e a r l i e r ,  a l s o  showed t h i s  i n s e n s i t i v i t y  

t o w a r d  v i t a m i n  K c o n c e n t r a t i o n .  By s u b s t i t u t i n g  6 = 28 m- 

i n t o  e q u a t i o n  ( 3 - 1 9 )  a n  e s t i m a t e  f o r  t h e  d i f f u s i o n  c o e f f i c i e n t  

o f  DCIP, o f  D = 1 , 3  x 1<T6 cm^ s ” ^ ,  i s  o b t a i n e d .  T h i s  

i s  a  v e r y  r e a s o n a b l e  v a lu e *  A d d i t i o n a l l y  t h e  d o u b l i n g  

o f  t h e  r e a c t i o n  r a t e  o b s e r v e d  on c h a n g i n g  t h e  s t i r r e r s  

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

h a l v e d  on c h a n g i n g  to  t h e  t e f l o n  s p i n f i n s .  Bo th  t h e  

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

w i t h  t h e  r e a c t i o n  b e i n g  d i f f u s i o n  c o n t r o l l e d  i n  t h e  aqu eo u s
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ph  a s e .  The a p p l i c a b i l i t y  o f  s u c h  a  mechanism a l l o w s  a

number  o f  i m p o r t a n t  d e d u c t i o n s  t o  be made r e g a r d i n g  t h e  

m e t h y l e n e  b l u e  s y s t e m .  F i r s t l y ,  i t  i m p l i e s  t h a t  t h e  

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

e f f i c i e n t .  S e c o n d l y ,  t h e  a c t u a l  c h e m ic a l  ( r e d o x )  r e a c t i o n  

o c c u r r i n g  a t  t h e  i n t e r f a c e  m us t  be  v e r y  f a s t ,  each  dye 

m o l e c u l e  r e a c h i n g  t h e  v i t a m i n  K m o n o la y e r  r a p i d l y  r e a c t i n g  

w i t h  t h e  e x c e s s  o f  r e d u c e d  c a r r i e r  p r e s e n t .  I t  i s  w o r t h  

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

s y s t e m  a r e  due  t o  t h e  p h y s i c a l  l i m i t a t i o n s  im posed  by 

t h e  e x p e r i m e n t a l  a p p a r a t u s  em ployed .  F i n a l l y  t h e  r a t e  

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

o r d e r  o n e s .

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

t o  c h a n g e s  i n  s t i r r i n g  s p e e d s  ( s e c t i o n  3 - 1 . 6 ) .  F o r  t h i s  

r e a s o n  e x p e r i m e n t s  were  c a r r i e d  o u t  i n  w h ich  t h e  c o n c e n 

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

a t  1 . 0 6  mM a n d  7 . 2  yM r e s p e c t i v e l y ,  and o n l y  t h e  s t i r r i n g  

s p e e d  i n  t h e  a q u e o u s  l im b s  v a r i e d .  The r e s u l t s  ( f ro m  

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

o r d e r  k i n e t i c  p r i n c i p l e s  and a r e  su m m a r ise d  i n  t a b l e  13 .

The marked  d e c r e a s e  i n  t h e  o b s e r v e d  r e a c t i o n  r a t e ,  when 

t h e  s t i r r i n g  s p e e d  o f  t h e  ' s p i n f i n 1 i n  t h e  m e th y le n e  b l u e  

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

b l u e  r e d u c t i o n  i s  d i f f u s i o n  c o n t r o l l e d .  The ~40$  d r o p



T a b le  13 I n f l u e n c e  o f  s t i r r i n g  r a t e  on t h e  o b s e r v e d  r a t e  

c o n s t a n t s  (25°C )  f o r  t h e  s y s t e m :

RMV/Vitamin K ( h e x a n e ) / M e t h y l e n e  b l u e  

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

k e p t  c o n s t a n t  a t  1*06 mM and 7 . 2  pM r e s p e c t i v e l y

STIRRER SPEED
103 X k ,  

(m in - 3 )

4-

RMV l im b  
( rpm)

MB l im b  
( rpm )

2

(m in )

1650 850 9 . 7 3  + 0 . 0 7  - 7 1 . 3  + 0 . 8

* 1650 * 1650 1 5 . 8 4  + 0 . 0 2 4 3 . 8  + 0 . 1

850 1650 1 5 .4 9  + 0 . 0 8 4 4 .8  + 0 . 2

S t a n d a r d  s t i r r i n g  s p e e d s .
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i n  r e a c t i o n  r a t e  o b s e r v e d  on h a l v i n g  t h i s  s t i r r e r * s  s p e e d ,  

t a b l e  1 3 ,  i s  c o m p l e t e l y  c o n s i s t e n t  w i t h  s u c h  an  a n a l y s i s  

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

t h i c k n e s s  o f  t h e  d i f f u s i o n  l a y e r  t o  t h e  new v a l u e  o f  46p .  

T h e se  e x p e r i m e n t s  a l s o  i n d i c a t e  t h a t  t h e  r e a c t i o n  r a t e  was 

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

l i m b .  I n  v i e w  o f  t h e  o b s e r v a t i o n  t h a t  t h e  r a t e  was 

i n s e n s i t i v e  t o  a  5 0 - f o l d  d e c r e a s e  i n  c a r r i e r  c o n c e n t r a t i o n ,  

t a b l e  1 2 ,  t h e  s m a l l  d e c r e a s e  i n  t h e  r a t e  o f  r e d u c t i o n  o f  

t h e  q u i n o n e  e x p e c t e d  t o  be  c a u s e d  by a  d e c r e a s e  i n  s t i r r e r  

s p e e d  (~40$  i f  r e a c t i o n  i s  d i f f u s i o n  c o n t r o l l e d )  would  

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

c h a n g e  i n  t h e  o b s e r v e d  r a t e .  ,

The i n f l u e n c e  o f  membrane ( h y d r o c a r b o n )  s o l v e n t  on 

t h e  o b s e r v e d  r e a c t i o n  r a t e  was n e x t  i n v e s t i g a t e d .  The 

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

7 + 1  pM# The v i t a m i n  K s o l u t i o n s  w ere  p r e p a r e d  f rom 

a  s t o c k  h e x a n e  s o l u t i o n  o f  t h e  q u in o n e s  e q u a l  a l i q u o t s  

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

h e x a n e  b lown o f f  w i t h  n i t r o g e n  and  f i n a l l y  a  c o n s t a n t  

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

I n  t h i s  way t h e  membrane,  a l t h o u g h  g e n e r a t e d  u s i n g  a  

v a r i e t y  o f  a l k a n e s ,  was a lw a y s  0 . 1 0 5  mM i n  v i t a m i n  K.

T h i s  p r o c e d u r e  e n s u r e d  t h a t  t h e  membrane s o l v e n t  was t h e  

o n l y  p a r a m e t e r  v a r i e d .  E x p e r i m e n t s ,  r e p e a t e d  a t  l e a s t



o n c e ,  gave  r e s u l t s  w h ich  o beyed  f i r s t - o r d e r  k i n e t i c s .

The a v e r a g e d  r e s u l t s  t o g e t h e r  w i t h  t h e  v i s c o s i t y  v a l u e s  

o f  t h e  membrane h y d r o c a r b o n s  (1 2 4 )  a r e  r e c o r d e d  i n  t a b l e  1 4 .  

As may be s e e n  f ro m  t h i s  t a b l e  t h e  o v e r a l l  r a t e  m e a s u re d  

was i n s e n s i t i v e  t o w a r d  t h e  h y d r o c a r b o n  u s e d ,  t e t r a d e c a n e  

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

t o  t h e  r a t e .  The i n c r e a s e  i n  h a l f - l i f e  o b t a i n e d  w i t h  

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

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

t r a n s f e r  o f  t h e  c a r r i e r  t o  be s lo w e d  down s u f f i c i e n t l y  

f o r  i t  t o  now become i n v o l v e d  i n  t h e  r a t e  d e t e r m i n i n g  s t e p  

o f  t h e  r e a c t i o n .  However ,  i n c r e a s i n g  t h e  v i s c o s i t y  o f  

t h e  s o l v e n t  up t o  a  v a l u e  o f  ~ 1 . 4  cp a p p e a r s  t o  hav e  no 

e f f e c t  on t h e  m e a s u re d  r a t e s ,  a  f a c t  which  i s  o f  i m p o r t a n c e  

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

d e c a n e  a s  t h e  l i p i d  s o l v e n t .

S t o i c h i o m e t r y  o f  a c c o m p an y in g  -pro ton  t r a n s f e r

Redox membrane s y s t e m s  t h a t  u s e  q u i n o n e s  a s  t h e  

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

membrane ( f i g u r e  0 - 6 ( c )  a c c o r d i n g  t o  t h e  e q u a t i o n

QH  i  Q + 2H+ + 2 e “  ( 3 - 2 4 )

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

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

m e t h y l e n e  b l u e  as  t h e  s u b s t r a t e  ( s e c t i o n  3—2 . 6 ) .  U n d e r



T a b le  14 I n f l u e n c e  o f  membrane ( h y d r o c a r b o n )  s o l v e n t  on 

t h e  o b s e r v e d  r a t e  c o n s t a n t s  (25°C)  f o r  t h e  s y s t e m :

BMV/Vitamin K ( h y d r o c a r b o n ) / M e t h y l e n e  b l u e  

The c o n c e n t r a t i o n  o f  v i t a m i n  i n  each  h y d r o c a r b o n  and  

t h e  c o n c e n t r a t i o n  o f  a q u eo u s  m e t h y l e n e  b l u e  w ere  b o t h  k e p t  

c o n s t a n t  a t  0 . 1 0 5  mM and 7 r e s p e c t i v e l y .  S t a n d a r d  

s t i r r i n g  c o n d i t i o n s  w ere  u s e d .

H y d r o c a r b o n
*

V i s c o s i t y
( c p )

103 x k x 
( ra in- 3 ) (m in )

h e x a n e 0 . 2 9 2 1 3 .1 2  + 0 . 3 2 5 2 .9  + 1 . 3

h e p t a n e 0 . 3 9 0 1 4 . 1 2  + 0 .2 9 4 9 .1  + 1 . 0

o c t a n e 0 . 5 1 4 1 3 .1 9  + 0 . 4 5 5 2 . 6  + 1 . 8

n onane 0 . 6 6 7 1 3 .5 6  + 0 . 5 8 5 1 . 3  + 2 . 2

d e c a n e 0 . 8 5 4 1 3 .1 3  + 0 . 8 2 5 3 . 0  + 3 . 3

d o d e c a n e 1 . 3 5 8 1 3 .8 9  + ° . 3 2 5 0 . 0  + 1 . 2

t e t r a d e c a n e 2 .0 8 1 8 . 3 6  + 0 . 4 2 8 3 . 1  + 4 . 2
“

From r e f e r e n c e  ( 1 2 4 ) .



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

s u b s t r a t e  s o l u t i o n  f o r  e v e r y  m o l e c u l e  o f  m e th y le n e  b l u e  

r e d u c e d ,  e q u a t i o n  ( 3 - 2 0 ) .

M easu rem en t  o f  t h e  accom pany ing  p r o t o n  t r a n s f e r  p r o v e d  

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

u s e  o f  s h o r t  r e a c t i o n  t i m e s  and low s u b s t r a t e  c o n c e n t r a t i o n s .  

D i r e c t  m e a s u re m e n t  o f  pH ch an g es  was fo u n d  t o  be i m p o s s i b l e  

due to  t h e  low  b u f f e r i n g  c a p a c i t y  o f  t h e  s y s t e m  and  to  t h e  

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

The ac co m p an y in g  a c i d i t y  ch an g e s  were  i n d i r e c t l y  m e a s u r e d ,  

h o w e v e r ,  u s i n g  n i t r o p h e n o l  as  a  pH i n d i c a t o r .  The m ethod  

i s  d e s c r i b e d  i n  s e c t i o n  3 - 2 . 6 .  The r e s u l t s  f rom a t y p i c a l  

e x p e r i m e n t  a r e  g i v e n  i n  t a b l e  15* From t h i s  e x p e r i m e n t  a 

v a l u e  o f  |AHq+ |/ |AM B|  = 1 . 4 5  was o b t a i n e d .  Th is  r e s u l t

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

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

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

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

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

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

f rom  u n i t y  d e s e r v e s  f u r t h e r  comment. S m a l l  a t m o s p h e r i c  

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

t h e  r e a c t i o n  w ou ld  be e x p e c t e d  to  h av e  no e f f e c t  on t h e  

a c i d i t y  c h a n g e ,  s i n c e  t h e  n e t  e f f e c t  o f  s u c h  l e a k s  would  

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

v i t a m i n  K, e q u a t i o n  ( 3 - 2 5 ) .
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QH2 + * 0 2 J ® s ,  Q + H20 ( 3 - 2 5 )

T h e re  i s  no p o s s i b i l i t y  o f  r e d u c e d  m e th y le n e  b l u e  a c t i n g  

a s  an  a c i d  ( s i n c e  i t  i s  a l r e a d y  i n  i t s  b a s e  f o r m ) .  I n d e e d ,  

i f  any  r e d u c e d  s u b s t r a t e  were  p r e s e n t ,  i t  would  t e n d  t o  

t a k e  up H+ i o n s  f rom  s o l u t i o n  as  i t s  amine g ro u p s  became 

p r o t o n a t e d .  T h is  would  r e s u l t  i n  a s t o i c h i o m e t r y  o f  <1 

b e i n g  o b s e r v e d ,  A s t o i c h i o m e t r i c  r a t i o  o f  >1 ca n  o n l y  be 

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

A l t h o u g h  a l l  due c a r e  was t a k e n ,  c o n t a m i n a t i o n  o f  t h e  

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

and d i l u t i o n  o f  s o l u t i o n s ,  p r o b a b l y  o c c u r r e d .  Only  an 

e x t r e m e l y  s m a l l  q u a n t i t y  o f  c a r b o n  d i o x i d e  (~  few n a n o m o le s )  

w o u ld  b e  r e q u i r e d  t o  m a r k e d l y  a f f e c t  t h e  r e s u l t .  I n  

c o n c l u s i o n ,  t h e r e  c a n  be no s e r i o u s  d o u b t  t h a t  t h e  s t o i 

c h i o m e t r i c  r a t i o  i s  u n i t y  and  t h a t  t h e  d e v i a t i o n  fo u n d  i s  

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

K i n e t i c s  o f  v i t a m i n  K r e d u c t i o n  by  KMV

A l l  t h e  k i n e t i c  e x p e r i m e n t s  p r e v i o u s l y  d e s c r i b e d  

i n v o l v e d  an  i n v e s t i g a t i o n  o f  t h e  k i n e t i c s  o f  r e a c t i o n  a t  

t h e  d i h y d r o v i t a m i n  K / s u b s t r a t e  i n t e r f a c e .  The s e t  o f  

e x p e r i m e n t s  t o  be  d e s c r i b e d ,  u s i n g  t h e  s y s te m

EMV/K ( h e x a n e )

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

r e s p e c t  t o  t h e  c o n c e n t r a t i o n  o f  v i t a m i n  K, a t  t h e  BMV/ 

membrane i n t e r f a c e #
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The p r o c e d u r e  a d o p t e d  was s i m i l a r  t o  t h a t  d e s c r i b e d  

i n  s e c t i o n  3 - 3 . 2  e x c e p t  t h a t  no v i t a m i n  K s o l u t i o n  was 

a d d e d  i n i t i a l l y  and h e x a n e  r e p l a c e d  t h e  a queous  s u b s t r a t e  

s o l u t i o n .  Once t h e  H - c e l l  was s e a l e d  and t h e  m e th y l  

v i o l o g e n  r e d u c e d ,  4 ml o f  h ex an e  was a d d e d .  One l im b  o f  

t h e  c e l l  t o g e t h e r  w i t h  t h e  h o r i z o n t a l  membrane l a y e r  were 

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

by  t h e  i n j e c t i o n  o f  a  0 . 5  ml a l i q u o t  o f  v i t a m i n  K s o l u t i o n .  

M easu rem en t  o f  t h e  a b s o r b a n c e  o f  a  s i m i l a r l y  d i l u t e d  

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

and  t h e r e f o r e  t h e  c o n c e n t r a t i o n  o f  t h e  q u i n o n e ,  t o  be 

d e t e r m i n e d .  A l l  o p t i c a l  d e n s i t i e s  were  m e as u re d  a t  248 nm. 

The s t i r r e r  s p e e d  i n  t h e  h e x a n e  l im b  had  t o  be  r e d u c e d  to  

650 rpm to  e f f e c t  m a g n e t i c  c o u p l i n g .  S i n c e ,  h o w e v e r ,  t h i s  

s t i r r e r  was w e l l  removed f ro m  t h e  i n t e r f a c e  and s i n c e  t h e  

s t i r r e r  i n  t h e  RMV l im b  was m a i n t a i n e d  a t  i t s  norm a l  v a l u e  

(1 650  rp m ) ,  o n l y  a  m i n o r  e f f e c t  on t h e  r e a c t i o n  r a t e  was 

e x p e c t e d  t o  r e s u l t  f rom  t h i s  n e c e s s a r y  a d j u s t m e n t .

T h re e  e x p e r i m e n t s  u s i n g  a  6 . 1 7  l*M c o n c e n t r a t i o n  o f  

v i t a m i n  K and one u s i n g  a  3*51 fiM c o n c e n t r a t i o n  w ere  

c o n d u c t e d .  From t h e  a b s o r b a n c e  r e a d i n g s  m e a s u r e d ,  t h e  

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

be  c a l c u l a t e d  u s i n g  e q u a t i o n  ( 2 - 5 )  and t h e  p r e v i o u s l y  

d e t e r m i n e d  e x t i n c t i o n  c o e f f i c i e n t s  f o r  o x i d i s e d  and  r e d u c e d  

v i t a m i n  K ( s e c t i o n  2—3 . 6 ) .  The g r a p h s  o b t a i n e d  when t h e  

l o g a r i t h m s  o f  t h e s e  c o n c e n t r a t i o n s  were  p l o t t e d  a g a i n s t
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t i m e  a r e  shown i n  f i g u r e  3- 8 . The i n s e r t  i n  t h i s  d ia g ra m  

r e c o r d s  t h e  c h a r a c t e r i s t i c  c h a n g e s  w h ich  t o o k  p l a c e  i n  t h e  

s p e c t r u m  as  t h e  q u i n o n e  became p r o g r e s s i v e l y  more r e d u c e d .  

The c o n c e n t r a t i o n  o f  v i t a m i n  K t o  which  each  r u n  c o r r e s p o n d s  

i s  g i v e n  i n  t a b l e  16 .  K i n e t i c  ru n s  1 and  4 obey  f i r s t -  

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

D e v i a t i o n s  f rom  i d e a l  f i r s t - o r d e r  b e h a v i o u r  were  f o u n d  t o  

o c c u r ,  h o w e v e r ,  w i t h  r u n s  2 and  3 a f t e r  a  t im e  p e r i o d  o f  

~80 m i n u t e s .  T hese  d e v i a t i o n s  a r e  c o n s i d e r e d  t o  be due 

e i t h e r  t o  t h e  e f f e c t  o f  p l a s t i c i s e r  o r  some o t h e r  compound 

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

s m a l l  o xygen  l e a k s .  B e c a u se  o f  t h e s e  p o s s i b i l i t i e s  r a t e  

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

o b t a i n e d  o v e r  t h e  0 - 8 0  m i n u t e  t im e  p e r i o d .  The r a t e  

c o n s t a n t s ,  h a l f - l i v e s  and  c o r r e l a t i o n  c o e f f i c i e n t s  found  

a r e  r e c o r d e d  i n  t a b l e  1 6 .

I n v e s t i g a t i o n s  on t h e  k i n e t i c s  o f  r e d u c t i o n  o f  

v i t a m i n  K, a l t h o u g h  l i m i t e d ,  p o i n t  t o  t h e  r e a c t i o n  b e i n g  

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

r e l a t i o n s h i p  b e tw e e n  t h e  l o g a r i t h m  o f  q u in o n e  c o n c e n t r a t i o n  

and t i m e  and an i n d e p e n d e n c e  o f  r a t e  c o n s t a n t  t o  q u in o n e

c o n c e n t r a t i o n ,  a r e  b o t h  o b s e r v e d ,  t a b l e  16 .  A p s e u d o
3f i r s t - o r d e r  r a t e  c o n s t a n t  o f  ( l l # 0 7  + 0 . 7 6 )  x  10  min 

and  a  h a l f - l i f e  o f  6 2 . 9  + 4 . 6  m i n u t e s  w ere  o b t a i n e d  on 

a v e r a g i n g  t h e  r e s u l t s .
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F i g u r e  3 -8  The l o g a r i t h m  o f  t h e  c o n c e n t r a t i o n  o f  o x i d i s e d  
v i t a m i n  K p l o t t e d  a g a i n s t  t i m e  f o r  t h e  s y s t e m :

HMV/Vitamin K ( h e x a n e )

The t e m p e r a t u r e  was 2 5 °C. The i n s e r t  shows t h e  c h a r a c t e r 
i s t i c  c h a n g e s  o c c u r r i n g  i n  t h e  u l t r a v i o l e t  s p e c t r u m  o f  t h e  

q u in o n e  a s  r e d u c t i o n  p r o c e e d s *



T a b le  16 I n v e s t i g a t i o n  o f  t h e  r a t e  o f  r e d u c t i o n  ( 2 5 ° C ) 

o f  v i t a m i n  by RMV f o r  t h e  s y s tem s

RMV ( a q u e o u s ) /V i t a m in  K ( h e x a n e )

RMV was g e n e r a t e d  a s  p r e v i o u s l y  d e s c r i b e d  ( s e c t i o n  3 - 2 . 4 ) .  

S t i r r i n g  s p e e d s  o f  1650 and  650 rpm v e r e  u s e d  i n  t h e  RMV 

an d  v i t a m i n  K l i m b s  r e s p e c t i v e l y .  The t o t a l  vo lume o f  

v i t a m i n  K s o l u t i o n  was 8 . 5  m l .

RUN [ v i t a m i n  K] 
(nM)

103 X k ,  
(m in - 3 ) (m in )

R

1 6 . 1 7 1 2 .3 9 5 5 .6 - 0 . 9 9 8 5

2 6 . 1 7 1 0 . 6 4 6 5 . 2 - 0 . 9 9 5 1

3 6 . 1 7 1 0 .1 8 6 8 .1 - 0 . 9 9 2 3

4 3 .5 1 1 1 .0 5 6 2 . 7 - 0 . 9 9 6 0



The above  a n a l y s i s  o f  t h e  RMV/vitamin K b i p h a s i c  

s y s t e m  i n v o l v e d  t h e  u s e  o f  e q u a t i o n  ( 2- 5 ) w h ich  i s  o n l y  

v a l i d  i f  t h e  q u i n o n e  and q u i n o l  i n  no way i n t e r a c t  w i t h  

e a c h  o t h e r *  Q u in o n e —q u i n o l  c h a r g e  t r a n s f e r  c o m p le x e s ,

q u i n h y d r o n e s , a r e  w e l l  docu m en ted  i n  t h e  l i t e r a t u r e  (6 7 )  

and  t h e r e f o r e  i t  i s  w o r t h  q u e s t i o n i n g  why such  an  a p p r o a c h  

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

f rom  i n c o m p l e t e l y  r e d u c e d  v i t a m i n  K s o l u t i o n s ,  f i g u r e  3-8  

showed no t r a c e  o f  any  c h a r g e  t r a n s f e r  b an d s  i n  b o t h  t h e  

u l t r a v i o l e t  and  v i s i b l e  r e g i o n s  o f  t h e  s p e c t r u m .  T h i s ,  

t o g e t h e r  w i t h  t h e  f i n d i n g  t h a t  t h e  r e l a t e d  b e n z o q u i n o n e , 

coenzyme Q, shows no e v i d e n c e  o f  q u i n h y d r o n e  f o i m a t i o n  

( 7 6 ) ,  h a s  b e e n  t a k e n  a s  j u s t i f i c a t i o n  f o r  t h e  v a l i d i t y  o f  

t h i s  a n a l y s i s .

The f i r s t - o r d e r  b e h a v i o u r  d i s p l a y e d  by v i t a m i n  K 

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

r e d u c t i o n  o f  q u i n o n e  by RMV may b e  d i f f u s i o n  c o n t r o l l e d  

w i t h i n  t h e  h e x a n e  l a y e r ,  t h e  r a t e  d e t e r m i n i n g  s t e p  b e i n g  

t h e  r a t e  o f  d i f f u s i o n  o f  t h e  q u i n o n e  f rom t h e  b u l k  s o l u t i o n  

up  t o  t h e  i n t e r f a c e .  I f  i t  i s  a ssum ed t h a t  v i t a m i n  K 

r e d u c t i o n  b y  RMV and o x i d a t i o n  b y  m e t h y l e n e  b l u e  a r e  

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

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

d u r i n g  an  H—c e l l  e x p e r i m e n t  may b e  e s t i m a t e d  f o r  any  

p a r t i c u l a r  c o n c e n t r a t i o n  o f  c a r r i e r  u s e d .
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The r a t e  o f  p r o d u c t i o n  o f  v i t a m i n  K (K) by  RMV i s  

g i v e n  by

d [ K ] / d t  = k x [K] ( 3 - 2 6 )

The v a l u e  o f  =  11 x  10  was e x p e r i m e n t a l l y  d e t e r m i n e d  

v h e n  t h e  volume o f  t h e  v i t a m i n  K s o l u t i o n  was 8 . 5  m l .

F o r  a  n o rm a l  membrane,  t h e  volume o f  h e x an e  s o l u t i o n  was 

4 . 5  ml a n d ,  i n  c o n s e q u e n c e ,  a  r a t e  c o n s t a n t  o f

k x = ( 8 . 5 / 4 . 5 M i l  x  10~3 ) ~  20 x  10~ 3 ( 3 - 2 7 )

w ou ld  be e x p e c t e d  ( e q u a t i o n  3 - 1 9 ) .  The r a t e  o f  d i h y d r o 

v i t a m i n  K (KH^) o x i d a t i o n  a t  t h e  o p p o s i t e  i n t e r f a c e  w i l l  

be  e q u a l  t o  t h e  r a t e  o f  m e th y le n e  b l u e  r e d u c t i o n

-d[KH2 ] / d t  = ^ ’ [MB] ( 3 - 2 8 )

k .  f o r  m e t h y l e n e  b l u e  i s  ~16 x  1 0 - 3  ( t a b l e  1 1 ) .  I t  

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

t o  t h o s e  i n  t h e  b u l k  s o l u t i o n .  I n  t h e  s t e a d y  s t a t e

k x [K] = k ^ ' [M B ]  ( 3 - 2 9 )

The t o t a l  v i t a m i n  K ( K , ) c o n c e n t r a t i o n  r e m a in s  c o n s t a n t
X

t h r o u g h o u t  t h e  r u n  a n d ,  t h e r e f o r e ,

[Kt ] = [K] + [KH2 ] ( 3 - 3 0 )

E q u a t i o n s  ( 3 - 2 9 )  a n d  ( 3- 3 0 ) t o g e t h e r  y i e l d

[KH2 ] / [ K t ] = 1 -  ( k 1 ' / k 1 ) ( [M B ] / [K ^ ] )  ( 3 - 3 l )

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

k i n e t i c  r u n  was ~5 *iM. S u b s t i t u t i o n  o f  t h i s  v a l u e  t o g e t h e r
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w i t h  t h e  v a l u e s  o f  20 x 10 “ ^ and  16 x 1 0 ~^ f o r  and 

r e s p e c t i v e l y ,  i n t o  e q u a t i o n  ( 3 - 3 1 )  g i v e s

[KH2 ] / [ K t ] = 1 -  4 x lCT6 ^ ] * " 1 ( 3 - 3 2 )

F o r  n o rm a l  e x p e r i m e n t s  w here  [K^] ~  460 pM, e q u a t i o n  ( 3 - 3 2 )  

p r e d i c t s  t h a t  [KH2]/[K^_] = 0 . 9 9 , t h a t  i s  t h e  membrane c a r r i e r  

w ould  be 99$ r e d u c e d  i n  t h e  s t e a d y  s t a t e .  F o r  c o n c e n t r a t i o n s  

o f  c a r r i e r  ~10  pM, h o w e v e r ,  a  v a l u e  o f  [KH2 ]/[K_j_] = 0 . 6 0  i s  

o b t a i n e d  and  s o  t h e  c a r r i e r  i s  e s t i m a t e d  to  be o n l y  60$ 

r e d u c e d .  T hese  e s t i m a t e s  r e f e r  o n l y  t o  b u l k  c a r r i e r  c o n c e n 

t r a t i o n s  and  i t  i s  l i k e l y  t h a t ,  due t o  t h e  g r e a t e r  h y d r o -  

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

t h e  f u l l y  r e d u c e d  fo rm  may be h i g h e r  i n  t h e  i n t e r f a c i a l  

m o n o l a y e r s •

The ab o v e  c a l c u l a t i o n s  i n d i c a t e  t h a t ,  u n d e r  no rm a l  

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

o n l y  r e d u c e d  c a r r i e r .  S i n c e  t h e  c o n c e n t r a t i o n  o f  q u i n o l  

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

would  be e x p e c t e d  t o  b e  i n d e p e n d e n t  o f  c a r r i e r  c o n c e n t r a t i o n  

and t o  e x h i b i t  s a t u r a t i o n  k i n e t i c s .  T h is  i s  e x a c t l y  w ha t  

was fo u n d  e x p e r i m e n t a l l y .  As t h e  c o n c e n t r a t i o n  o f  c a r r i e r  

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

membrane a l s o  d e c r e a s e s .  At  a c o n c e n t r a t i o n  o f  ~10 pH 

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

be i n  t h e  r e d u c e d  s t a t e .  Below t h i s  c o n c e n t r a t i o n  t h e  

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

m a r k e d l y ,  f i g u r e  3 - 7 .  From t h e  f o r e g o i n g  a n a l y s i s  i t



w ould  a p p e a r  t h a t ,  when t h e  c a r r i e r  c o n c e n t r a t i o n  f a l l s  

b e lo w  t h e  v a l u e  o f  10 pM, t h e  r a t e  o f  q u i n o l  p r o d u c t i o n  

i s  now n o t  o f  s u f f i c i e n t  m a g n i tu d e  to  m a i n t a i n  a  h i g h  

c o n c e n t r a t i o n  o f  d i h y d r o v i t a m i n  K i n  t h e  membrane. The 

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

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

a l l y  d e p e n d e n t  on t h e  amount o f  c a r r i e r  r e a c h i n g  t h e  

i n t e r f a c e .  The r e s u l t a n t  change  i n  k i n e t i c s  c a u s e s  t h e  

r e a c t i o n  r a t e  t o  d e c r e a s e  m a r k e d l y .

3 - 3 . 3  T h i o n i n e  as  t h e  aqueous  s u b s t r a t e

I t  was o f  i n t e r e s t  t o  s t u d y  t h e  k i n e t i c s  o f  r e d u c t i o n  

o f  t h i o n i n e ,  a  t h i a z i n e  homologue o f  m e th y le n e  b l u e ,  t o  

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

l - 8 ( c ) ,  e f f e c t  c h a n g e s  i n  t h e  o b s e r v e d  k i n e t i c s .  The 

s y s t e m  u s e d  i n  t h i s  e x p e r i m e n t  may be r e p r e s e n t e d  a s

RMV/Vitamin K ( h e x a n e ) / T h i o n i n e

The c o n c e n t r a t i o n  o f  v i t a m i n  K i n  t h e  membrane was 0 , 4 0 7  mM 

and  t h e  c o n c e n t r a t i o n  o f  t h i o n i n e  was 9 l*M. The a b s o r b a n c e  

o f  t h e  o x i d i s e d  form  o f  t h e  dye  was m o n i t o r e d  a t  600 nm 

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

b l u e ,  t h e  t e f l o n  s t i r r e r s  a d s o r b e d  ~ 10$  o f  t h e  dye  and  

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

r e c o r d e d  a b s o r b a n c e s  ( s e c t i o n  3—2 . 2 ) .  The H—c e l l  was 

f i l l e d  a c c o r d i n g  t o  m e thod  B ( s e c t i o n  3—2 . 4 ) .  Membrane 

a g i t a t i o n  and  s t a n d a r d  s t i r r i n g  c o n d i t i o n s  were  a g a i n  u s e d .
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The r e s u l t s  f rom  t h i s  e x p e r i m e n t ,  t o g e t h e r  w i t h  t h o s e  

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

c o n d i t i o n s ,  a r e  g i v e n  i n  f i g u r e  3 - 9 .  The t h i o n i n e  r e s u l t s

w ere  f o u n d  t o  obey  z e r o - o r d e r  k i n e t i c s  y i e l d i n g  a  r a t e
—9 —1 —1c o n s t a n t  o f  7 .1 9 5  x  10 mole  l i t r e  min and a  h a l f - l i f e

o f  625 m i n u t e s .  The f i r s t - o r d e r  m e t h y l e n e  b l u e  r e a c t i o n
—3 —1gave  a  r a t e  c o n s t a n t  and h a l f - l i f e  o f  1 4 .0 0  x  10  min  

a n d  49*5 m i n u t e s  r e s p e c t i v e l y .

The m arked  d i f f e r e n c e s  i n  b e h a v i o u r  e x h i b i t e d  by 

t h e  s t r u c t u r a l l y  s i m i l a r  t h i a z i n e s ,  m e t h y l e n e  b l u e  and  

t h i o n i n e ,  f i g u r e  3 - 9 , c l e a r l y  d e m o n s t r a t e  t h e  p o t e n t i a l  

d a n g e r s  a s s u m in g  s i m i l a r  c h e m ic a l  b e h a v i o u r  p u r e l y  on 

t h e  b a s i s  o f  s t r u c t u r a l  s i m i l a r i t y .  Not o n l y  does  

t h i o n i n e  r e a c t  more  t h a n  t e n  t i m e s  s l o w e r  t h a n  m e t h y l e n e  

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

o r d e r .  G r e a t  c a u t i o n  m u s t  be  a p p l i e d ,  t h e r e f o r e ,  when 

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

o b t a i n e d .  T h is  i s  t r u e  n o t  o n l y  o f  s u b s t r a t e ,  b u t  a l s o  

o f  c a r r i e r  b e h a v i o u r  s i n c e  coenzyme Q, w h ich  i s  s t r u c t u r a l l y  

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

t o  an y  s i g n i f i c a n t  e x t e n t  (81 )• The change  i n  o r d e r  and 

much s l o w e r  h a l f - l i f e  found  when t h i o n i n e  was s u b s t i t u t e d  

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

S u b s t r a t e  r e d u c t i o n  may now be r e a c t i o n  as  o p p o s s e d  t o  

d i f f u s i o n  c o n t r o l l e d .
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F i g u r e  3-Q The a b s o r b a n c e  o f  t h i o n i n e  ( m e a su re d  a t  600 nm) 
and m e t h y l e n e  b l u e  ( m e a s u r e d  a t  655 nm) p l o t t e d  a g a i n s t  t im e  
f o r  t h e  s y s t e m :

RMV/Vitamin K (h e x a n e  ) / t h i a z i n e  
The c o n c e n t r a t i o n s  o f  t h i o n i n e ,  m e t h y l e n e  b l u e  ( b o t h  d i s s o l v e d  
i n  p h o s p h a t e  b u f f e r ,  pH 6 . 8 6 )  and v i t a m i n  w ere  9 uM, 7 uM 
and O . 4O7 mM r e s p e c t i v e l y .  The t e m p e r a t u r e  was 25°C.
S t a n d a r d  s t i r r i n g  c o n d i t i o n s  were  u s e d .



C hapter Four

KINETIC STUDIES OF BIOLOGICAL RELEVANCE

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

d u r i n g  t h i s  s t u d y ,  u s i n g  b u l k  l i q u i d  r e d o x  membranes 

c o n t a i n i n g  v i t a m i n  K a s  t h e  c a r r i e r ,  a r e  g i v e n  i n  t h i s  

c h a p t e r .  B e f o r e  s u c h  a  d i s c u s s i o n  can  be  made, h o w e v e r ,  

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

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

p r o c e s s e s .

4 - 1  RESPIRATOR! MEMBRANES

I n  e u c a r y o t i c  c e l l s  t h e  enzymes  c a t a l y s i n g  e l e c t r o n  

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

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

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

d i f f e r e n c e ,  t h e r e  i s  a  s t r i k i n g  s i m i l a r i t y  i n  c o m p o s i t i o n
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and  r e a c t i o n  m echanism  b e tw e e n  m i t o c h o n d r i a l  and  b a c t e r i a l  

r e s p i r a t o r y  and  p h o s p h o i y l a t i n g  s y s t e m s .  I n d e e d  t h e  same 

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

p h o r y l a t i n g  s y s t e m s  o f  p l a n t s  and m i c r o - o r g a n i s m s  (125 )•

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

l i m i t e d  m a i n l y  t o  m i t o c h o n d r i a l  s y s t e m s  ( s i n c e  t h e y  a r e  t h e  

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

m o l e c u l a r  o r g a n i s a t i o n  and f u n c t i o n a l  r o l e  i n  c e l l  m e t a 

b o l i s m ) ,  t h e  p r i n c i p l e s  d i s c u s s e d  s h o u l d  be c o n s i d e r e d  as  

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

e l e c t r o n  t r a n s p o r t  a n d  o x i d a t i v e  p h o s p h o r y l a t i o n .  I t  

s h o u l d  be n o t e d ,  h o w e v e r ,  t h a t  ev en  w i t h  t h e s e  s y s t e m s  v e r y  

l i t t l e  i s  known o f  t h e  u l t i m a t e  m o l e c u l a r  mechanism by 

w h ic h  t h e  e n e r g y  o f  e l e c t r o n  f l o w  i s  c o n s e r v e d  as  ATP.

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  e l e c t r o n  c a r r i e r  

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

c h a i n ,  f i g u r e  l - 9 ( a ) ,  a r e  a r r a n g e d  i n t o  s u p r a m o l e c u l a r  

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

f i x e d  number  o f  m o l e c u l e s  o f  each  c a r r i e r  and w h ich  a r e  

embedded i n  t h e  s t r u c t u r e  o f  t h e  membrane.  F o u r  l i p o p r o t e i n  

a g g r e g a t e s  h a v e  b e e n  i s o l a t e d :  Complex I  (NADH—Q r e d u c t a s e )

w hich  c o n t a i n s  FMN, nonheme i r o n  (NHI) and  coenzyme Q,

Complex I I  ( s u c c i n a t e - Q  r e d u c t a s e )  w h ich  c o n t a i n s  c y to c h ro m e  

b ,  NHI and c y to c h ro m e  c ^ ,  Complex I I I  (QH^—c y to c h ro m e  c 

r e d u c t a s e )  and  Complex IV ( c y to c h ro m e  o x i d a s e )  w hich  c o n t a i n s
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c y to c h r o m e s  a  a n d  a^ t o g e t h e r  w i t h  c o p p e r .  Each complex  

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

p e p t i d e  s u b u n i t s  ( 1 2 5 ) .  An a d d i t i o n a l  p r o t e i n  a g g r e g a t e ,  

ATP s y n t h e t a s e ,  h a s  been  i d e n t i f i e d  as  t h e  enzyme c a t a l y s i n g  

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

a c t u a l l y  c a r i y i n g  o u t  t h e  ATP s y n t h e s i s .  These  l a r g e  

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

p e n e t r a t i n g  t h e  membrane (126 )• The p r o p o s e d  t r a n s v e r s e  

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

i s  d e p i c t e d  i n  f i g u r e  4 - l ( a ) ,  ( 1 2 5 ) ,  ( 1 2 6 ) .  As can  be 

s e e n  f rom  t h e  d i a g r a m  t h e  o x i d a t i o n  o f  NADH, s u c c i n a t e  and 

c y to c h ro m e  o x i d a s e ,  t o g e t h e r  w i t h  t h e  s y n t h e s i s  o f  ATP, 

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

T h i s  v e c t o r i a l  d i s p e r s a l  o f  components  i s  t h o u g h t  to  be 

c r u c i a l  t o  t h e  e n e r g y  c o u p l i n g  p r o c e s s  ( 1 2 6 ) .

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

c o n t a i n s  t h r e e  ATP c o u p l i n g  s i t e s ,  l o c a t e d  i n  Complexes 

I ,  I I  and IV ,  a l l  o f  which  u s e  a common ATP s y n t h e t a s e  

( 1 2 5 ) .  O x i d a t i v e  p h o s p h o r y l a t i o n  i s  a  v e r y  l a b i l e  p r o c e s s  

t h a t  r e q u i r e s  membrane i n t e g r i t y  i f  i t  i s  to  be o b s e r v e d .  

C a r e f u l  s t u d i e s  h a v e  shown t h a t  f o r  each  p a i r  o f  e l e c t r o n s  

p a s s i n g  down t h e  c h a i n ,  two p r o t o n s  a r e  pumped o u t  o f  t h e  

m i t o c h o n d r i o n  a t  e a c h  e n e r g y —c o n s e r v i n g  s i t e .  These  

o b s e r v a t i o n s  p r o m p te d  M i t c h e l l  t o  p r o p o s e  t h e  Chem iosm otic  

H y p o t h e s i s  a s  t h e  mechanism o f  o x i d a t i v e  p h o s p h o r y l a t i o n  

( 1 2 7 ) ,  ( 1 2 8 ) .  The h y p o t h e s i s  assum es  t h a t  t h e  membrane
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F i g u r e  4 -1  M i t o c h o n d r i a l  e l e c t r o n  t r a n s p o r t .  ( a )  I l l u s t r a t i  
o f  t h e  p o s s i b l e  o r i e n t a t i o n  o f  i n n e r  m i t o c h o n d r i a l  membrane 
c o m p o n e n t s .  Components  w hich  i n t e r a c t  w i t h  t h e  membrane 
p r e d o m i n a n t l y  by e l e c t r o s t a t i c  f o r c e s  ( v i z .  c y to c h ro m e  c )  
a r e  s u r f a c e  com ponen ts  and t h o s e  o r g a n i s e d  i n  t h e  c e n t r e  o f  
t h e  membrane a r e  p r e d o m i n a n t l y  bound  by s t r o n g  h y d r o p h o b i c  
f o r c e s .  The l a r g e  ATP s y n t h e t a s e  complex  i s  t h o u g h t  t o  be 
bound by b o t h  t y p e s  o f  f o r c e s .  ( b )  Scheme f o r  t h e  c o u p l i n g  
b e tw e e n  r e d o x  r e a c t i o n s  and  p r o t o n  t r a n s p o r t  i n  Complex I I I .
Z i s  an  unknown h y d r o g e n  c a r r i e r ,  p o s s i b l y  cy to c h ro m e  b o r  
an i r o n - s u l p h u r  p r o t e i n  ( 2 6 ) ,  ( 1 2 9 ) •
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i s  an  e s s e n t i a l  e l e m e n t  i n  t h e  mechanism o f  o x i d a t i v e  

p h o s p h o r y l a t i o n  a n d  t h a t  t h e  membrane i s  p a s s i v e l y  

im p e rm e a b le  t o  p r o t o n s  and i o n s  i n  g e n e r a l *  I t  i s  f u r t h e r  

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

c a r r i e r s  g e n e r a t e s  a  p r o t o n  g r a d i e n t  a c r o s s  t h e  membrane 

and  t h a t  i t  i s  t h e  f o r m a t i o n  o f  t h i s  1p r o t o n m o t i v e 1 f o r c e  

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

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

ATP s y n t h e s i s .  The p r o t o n  g r a d i e n t  i s  e n v i s a g e d  as  

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

e l e c t r o n  c a r r i e r s  w h ic h  form l o o p s  a c r o s s  t h e  membrane 

i n  s u c h  a  m anner  t h a t  p r o t o n s  a r e  t a k e n  f rom t h e  m a t r i x  

and  a r e  r e l e a s e d  i n t o  t h e  i n t e rm e m b r a n e  s p a c e .  Th ree  

s u c h  l o o p s  w ere  p r o p o s e d ,  e a ch  t r a n s l o c a t i n g  two p r o t o n s  

a c r o s s  t h e  membrane p e r  two e l e c t r o n s  t r a n s f e r r e d  t h r o u g h  

t h e  c h a i n .  The p r o c e s s  was c o n s i d e r e d  t o  be v e c t o r i a l  

i n  n a t u r e ,  t h e  e n z y m es '  a c t i v e  s i t e s  a l l o w i n g  p r o t o n  f lo w  

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

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

t h e  f o r m a t i o n  o f  ATP, f o r m a l l y  a  d e h y d r a t i o n  r e a c t i o n ,  by 

p r o m o t i n g  t h e  c a t a l y t i c  rem ova l  o f  w a t e r ,  a s  H+ and OH , 

f rom  ADP an d  p h o s p h a t e .  These  i o n s  a r e  e j e c t e d ,  by  t h e  

f a c t o r ,  i n t o  t h e  m a t r i x  and in t e rm e m b r a n e  a q u eo u s  p h a s e s  

r e s p e c t i v e l y ,  w here  t h e y  a r e  e f f e c t i v e l y  t r a p p e d  by t h e  

e x c e s s  o f  t h e i r  c o n j u g a t e  i o n s  w i t h  t h e  f o r m a t i o n  o f  w a t e r .
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A t y p i c a l  r e d o x  l o o p  which i n v o l v e s  coenzyme Q as  t h e  

p r o t o n  c a r r i e r ,  i s  shown i n  f i g u r e  4 - l ( b )  ( 2 6 ) ,  ( l 2 9 ) .

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

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

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

g r a d i e n t .

The Chem iosm ot ic  H y p o t h e s i s  r e q u i r e s  no d i r e c t  

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

and  ATP s y n t h e t a s e .  These  enzymes a r e  l i n k e d  v i a  a  common 

1p r o t o n m o t i v e 1 f o r c e .  The C hem iosm ot ic  H y p o t h e s i s  i s  

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

p h o s p h o r y l a t i o n  ( 1 2 7 ) ,  ( 1 2 8 ) ,  ( 1 3 0 ) .  I t  s h o u ld  be p o i n t e d  

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

a c c e p t e d  as  b e i n g  b a s i c a l l y  c o r r e c t  ( l 3 l ) ,  C1 3 2 ) ,  o t h e r  

m echan ism s  (133 ) ,  ( 1 3 4 ) ,  have  b e e n  p o s t u l a t e d .

The a p p a r e n t  r o l e s  o f  l i p i d  and cy to ch ro m e  c i n  t h e  

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

a n d ,  t h e r e f o r e ,  a t t e n t i o n  w i l l  be f o c u s s e d  b r i e f l y  on t h e  

f u n c t i o n  o f  t h e s e  com ponents  i n  t h i s  o r g a n e l l e .

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

o f  m i t o c h o n d r i a l  l i p i d  i s  w e l l  r e c o g n i s e d  ( 7 9 ) .  I n  e x c e s s  

o f  90$  o f  t h e  t o t a l  l i p i d  i s  p h o s p h o l i p i d ,  t h e  b a l a n c e  

b e i n g  a  n e u t r a l  l i p i d  ( m a i n l y  coenzyme Q) f r a c t i o n ,  t a b l e  17 .  

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

a s s e m b l i e s  i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f rom  t h e  o r i g i n a l
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T a b le  17 P h o s p h o l i p i d  c o m p o s i t i o n  o f  m i t o c h o n d r i a l  i n n e r  

and  o u t e r  membranes  ( 7 9 ) •

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

, * 
yo P h o s p h o l i p i d

i n n e r
membrane

o u t e r
membrane

t o t a l  p h o s p h o l i p i d 2 1 . 4 4 5 . 1

c a r d i o l i p i n 2 1 .5 3 . 2

p h o s p h a t i d y l  i n o s i t o l 4 . 2 1 3 . 5

p h o s p h a t i d y l  e t h a n o l a r a i n e 2 7 .7 2 5 .3

p h o s p h a t i d y l  c h o l i n e 4 4 .5 5 5 .2

u n i d e n t i f i e d 2 . 2 2 . 5

*fo p h o s p h o l i p i d  r e l a t i v e  t o  p r o t e i n  + p h o s p h o l i p i d #



m i t o c h o n d r i o n ,  t h e  l i p i d  b e i n g  an a b s o l u t e  r e q u i r e m e n t  

f o r  t h e  f u n c t i o n i n g  o f  e ac h  com plex .  M i t o c h o n d r i a l  l i p i d s  

a r e  r i c h  i n  u n s a t u r a t e d  f a t t y  a c i d s  and hav e  a  n e t  n e g a t i v e  

t o t a l  c h a r g e  due t o  p h o s p h a t i d y l  i n o s i t o l  ( P I ) and  c a r d i o -  

l i p i n  (CL) h a v i n g  one and  two n e g a t i v e  c h a r g e s  r e s p e c t i v e l y .  

P h o s p h a t i d y l  c h o l i n e  (PC) and p h o s p h a t i d y l  e t h a n o l a m i n e  (PE) 

a r e  z v i t t e r i o n i c  and n e u t r a l  o v e r a l l  ( 1 3 5 ) -  The g e n e r a l  

s t r u c t u r e s  o f  t h e s e  l i p i d s  a r e  g i v e n  i n  f i g u r e  4 - 2 .  The 

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

a r e  t h o u g h t  t o  be  d i v e r s e .  L i p i d  may a c t  by h o l d i n g  t h e  

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

p h o l i p i d  m a t r i x  may fo rm  a  s u i t a b l e  n o n -a q u e o u s  e n v i r o n m e n t  

i n  w h ich  e l e c t r o n  t r a n s p o r t  and e n e r g y  c o u p l i n g  can  o c c u r .  

F i n a l l y ,  c e r t a i n  p h o s p h o l i p i d s ,  e s p e c i a l l y  CL, may h a v e  a 

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

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

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

o f  s o l u t e s  ( 7 9 ) ,  ( 1 3 5 ) .

The n e u t r a l  l i p i d  coenzyme Q, o f  c r i s t a e  m em branes ,  

h a s  a c o n c e n t r a t i o n  f a r  i n  e x c e s s  o f  t h e  o t h e r  membrane—bound 

c a r r i e r s ,  t a b l e  1 8 ,  and i s  n o t  c o v a l e n t l y  bound t o  t h e  

membrane ( 7 9 ) .  I t  i s  now w e l l  e s t a b l i s h e d  t h a t  u b i q u i n o n e  

i s  a  f u n c t i o n a l  member o f  t h e  e l e c t r o n  t r a n s f e r  c h a i n ,  

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

d e h y d r o g e n a s e s  and t h e i r  a s s o c i a t e d  nonheme i r o n ,  t o  t h e  

c y to c h r o m e s  ( 2 8 ) ,  ( 7 9 ) ,  ( 1 2 5 ) ,  ( 1 3 5 ) ,  ( 1 3 6 ) .  U b iq u in o n e
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P h o s p h a t i d y l  e t h a n o l a m i n e  X= -CH^-CH^—

P h o s p h a t i d y l  c h o l i n e  X = -Chtj— CĤ — N(CH^)^

P h o s p h a t id y l

Cardiol ipin

L y s o l ec i t h i n

i n o s i t o l  X =

OH OH

011
Xr - C H - C H - C H - O - P - O - C H - C H - C H  

2 | 2 1 2 1 1 2
OH 0_  0  0

I I 
0 0  C = 0

A

0
R — C - O - C H ,

HO-CH
f?

C H Z“ 0 _ |5“ 0 ' ' C H 2“ C H 2“  N (CH3*3 
0_

F i g u r e  4 - 2  G e n e r a l  s t r u c t u r e s  o f  t h e  p h o s p h o l i p i d s  u s e d  

d u r i n g  t h i s  r e s e a r c h .



T a b le  18 M o la r  r a t i o  o f  e l e c t r o n  c a r r i e r s  i n  b e e f - h e a r t  

m i t o c h o n d r i a ,  ( r e l a t i v e  t o  c y to ch ro m e  a  + a ^ ) ,  ( 2 8 ) .

C a r r i e r R a t i o

Cytochrome a  + a^ 1 . 0

Cytochrome c + c^ 1 . 5

Cytochrome b 1 . 0

T o t a l  f l a v i n s ~ 1 .0

Nonheme i r o n 6

Coenzyme Q 8

NAD 12

NADP 2

-  178 -



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

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

Complexes  I ,  I I  and I I I  by v i r t u e  o f  i t s  a b i l i t y  t o  move 

f r e e l y  t h r o u g h  t h e  l i p i d  p h a s e  ( 2 8 ) ,  ( 7 9 ) ,  ( l 3 6 ) - ( l 3 8 ) .

The q u i n o n e  a c t s ,  t h e r e f o r e ,  n o t  a s  a  member o f  t h e  r e s p i r 

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

m e d i a t i n g  b e tw e e n  f i x e d  r e s p i r a t o r y  c h a i n  a s s e m b l i e s  ( 1 3 9 ) .  

K i n e t i c  s t u d i e s  ( 7 9 ) ,  ( 1 3 7 ) ,  ( 1 4 0 ) ,  i n d i c a t e  t h a t  u b i q u i n o n e  

o p e r a t e s  a c c o r d i n g  to  s a t u r a t i o n  k i n e t i c s ,  t h e  s t o i c h i o m e t r y  

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

a l l o w e d  t o  r e a c t  a t  any  one t i m e .  I t  h a s  a l s o  b e e n

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

a n  a n t i o x i d a n t  f u n c t i o n ,  p r e v e n t i n g  t h e  p e r o x i d a t i o n  o f  

b o t h  u n s a t u r a t e d  f a t t y  a c i d s  and  heme compounds ( 7 9 ) .

Cytochrom e c ,  u n l i k e  o t h e r  r e s p i r a t o r y  p r o t e i n s ,  i s  

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

b e i n g  bound t o  t h e  m i t o c h o n d r i a l  membrane by e l e c t r o s t a t i c  

f o r c e s  ( 1 4 1 ) •  Mammalian c y to c h ro m e s  c a r e  h i g h l y  b a s i c  

due t o  t h e  l a r g e  numbers  o f  l y s i n e  r e s i d u e s  w hich  t h e y  

c o n t a i n ,  h o r s e —h e a r t  c y to ch ro m e  c h a v i n g  an i s o e l e c t r i c  

p o i n t  a t  pH ~ 1 0 .5  ( 8 2 ) .  These  p r o t e i n s  a r e  a g a i n  u n u s u a l  

i n  t h a t  t h e  p r o s t h e t i c  g r o u p ,  heme c ,  f i g u r e  4 - 3 ( b ) ,  i s  

a t t a c h e d  c o v a l e n t l y  t o  t h e  p e p t i d e  c h a i n .  The f i f t h  and  

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

h i s t i d i n e  an d  m e t h i o n i n e  r e s p e c t i v e l y  ( 2 8 ) .  I n  t h e  i n t a c t
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F i g u r e  4 -1  Cytochrom e c .  ( a )  S t e r e o s c o p i c  a - c a r b o n  d i a g r a m  
o f  t h e  h o r s e - h e a r t  c y to ch ro m e  c m o l e c u l e  ( r e p r o d u c e d  f ro m  
r e f e r e n c e  ( 8 2 )  )• ( b )  S t r u c t u r e  o f  heme c i n d i c a t i n g  p y r r o l e
s u b s t i t u e n t s  and  s i t e s  o f  a t t a c h m e n t  t o  t h e  p r o t e i n *



p r o t e i n ,  t h e  p r o s t h e t i c  g ro u p  i s  1 b u r i e d 1 i n  a  c r e v i c e .

The heme i s  s u r r o u n d e d  by t i g h t l y  p a c k e d  h y d r o p h o b i c  g r o u p s  

b u t  one edge  i s  e x p o s e d  t o  t h e  s o l v e n t  a t  t h e  heme c r e v i c e ,  

f i g u r e  4 - 3 ( a ) .  On r e d u c t i o n ,  a l t h o u g h  t h e  o v e r a l l  s t r u c t u r e  

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

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

heme c r e v i c e  and t h e  m o l e c u l e  becom ing  more com pact  ( l 4 2 ) .

T h i s  i s  a  m a j o r  f a c t o r  i n  t h e  r e s i s t a n c e  o f  f e r r o c y t o c h r o m e  

c t o  a u t o x i d a t i o n  a t  p h y s i o l o g i c a l  pH ( l 4 3 ) .

Complexes  fo rm e d  b e tw e e n  mammalian cy toch rom e  c and 

p h o s p h o l i p i d s  h av e  b e e n  s t u d i e d  e x t e n s i v e l y  ( 7 9 ) ,  ( l 3 5 ) ,  

( l 4 4 ) - ( l 4 7  )• The b i n d i n g  w i t h i n  t h e s e  p h o s p h o l i p i d s ,  

s y n t h e s i s e d  by s h a k i n g  p h o s p h o l i p i d  m i c e l l e s  w i t h  c y to c h ro m e  c ,  

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

o f  t h e  c y t o c h r o m e ,  8 - 1 0  s i t e s  i n  h o r s e - h e a r t  c y to ch ro m e  c 

( 1 4 8 ) ,  n e u t r a l i s e d  by t h e  a c i d i c  l i p i d s .  These  c o m p le x e s ,  

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

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

h a v e  a  d e f i n i t e  s t o i c h i o m e t r i c  r a t i o  which  c h a n g e s  as  

d i f f e r e n t  p h o s p h o l i p i d s  a r e  u s e d ,  t a b l e  1 9 .  A l l  t h e s e  

c o m p lex es  w ere  f o u n d  t o  be i s o o c t a n e  i n s o l u b l e .  P h o s p h a 

t i d y l  c h o l i n e  d o e s  n o t  com plex  w i t h  c y to c h ro m e  c a t  a l l  

w h e r e a s  PE, t h e  s a l t  o f  a  s t r o n g  a c i d  a n d  a  w e a k e r  b a s e ,  

i n t e r a c t s  t o  a  l i m i t e d  e x t e n t .  S a t u r a t e d  PE i s ,  h o w e v e r ,  

u n a b l e  t o  fo rm  a com plex  w i t h  a d e f i n i t e  s t o i c h i o m e t r i c
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T a b le  19 C o m p o s i t i o n  o f  v a r i o u s  p h o s p h o l i p i d - c y t o c h r o m e  c 

( h o r s e - h e a r t ) c o m p l e x e s ,  (pH 7 ) .

P h o s p h o l i p i d Atoms P p e r  m o l e c u l e  o f  
c y to ch ro m e  c co m p lex ed .

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

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

p h o s p h a t i d y l  i n o s i t o l

c a r d i o l i p i n

no complex  fo rm e d  

~100

10

10



r a t i o  b u t  fo rm s  a  l o o s e l y  bound a g g r e g a t e  w i t h  a  h i g h  PE: 

c y to c h ro m e  c r a t i o ,  t a b l e  19 .

The f o r m a t i o n  o f  cy to ch ro m e  c p r o t e o l i p i d s  h a s  

s u g g e s t e d  t h a t  cy to c h ro m e  c may a c t u a l l y  f u n c t i o n  a s  a  

l i p i d  com plex  i n  t h e  n a t i v e  e l e c t r o n  t r a n s p o r t  c h a i n ,  

f u n c t i o n i n g  a s  a  mobile e l e c t r o n  ’ s h u t t l e 1 i n  a  s i m i l a r  way 

t o  coenzyme Q ( 7 9 ) ,  ( l 4 8 ) .  T h is  how ever  a w a i t s  f u r t h e r  

c l a r i f i c a t i o n .  B a c t e r i a l  and  p l a n t  c y to c h ro m e s  c a r e  

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

f o r m i n g  t h e s e  p r o t e o l i p i d  com plexes  ( 1 3 5 ) •  Hence t h e s e  

l i p i d  c y to c h ro m e  c co m plexes  s h o u l d  n o t  be i n v o l v e d  i n  

b a c t e r i a l  e l e c t r o n  t r a n s p o r t .

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

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

t r a n s p o r t  scheme d e p i c t e d  i n  f i g u r e  4 - 1 ( a ) .  NADH was 

f o u n d  n o t  t o  r e a c t  ( b i p h a s i c a l l y )  w i t h  coenzyme (2 ( s e c t i o n  

1 - 4 . 1 ) .  Coenzyme Q i s  m o b i l e  w i t h i n  b i o l o g i c a l  m em branes .  

S i n c e  t h e  m o l e c u l e  i s  a l s o  a m p h i p h i l i c ,  t h e r e  i s  no r e a s o n  

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

c o n t a c t  w i t h  NADH a t  t h e  i n n e r  m e m b ra n e /m a t r ix  i n t e r f a c e .

The i n a b i l i t y  o f  NADH t o  r e a c t  d i r e c t l y  w i t h  coenzyme Q 

v e r i f i e s  t h a t  t h e  e l e c t r o n  t r a n s p o r t  c h a i n  would  n o t  be  

s h o r t - c i r c u i t e d  i f  t h e s e  two t y p e s  o f  r e d o x  m o l e c u l e s  came 

i n t o  c o n t a c t  w i t h  e a c h  o t h e r .  Coenzyme Q c a n  be r e d u c e d  

by  FMNH^ h o w ev e r  ( s e c t i o n  1—4 . 1 )  a n d ,  t h e r e f o r e ,  t h e  q u i n o n e
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c o u l d  be r e d u c e d  i n d i r e c t l y  by  NADH i f  t h e  l a t t e r  c o u l d  

r e d u c e  FMN. T h i s  i s  e x a c t l y  t h e  f u n c t i o n  o f  Complex I .

T h i s  com plex  c a t a l y s e s  b o t h  t h e  r e d u c t i o n  o f  FMN by NADH 

and  t h e  r e d u c t i o n  o f  u b i q u i n o n e  by FMNH^. The r e a c t i v i t y  

o f  v i t a m i n  K to w a r d  NADH and FMNH^ e x a c t l y  p a r a l l e l e d  t h a t  

o f  coenzyme Q ( s e c t i o n  1 - 4 . 1 ) .  The o x i d a t i o n  o f  u b i q u i n o l  

b y  c y to c h r o m e  c was f o u n d  t o  be e x t r e m e l y  s lo w  ( s e c t i o n  

1 - 4 . 3 ) .  T h i s  a g a i n  i s  i n  a g r e e m e n t  w i t h  t h e  p r o p o s e d  s i t e  

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

two com ponen ts  a r e  c o n s i d e r e d  n o t  t o  r e a c t  d i r e c t l y  w i t h  

e ac h  o t h e r .  The e x t r e m e  s lo w n e s s  o f  t h e  r e a c t i o n  i m p l i e s  

t h a t  a l i n k  i n  t h e  c h a i n  i s  m i s s i n g .  The c y to c h ro m e  b -c ^  

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

enzyme l i n k  t h a t  c a t a l y s e s  c y to c h ro m e  c r e d u c t i o n  by u b i q u i n o l .  

I n  c o n t r a s t  t o  u b i q u i n o n e ,  v i t a m i n  K was f o u n d  t o  r e a c t  

d i r e c t l y  w i t h  c y to c h ro m e  c ( s e c t i o n  1 - 4 . 3 ) .  The r o l e  o f  

v i t a m i n  K i n  b i o l o g i c a l  e l e c t r o n - t r a n s f e r  membranes  i s  

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

o f  v i t a m i n  K to  coenzyme Q, h o w e v e r ,  a l l o w s  i t  t o  be u s e d  

t o  i n v e s t i g a t e  e l e c t r o n —t r a n s f e r  s t e p s  w h ich  a r e  t y p i c a l  

o f  t h o s e  n a t u r a l l y  o c c u r r i n g .
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4 - 2  RESULTS AND DISCUSSION

The g e n e r a l  r e d o x  membrane sy s tem  a g a i n  u s e d  i n  

t h e s e  s t u d i e s  may be  d e p i c t e d  as

M e th y le n e  b l u e  
RMV/Vitamin K ( h e x a n e ) /  o r

Cytochrome c .

Vhen m e th y le n e  b l u e  was u s e d  as  t h e  s u b s t r a t e ,  v i t a m i n  K 

was fo u n d  ( s e c t i o n  3 - 3 . 2 )  t o  b e h av e  i n  a k i n e t i c a l l y  

s i m i l a r  m anner  t o  t h a t  o b s e r v e d  f o r  membrane-bound  u b i q u 

i n o n e  ( s e c t i o n  4 - 1 ) ,  b o t h  q u i n o n e s  d i s p l a y i n g  s a t u r a t i o n  

k i n e t i c s  and b o t h  f u n c t i o n i n g  as  m o b i l e  e l e c t r o n  c a r r i e r s .

I n  a d d i t i o n ,  v i t a m i n  K can  a c c e p t  e l e c t r o n s  f rom FADH^ o r  

FMNH^ and can  d o n a t e  e l e c t r o n s  to  cy to ch ro m e  c ( s e c t i o n  1 - 4 ) .  

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

t h a t  t h i s  q u i n o n e  may r e d u c e  c y to c h ro m e  c o n l y  by way o f  

t h e  c y to ch ro m e  b - c ^  com plex .  The s i m i l a r i t y  i n  b e h a v i o u r  

b e t w e e n  v i t a m i n  K i n  t h e  r e d o x  H a b e r - B e u t n e r  t y p e  r e d o x  

m em branes ,  u s e d  i n  t h i s  r e s e a r c h ,  and  u b i q u i n o n e  i n  r e s 

p i r a t o r y  membranes  e n a b l e s  t h e  f o r m e r  membranes  t o  be  u s e d  

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

c o n s e q u e n c e ,  a  number  o f  more b i o l o g i c a l  s t u d i e s  w ere  

c a r r i e d  o u t  w i t h  t h e  above  model s y s t e m s ,  u s i n g  b o t h  

m e t h y l e n e  b l u e  and  c y to c h ro m e  c a s  s u b s t r a t e s .  I n  

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

s y s t e m s  w ere  i n v e s t i g a t e d .

-  184 -



4 -2 * 1  M e th y le n e  b l u e  as  aqueous  s u b s t r a t e

S k e l t o n  e t  a l  ( l 4 9 )  have  s u g g e s t e d  t h a t  t h e  a n t i m a l a r i a l  

a g e n t  c h l o r o q u i n e  ( a  4 - a m i n o q u i n o l i n e ) ,  which  i n h i b i t s  

e l e c t r o n  t r a n s f e r  a t  t h e  coenzyme Q s e c t i o n  o f  t h e  r e s p i r -  

a t o i y  c h a i n ,  f i g u r e  l - 9 ( a ) ,  may f u n c t i o n  by i n h i b i t i n g  e i t h e r  

t h e  s y n t h e s i s  o f  coenzyme Q d e p e n d e n t  enzymes o r  t h e  o x i d a t i o n  

o f  u b i q u i n o l .  T h i s  l a t t e r  p o s s i b i l i t y  was i n v e s t i g a t e d  w i t h  

t h e  model  membrane s y s t e m  d e v e l o p e d ,  u s i n g  m e t h y l e n e  b l u e  

a s  t h e  s u b s t r a t e .

RMV was g e n e r a t e d  as  p r e v i o u s l y  d e s c r i b e d  ( s e c t i o n  3 - 2 . 4 )  

and t h e  H - c e l l  was f i l l e d  a c c o r d i n g  to  method B. The 

a q u e o u s  p h a s e s  w ere  s t i r r e d  u s i n g  s t a n d a r d  c o n d i t i o n s  and 

membrane a g i t a t i o n  was a g a i n  em ployed  ( s e c t i o n  3 - 2 . 1 ) .

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

p r e p a r e d ,  each  7 i n  m e th y le n e  b l u e .  The c o n c e n t r a t i o n  

o f  v i t a m i n  K was 0 . 4 0 7  mM. The f i r s t - o r d e r  r a t e  c o n s t a n t s  

o b t a i n e d  f rom t h i s  s e t  o f  k i n e t i c  r u n s ,  which  i n c l u d e s  one 

o b t a i n e d  f rom  a  c h l o r o q u i n e —f r e e , b u t  o t h e r w i s e  i d e n t i c a l  

s y s t e m ,  a r e  r e c o r d e d  i n  t a b l e  20.

An e x a m i n a t i o n  o f  t h e  r e s u l t s ,  t a b l e  20 ,  c l e a r l y  shows 

t h a t  t h e  p r e s e n c e  o f  c h l o r o q u i n e  i n  th e  s u b s t r a t e  l im b  h ad  

no e f f e c t  on t h e  r e a c t i o n  r a t e  o b s e r v e d  a n d ,  t h e r e f o r e ,  

c a n n o t  be  i n h i b i t i n g  d i h y d r o v i t a m i n  K o x i d a t i o n .  I f  i t  i s  

assum ed  t h a t  r e d u c e d  v i t a m i n  K and u b i q u i n o l  b e h a v e  s i m i l a r l y  

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



T a b le  20 I n f l u e n c e  o f  c h l o r o q u i n e  on t h e  r a t e  o f  r e d u c t i o n  
o f  m e t h y l e n e  b l u e  (2 5 °C )  f o r  t h e  s y s t e m :

fiMV/Vitarain K ( h e x a n e ) / M e t h y l e n e  b l u e  + C h l o r o q u i n e

The c o n c e n t r a t i o n  o f  v i t a m i n  K-̂  and m e t h y l e n e  b l u e ,  t h e  
l a t t e r  d i s s o l v e d  i n  0 .025M p h o s p h a t e  b u f f e r  (pH 6 . 8 6 ) ,  v e r e  
c o n s t a n t  a t  O . 4O7 mM and 7 jiM r e s p e c t i v e l y .  The c o n c e n t r a t i o n  
o f  c h l o r o q u i n e  was v a r i e d  o v e r  a  0 - 5 5 0  ixM r a n g e .  S t a n d a r d  
s t i r r i n g  c o n d i t i o n s  w ere  u s e d  ( s e c t i o n  3 - 2 . 1 ) .

[Chloroquine]

( mm)

103 x k x 

(min- 3 )

— 13 .5 8

4 .4 0 13.11

4 6 .3 1 2 .4 6

543 13 .41
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r e s u l t  o b s e r v e d  i m p l i e s  t h a t  i n h i b i t i o n  o f  e l e c t r o n  t r a n s p o r t  

by c h l o r o q u i n e  i s  n o t  c a u s e d  by i n h i b i t i o n  o f  q u i n o l  o x i d 

a t i o n .  I n  v ie w  o f  t h e  d i f f e r e n c e s  i n  v i t a m i n  K and coenzyme 

Q b e h a v i o u r  d e s c r i b e d  e a r l i e r  ( s e c t i o n  3 - 3 . 3 )  su ch  an  

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

The m o d i f y i n g  i n f l u e n c e  o f  a  number o f  common p h o s p h o 

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

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

p h o s p h a t i d y l  i n o s i t o l ,  and l y s o l e c i t h i n .  A l i q u o t s  ( 0 . 0 3  ml)  

o f  s t o c k  s o l u t i o n s  o f  t h e s e  l i p i d s  ( e i t h e r  ~10 mg ml*"^ o r  

~1 mg m l“ ^ )  were  a d d e d  t o  t h e  membrane. The c o n c e n t r a t i o n s  

o f  v i t a m i n  K and  m e t h y l e n e  b l u e  s o l u t i o n s  u s e d  i n  ea ch  

e x p e r i m e n t  were  0 . 4 0 7  mM and 6 . 5  + 0 . 5  r e s p e c t i v e l y .

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

p r e v i o u s  s e t  o f  r u n s .  ^ u r i n g  each  r u n  t h e  t e s t  l im b  was 

c a r e f u l l y  c h e c k e d  v i s u a l l y  t o  e n s u r e  t h a t  no m i c e l l e s  were  

fo rm ed  by t h e  s u r f a c t a n t - l i k e  l i p i d s .  F o r t u n a t e l y  t h i s  

p r o b le m  n e v e r  a r o s e .  A summary o f  t h e  r e s u l t s  o b t a i n e d  i s  

g i v e n  i n  f i g u r e  4—4 ,  w h ere  t h e  a b s o r b a n c e  c h an g e s  w i t h  t im e  

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

u s e d  i n  ea c h  o f  t h e s e  ru n s  a r e  r e c o r d e d  i n  t a b l e  21 .  The 

o r d e r  o f  r e a c t i o n  e x h i b i t e d  by t h e  PE and  CL m o d i f i e d  

membranes  was u n c l e a r ,  f o r  t h e y  c o u l d  hav e  b e e n  a n a l y s e d  

as  o b e y i n g  e i t h e r  z e r o — o r  f i r s t - o r d e r  k i n e t i c s .  ^ i n c e ,  

h o w e v e r ,  c o r r e l a t i o n  c o e f f i c i e n t s  n e a r e r  to  —1 . 0  and
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F i g u r e  4 - 4  The a b s o r b a n c e  o f  m e t h y l e n e  b l u e  (m e a s u r e d  a t  
655 nm) p l o t t e d  a g a i n s t  t im e  f o r  t h e  s y s t e m :

RMV/Vitamin K ( h e x a n e )  + P h o s p h o l i p i d / M e t h y l e n e  b l u e

The c o n c e n t r a t i o n  o f  m e th y le n e  b l u e  ( d i s s o l v e d  i n  0.025M 
p h o s p h a t e  b u f f e r ,  pH 6 . 8 6 )  and v i t a m i n  were  6 . 5  nM and 
0 . 4 0 7  mM r e s p e c t i v e l y .  The c o n c e n t r a t i o n s  o f  p h o s p h o l i p i d  
u s e d  a r e  g i v e n  i n  t a b l e  21 .  A l l  e x p e r i m e n t s  (25°C)  s t a r t e d  
a t  t h e  same a b s o r b a n c e  r e a d i n g .  F o r  c l a r i t y  o f  p r e s e n t a t i o n ,  
h o w e v e r ,  t h e s e  z e r o - t i m e  a b s o r b a n c e s  have  b e en  s e t  a t  a r b i t r a r y  
p o i n t s  on t h e  o r d i n a t e .  The H _ c e l l  was f i l l e d  a c c o r d i n g  t o  
m ethod  B ( s e c t i o n  3 - 2 . 4 )  and s t a n d a r d  s t i r r i n g  c o n d i t i o n s  

were  u s e d .
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s t a n d a r d  e r r o r s  o f  e s t i m a t e  o f  t h e  o r d i n a t e  w ere  s m a l l e r  

when a  f i r s t - o r d e r  a n a l y s i s  was a p p l i e d  t o  t h e s e  two 

c a s e s  and s i n c e ,  i n  a d d i t i o n ,  b o t h  P I  and l y s o l e c i t h i n  (LL) 

r e s u l t s  e x h i b i t e d  o r d e r s  o f  u n i t y ,  a l l  t h e  r e s u l t s  o b t a i n e d  

w ere  a n a l y s e d  as  a r i s i n g  f rom a  r e a c t i o n  f i r s t - o r d e r  w i t h  

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

f o u n d ,  t o g e t h e r  w i t h  one o b t a i n e d  f rom  a  s i m i l a r  r u n  c a r r i e d  

o u t  i n  t h e  a b s e n c e  o f  l i p i d ,  a r e  a l s o  i n c l u d e d  i n  t a b l e  21 .

The r e d o x  i n e r t  m o l e c u l 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  membrane,  a r e  e x p e c t e d  to  com pete  w i t h  t h e  r e d o x  a c t i v e  

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

p h o s p h o l i p i d  i s  a  much s t r o n g e r  a m p h i p h i l e  t h a n  e i t h e r  

r e d u c e d  o r  o x i d i s e d  v i t a m i n  K, t h e  p h o s p h o l i p i d  m o l e c u l e s  

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

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

s u b s t r a t e  i n t e r f a c e .  ( T h e r e  w i l l  a l s o  be  a  s i m i l a r  d e c r e a s e  

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

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

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

o b s e r v e d ) .  Th is  w ou ld  r e s u l t  i n  a c o r r e s p o n d i n g  d e c r e a s e  

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

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

i s  s u p p o r t e d  by t h e  e x p e r i m e n t a l  f i n d i n g s ,  t a b l e  2 1 .  I n  

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

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

t i m e s  i n c r e a s e  i n  l i p i d  c a u s i n g  20—400% d e c r e a s e  i n  t h e  

o b s e r v e d  r a t e .  The o r d e r  o f  i n c r e a s i n g  e f f e c t i v e n e s s ,  

LL<PI<CL<PE, i s  d i f f i c u l t  to  r a t i o n a l i s e  s i n c e  t h e  a c t u a l  

m o l a r  c o n c e n t r a t i o n  o f  l i p i d  i n  t h e  membrane was unknown.

I t  i s  o f  i n t e r e s t ,  h o w e v e r ,  to  n o t e  t h a t  l y s o l e c i t h i n  h a s  

t h e  l e a s t  e f f e c t .  T h i s  l i p i d  i s  known to  c a u s e  membrane 

r u p t u r e  by i n t e r a c t i n g  w i t h  t h e  l i p i d  component o f  b i o l o g i c a l  

m em branes ,  t h e r e b y  c a u s i n g  t h e  membrane to  become more 

p e r m e a b l e  t o  w a t e r  ( 1 5 0 ) .  I t  w ould  be e x p e c t e d ,  t h e r e f o r e ,  

t h a t  LL i n  t h e  model  membrane s y s t e m  would  n o t  fo rm  s u c h  

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

c o n s e q u e n c e ,  w ou ld  n o t  be a s  e f f i c i e n t  a t  b l o c k i n g  q u i n o l  

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

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

Coenzyme Q h a s  b een  p o s t u l a t e d  to  f u n c t i o n  as  a 

m o b i l e  p r o t o n  c a r r i e r  i n  a d d i t i o n  to  a c t i n g  as  an  e l e c t r o n  

c a r r i e r  ( s e c t i o n  4 - 1 ) .  The b e h a v i o u r  o f  v i t a m i n  K i n  t h e  

model  membrane s y s t e m  d e s c r i b e d  ( s e c t i o n  3—3 . 2 )  v e r i f i e s  

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

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

f o r c e  a c r o s s  t h e  membrane.  As d i s c u s s e d  above  ( s e c t i o n  4 —l ) ,  

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

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

w i d e l y  a c c e p t e d  Chem iosm ot ic  H y p o t h e s i s .
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4 - 2 • 2  Cytochrom e c a s  t h e  aqueous  s u b s t r a t e

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

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

i n v e s t i g a t e  t h e  s y s t e m ;

EMV/Vitamin K (he  x a n e ) /C y to c h ro m e  c .

The k i n e t i c s  o f  r e d u c t i o n  o f  cy to c h ro m e  c ( h o r s e - h e a r t ) ,  

b o t h  v i t h  and  w i t h o u t  p h o s p h o l i p i d  p r e s e n t  i n  t h e  membrane,  

was s t u d i e d .  I n  a n a l o g y  t o  m e t h y l e n e  b l u e  ( s e c t i o n  3 - 3 . 2 ) ,  

t h e  i d e a l i t y  o f  cy to ch ro m e  c a s  a  s u b s t r a t e  was f i r s t  

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

The i m m i s c i b i l i t y  o f  cy to ch ro m e  c i n  h e x an e  was v e r i f i e d  

by  e q u i l i b r a t i n g  a l i q u o t s  o f  s p e c t r o s c o p i c  h e x a n e  w i t h  

s i m i l a r  v o lum es  o f  o x i d i s e d  c y to ch ro m e  c ,  ( d i s s o l v e d  i n  

p h o s p h a t e  b u f f e r  t o  a  c o n c e n t r a t i o n  o f  30 4*M), o v e r n i g h t  

i n  h e r m e t i c a l l y  s e a l e d  v i a l s  ( s e c t i o n  1 - 3 . 1 ) .  The 

u l t r a v i o l e t / v i s i b l e  s p e c t r a  r e c o r d e d  f rom  t h e  h e x a n e  l a y e r s  

w ere  f o u n d  t o  show no a b s o r p t i o n  o v e r  a  200-700  nm r a n g e .  

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

( s e c t i o n  2 - 4 . 2 )  i t  was c o n c l u d e d  t h a t  o x i d i s e d  c y to c h ro m e  c 

was i n s o l u b l e  i n  t h e  membrane s o l v e n t  and b e h a v e d ,  t h e r e f o r e ,  

a s  an  i d e a l  s u b s t r a t e .  A d d i t i o n a l l y ,  b e c a u s e  c y to c h r o m e  c 

i s  o b t a i n e d  f rom  r e s p i r a t o r y  membranes  and s i n c e  membrane 

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

( p r e v i o u s  s e c t i o n ) ,  i t  was i m p o r t a n t  t o  e n s u r e  t h a t  t h e  

p a r t i c u l a r  cy to c h ro m e  c p r e p a r a t i o n  u s e d  c o n t a i n e d  no



p h o s p h o l i p i d  c o n t a m i n a n t .  T h in  l a y e r  c h r o m a t o g r a p h y  on 

s i l i c a  g e l  (GF 254 ,  Merck)  was u s e d  t o  a n a l y s e  t h e  h e x a n e  

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

m e t h a n o l - w a t e r  ( 6 5 : 2 5 s 4 v / v )  s o l v e n t  m i x t u r e  was u s e d  as  

t h e  moving  p h a s e  and t h e  p l a t e  was e x p o s e d  to  i o d i n e  v a p o u r  

t o  d e t e c t  any  l i p i d  p r e s e n t  ( l 5 l ) ,  ( 1 5 2 ) .  No p h o s p h o l i p i d  

was d e t e c t e d  by t h i s  m eans .

V e r i f i c a t i o n  o f  t h e  s u i t a b i l i t y  o f  c y to c h ro m e  c a s  

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

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

i n v e s t i g a t e d .  RMV was g e n e r a t e d  as  b e f o r e  ( s e c t i o n  3 - 2 . 4 )  

and  t h e  H - c e l l  was f i l l e d  a c c o r d i n g  t o  m ethod  B. The 

a q u e o u s  p h a s e s  w ere  s t i r r e d  u s i n g  s t a n d a r d  c o n d i t i o n s  

and t h e  membrane was a g i t a t e d  as  b e f o r e  ( s e c t i o n  3 - 2 . 1 ) .

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

w ere  0 . 4 0 7  mM and 2 4 . 2  + 2 .5  jiM r e s p e c t i v e l y .  The e f f e c t  

o f  a d d i n g  0 . 0 3  ml a l i q u o t s  o f  CL, P I  and PE s o l u t i o n s  

( e i t h e r ^10 mg ml~^ o r  ~1 mg m l~^)  on t h e  r e a c t i o n  was 

d e t e r m i n e d .  An e x p e r i m e n t  i n  w h ich  no v i t a m i n  K was 

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

o f  t h e s e  e x p e r i m e n t s  a r e  shown i n  f i g u r e s  4 - 5 ,  4 -6  and  4 - 7 ,  

w here  t h e  a b s o r b a n c e  o f  t h e  cy to c h ro m e  c s o l u t i o n  i s  

r e c o r d e d  a s  a  f u n c t i o n  o f  t i m e :  t h e  r a t e  o f  c h a n g e  o f

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

o f  c o n c e n t r a t i o n  o f  f e r r o c y t o c h r o m e  c .  The n a t u r e  and
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F i g u r e  4 -6  The a b s o r b a n c e  o f  c y to ch ro m e  c p l o t t e d  a g a i n s t  
t im e  f o r  t h e  s y s t e m :

RMV/Vitamin K ( h e x a n e )  + P h o s p h o l i p i d / C y t o c h r o m e  c

The c o n c e n t r a t i o n s  o f  P I  and CL u s e d  a r e  g i v e n  i n  t a b l e  2 2 ( a ) .  
The b r o k e n  l i n e s  w ere  g e n e r a t e d  f rom  ' l e a s t  s q u a r e s '  a n a l y s e s  
b a s e d  u p o n  z e r o - o r d e r  k i n e t i c s .  O t h e r  r e l e v a n t  i n f o r m a t i o n  
i s  g i v e n  i n  t h e  l e g e n d  o f  f i g u r e  4-5#
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F i g u r e  4 -7  The a b s o r b a n c e  o f  c y to ch ro m e  c p l o t t e d  a g a i n s t  
t im e  f o r  t h e  s y s t e m :

EMV/Vitamin K ( h e x a n e )  + P E /C y toch rom e  c

The c o n c e n t r a t i o n s  o f  PE u s e d  a r e  g i v e n  i n  t a b l e  2 2 ( a )  and 
o t h e r  r e l e v a n t  i n f o r m a t i o n  i s  n o t e d  i n  t h e  l e g e n d  o f  

f i g u r e  4-5*



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

g i v e n  i n  t a b l e  2 2 ( a ) .

The c y to c h ro m e  c r e s u l t s ,  u n l i k e  t h o s e  o f  DCIP and  

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

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

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

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

and  s e c o n d  r e a d i n g s  ( u s u a l l y  30 m i n u t e s ) .  T h i s  f a l l  was 

f o l l o w e d  by an i n d u c t i o n  p e r i o d ,  o f  v a r i a b l e  l e n g t h ,  

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

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

p r o p e r  b e g a n ,  s i g n i f i e d  by an  i n c r e a s e  i n  a b s o r b a n c e .

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

s t a g e  when PE was u s e d  a s  t h e  m o d i f i e r  w h i l e  n e g l i g i b l e  

i n d u c t i o n  p e r i o d s  w ere  o b s e r v e d  w i t h  P I ,  f i g u r e s  4 -7  

and  4 - 6  r e s p e c t i v e l y .  At t h e  end o f  eac h  e x p e r i m e n t  i n  

w h ich  v i t a m i n  K was p r e s e n t  i n  t h e  membrane,  t h e  a b s o r b a n c e  

(550  nm) o f  t h e  f u l l y  r e d u c e d  ( d i t h i o n i t e  ( 1 5 3 ) )  c y to c h ro m e  

c s o l u t i o n  f rom  t h e  H - c e l l  was a lw ay s  f o u n d  t o  be l e s s  

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

f e r r i c y t o c h r o m e  c s t o c k  s o l u t i o n  f rom  w h ic h  t h e  f o r m e r  

was t a k e n .  No s u c h  d i s c r e p a n c y  was o b t a i n e d  f rom  t h e  

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

5-10% o f  t h e  v a l u e  o b t a i n e d  f rom t h e  f u l l y  r e d u c e d  s t o c k  

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

No r a p i d  i n i t i a l  f a l l  i n  a b s o r b a n c e  and no i n d u c t i o n  p e r i o d  

w ere  o b s e r v e d  d u r i n g  t h e  c o n t r o l  r u n s ,  f i g u r e  4 - 5 .  I n s t e a d  

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

d e n s i t y  was o b s e r v e d .  I’he a b s e n c e  o f  v i t a m i n  K i n  t h e  

membrane was v e r i f i e d  by r e c o r d i n g  an  u l t r a v i o l e t  s p e c t r u m  

o f  t h e  membrane l a y e r .  When coenzyme Q r e p l a c e d  v i t a m i n  K 

a s  t h e  c a r r i e r ,  no i n i t i a l  d e c r e a s e s  i n  a b s o r b a n c e  and no 

i n d u c t i o n  p e r i o d s  were  o b s e r v e d  ( 8 1 ) •

An i n c r e a s e  i n  a b s o r b a n c e  d u r i n g  cy to ch ro m e  c r u n s  

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

f e r r o c y t o c h r o m e  c .  C o n s e q u e n t l y ,  t h e  u n e x p e c t e d  i n c r e a s e  

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

( f  i g u r e  4 - 5 ) ,  c o n d u c t e d  i n  t h e  a b s e n c e  o f  membrane c a r r i e r ,  

must  be t h e  r e s u l t  o f  cy to c h ro m e  c b e i n g  a n a e r o b i c a l l y  

r e d u c e d .  S p o n ta n e o u s  r e d u c t i o n  o f  f e r r i c y t o c h r o m e  c h a s  

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

o f f  s o l i d  p a r t i c l e s  ( 1 5 4 ) ,  ( 1 5 5 ) ,  and  i t  may w e l l  be t h a t  

t h e  h e x a n e / a q u e o u s  i n t e r f a c e  b e h a v e s  s i m i l a r l y .  The 

m echanism  o f  t h i s  r e d u c t i o n  i s  unknown.

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

r u n s  p r o p e r ,  which  w ere  a t  f i r s t  p u z z l i n g ,  were  c o n s i d e r e d  

a s  b e i n g  t h e  r e s u l t  o f  one o f  ( o r  a  c o m b i n a t i o n  o f )  t h e  

f o l l o w i n g  t h r e e  p r o c e s s e s :



( i )  l o s s  o f  cy to ch ro m e  c 

( i i )  o x i d a t i o n  o f  cy to ch ro m e  c 

( i i i )  some o t h e r  p r o c e s s .

E x p e r i m e n t s  were  c a r r i e d  o u t  t o  i n v e s t i g a t e  t h e s e  p o s s i b i l 

i t i e s  .

I t  was a p p a r e n t  f rom  t h e  o u t s e t  t h a t  t h e s e  e f f e c t s  

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

s t i r r e r  s i n c e  no d r o p  i n  o p t i c a l  d e n s i t y  was o b s e r v e d  d u r i n g  

t h e  two h o u r  p e r i o d  p r i o r  t o  membrane g e n e r a t i o n .  R e s u l t s  

f ro m  t h e  i m m i s c i b i l i t y  e x p e r i m e n t s ,  d e s c r i b e d  p r e v i o u s l y ,  

a l l o w e d  c o n s i d e r a t i o n  o f  a  l o s s  o f  c y to c h ro m e  c due t o  

a n  i n t r i n s i c  membrane s o l u b i l i t y  t o  be  s i m i l a r l y  d i s m i s s e d .  

H e n c e ,  l o s s e s  o f  c y to c h ro m e  c by a  p h y s i c a l  p r o c e s s  c o u l d  

a t  o n ce  be e l i m i n a t e d  f rom c o n s i d e r a t i o n .

Cytochrome c i s  known t o  fo rm  com plexes  w i t h  a number  

o f  l i p i d s  ( l 4 4 ) - ( l 4 7 ) ,  w h ic h ,  u n d e r  c e r t a i n  c o n d i t i o n s ,  

become s o l u b l e  i n  h y d r o p h o b i c  s o l v e n t s .  The p o s s i b i l i t y  

e x i s t e d ,  t h e r e f o r e ,  t h a t  a  s m a l l  amount o f  c y to c h ro m e  c 

h a d  fo rm e d  a  h e x a n e  s o l u b l e  com plex  w i t h  v i t a m i n  K o r  t h e  

p h o s p h o l i p i d  m o d i f i e r s .  Cytochrome c - p h o s p h o l i p i d  com plexes  

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

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

m em b ran es ,  f i g u r e  4 -5  and  f i g u r e s  4 - 6  and 4 - 7  r e s p e c t i v e l y .

I f  t h e  l o s s e s  i n  o p t i c a l  d e n s i t y  w ere  due t o  t h e  f o r m a t i o n  

o f  a  h e x a n e  s o l u b l e  v i t a m i n  K -cy to c h ro m e  c co m p le x ,  t h e n



e v e n  a l l o w i n g  f o r  t h e  f a c t  t h a t  o n l y  ~lOfo o f  t h e  p r o t e i n  

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

s h o u l d  be d e t e c t i b l e  f rom  t h e  v i s i b l e  s p e c t r u m  o f  t h e  

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

p e a k .  The s o l v e n t  membranes  f rom k i n e t i c  r u n s  3 and  6 ,  

t a b l e  2 2 ( a ) ,  gave s p e c t r a  i n  w hich  o n l y  t h e  v i t a m i n  K 

a b s o r p t i o n  was a p p a r e n t .  A d d i t i o n a l  e v i d e n c e  a g a i n s t  

t h e  e x t r a c t i o n  o f  a  l i p i d - p r o t e i n  co m p lex ,  p r o t e o l i p i d ,  

came f rom  e x p e r i m e n t s  i n  w h ich  a l i q u o t s  (3  m l)  o f  a  30 pH 

c y to c h ro m e  c s o l u t i o n  were  e q u i l i b r a t e d  o v e r n i g h t  w i t h  

e q u a l  a l i q u o t s  o f  b o t h  200 and  20 joM v i t a m i n  K ( h e x a n e )  

s o l u t i o n s  i n  s e a l e d  v i a l s  ( s e c t i o n  1 - 3 . 2 ) .  The o p t i c a l  

d e n s i t i e s  o f  t h e  v i t a m i n  K s o l u t i o n s ,  m e a s u re d  b e f o r e  and 

a f t e r  e q u i l i b r a t i o n ,  were  f o u n d  t o  be  i d e n t i c a l .  T h is  

i n d i c a t e d  t h a t  no v i t a m i n  K h a d  become com plexed  w i t h  

c y to c h r o m e  c o r  e x t r a c t e d  i n t o  t h e  a q u e o u s  p h a s e .  I t  

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

c y to c h r o m e  c s o l u t i o n  e q u i l i b r a t e d  b e lo w  t h e  q u i n o n e  

s o l u t i o n  o f  h i g h e r  c o n c e n t r a t i o n  h ad  d e c r e a s e d  to  89f° o f  

i t s  s t a r t i n g  v a l u e .  No s u c h  change  was d e t e c t e d  i n  t h e  

o t h e r  c y to c h ro m e  c s o l u t i o n .  These  e x p e r i m e n t s  a l l o w e d  

t h e  e x t r a c t i o n  o f  a  p r o t e o l i p i d  t o  be e l i m i n a t e d  f rom  

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

m ark ed  i n c r e a s e  i n  a u t o x i d a t i o n  o f  f e r r o c y t o c h r o m e  c by 

p r o m o t i n g  a  c o n f o r m a t i o n a l  change  i n  t h e  p r o t e i n  t h a t



r e n d e r s  t h e  heme more a c c e s s i b l e  t o  oxygen  i n  s o l u t i o n  

( l 4 3 ) .  The l o n g e r  t h e  h y d r o c a r b o n  c h a i n ,  t h e  g r e a t e r  

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

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

t h e  p r o t e i n  (156 ) .  F o r  t h e s e  r e a s o n s ,  and i n  v ie w  o f  t h e  

f a c t  t h a t  s t o c k  f e r r i c y t o c h r o m e  c s o l u t i o n s  c o n t a i n e d  ~10fo 

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

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

com ponent  r e s u l t i n g  f rom  a  c o n f o r m a t i o n a l  change  i n d u c e d  

by t h e  p r o l o n g e d  i n t e r a c t i o n  o f  o x i d i s e d  v i t a m i n  K w i t h  

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

Chem ica l  m o d i f i c a t i o n  o f  c y to c h ro m e  c c o u l d  c a u s e  t h e  

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

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

due to  a change  i n  t h e  w a v e l e n g t h  o f  maximum a b s o r p t i o n  o f  

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

t e s t  and  s t o c k  s o l u t i o n s  f rom k i n e t i c  r u n  4 ,  t a b l e  2 2 ( a ) ,  

w e re  r e c o r d e d  a t  t h e  end o f  t h e  e x p e r i m e n t  o v e r  t h e  r a n g e  

540-560  nm. The sh a p e  o f  t h e  a b s o r p t i o n s  o b t a i n e d  w ere  

i d e n t i c a l ,  b o t h  d i s p l a y i n g  an  a b s o r p t i o n  maximum a t  550  nm.

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

o f  5 (ill, b u t  t h i s  t i m e  t h e  o p t i c a l  d e n s i t i e s  w ere  r e c o r d e d  

o v e r  400—420 nm r a n g e  ( S o r e t  r e g i o n ) ,  b o t h  i m m e d i a t e l y  

b e f o r e  and  a  few h o u r s  a f t e r  membrane g e n e r a t i o n .  P h o s p h a t e  

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



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

no d i f f e r e n c e s  i n  a b s o r p t i o n  c h a r a c t e r i s t i c s  w ere  d e t e c t i b l e ,  

b o t h  s p e c t r a  e x h i b i t i n g  maxima a t  410 nm. These  e x p e r i m e n t s  

c l e a r l y  d e m o n s t r a t e d  t h a t  no change  i n  a b s o r p t i o n  c h a r a c t e r 

i s t i c s ,  o v e r  4 0 0 -4 2 0  nm and  540-560  nm r a n g e s ,  a c c o m p a n ie s  

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

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

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

m o d i f i c a t i o n s  o f  t h e  p r o t e i n  ( 8 2 ) .

Once s a t i s f i e d  t h a t  t h e  o b s e r v e d  a b s o r b a n c e  l o s s e s  

w ere  n o t  t h e  r e s u l t  o f  a  p h y s i c a l  l o s s  o f  c y to c h ro m e  c 

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

o x i d a t i o n  was n e x t  c o n s i d e r e d .  As d i s c u s s e d  p r e v i o u s l y ,  

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

s t u d i e s  c o n t a i n e d  ~ 10^  f e r r o c y t o c h r o m e  c .  The ( r e v e r s i b l e )  

o x i d a t i o n  o f  t h e  f e r r o c y t o c h r o m e  c f r a c t i o n ,  t o  f e r r i c y 

t o c h r o m e  c ,  by t h e  a d d i t i o n  o f  s m a l l  amounts  o f  s o l i d  

p o t a s s i u m  f e r r i c y a n i d e  ( 1 5 3 ) ,  c a u s e d  t h e  o p t i c a l  d e n s i t i e s  

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

k i n e t i c  r u n s ,  a f t e r  t h e  i n i t i a l  f a l l  i n  a b s o r b a n c e  h ad  

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

a b s o r b a n c e  l o s s e s  c o u l d  be e x p l a i n e d ,  a t  l e a s t  i n  p a r t ,  

i n  t e r m s  o f  an i r r e v e r s i b l e  o x i d a t i o n  o f  f e r r o c y t o c h r o m e  c .  

The o x i d a t i o n  w ould  n e c e s s a r i l y  h a v e  t o  be i r r e v e r s i b l e  

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



s t o c k  c y to c h ro m e  c s o l u t i o n s  were  n o t  t o  be  t h e  same a t  

t h e  end o f  t h e  r u n .  A s e r i e s  o f  e x p e r i m e n t s ,  u s i n g  t h e  

H - c e l l ,  w ere  c a r r i e d  o u t  t o  f u r t h e r  i n v e s t i g a t e  t h i s  p o s s i 

b i l i t y .

D e o x y g e n a te d  b u f f e r  and c y to c h ro m e  c (25 pM) s o l u t i o n s  

w ere  p l a c e d  i n  o p p o s i t e  l im b s  o f  t h e  H_c e n  and  t h e  a p p a r a t u s  

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

p e r i o d ,  h e x a n e  ( 4  m l)  was ad d e d .  Some t im e  l a t e r  an  

a l i q u o t  o f  ( o x i d i s e d )  v i t a m i n  K s o l u t i o n  ( 0 . 5  m l)  was 

a d d e d  to  g e n e r a t e  a membrane 0 . 4  mM i n  q u i n o n e .  F i n a l l y ,  

a f t e r  a  few h o u r s ,  a  p u l s e  o f  oxygen  was i n j e c t e d  i n t o  t h e  

t e s t  c y to ch ro m e  c s o l u t i o n .  The o p t i c a l  d e n s i t i e s  o f  b o t h  

a q u e o u s  s o l u t i o n s  w ere  r e c o r d e d  (55^  nm) as  a  f u n c t i o n  o f  

t i m e .  A s i m i l a r  e x p e r i m e n t  i n  which  t h e  c a r r i e r  s o l u t i o n  

a d d e d  h ad  been  p r e v i o u s l y  f u l l y  r e d u c e d  ( u s i n g  KMV) was 

a l s o  c a r r i e d  o u t .  The a b s o r b a n c e s  r e c o r d e d  from t h e  

c y to c h r o m e  c l i m b s  o f  each  e x p e r i m e n t  a r e  shown i n  f i g u r e  

4 - 8 ( a ) ,  ( b ) .  The a b s o r b a n c e  r e a d i n g s  f rom  t h e  b u f f e r  l im b  

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

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

no n e t  t r a n s p o r t  o f  cy to ch ro m e  c s o l u t i o n  f rom t h e  one 

a q u e o u s  l i m b ,  t h r o u g h  t h e  h e x a n e  and  i n t o  t h e  o t h e r .

W hereas  b e f o r e  o n l y  b u l k  s o l u b i l i t y  o f  c y to c h ro m e  c w i t h i n  

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

-  201 -



F i g u r e  4—8 The a b s o r p t i o n  o f  cy to ch ro m e  c p l o t t e d  a g a i n s t  
t i m e  f o r  t h e  s y s t e m :

B u f f e r / V i t a m i n  K ( h e x a n e ) / C y t o c h r o m e  c

The i n i t i a l  c o n c e n t r a t i o n s  o f  v i t a m i n  and c y to c h ro m e  c 
w ere  0 . 4  mM and  25 pM r e s p e c t i v e l y .  A l l  e x p e r i m e n t s  s t a r t e d  
a t  t h e  same a b s o r b a n c e  r e a d i n g .  F o r  c l a r i t y  o f  p r e s e n t a t i o n ,  
a s  b e f o r e ,  t h e s e  z e r o - t i m e  a b s o r b a n c e s  hav e  b e e n  s e t  a t  
a r b i t r a r y  p o i n t s  on t h e  o r d i n a t e .  Only  i n  f i g u r e  ( c )  had  
t h e  h e x an e  b e e n  e n t i r e l y  d e o x y g e n a t e d .  F u r t h e r  d e t a i l s  
a r e  g i v e n  i n  t h e  t e x t .
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s h o v e d  t h a t  t h e  p r o t e i n  d i d  n o t  h av e  even  an  u n d e t e c t i b l y  

s m a l l  s o l u b i l i t y  i n  t h e  hex an e  l a y e r .  T h is  w ou ld  r e s u l t  

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

a q u e o u s  p h a s e ,  a s  e x p e r i e n c e d  w i t h  DCIP ( s e c t i o n  1 - 3 . 6 ) .

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

f i g u r e  4 - 8 ( a ) ,  d e m o n s t r a t e d  t h a t  i n  t h e  a b s e n c e  o f  r e d u c e d  

c a r r i e r  a  s m a l l  q u a n t i t y  o f  cy to ch ro m e  c s t i l l  became 

r e d u c e d .  As d i s c u s s e d  e a r l i e r ,  t h i s  i s  m os t  l i k e l y  due  

t o  an  i n t e r f a c i a l  e f f e c t .  The s m a l l  i n c r e a s e  i n  o p t i c a l  

d e n s i t y  o b s e r v e d  b e f o r e  t h e  g e n e r a t i o n  o f  t h e  membrane 

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

t h e  n i t r o g e n / a q u e o u s  s o l u t i o n  p h a s e  b o u n d a r y .  Oxygen 

a p p e a r s  t o  i n h i b i t  s p o n t a n e o u s  r e d u c t i o n ,  f i g u r e  4 - 8 ( a ) .  

T h r o u g h o u t  t h i s  e x p e r i m e n t  no f a l l  i n  o p t i c a l  d e n s i t y  was 

r e c o r d e d .  When r e d u c e d  v i t a m i n  K was ad d ed  i m m e d i a t e l y  

a f t e r  t h e  a d d i t i o n  o f  h e x a n e ,  f i g u r e  4 - 8 ( b ) ,  a r a p i d  

d e c r e a s e  i n  o p t i c a l  d e n s i t y  was r e c o r d e d .  A d d i t i o n  o f  

o xygen  c a u s e d  an  i n c r e a s e  i n  a b s o r b a n c e  which  was r e v e r s e d  

by t h e  a d d i t i o n  o f  a f u r t h e r  a l i q u o t  o f  r e d u c e d  v i t a m i n  K. 

These  two e x p e r i m e n t s  i n d i c a t e d  t h a t  b o t h  oxygen  and r e d u c e d  

v i t a m i n  K, b u t  n o t  o x i d i s e d  v i t a m i n  K, w ere  somehow i n v o l v e d  

i n  t h e  e f f e c t s  b e i n g  c o n s i d e r e d .  To i n v e s t i g a t e  t h i s  

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

m e thod  C ( s e c t i o n  3 - 2 . 4 ) .  Any o x y g en  o r i g i n a l l y  p r e s e n t  

i n  t h e  h e x a n e  w ou ld  be  removed by  t h e  p r e v i o u s  e q u i l i b r a t i o n



w i t h  EMV. The r e s u l t s  o b t a i n e d ,  f i g u r e  4 - 8 ( c ) ,  p r o v e d  

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

o b s e r v e d ,  c o u l d  be  e l i m i n a t e d ,  p r o v i d e d  oxygen  was s t r i n g 

e n t l y  e x c l u d e d  f ro m  t h e  s y s t e m .  The m a g n i tu d e  o f  t h e  f a l l  

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

m e n ts  w here  t h e  h e x a n e  s t i l l  c o n t a i n e d  t r a c e s  o f  o x y g e n ,  

was f o u n d  t o  be t h e  same a s  t h e  d i f f e r e n c e  b e tw e e n  t h e  

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

m e a s u r e d  a t  t h e  end o f  t h e  e x p e r i m e n t ,  p r o v i d e d  t h a t  t h e  

d u r a t i o n  o f  t h e  e x p e r i m e n t  was l e s s  t h a n  a b o u t  s i x  h o u r s  

an d  t h a t  no ox y g en  p u l s e s  w ere  u s e d .  I f  e i t h e r  o f  t h e s e  

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

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

f o u n d  a t  t h e  end  o f  t h e  e x p e r i m e n t .  F u r t h e r ,  i f  t h e  

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

t h e  s p e c i a l  t e c h n i q u e  d e v e l o p e d  ( s e c t i o n  3 - 2 . 4 ) ,  t h e  

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

s t o c k  and t e s t  s o l u t i o n s ,  ( a g a i n  p r o v i d e d  t h e  e x p e r i m e n t  

l a s t e d  l e s s  t h a n  a b o u t  s i x  h o u r s )  w ere  now f o u n d  t o  be 

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

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

o f  t h e  a b s o r b a n c e  l o s s e s  d e t e c t e d  a t  t h e  end o f  t h e s e  

e x p e r i m e n t s ,  w ere  t h e  r e s u l t  o f  a  p r o c e s s  w h ic h  o c c u r r e d  

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



The s e r i e s  o f  e x p e r i m e n t s  j u s t  d e s c r i b e d  show con

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

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

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

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

v i t a m i n  K and  oxygen  r e a c t  t o  g e n e r a t e  e i t h e r  h y d r o g e n  

p e r o x i d e  o r  a v i t a m i n  K h y d r o p e r o x i d e  and t h a t  one o f  t h e s e  

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

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

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

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

b e t w e e n  t h e  a b s o r b a n c e  l o s s  a t  t h e  s t a r t  and end o f  e ac h  

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

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

I n  a d d i t i o n ,  s m a l l  am ounts  o f  t h e  f e r r o c y t o c h r o m e  c ,  

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

l o s t  by r e a c t i o n  w i t h  s m a l l  am ounts  o f  p e r o x i d e  c o n t i n u a l l y  

f o rm ed  t h r o u g h o u t  t h e  r e a c t i o n  due  to  t h e  p r e s e n c e  o f  

m i n u t e  oxygen  l e a k s  i n  t h e  c e l l .  The a b i l i t y  o f  v i t a m i n  K 

t o  e x p o s e  t h e  heme c r e v i c e  t o  oxygen  ( d i s c u s s e d  e a r l i e r )  

may s i m i l a r l y  a i d  a t t a c k  by p e r o x i d e .

The mechanism p r o p o s e d  r e q u i r e s  t h a t  t h e  c a r r i e r  be 

r e a d i l y  o x i d i s e d  b y  m o l e c u l a r  o x y g en .  The a u t o x i d i s a b l e  

n a t u r e  o f  d i h y d r o v i t a m i n  K i s  w e l l  known ( 5 9 ) .  The 

o b s e r v a t i o n  t h a t  no i n i t i a l  d ro p  i n  a b s o r b a n c e  o c c u r s  when



t h e  n o n - a u t o x i d i s a b l e  q u i n o n e ,  coenzyme Q, r e p l a c e d  

v i t a m i n  K as  t h e  c a r r i e r  ( 8 1 ) ,  p r o v i d e s  s t r o n g  s u p p o r t  

f o r  t h e  v a l i d i t y  o f  t h e  p r o p o s e d  m echan ism .  A d d i t i o n a l  

s u p p o r t  f o r  t h i s  scheme comes f rom  t h e  f a c t  t h a t  h y d r o g e n  

p e r o x i d e  and l i p i d  h y d r o p e r o x i d e s  h av e  b o t h  b e e n  f o u n d  t o  

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

t o  c a u s e  s i m i l a r  f a l l s  i n  a b s o r b a n c e  ( 1 5 7 ) ,  ( 1 5 3 ) .

The v a r i a b l e  and complex  b e h a v i o u r  o f  c y to ch ro m e  c 

u n d e r  t h e  d i f f e r i n g  r e a c t i o n  c o n d i t i o n s  em ployed  m ean t  

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

i c a b l e .  To a i d  c o m p a r i s o n s  to  be made b e tw e e n  t h e  r e s u l t s  

o b t a i n e d ,  t h e  a b s o r b a n c e  r e a d i n g s  f rom  t h e  s e c t i o n s  o f  t h e  

g r a p h  w here  t h e  r e a c t i o n  p r o p e r  o c c u r r e d  w ere  u s e d  t o  

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

u s i n g  e q u a t i o n  ( 2 - 5 )  and t h e  e x t i n c t i o n  v a l u e s  g i v e n  i n  

s e c t i o n  2 - 4 . 2 .  The a b s o r b a n c e  v a l u e s ,  m e a s u re d  a t  t h e  

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

s o l u t i o n s ,  were  c o n s i d e r e d  t o  be more a c c u r a t e  m e a s u r e s  o f  

t h e  c o n c e n t r a t i o n s  o f  t o t a l  r e d u c i b l e  c y to ch ro m e  c p r e s e n t  

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

f u l l y  r e d u c e d  s t o c k  s o l u t i o n s .  The f o r m e r  v a l u e s  w e r e ,  

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

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

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

Z e r o - o r d e r  r a t e  c o n s t a n t s  w e re  c a l c u l a t e d ,  u s i n g  t h e s e



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

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

e ac h  g r a p h  w ere  i g n o r e d  when c a r r y i n g  o u t  t h i s  a n a l y s i s .  

V a l u e s  f o r  t h e  i n i t i a l 1 r e a c t i o n  r a t e s ,  t o g e t h e r  w i t h  t h e  

r a t i o  o f  t h e s e  r a t e s  t o  t h e  a v e r a g e  r a t e  o b t a i n e d  when no 

p h o s p h o l i p i d  was p r e s e n t ,  a r e  g i v e n  i n  t a b l e  2 2 ( a ) .  The 

p e r c e n t  o f  t h e  c y to c h ro m e  c r e d u c e d  a f t e r  24 h o u r s  r e a c t i o n ,  

i s  a l s o  i n c l u d e d .  I n  c o n t r a s t  t o  t h e  b e h a v i o u r  e x h i b i t e d  

by  c y to c h ro m e  c when c a r r i e r  c o n t a i n i n g  membranes were  

e m p lo y ed ,  t h e  r e s u l t s  f rom t h e  c o n t r o l  e x p e r i m e n t  o b e y e d  

a  s i m p l e  z e r o - o r d e r  a n a l y s i s  f o r  t h e  r e d u c t i o n  o f  c y to c h ro m e  

c .  The r a t e  c o n s t a n t  o b t a i n e d  i s  a l s o  i n c l u d e d  i n  t a b l e  

2 2 ( a ) .

To i n v e s t i g a t e  w h e t h e r  t h e  p e r o x i d e  r e a c t i o n  h a d  any 

e f f e c t  on t h e  o b s e r v e d  k i n e t i c s  o f  r e a c t i o n ,  t h r e e  o f  t h e  

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

u s i n g  c o n d i t i o n s  w h ich  r i g o r o u s l y  e x c l u d e d  oxygen  f rom  t h e  

c e l l *  T h i s  was a c h i e v e d  by f i l l i n g  t h e  c e l l  a c c o r d i n g  

t o  m ethod  C ( s e c t i o n  3 - 2 . 4 ) .  The e x p e r i m e n t s  w ere  o t h e r 

w i s e  i d e n t i c a l .  F i g u r e  4 - 9 ( a ) ,  ( b )  and  ( c )  r e c o r d s  t h e  

a b s o r b a n c e s  (55^  nm) o f  cy to ch ro m e  c o b t a i n e d  a s  a f u n c t i o n  

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

r u n  i n  w h ic h  no p h o s p h o l i p i d  was p r e s e n t ,  b u t  w h ich  was 

i n t e r r u p t e d  a f t e r  200 m i n u t e s  by t h e  a d d i t i o n  o f  a  s e c o n d  

a l i q u o t  o f  o x y g en —f r e e  c a r r i e r  s o l u t i o n ,  t h i s  t i m e  i n  t h e
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F i g u r e  4 -9  The a b s o r b a n c e  o f  cy to ch ro m e  c p l o t t e d  a g a i n s t  
t im e  f o r  t h e  s y s t e m :

EMV/Vitamin K ( h e x a n e )  + P h o s p h o l i p i d / C y t o c h r o m e  c.

T h e se  e x p e r i m e n t s  w ere  s e l e c t e d  r e p e a t s  o f  t h o s e  shown i n  
f i g u r e s  4 -5  and 4 -6  e x c e p t  t h a t  method  C ( s e c t i o n  3 - 2 . 4 )  
was u s e d  t o  f i l l  t h e  c e l l .  The c o n d i t i o n s  were  o t h e r w i s e  
i d e n t i c a l .  The b r o k e n  l i n e s  w ere  g e n e r a t e d  f rom ' l e a s t  
s q u a r e s '  a n a l y s e s  b a s e d  upon z e r o - o r d e r  k i n e t i c s .
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o x i d i s e d  fo rm ,  was s i m i l a r l y  c a r r i e d  o u t .  The a b s o r b 

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

i n  f i g u r e  4 - 9 ( d ) .  The o b s e r v e d  o p t i c a l  d e n s i t i e s  w ere  

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

e q u a t i o n  ( 2 - 5 ) ,  and  t h e s e  c o n c e n t r a t i o n s ,  w hich  v a r i e d  

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

c o n s t a n t s .  The v a l u e s  o b t a i n e d  a r e  r e c o r d e d  i n  t a b l e  2 2 ( b ) .  

A t  t h e  end o f  e a c h  o f  t h e s e  e x p e r i m e n t s  o n l y  s m a l l  d i f f e r 

e n c e s  ( l - 5 $ )  b e tw e e n  t h e  a b s o r b a n c e s  o f  t h e  f u l l y  r e d u c e d  

t e s t  and  s t o c k  s o l u t i o n s  o f  c y to c h ro m e  c were  now f o u n d .

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

w ere ,  i n  f a c t ,  p r i m a r i l y  due t o  t h e  s e c o n d  and i r r e v e r s i b l e  

r e a c t i o n .

C o m p ar i so n  o f  f i g u r e  4 -9  w i t h  f i g u r e s  4 -5  a n d  4 -6  

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

f rom  t h e  s y s t e m  h a s  a m arked  e f f e c t  on t h e  k i n e t i c  b e h a v i o u r  

o b s e r v e d :  b o t h  t h e  i n i t i a l  l o s s e s  i n  c y to c h ro m e  a b s o r p t i o n

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

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

and  r e o x i d a t i o n  by  t h e  s e c o n d a r y  p e r o x i d e  r e a c t i o n  would  

a c c o u n t  f o r  t h e  i n d u c t i o n  p e r i o d .  O nly  when t h e  l a t t e r  

r e a c t i o n  h ad  a l m o s t  c e a s e d  would n e t  r e d u c t i o n  b e g i n  t o  be 

o b s e r v e d .  I f  t h i s  a p p r o a c h  i s  c o r r e c t ,  i t  f o l l o w s  t h a t  

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

p e r i o d  and  t h u s  j u s t i f i e s  t h e  e a r l i e r  a n a l y s i s  ( t a b l e  2 2 ( a ) ) .
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The a b se n c e  o f  in d u c t io n  p e r io d s  i n  th e  f i r s t  PI r u n s ,

f i g u r e  4—6 ,  c o u l d  be  due t o  a  q u e n c h i n g  o f  t h e  r a d i c a l

s i d e - r e a c t i o n  by t h e  h y d r o x y l  g r o u p s  o f  t h e  i n o s i t o l  r e s i d u e

on  t h e  p h o s p h o l i p i d ,  f i g u r e  4 - 2 .

C o m p ar i so n  o f  s y s t e m s  l a c k i n g  p h o s p h o l i p i d  m o d i f i e r s

shows t h a t  s i m i l a r  r a t e  c o n s t a n t s  a r e  d e t e r m i n e d ,  t a b l e  2 2 ,

f o r  r u n s  c o n d u c t e d  b o t h  w i t h  ( r u n  ( a ) )  and w i t h o u t  ( r u n s  1 ,  2)

r i g o r o u s  oxygen  p r e c a u t i o n s  h a v i n g  b e e n  t a k e n .  The r e s u l t

f rom  t h e  c o n t r o l  r u n ,  t a b l e  2 2 ,  s u g g e s t s  t h a t  a  c o r r e c t i o n  
- 9o f  - 2 . 7  x 10 s h o u l d  be a p p l i e d  t o  t h e s e  r a t e  c o n s t a n t s  

t o  t a k e  a c c o u n t  o f  t h e  s p o n t a n e o u s  ( i n t e r f a c i a l ) r e d u c t i o n  

o f  c y to c h ro m e  c .  However ,  s i n c e  t h e  p e r o x i d e  r e a c t i o n  

c a u s e s  a n  o p p o s i t e ,  b u t  u n d e t e r m i n e d ,  e f f e c t ,  no c o r r e c t i o n

was a p p l i e d  to  t h e s e ,  o r  t o  t h e  o t h e r ,  r a t e  c o n s t a n t s .
- 9  - 1  -1A mean v a l u e  o f  k  = 4 .5 8  x 10 mole l i t r e  min  waso

o b t a i n e d  on a v e r a g i n g  t h e  r e s u l t s  and  t h i s  c o r r e s p o n d s  

( e q u a t i o n  ( 3 - 8 ) )  t o  a  h a l f - l i f e  o f  2640 m i n u t e s .

The a p p r o x i m a t e  z e r o - o r d e r  b e h a v i o u r  e x h i b i t e d  by t h e  

u n m o d i f i e d  c y to c h ro m e  c s y s t e m s  an d  t h e  l o n g  h a l f - l i v e s  

d i s p l a y e d  c o n t r a s t  m a r k e d l y  w i t h  t h e  f a s t ,  f i r s t - o r d e r ,  

r e a c t i o n s  d i s p l a y e d  by b o t h  DCIP ( s e c t i o n  3 - 3 . 1 )  and m e t h y l e n e  

b l u e  ( s e c t i o n  3 - 3 . 2 )  s y s t e m s .  I f  c y to c h ro m e  c r e d u c t i o n  

was d i f f u s i o n  c o n t r o l l e d ,  a s  was t h e  c a s e  f o r  m e t h y l e n e  b l u e
_3

s y s t e m s ,  a  f i r s t - o r d e r  r a t e  c o n s t a n t  o f  k^  ~  5 x  10

min"’"*' and  a h a l f - l i f e  o f  t i .  ~  140 min  w ou ld  be e x p e c t e d
2
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( e q u a t i o n  ( 3 - 1 9 ) )  f o r  an  u n s t i r r e d  l a y e r  t h i c k n e s s  o f  28 p,;

D = 0 . 9 5  x 10~ cm s “  f o r  c y to c h ro m e  c ( 1 5 9 ) .  Thus 

d i f f u s i o n  c o n t r o l  i n  t h e  s u b s t r a t e  s o l u t i o n  c a n n o t  now a c c o u n t  

f o r  t h e  o b s e r v e d  k i n e t i c s .  As i t  h a s  b e e n  v e r i f i e d  t h a t  

q u i n o l  t r a n s l o c a t i o n  i s  f a s t  r e l a t i v e  t o  s o l u t i o n  d i f f u s i o n  

c o n t r o l  ( s e c t i o n  3 - 3 . 2 )  i t  seems l i k e l y  t h a t  t h e  a c t u a l  

c h e m i c a l  r e a c t i o n  b e tw e e n  d i h y d r o v i t a m i n  K and  f e r r i c y t o -  

chrome c i s  now r a t e  d e t e r m i n i n g .  I n  v ie w  o f  t h e  l a r g e  

s i z e  o f  t h e  c y to c h ro m e  c m o l e c u l e  ( r o u g h l y  a  s p h e r e  o f  31A 

d i a m e t e r  ( 1 6 0 ) ) ,  s t e r i c  e f f e c t s  may p l a y  an  i m p o r t a n t  p a r t  

i n  t h i s  i n t e r f a c i a l  e l e c t r o n  t r a n s f e r .

I n  a homogeneous aq u e o u s  s o l u t i o n ,  a t  n e u t r a l  pH, t h e  

r e d u c t i o n  o f  c y to c h ro m e  c by b e n z o q u i n o l  i s  g r e a t l y  a c c e l 

e r a t e d  by t h e  a d d i t i o n  o f  b e n z o q u in o n e  ( l 6 l ) ,  ( l 6 2 ) .  The 

a c c e l e r a t i o n  was a s c r i b e d  t o  t h e  f o r m a t i o n  o f  b e n z o s e m i -  

q u i n o n e .  I n  c o n t r a s t ,  t h e  a d d i t i o n  o f  o x i d i s e d  v i t a m i n  K 

t o  t h e  membrane,  d u r i n g  a c y to c h ro m e  c r u n  f rom t h i s  r e s e a r c h ,  

was f o u n d  t o  h a v e  no e f f e c t  on t h e  o b s e r v e d  k i n e t i c s ,  f i g u r e

4 - 9 ( d ) .  T h i s  may r e f l e c t  t h e  n o n - i n v o l v e m e n t  o f  v i t a m i n  K 

s e m i q u i n o n e  r a d i c a l s  i n  t h e  r e a c t i o n .  I t  may a l s o ,  h o w e v e r ,  

be a  c o n s e q u e n c e  o f  t h e  s h o r t  e x i s t e n c e  o f  o x i d i s e d  c a r r i e r  

( a n d  t h e r e f o r e  a d d i t i o n a l  s e m i q u i n o n e )  i n  t h e  membrane,

s i n c e  t h e  r a t e  o f  r e d u c t i o n  o f  q u i n o n e  by RMV ( t i  ~  60 m in)
2

i s  much g r e a t e r  t h a n  t h e  r a t e  o f  d i h y d r o v i t a m i n  K r e o x i d a t i o n  

by f e r r i c y t o c h r o m e  c ( t ^  «  2500 m i n ) .  T e n t a t i v e  s u p p o r t
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f o r  t h e  l a t t e r  c o n c l u s i o n  comes f rom t h e  o b s e r v a t i o n  t h a t  

d u r i n g  an  e x p e r i m e n t ,  f i g u r e  4 - 8 ( b ) ,  w here  no RMV was p r e s e n t ,  

t h e  i n j e c t i o n  o f  a s m a l l  amount o f  oxygen  i n t o  t h e  r e d u c e d  

c a r r i e r  p h a s e  c a u s e d  an  i n c r e a s e  i n  t h e  r a t e  o f  p r o t e i n  

r e d u c t i o n :  r e a c t i o n  o f  oxygen w i t h  d i h y d r o v i t a m i n  K i s

known to  p r o d u c e  s e m iq u in o n e  r a d i c a l s  ( 9 1 ) .  As f o u n d  

e a r l i e r  ( s e c t i o n  1 - 4 . 4 ) ,  v i t a m i n  K s e m iq u in o n e  r a d i c a l s  

c a n  be  fo rm ed  a t  t h e  h e x a n e / a q u e o u s  i n t e r f a c e .

The e f f e c t  o f  a d d i n g  p h o s p h o l i p i d  t o  t h e  c y to c h r o m e  c 

s y s t e m s  b e i n g  d i s c u s s e d  would  be e x p e c t e d  t o  c a u s e  a  s l o w i n g  

down o f  a l l  t h e  r e a c t i o n  r a t e s ,  by a n a l o g y  t o  m e t h y l e n e  b l u e  

( p r e v i o u s  s e c t i o n ) .  T h is  i n d e e d  was o b s e r v e d  w i t h  PE 

m o d i f i e d  m em branes ,  f i g u r e  4 - 7 ,  w here  t h e  r e a c t i o n  was 

v i r t u a l l y  t o t a l l y  i n h i b i t e d .  With PI  and  CL m o d i f i e d  mem

b r a n e s ,  h o w e v e r ,  s u c h  i n h i b i t i o n  was n o t  o b s e r v e d ,  f i g u r e s

4 - 6  and 4 - 9 .  Cytochrome c r e d u c t i o n s  by CL m o d i f i e d  

m em b ra n es ,  b o t h  w i t h  and w i t h o u t  s t r i n g e n t  oxygen  p r e c a u t i o n s  

b e i n g  t a k e n ,  were  n o t i c e a b l y  f a s t e r  t h a n  t h o s e  d i s p l a y e d  by 

u n m o d i f i e d  m em branes ,  t a b l e  22 .  When oxygen  was n o t  

r i g o r o u s l y  e x c l u d e d  PI  m o d i f i e d  membranes showed s i m i l a r  

r a t e  e n h a n c e m e n t s .  On rem ova l  o f  o x y g e n ,  h o w e v e r ,  a  r a t e  

c l o s e  t o  t h a t  e x h i b i t e d  by u n m o d i f i e d  membranes  was o b t a i n e d  

once m ore .  Owing t o  t h e  l a c k  o f  a d d i t i o n a l  i n f o r m a t i o n ,  

no a t t e m p t  w i l l  be  made t o  r a t i o n a l i s e  t h i s  d i f f e r e n c e .

The a p p a r e n t  a c c e l e r a t i o n  by  oxygen  i s ,  h o w e v e r ,  n o t e d .
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The k i n e t i c  r e s u l t s  f rom  p h o s p h o l i p i d  m o d i f i e d  m em branes ,  

t a b l e  22 ,  i n d i c a t e  t h a t  CL a n d ,  p e r h a p s ,  P I  do n o t  f u n c t i o n  

s i m p l y  a s  i n e r t  p h o s p h o l i p i d s ,  w h ic h  compete  w i t h  c a r r i e r  

f o r  i n t e r f a c i a l  m o n o la y e r  s i t e s ,  b u t  t h a t  t h e y  a r e  i n v o l v e d  

i n  a  s p e c i f i c  i n t e r a c t i o n  w i t h  c y to c h ro m e  c w h ich  r e s u l t s  i n  

t h e  p r o t e i n  b ecom ing  more r e a c t i v e  t o w a r d s  c a r r i e r .  A d s o r 

p t i o n  o f  CL and P I  o n to  t h e  h e x a n e / a q u e o u s  i n t e r f a c e  w i l l  

c a u s e  t h e  i n t e r f a c i a l  m o n o la y e r s  t o  become n e g a t i v e l y  

c h a r g e d ,  s i n c e  b o t h  a r e  a c i d i c  p h o s p h o l i p i d s .  To a c c o u n t  

f o r  t h e  o b s e r v e d  a c c e l e r a t i o n  o f  cy to c h ro m e  c r e d u c t i o n  by 

CL a n d ,  p e r h a p s  P I ,  i t  i s  p r o p o s e d  t h a t  t h e  f e r r i c y t o c h r o m e  c 

m o l e c u l e s  ( p o s i t i v e l y  c h a r g e d )  a r e  e l e c t r o s t a t i c a l l y  bound 

t o  t h e  m o n o l a y e r  where  t h e y  r e a c t  w i t h  t h e  p h o s p h o l i p i d s  

t o  g e n e r a t e  a p r o t e i n - l i p i d  c om plex .  T h i s  com plex  i s  

c o n s i d e r e d  t o  p e n e t r a t e  t h e  i n t e r f a c i a l  m o n o l a y e r .  The 

s u b s e q u e n t  r a t e  en h an cem en t  r e c o r d e d  may be  due e i t h e r  t o  

t h e  f e r r i c y t o c h r o m e  c b e i n g  more f a v o u r a b l y  a l i g n e d  i n  t h i s  

p r o t e o l i p i d  t o w a r d s  r e a c t i o n  w i t h  c a r r i e r  o r  may b e  due  to  

a  c o n f o r m a t i o n a l  c h a n g e ,  i n d u c e d  b y  p r o t e o l i p i d  f o r m a t i o n ,  

t h a t  o pens  t h e  heme c r e v i c e  and t h e r e b y  f a c i l i t a t e s  r e a c t i o n  

w i t h  c a r r i e r .  P r o t e o l i p i d  f o r m a t i o n  ( s e c t i o n  4 - 1 ) ,  b i n d i n g  

o f  c y to c h ro m e  c t o  fn o n o la y e rs  and b i l a y e r s  o f  P I  ( 1 5 9 )  and 

t o  m o n o l a y e r s  o f  CL ( 1 6 3 ) ,  hav e  a l l  b e e n  p r e v i o u s l y  r e p o r t e d .  

E v i d e n c e  f o r  t h e  p e n e t r a t i o n  o f  CL m o n o l a y e r s  by c y to c h r o m e  c 

and f o r  s u b t l e  ch an g e  i n  p r o t e i n  c o n f o r m a t i o n ,  b o t h  a  d i r e c t
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r e s u l t  o f  com plex  f o r m a t i o n ,  w ere  a l s o  o b t a i n e d .  The 

o b s e r v a t i o n  f rom  t h i s  r e s e a r c h  t h a t  PE m o d i f i e d  membranes 

showed no r a t e  e n h a n c e m e n t ,  t a b l e  2 2 ( a ) ,  f u r t h e r  s u p p o r t s  

t h i s  t h e o r y  s i n c e  s a t u r a t e d  PE fo rm s  p r o t e o l i p i d  co m p lex es  

t o  o n l y  a  l i m i t e d  e x t e n t  ( 1 4 4 ) •

The i n c r e a s e  i n  t h e  r a t e  o f  cy to c h ro m e  c r e d u c t i o n  

o b s e r v e d  when t h e  b a s i c  membrane s y s t e m  was m o d i f i e d  by 

a d d i n g  CL, s u g g e s t s  t h a t  t h i s  l i p i d  may h a v e ,  i n  a d d i t i o n  

t o  t h e  more g e n e r a l  f u n c t i o n s  o f  p h o s p h o l i p i d  o u t l i n e d  

e a r l i e r  ( s e c t i o n  4 - 1 ) ,  a s p e c i f i c  r o l e  i n  c a t a l y s i n g  t h e  

r e d u c t i o n  o f  c y to c h ro m e  c .  P I  may a l s o  h a v e  a  s i m i l a r  

r o l e .  I t  i s  p e r h a p s  n o t  a  c o i n c i d e n c e  t h a t  t h e  c y to c h r o m e  c 

c o n t e n t  o f  mammalian t i s s u e  a p p e a r s  t o  be  r e l a t e d  t o  t h e  

CL c o n t e n t  ( 1 6 4 ) .  I t  m us t  be rem em bered ,  h o w e v e r ,  t h a t  

i s o p r e n o i d  q u i n o n e s  a r e  g e n e r a l l y  t h o u g h t  t o  r e a c t  d i r e c t l y  

w i t h  b and n o t  c c y t o c h r o m e s ,  i n  r e s p i r a t o r y  m em branes ,  

f i g u r e  1 - 9 .

A p a r t  f rom  any  b i o l o g i c a l  i m p l i c a t i o n s ,  l i q u i d  

r e d o x  membrane s y s t e m s  p r o v i d e  a  new, s e n s i t i v e ,  m e th o d  f o r  

t h e  p r e p a r a t i o n  and c h a r a c t e r i s a t i o n  o f  s o l u t i o n s  o f  r e d u c e d  

o r  o x y g e n - s e n s i t i v e  compounds,  w i t h o u t  t h e  a d d e d  c o m p l i c a t i o n  

o f  c h e m i c a l  c o n t a m i n a t i o n  ( o t h e r  t h a n  p r o t o n s  r e q u i r e d  t o  

e n s u r e  e l e c t r o n e u t r a l i t y ) .  I n  a d d i t i o n  t o  t h e  s t u d y  o f  

t h e  v e r y  o x y g e n - s e n s i t i v e  r e d u c e d  v i t a m i n  K d e s c r i b e d  e a r l i e r  

( s e c t i o n  2 - 3 . 5 ) ,  t h e s e  s y s t e m s  h a v e  a l s o  b e e n  u s e d  t o



g e n e r a t e  a  s o l u t i o n  o f  f e r r o c y t o c h r o m e  c f o r  u s e  i n  l a s e r  

R e so n an ce  Raman s p e c t r o s c o p y  s t u d i e s .

R eso n an ce  Raman s p e c t r o s c o p y  (1 6 5 )  c an  s e l e c t i v e l y  

e n h a n c e  t h e  v i b r a t i o n s  o f  a  p a r t i c u l a r  ch rom ophore  o f  a 

m o l e c u l e  i f  t h e  e n e r g y  o f  t h e  i n c i d e n t  l i g h t  a p p r o a c h e s  

t h a t  o f  t h e  e l e c t r o n i c  a b s o r p t i o n  b a n d .  T h i s  p r o p e r t y ,  

c o u p l e d  w i t h  t h e  f a c t  t h a t  w a t e r  i s  a  p o o r  Raman s c a t t e r e r ,  

makes t h e  t e c h n i q u e  an e x c e l l e n t  one f o r  p r o b i n g  b i o l o g i c a l  

s t r u c t u r e .  R esonance  Raman s p e c t r a  o f  f e r r o — and f e r r i — 

c y to c h r o m e  c a r e  d o m in a t e d  by  t h e  p o r p h y r i n  v i b r a t i o n a l  

modes (1 0 0 0 -1 7 0 0  cm ^ ) w h ich  a r e  e n h a n c e d  by r e s o n a n c e s  

w i t h  t h e  a l l o w e d  e l e c t r o n i c  t r a n s i t i o n s  i n  t h e  v i s i b l e  

( a -  and p -  b a n d s )  and  n e a r - u l t r a v i o l e t  ( S o r e t - b a n d )  r e g i o n s  

( 1 6 5 ) .

The c y to c h ro m e  c was r e d u c e d  i n  a v i b r a t o r  H - c e l l  

a c c o r d i n g  to  t h e  m ethod  d e s c r i b e d  i n  s e c t i o n  1 - 3 . 6 .  To 

a i d  r e a c t i o n  0 . 0 7 5  ml o f  a 9*3 mg ml~^ s o l u t i o n  o f  CL 

( i n  e t h a n o l )  was a d d e d .  The c o n c e n t r a t i o n s  o f  v i t a m i n  K, 

d i s s o l v e d  i n  h e x a n e ,  and c y to ch ro m e  c ,  d i s s o l v e d  i n  p h o s p h a t e  

b u f f e r  (pH 6 . 8 6 ) ,  w ere  86 |iM and 24 r e s p e c t i v e l y .  A f t e r  

a  few d a y s  t h e  c e l l  was op en ed  and  a  R esonance  Raman s p e c t r u m  

o f  t h e  s o l u t i o n  r e c o r d e d .  An e x c i t i n g  f r e q u e n c y  o f  5145A 

was u s e d .  A d e t a i l e d  d e s c r i p t i o n  o f  t h e  e x p e r i m e n t a l  

a r r a n g e m e n t  u s e d  can  be o b t a i n e d  f ro m  r e f e r e n c e  ( l 6 6 ) .

The o p t i c a l  d e n s i t y  o f  a  s e p a r a t e  a l i q u o t  o f  s o l u t i o n  showed
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t h a t  t h e  s am p le  h a d  b e en  90$ r e d u c e d .  The R eso n an ce  Raman 

s p e c t r a  r e c o r d e d  f rom  t h i s  r e d u c e d  s o l u t i o n ,  t o g e t h e r  w i t h  

t h o s e  r e c o r d e d  f ro m  t h e  o r i g i n a l  o x i d i s e d  s o l u t i o n ,  a r e  

g i v e n  i n  f i g u r e  4 - 1 0 .

B o th  t h e  d e p o l a r i s e d  (J.) and p o l a r i s e d  ( II ) s p e c t r a  o f  

f e r r o -  and f e r r i c y t o c h r o m e  c e x p e r i m e n t a l l y  o b t a i n e d ,  

f i g u r e  4 - 1 0 ,  were  a l m o s t  i d e n t i c a l  t o  t h o s e  p r e v i o u s l y  

r e p o r t e d  i n  t h e  l i t e r a t u r e  ( l 6 7 ) - ( l 6 9 ) ,  t h e  wave number  o f  

e a ch  p ea k  a g r e e i n g  t o  w i t h i n  +10 cm“ ^ .  The p o l a r i s e d  

s p e c t r u m  o f  f e r r o c y t o c h r o m e  c e x h i b i t e d  one a d d i t i o n a l  

r e s o n a n c e  i n  t h e  r e g i o n  800-875  nm. S i n c e  s u c h  a n  anoma

l o u s  r e s o n a n c e  was a l s o  fo u n d  i n  t h e  p o l a r i s e d  s p e c t r u m  o f  

f e r r i c y t o c h r o m e  c ,  t h e  p e a k  was d i s m i s s e d  as  b e i n g  t h e  r e s u l t  

o f  t h e  p r e s e n c e  o f  common c o n t a m i n a n t ,  p o s s i b l y  a n  i m p u r i t y  

o r  t h e  p h o s p h a t e  b u f f e r  u s e d .  The s p e c t r a  were  o t h e r w i s e  

i d e n t i c a l  t o  t h e  l i t e r a t u r e  o n e s .  T h is  a g r e e m e n t  b e t w e e n  

l i t e r a t u r e  and e x p e r i m e n t a l  s p e c t r a  s u p p o r t s  t h a t  t h e  

r e d u c t i o n  o f  c y to c h ro m e  c by t h e  membrane s y s t e m  c a u s e s  no 

i r r e v e r s i b l e  c h a n g e s  to  o c c u r  i n  t h e  m o l e c u l e ,  o r  a t  l e a s t  

t o  t h e  heme p o r t i o n .  A d d i t i o n a l l y ,  s i n c e  b o t h  s o l u t i o n s  

c o n t a i n e d  ~10$  o f  t h e  c o n j u g a t e  r e d o x  s t a t e ,  i t  a l s o  i n d i c a t e s  

t h a t  t h e  s p e c t r a  o f  f e r r o -  and f e r r i c y t o c h r o m e  c a r e  r a t h e r  

i n s e n s i t i v e  t o  t h e  p r e s e n c e  o f  s m a l l  am ounts  o f  f e r r i — and 

f e r r o c y t o c h r o m e  c r e s p e c t i v e l y .  The b a s e l i n e  i n  t h e  s p e c t r u m  

f rom  t h e  f e r r o c y t o c h r o m e  c ,  p r e p a r e d  a s  d i s c u s s e d ,  was fo u n d



F i g u r e  4 -1 0  P o l a r i s e d  Raman s p e c t r a  o f  f e r r o c y t o c h r o m e  c 
and  f e r r i c y t o c h r o m e  c u s i n g  5145 A i n c i d e n t  l a s e r  l i g h t .
_L and  II i n d i c a t e  t h e  l i n e a r l y  p o l a r i s e d  p e r p e n d i c u l a r  and  
p a r a l l e l  s c a t t e r i n g  co m p o n e n ts .  F e r r o c y t o c h r o m e  c was 
p r e p a r e d  f ro m  t h e  c o r r e s p o n d i n g  f e r r i c y t o c h r o m e  c s o l u t i o n  
by r e d u c t i o n  o f  t h e  l a t t e r ,  u s i n g  t h e  l i q u i d  r e d o x  membrane 
s y s t e m :

RMV/Vitamin + C L / F e r r i c y t o c h r o m e  c .
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t o  be  f a r  l o w e r  and  much n a r r o w e r  t h a n  t h a t  o b t a i n e d  w i t h  

f e r r o c y t o c h r o m e  c p r e p a r e d  by  d i t h i o n i t e  r e d u c t i o n  ( 1 7 0 ) .  

T h i s  l a t t e r  m e thod  o f  p r e p a r a t i o n  e x h i b i t s  b a s e l i n e s  s i m i l a r  

t o  t h o s e  e x p e r i m e n t a l l y  o b s e r v e d  w i t h  f e r r i c y t o c h r o m e  c ,  

f i g u r e  4 - 1 0 .  T h is  e x p e r i m e n t  h i g h l i g h t s  t h e  g r e a t  a d v a n t 

a g e s  o f  u s i n g  l i q u i d  r e d o x  membrane s y s t e m s  when c a r r y i n g  

o u t  r e d u c t i o n s :  o n l y  w i t h  s u c h  a  s y s t e m  c a n  t h e  s o l u t i o n

g e n e r a t e d  r e m a in  e n t i r e l y  f r e e  f ro m  c o n t a m i n a t i o n .
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C hapter F iv e

1ULTRATHIN* MEMBRANES

The f o r e g o i n g  c h a p t e r s  h a v e  d e s c r i b e d ,  i n  d e t a i l ,  

t h e  g e n e s i s  and  s t u d y  o f  c h e m i c a l l y  w e l l - d e f i n e d  b u l k  

l i q u i d  r e d o x  membranes o f  t h e  H a b e r - B e u t n e r  t y p e .

S y s te m s  i n v o l v i n g  s u ch  membranes h av e  b e e n  shown t o  

d i s p l a y  i n t e r f a c i a l  r e d o x  r e a c t i o n s  s i m i l a r  t o  t h o s e  

o c c u r r i n g  d u r i n g  e l e c t r o n  t r a n s j > o r t  i n  b i o l o g i c a l  s y s t e m s .  

T h is  s i m i l a r i t y  a l l o w e d  t h e  s y n t h e t i c  s y s t e m s  d e v e l o p e d  

t o  be  u s e d  a s  s i m p l e  m o d e ls  f o r  s e l e c t i v e  s t e p s  known t o  

be  i n v o l v e d  i n  b i o l o g i c a l  e l e c t r o n  t r a n s p o r t .  To 

im p ro v e  t h e s e  m ode ls  i t  was d e s i r a b l e  t o  r e d u c e  t h e  

t h i c k n e s s  o f  t h e  s o l v e n t  membranes  s t u d i e d  a n d ,  i f  p o s s i b l e ,  

t o  fo rm  l i p i d  b i l a y e r s  c o n t a i n i n g  v i t a m i n  K. As d i s c u s s e d  

i n  t h e  i n t r o d u c t i o n ,  b i l a y e r  l i p i d  membranes may be  c o n 

s i d e r e d  as  t h e  l i m i t i n g  s t r u c t u r e  o f  a  l i q u i d  membrane 

i n  w h ic h  m o s t  ( o r  a l l )  o f  t h e  b u l k  s o l u t i o n  p h a s e  

( f i g u r e  0 - 6 ( a ) )  h a s  b e e n  rem oved .  T h is  c h a p t e r  d e s c r i b e s  

p r e l i m i n a r y  s t u d i e s  c a r r i e d  o u t  to  t r y  t o  fo rm  and  

c h a r a c t e r i s e  v i t a m i n  K b i l a y e r s  o f  w e l l - d e f i n e d  c o m p o s i t i o n
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and  t o  v e r i f y  t h a t  t h e  r e d o x  r e a c t i o n s  m e d i a t e d  by t h e  

p r e v i o u s l y  d e s c r i b e d  ' m a c r o s c o p i c 1 l i q u i d  membranes a r e  

s i m i l a r l y  m e d i a t e d  by ' u l t r a t h i n '  o n e s .

5 -1  BIMOLECULAR LIPID MEMBRANES

5 - 1 . 1  G e n e r a l  a s p e c t s

T h i n  membranes c a n  be  formed, i n  aqu eo u s  m e d ia  f rom  

a m p h i p h i l i c  l i p i d s  and  w i l l  s p o n t a n e o u s l y  a p p r o a c h  a  

l i m i t i n g  t h i c k n e s s  o f  b i m o l e c u l a r  d i m e n s i o n s  ( l 5 l ) .  The 

l i m i t i n g  s t r u c t u r e  o f  t h e s e  BLM, f i g u r e  0 - 2 ,  i s  r e m i n i s c e n t  

o f  one o f  t h e  m esom orph ic  s t r u c t u r e s  o f  c o n c e n t r a t e d  s o a p  

s o l u t i o n s  ( l 7 l ) s  The p o l a r  g r o u p s  o f  t h e  l i p i d s  f a c e  

o u t w a r d  i n  c o n t a c t  w i t h  t h e  aq u eo u s  s o l u t i o n .  The 

i n t e r i o r  h y d r o c a r b o n  c h a i n s  i n  t h e  b i l a y e r  a r e  a s sum ed  

t o  be  i n  t h e  l i q u i d  s t a t e  ( 1 7 2 ) .  From t h e  v i e w p o i n t  o f  

i n t e r f a c i a l  s c i e n c e ,  l i p i d  b i l a y e r s  a r e  t h e  l i m i t i n g  c a s e  

o f  a  t h r e e  component  l i q u i d  s y s t e m ;

a q u e o u s  p h a s e / l i p i d  p h a s e / a q u e o u s  p h a s e  

i n  w h ich  t h e  c e n t r a l  l i p i d  p h a s e  h a s  b e e n  r e d u c e d  t o  

m o l e c u l a r  d i m e n s i o n s  ( 1 5 1 ) •  I t  i s  i m p o r t a n t  t o  r e a l i s e  

a t  t h e  o u t s e t  t h a t  t h e  s t u d y  o f  b i m o l e c u l a r  l i p i d  membranes  

h a s  n o t  a c q u i r e d  t h e  s t a t u r e  o f  an  ' e x a c t  s c i e n c e * .  The 

s u b j e c t  i s  s t i l l  i n  i t s  i n f a n c y .  T h i s  i s  p a r t i c u l a r l y  

e v i d e n t  f rom  t h e  a p p r e c i a b l e  v a r i a b i l i t y  and  c o n f l i c t i n g
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e x p e r i m e n t a l  o b s e r v a t i o n s  r e p o r t e d  by  d i f f e r e n t  i n v e s t 

i g a t o r s  ( l 7 l ) .

A v i d e  v a r i e t y  o f  e x p e r i m e n t a l  c e l l s  h av e  b e e n  

d e s c r i b e d  f o r  b l a c k  l i p i d  f i l m  s t u d i e s  ( 1 7 ) ,  ( l 5 l ) ,  ( 1 7 3 ) ,

( 1 7 4 ) .  I n  m o s t  i n s t a n c e s  t h e  t y p e  o f  e x p e r i m e n t  t o  be 

p e r f o r m e d  d i c t a t e s  t h e  m a in  f e a t u r e s  o f  t h e  d e s i g n .

Membranes a r e  a lw a y s  fo rm e d  on a  sm ooth  a n n u l u s  made o f  

a  s u i t a b l e  m a t e r i a l .  They may b e  f o r m e d ,  h o w e v e r ,  e i t h e r  

v e r t i c a l l y  o r  h o r i z o n t a l l y .  I f  t h e  n a t u r e  o f  t h e  a p p a r a t u s  

i s  s u c h  t h a t ,  on  f o r m a t i o n  o f  a  membrane,  t h e  c e l l  i s  

d i v i d e d  i n t o  two s e p a r a t e  aqueous  c h am b e rs ,  t h e s e  s h o u l d  

be  m a i n t a i n e d  a t  e q u a l  o r  n e a r  e q u a l  o s m o l a r i t i e s . T h i s  

r e q u i r e m e n t  i s  n e c e s s a r y  b e c a u s e  o s m o t i c  p r e s s u r e  g r a d i e n t s  

c a n  c a u s e  volume f lo w  o f  w a t e r  a c r o s s  t h e  membrane r e s u l t 

i n g  i n  membrane d e f o r m a t i o n  and  r u p t u r e  ( l 5 l ) .  A m arked  

l i m i t a t i o n  on m a t e r i a l s  s u i t a b l e  f o r  t h e  membrane s u p p o r t  

i s  im p o se d  by  t h e  p r e r e q u i s i t e s  o f  c h e m i c a l  i n e r t n e s s  t o  

b o t h  aq u e o u s  and  o r g a n i c  s o l v e n t s .  I n  a d d i t i o n  e l e c t r i c a l  

n o n - c o n d u c t a n c e  i s  i m p o r t a n t .  Of t h e  many m a t e r i a l s  

t e s t e d  a s  membrane s u p p o r t s ,  p o l y t e t r a f l u o r o e t h y l e n e C t e f l o n ) , 

i s  p r e f e r r e d  by  m os t  w o r k e r s  ( l 5 l ) ,  ( l 7 l ) ,  (175  ) .  T h i s  

p o l y m e r  i s  w e t t e d  by t h e  h y d r o p h o b i c  l i p i d  s o l u t i o n s ,  u s e d  

t o  fo rm  t h e  m em branes ,  b u t  n o t  by w a t e r .  I t  i s  n o t  

s i g n i f i c a n t l y  s w o l l e n  o r  d i s t o r t e d  by  e i t h e r  h y d r o p h i l i c  

o r  h y d r o p h o b i c  s o l v e n t s ,  i s  c h e m i c a l l y  i n e r t ,  and  i s  a n
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e x c e l l e n t  e l e c t r i c a l  i n s u l a t o r .  The t h i c k n e s s  o f  t h e  

s u p p o r t  a r o u n d  t h e  h o l e  i s  t y p i c a l l y  0 . 2  mm and  t h e  d i a 

m e t e r  o f  t h e  a p e r t u r e  i s  u s u a l l y  r e s t r i c t e d  t o  1—2 mm ( 1 7 3 ) .  

The l i p i d  s o l u t i o n  i s  commonly a p p l i e d  t o  t h e  h o l e  by  

e i t h e r  a  ' P a i n t i n g 1 o r  'M a r g i n a l  S u c t i o n '  m e thod  ( 1 5 1 ) •

The f o r m e r  i n v o l v e s  s p r e a d i n g  o r  e j e c t i n g  o f  m em brane-  

f o r m i n g  s o l u t i o n  o v e r  t h e  h o l e  w i t h  a  t r im m e d  s a b l e  h a i r  

b r u s h  o r  a  t e f l o n  s p a t u l a  o r  a  h y p o d e rm ic  n e e d l e  a t t a c h e d  

t o  a  m i c r o m e t e r  s y r i n g e .  S a b l e  h a i r  b r u s h e s  a r e  l i t t l e  

u s e d  now s i n c e  t h e y  c o n t a m i n a t e  t h e  l i p i d  s o l u t i o n s .

The 'M a r g i n a l  S u c t i o n '  m e th o d  i n v o l v e s  t h e  e j e c t i o n  o f  

m e m b ra n e - fo rm in g  s o l u t i o n  f rom  a  m i c r o m e t e r  s y r i n g e  and  

t h r o u g h  a  s m a l l  c a p i l l a r y  h o l e  d r i l l e d  i n t o  t h e  membrane 

s u p p o r t  f rom  t h e  o u t s i d e  t o  lumen s i d e ,  e n t e r i n g  t h e  lumen 

a t  t h e  b o t t o m  o f  t h e  o r i f i c e .  Membranes a r e  fo rm e d  by 

e j e c t i n g  s o l u t i o n  f rom  t h e  s y r i n g e  u n t i l  t h e  a n n u l u s  i s  

c o m p l e t e l y  f i l l e d  w i t h  a  d r o p  o f  l i q u i d .  E x c e s s  b u l k  

p h a s e  l i p i d  s o l u t i o n  i s  t h e n  w i th d ra w n  b a c k  i n t o  t h e  

s y r i n g e .  S i n c e  t h e  a r e a s  o f  t h e s e  BLM a r e  u s u a l l y  s m a l l ,  

a  l i g h t  s o u r c e  and lo w -p o w e r  m i c r o s c o p e  a r e  commonly u s e d  

t o  o b s e r v e  t h e  membrane d u r i n g  i t s  f o r m a t i o n .  The w hole  

c e l l  a s s e m b l y ,  w i t h  t h e  e x c e p t i o n  o f  a  p o r t h o l e  f o r  t h e  

l i g h t  p a t h ,  i s  b l a c k e n e d  t o  m i n i m i s e  s t r a y  r e f l e c t i o n s .  

R e f l e c t e d  l i g h t  f rom  t h e  membrane i s  v i e w e d .
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J u s t  a s  a q u e o u s  so ap  f i l m s  a r e  fo rm e d  f rom  a  s o l u t i o n  

o f  a t  l e a s t  one s u r f a c t a n t  i n  w a t e r ,  so l i p i d  f i l m s  a r e  

fo rm e d  f rom  s o l u t i o n s  o f  one o r  more l i p i d s  i n  n o n p o l a r  

s o l v e n t s .  However ,  r e l a t i v e l y  few l i p i d s  an d  n o n p o l a r  

s o l v e n t s  a r e  s u i t a b l e .  The s o l v e n t  u s e d  f o r  b i l a y e r s  m u s t  

be w a t e r  i n s o l u b l e  o t h e r w i s e  t h e  membrane w i l l  n o t  s u r v i v e  

a s  t h e  membrane s o l v e n t  i s  l e a c h e d  o u t  i n t o  t h e  a q u e o u s  

s o l u t i o n  ( l 7 5 ) .  I n  a d d i t i o n  i t  m u s t  h a v e  an  a p p r o p r i a t e  

v i s c o s i t y  and d i s s o l v e  t h e  a m p h i p h i l i c  l i p i d s  ( l 7 l ) .

The m o s t  s u c c e s s f u l  s i n g l e  s o l v e n t s  f o r  l i p i d  m a t e r i a l  

a r e  t h e  n o rm a l  a l i p h a t i c  h y d r o c a r b o n s  f rom  o c t a n e  t o  

h e x a d e c a n e .  The p a r t i c u l a r  one u s e d  d o e s  n o t  seem to  

be c r i t i c a l  ( 1 7 1 ) .  The l i p i d  a m p h i p h i l e s  t h e m s e l v e s  m u s t

be  a p p r e c i a b l y  w a t e r  i n s o l u b l e  ( 1 7 5 ) .  The l i p i d s  known 

t o  fo rm  s t a b l e  b l a c k  f i l m s  i n c l u d e  many n a t u r a l l y  o c c u r r i n g  

p h o s p h o l i p i d s  a n d  some mono- and d i g l y c e r i d e s  ( 1 7 ) ,  ( l 7 3 ) .  

I n  a d d i t i o n ,  some s u b s t a n c e s  o u t s i d e  t h i s  r a n g e ,  n o t a b l y  

' o x i d i s e d  c h o l e s t e r o l '  ( 1 7 6 ) ,  h a v e  b e e n  s u c c e s s f u l l y  

em p lo y e d .  F o r  p h y s i c a l  c h a r a c t e r i s a t i o n  o f  b i l a y e r  l i p i d  

membranes i t  i s  an  o b v io u s  a d v a n t a g e  to  u s e  c h e m i c a l l y  

w e l l - d e f i n e d  s y s t e m s  b u t ,  d e s p i t e  t h i s ,  egg  l e c i t h i n  -  

d e c a n e  m i x t u r e s  ( b o t h  w i t h  and w i t h o u t  c h o l e s t e r o l )  a r e  

commonly u s e d .  The c o n c e n t r a t i o n  o f  l i p i d  r e q u i r e d  t o  

fo rm  BLM i s  t y p i c a l l y  1-2% ( w / v ) .  Though b i l a y e r s  c a n  

be  fo rm e d  i n  d i s t i l l e d  w a t e r ,  t h e y  a r e  m a r k e d l y  s t a b i l i s e d
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by  aq u e o u s  m e d ia  c o n t a i n i n g  i o n s  ( l 5 l )  and a r e  r e l a t i v e l y  

i n s e n s i t i v e  t o  t h e  c o n c e n t r a t i o n  o f  s a l t  i n  t h e  b a t h i n g  

medium ( l 7 l ) .

On a p p l i c a t i o n  o f  t h e  m e m b ra n e - fo rm in g  s o l u t i o n  t o  

t h e  o r i f i c e  a  t h i c k  ( l e n s )  membrane i s  f o rm e d .  T h i s  

membrane s p o n t a n e o u s l y  t h i n s  t o  fo rm  b o t h  a  r i n g  o f  b u l k  

p h a s e  l i p i d  s o l u t i o n  a r o u n d  t h e  a p e r t u r e  ( P l a t e a u - G i b b s  

b o r d e r )  a n d ,  u n d e r  f a v o u r a b l e  c o n d i t i o n s ,  a  l i p i d  b i l a y e r  

i n  t h e  c e n t r a l  r e g i o n  o f  t h e  o r i f i c e .  The t h i n n i n g  p r o c e s s ,  

i d e n t i c a l  t o  t h a t  e x h i b i t e d  by  s o a p  f i l m s ,  i s  t h o u g h t  t o  

be  c a u s e d  by  s t r e t c h i n g ,  e v a p o r a t i o n ,  g r a v i t y  c o n v e c t i o n  

and  m a r g i n a l  r e g e n e r a t i o n  ( l 7 l ) .  The l a s t  a r i s e s  b e c a u s e  

t h e  P l a t e a u - G i b b s  b o r d e r ,  a  r e g i o n  o f  s h a r p  c u r v a t u r e ,  

h a s  a  p r e s s u r e  l e s s  t h a n  t h a t  i n  t h e  f i l m .  T h i s  r e s u l t s  

i n  t h e  s u c t i o n  o f  t h e  f i l m  s o l u t i o n  i n t o  t h e  b o r d e r .

The f i n a l  f o r m a t i o n  o f  t h e  b i l a y e r  f rom  t h e  t h i n  f i l m  so 

f o r m e d ,  i s  a t t r i b u t e d  ( l 7 l )  t o  ch an c e  c o n t a c t s  ( c a u s e d  

by  t h e r m a l  m o t i o n  and  m e c h a n i c a l  v i b r a t i o n )  b e t w e e n  t h e  

two i n t e r f a c e s .  As t h e  membrane g r a d u a l l y  t h i n s  t h e  

p r o b a b i l i t y  o f  c h a n c e  c o n t a c t s  i n c r e a s e s  and  o n ce  t h e  two 

i n t e r f a c e s  come c l o s e  enough t o g e t h e r ,  v a n  d e r  V a a l s  

a t t r a c t i o n s  b e tw e e n  o p p o s i n g  h y d r o c a r b o n  c h a i n s  a r e  s t r o n g  

enough  t o  p r o d u c e  a  b i l a y e r  i n  a  s m a l l  r e g i o n .  I n  

f o r m i n g  t h i s  b i l a y e r ,  a d j a c e n t  m o l e c u l e s  a r e  d ra w n  c l o s e  

enough  t o  be a t t r a c t e d  t o  t h e  o p p o s i t e  i n t e r f a c e  ( ' z i p p e r
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e f f e c t '  ) .  The r a t e  o f  t h i n n i n g  i s  a  c h a r a c t e r i s t i c  o f  

t h e  membrane f o rm in g  s o l u t i o n  ( 1 5 1 ) -  The g r o s s  o p t i c a l  

b e h a v i o u r  o f  t h e s e  t h i n n i n g  m em branes ,  when v ie w e d  by  

r e f l e c t e d  l i g h t ,  i s  s i m i l a r  t o  t h a t  o f  s o a p  f i l m s  i n  a i r  

( 1 7 ) .  The t h i c k  membrane i s  d e v o i d  o f  c o l o u r .  As 

t h e  membrane t h i n s ,  b r i g h t  s w i r l i n g  p a t t e r n s  o f  i n t e r 

f e r e n c e  c o l o u r s  a r e  o b s e r v e d  a n d  i n  a  s h o r t  t im e  a b l a c k  

s p o t  ( o r  s p o t s )  a p p e a r s ,  w h ic h  grows c o n t i n u o u s l y  u n t i l  

i t  c o v e r s  t h e  e n t i r e  o p e n i n g .  At random i n t e r v a l s ,  

c o l o u r e d  s p o t s ,  w h ich  s w i r l  i n  t h e  b l a c k  membrane an d  

t h e n  d i s a p p e a r ,  d e m o n s t r a t e  t h e  f l u i d i t y  o f  t h e  s t r u c t u r e .  

W hi te  l i g h t  i s  r e f l e c t e d  f rom  a  t h i n  l i p i d  membrane a t  

b o t h  a q u e o u s / l i p i d  i n t e r f a c e s  and t h e s e  r e f l e c t e d  beams 

a r e  180°  o u t  o f  p h a s e .  O n ly  i f  t h e  membrane t h i c k n e s s  

i s  g r e a t e r  t h a n  o r  e q u a l  t o  a  q u a r t e r  o f  t h e  a v e r a g e  

w a v e l e n g t h  o f  t h e  i n c i d e n t  l i g h t ,  w i l l  s i g n i f i c a n t  a d d 

i t i o n a l  p h a s e  d i f f e r e n c e s  o c c u r  b e tw e e n  t h e s e  two beam s:  

t h i s  r e s u l t s  i n  c o n s t r u c t i v e  ( a s  w e l l  a s  d e s t r u c t i v e )  

i n t e r f e r e n c e  b e i n g  o b s e r v e d .  The above  c o n d i t i o n  i s  n o t  

m e t  when t h e  membrane i s  v e r y  t h i n  and t h e  f i l m ,  t h e r e f o r e ,  

a p p e a r s  b l a c k  b e c a u s e  o f  t h e  c o m p le t e  d e s t r u c t i v e  i n t e r 

f e r e n c e  b e tw e e n  r e f l e c t e d  l i g h t  w a v e f r o n t s ,  180°  o u t  o f  

p h a s e  ( l 5 l ) .  The t h i n n i n g  b e h a v i o u r  i s  s u m m a r i s e d  i n  

f i g u r e  5 -1 -

The f o r m a t i o n  o f  BLM m u s t  t a k e  p l a c e  w i t h i n  a  g i v e n  

t e m p e r a t u r e  r a n g e  ( l 5 l ) , ( l 7 l ) .  At low t e m p e r a t u r e s  t h e
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d u r i n g  t h e  t h i n n i n g  o f  a  l i p i d  membrane i n  a q u eo u s  m e d i a ,  
and  i n d i c a t i n g  t h e  p a t t e r n s  o f  r e f l e c t e d  l i g h t .



r a t e  o f  t h i n n i n g  may be  so s lo w  t h a t  a  b i l a y e r  c a n n o t  

be  o b t a i n e d .  At h i g h  t e m p e r a t u r e s  t h e  t h i n n i n g  may 

o c c u r  so r a p i d l y  t h a t  l o c a l i s e d  t u r b u l e n c e  d e v e l o p s  and  

t h e  f i l m  r u p t u r e s .  These  e f f e c t s  a r e  a  d i r e c t  r e s u l t  

o f  t e m p e r a t u r e - i n d u c e d  c h a n g e s  i n  t h e  v i s c o s i t i e s  o f  t h e  

l i p i d  s o l u t i o n s .  I n  a d d i t i o n ,  t e m p e r a t u r e  a f f e c t s  t h e  

l i q u i d  c r y s t a l l i n e  p h a s e  o f  t h e  l i p i d .  Membranes h a v e  

b e e n  s u c c e s s f u l l y  fo rm ed  t h r o u g h o u t  t h e  t e m p e r a t u r e  r a n g e

6 - 5 0 ° C .

The b l a c k  l i p i d  f i l m  i s  n o t  p r e c i s e l y  a  l i p i d  b i l a y e r  

s i n c e ,  by t h e  n a t u r e  o f  t h e  s o l u t i o n  f rom  w hich  i t  i s  

f o rm e d ,  i t  m u s t ,  i n  g e n e r a l ,  c o n t a i n  some l i p i d  s o l v e n t

( 1 7 5 ) .  A b l a c k  f i l m  i s  s t a b l e  a s  a  c o n s e q u e n c e  o f  t h e  

v e r y  s t r o n g  a d s o r p t i o n  o r  s p r e a d i n g  o f  t h e  p o l a r  l i p i d s  

a t  i t s  i n t e r f a c e s .  T h i s  a d s o r p t i o n  r e n d e r s  t h e  compo

s i t i o n  o f  t h e  b l a c k  f i l m  q u i t e  d i f f e r e n t  f rom  t h e  s o l u t i o n  

f rom  w h ic h  i t  i s  fo rm ed  ( 1 7 5 ) •  T h u s ,  i n  s p i t e  o f  t h e  

f a c t  t h a t  BLM can be  g e n e r a t e d  f rom  v a r i o u s  l i p i d s ,  t h e r e  

i s  l i t t l e  d i r e c t  e v i d e n c e  t o  i n d i c a t e  t h e  p r e c i s e  compo

s i t i o n  o f  t h e  a c t u a l  b i l a y e r  ( l 7 l ) .  A v a i l a b l e  e v i d e n c e ,  

h o w e v e r ,  i n d i c a t e s  t h a t  t h e  c o n c e n t r a t i o n  o f  l i p i d  i n  

t h e  b i l a y e r  i s  some two o r d e r s  o f  m a g n i t u d e  g r e a t e r  t h a n  

i n  t h e  m e m b ra n e - f o rm in g  s o l u t i o n  ( 1 7 7 ) .

C u r r e n t l y  t h e r e  i s  no known m ethod  w h ic h  w i l l  p r e d i c t  

w h a t  t h e  s t a b i l i t y  o f  a p a r t i c u l a r  membrane w i l l  b e ,  o r  

e v e n  w h e t h e r  s t a b l e  BLM can  be fo rm e d  f rom  g i v e n  l i p i d
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s o l u t i o n s .  I t  h a s  b ee n  s u g g e s t e d ,  h o w e v e r ,  t h a t  t h e  

s t a b i l i t y  o f  b i l a y e r s  i s  due to  a  b a l a n c e  among v a n  d e r  

Waals  f o r c e s ,  e l e c t r i c a l  r e p u l s i o n  a c r o s s  t h e  membrane 

and  b o r d e r  e f f e c t s  ( l 7 l ) .  ^ h i c k  membranes and b i l a y e r s  

ca n  be  fo rm e d  on c l e a n ,  u n t r e a t e d  membrane o r i f i c e s ,  

b u t  t h e i r  f o r m a t i o n  and  s t a b i l i t y ,  e s p e c i a l l y  d u r i n g  

t h e  e a r l y  s t a g e s  o f  t h i n n i n g ,  a r e  im p ro v e d  by ' p r e c o n 

d i t i o n i n g *  t h e  p a r t i t i o n s .  T h is  i s  a c h i e v e d  by a i r -  

d r y i n g  a  s m a l l  r i n g  o f  t h e  membrane f o r m i n g  s o l u t i o n  

a r o u n d  b o t h  s i d e s  o f  t h e  o r i f i c e  ( 1 5 1 ) •  The p r e c i s e  

r e a s o n s  f o r  t h i s  p r e c a u t i o n  a r e  n o t  f u l l y  u n d e r s t o o d  b u t  

a r e  p r o b a b l y  a s s o c i a t e d  w i t h  t h e  e a s e  o f  s p r e a d i n g  o f  

t h e  p h o s p h o l i p i d  i n t o  i t s  m o n o la y e r  a t  e a c h  h y d r o c a r b o n /  

w a t e r  i n t e r f a c e  ( 1 7 5 ) •  The a d d i t i o n  o f  c h o l e s t e r o l  t o

p h o s p h o l i p i d  s o l u t i o n s  c o n s i d e r a b l y  e n h a n c e s  t h e  s t a b i l i t y  

o f  t h e  r e s u l t i n g  BLM ( 1 7 8 ) ,  ( 1 7 9 ) .  T h i s  i s  a l m o s t  

c e r t a i n l y  r e l a t e d  t o  t h e  a b i l i t y  o f  t h e  s t e r o l  t o  c o n d e n s e  

p h o s p h o l i p i d  m o n o la y e r s  ( 1 7 3 ) .  T r a c e  i m p u r i t i e s ,  

e s p e c i a l l y  d e t e r g e n t s ,  m a r k e d l y  d e c r e a s e  t h e  membrane 

s t a b i l i t y  a s  w e l l  a s  o t h e r  p h y s i c a l  p r o p e r t i e s .  The 

f o r c e s  r e s p o n s i b l e  f o r  t h e  f i n a l  r u p t u r e  o f  t h e  membrane 

a r e  unknown.  The l i f e t i m e  o f  a  b i l a y e r ,  h o w e v e r ,  may 

be  c o n t r o l l e d  by  t h e  t h i c k n e s s  o f  t h e  P l a t e a u - G i b b s  

b o r d e r  ( l 7 l ) .
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B i l a y e r  membranes  a r e  r e m a r k a b l y  s t a b l e  o n c e  f o rm e d ,  

o c c a s i o n a l l y  l a s t i n g  o v e r n i g h t ,  b u t  g e n e r a l l y  one  to  t h r e e  

h o u r s .  ^h ey  a r e  much more s t a b l e  t o  v i b r a t i o n  and  

t r a n s m e m b r a n e  h y d r o s t a t i c  p r e s s u r e  c h a n g e s  t h a n  t h i c k e r  

membranes  ( l 5 l ) .  E l e c t r o n  m i c r o s c o p y ,  o p t i c a l  r e f l e c t a n c e  

and e l e c t r i c a l  c a p a c i t a n c e  s t u d i e s  have  a l l  shown t h a t  

BLM p o s s e s s  t h i c k n e s s e s  o f  6 0 -9 0  A ( l 7 l ) ,  ( 1 7 3 ) .

5 - 1 . 2  C a p a c i t a n c e  and  t h i c k n e s s  d e t e r m i n a t i o n s

The e l e c t r i c a l  p r o p e r t i e s  o f  BLM a r e  u s u a l l y  s t u d i e d  

u s i n g  a n  e x p e r i m e n t a l  a r r a n g e m e n t  w hich  may be  r e p r e s e n t e d  

a s  f o l l o w s :

KCt I a q u eo u s  I BLM on I a q u e o u s !  KCt
s a l t  b r i d g e ! s o l u t i o n ! 1 t e f l o n  s u p p o r t ! s o l u t i o n ! 2 s a l t  b r i d g e

Aqueous  s o l u t i o n s  1 and 2 a r e  e l e c t r i c a l l y  i s o l a t e d  f rom  

e a ch  o t h e r  by t h e  membrane and  t e f l o n  s u p p o r t .  S a t u r a t e d  

c a l o m e l ,  s i l v e r - s i l v e r  c h l o r i d e  an d  p l a t i n u m  e l e c t r o d e s  

h a v e  a l l  b e e n  u s e d  a s  t h e  n o n p o l a r i z a b l e  e l e c t r o d e s .

B e c a u s e  o f  t h e  v e i y  h i g h  r e s i s t a n c e s  o f  u n m o d i f i e d  BLM 

g r e a t  c a r e  i s  n e e d e d  i n  t h e  i n s u l a t i o n  o f  s w i t c h e s  a n d  

c o n n e c t i o n s  to  a v o i d  c u r r e n t  l e a k a g e  ( 1 7 1 ) •

The c a p a c i t a n c e s  o f  BLM may b e  m e a s u r e d  by a  DC 

t r a n s i e n t  ( c h a r g e  l e a k a g e )  m e th o d ,  u s i n g  a  s t a n d a r d  h i g h  

r e s i s t o r  ( 1 7 ) .  A t y p i c a l  c i r c u i t  i s  shown i n  f i g u r e  5 - 2 .  

The membrane i s  r e p r e s e n t e d  by a  c a p a c i t o r  an d  r e s i s t a n c e  

i n  p a r a l l e l .  The membrane i s  c h a r g e d  t h r o u g h  a  known
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F i g u r e  5 -2  E q u i v a l e n t  c i r c u i t  f o r  DC m e asu rem e n t  o f
e l e c t r i c a l  c a p a c i t a n c e s  o f  BLM. C and  R a r e  t h e  membrane 1 m
c a p a c i t a n c e  and r e s i s t a n c e  r e s p e c t i v e l y .  S w i t c h  
a l l o w e d  e i t h e r  s t a n d a r d  r e s i s t a n c e  o r  ^  be  c o n n e c t e d  
i n  p a r a l l e l  t o  t h e  membrane.  The membrane was d i s c h a r g e d  
by o p e n i n g  S w i t c h  S ^ .



h i g h  r e s i s t a n c e ,  E (x  = 1 o r  2 ,  d e p e n d i n g  on t h e  p o s i t i o n  

o f  s w i t c h  by  a p p l y i n g  a  s m a l l  DC v o l t a g e  (<100raV).

A f t e r  r e a c h i n g  a  s t e a d y  s t a t e ,  a s  i n d i c a t e d  on t h e  o s c i l l o 

s c o p e ,  s w i t c h  Sx i s  o p e n ed  and  t h e  membrane d i s c h a r g e d  

t h r o u g h  t h e  same known r e s i s t o r .  The d e c a y  o f  t h e  membrane 

v o l t a g e ,  E ^ ,  w i t h  t i m e ,  i s  r e c o r d e d  u s i n g  t h e  o s c i l l o s c o p e .

The c a p a c i t a n c e  o f  t h e  membrane,  C, i s  o b t a i n e d  f rom 

t h e  r e l a t i o n s h i p ,

Em( t )  = Em( 0 )  e - t / R C  ( j , ! )

w here  E ( 0 )  and E ( t )  a r e  t h e  membrane p o t e n t i a l s  a t  m m
t i m e  z e r o  a n d  t  r e s p e c t i v e l y ,  and  R i s  t h e  t o t a l  r e s i s t a n c e  

( 1 8 0 ) .  The t o t a l  r e s i s t a n c e  i n  p a r a l l e l  w i t h  t h e  membrane,  

RTx i s  g i v e n  ( 8 1 )  b y ,

Kt x = Rx  1  Rs ( 5 - 2 )

w h e re  R i s  t h e  r e s i s t a n c e  o f  t h e  a queous  s o l u t i o n  and  s
e l e c t r o d e s .  Thus t h e  t o t a l  r e s i s t a n c e  i s  g i v e n  b y ,

R Rm
*  = R + R- ( 5 " 3 )m + S x

I f  t ( t h e  t i m e  c o n s t a n t )  i s  d e f i n e d  as  t h e  t i m e  t a k e n  f o r  

Effl t o  f a l l  t o  * / e  o f  i t s  o r i g i n a l  v a l u e  (Em( 0 ) ) ,  ( e  i s  

t h e  b a s e  o f  n a t u r a l  l o g a r i t h m s ) ,  t h e n  e q u a t i o n  ( 5 —1 )  

s i m p l i f i e s  t o ,

t  = RC ( 5 - 4 )
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R e s i s t a n c e s  R^ an d  R2 w i l l  y i e l d  two d i f f e r e n t  t i m e  

c o n s t a n t s ,  a nd  T f o r  a g i v e n  membrane.  C o m b in a t io n  

o f  e q u a t i o n s  ( 5 - 3 )  and  ( 5 - 4 )  f o r  e a ch  r e s i s t a n c e  y i e l d s  

e q u a t i o n s  ( 5 - 5 )  and ( 5 - 6 ) .

Ti* r i = Rm(fin c -  V  (5-5)

T2^T2 = ^ ^ ^ 2 °  " T2  ̂ ( 5 - 6 )

D i v i s i o n  o f  e q u a t i o n  ( 5 - 5 )  by  e q u a t i o n  ( 5 - 6 )  g i v e s  t h e  

more u s e f u l  e x p r e s s i o n ,

( t ,  -  t  a )
C = (R^ ;  - - ^ a )  ( 5 - 7 )

w here  ce = ti ^t i / T2®T2 ( 5 - 8 )

T h i s  m e th o d ,  t h e r e f o r e ,  a l l o w s  t h e  d e t e r m i n a t i o n  o f  

membrane c a p a c i t a n c e s  w i t h o u t  h a v i n g  to  m e a s u re  t h e  membrane 

r e s i s t a n c e .  C a p a c i t a n c e s  o f  BLM, u s u a l l y  e x p r e s s e d  as  

c a p a c i t a n c e / u n i t  a r e a  o f  membrane, a r e  t y p i c a l l y  0 . 3 - 1 . 3  

HP cm"2 ( 1 7 ) ,  ( 1 7 3 ) .

O n ly  t h e  h y d r o c a r b o n  r e g i o n  o f  any  b i l a y e r  f i l m  

c o n t r i b u t e s  t o  t h e  c a p a c i t a n c e .  The t h i c k n e s s  o f  t h i s  

r e g i o n ,  d ,  c an  b e  c a l c u l a t e d ,  a s s u m in g  t h a t  t h e  f i l m  

b e h a v e s  a s  a  p a r a l l e l  p l a t e  c o n d e n s e r ,  u s i n g  t h e  f o r m u l a ,

C = 4 ^  ( 5 - 9 )

w h ere  A i s  t h e  a r e a  o f  t h e  f i l m  a n d  e i s  t h e  d i e l e c t r i c  

c o n s t a n t .  The v a l u e  o f  e may b e  e s t i m a t e d  by  t a k i n g  t h e
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b u l k  d i e l e c t r i c  c o n s t a n t  o f  t h e  h y d r o c a r b o n  u s e d  a s  

s o l v e n t  ( 1 7 1 ) .  To e s t i m a t e  t h e  t o t a l  b i l a y e r  t h i c k n e s s  

t h e  t h i c k n e s s  o f  b o t h  h y d r o p h i l i c  l a y e r s  m u s t  b e  a d d e d  

to  t h e  t h i c k n e s s  o f  t h e  h y d r o c a r b o n  l a y e r ,  w h ic h  i s  a s sum ed  

t o  be g i v e n  by  d .  F o r  l e c i t h i n  membranes t h e  t h i c k n e s s  

o f  t h e  p o l a r  g r o u p  r e g i o n  i s  a p p r o x i m a t e l y  10A C17)  and 

t h e r e f o r e  a  c o r r e c t i o n  o f  20A m u s t  be  ad d e d  t o  d t o  g i v e  

an  e s t i m a t e d  t o t a l  t h i c k n e s s  o f  t h e  membrane.

T h i s  m e th o d  i s  s u b j e c t  t o  a  number  o f  s o u r c e s  o f  

e r r o r .  The e s t i m a t i o n  o f  membrane a r e a  and  t h e  a s s u m p t i o n  

t h a t  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  b i l a y e r  i s  e q u a l  t o  

t h a t  o f  t h e  b u l k  l i q u i d  p h a s e  h y d r o c a r b o n  a r e  p r o b a b l y  

two o f  t h e  l a r g e s t  s o u r c e s  o f  e r r o r  ( l 5 l ) >  ( l 7 l ) .  The 

s i m p l i c i t y  o f  t h e  m e th o d ,  h o w e v e r ,  makes i t  v e r y  c o n v e n i e n t  

and  u s e f u l .

5 -2  EXPERIMENTAL

5 - 2 . 1  C h em ic a l s

The l i p i d s  and s o l v e n t s  u s e d  i n  t h i s  work  w e re  a l l  

o f  t h e  h i g h e s t  p u r i t y  and w ere  u s e d  as  o b t a i n e d .  T h e i r  

s o u r c e s  a r e  g i v e n  i n  A p pend ix  I .

A l l  a q u eo u s  s o l u t i o n s  were  m a i n t a i n e d  a t  pH 6 . 8 6  

u s i n g  p h o s p h a t e  b u f f e r  ( s e c t i o n  1 - 3 . 1 ) .  I n  membrane 

f o r m a t i o n  and  c a p a c i t a n c e  s t u d i e s  sod ium  c h l o r i d e  (0 .1M )

Vas a l s o  p r e s e n t .
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5 - 2 . 2  C l e a n i n g

C l e a n i n g  was c a r r i e d  o u t  a c c o r d i n g  t o  t h e  m e thods  

recommended by  Howard and B u r t o n  ( l 5 l ) .  S u r f a c e  a c t i v e  

a g e n t s  ( e . g .  p l a s t i c i z e r  an d  c a t a l y s t s )  w ere  c o m p l e t e l y  

removed f ro m  new p i e c e s  o f  p e r s p e x  e q u ip m e n t  by w a s h in g  

and  e x p o s i n g  t h e  p i e c e s  to  u l t r a s o u n d  i n  h o t  aq u e o u s  

d e t e r g e n t ,  r i n s i n g  them f o r  s e v e r a l  h o u r s  i n  h o t  r u n n i n g  

t a p  w a t e r ,  and t h e n  i n  d i s t i l l e d  w a t e r .  F i n a l l y ,  t h e y  

w ere  oven  d r i e d .  New p i e c e s  o f  t e f l o n  e q u ip m e n t  w ere  

washed  a s  ab o v e  and t h e n  l e f t  i n  c h l o r o f o r m - m e t h a n o l  

( 2 : 1  v / v )  o v e r n i g h t .  They w ere  f i n a l l y  r i n s e d  i n  d i s 

t i l l e d  w a t e r  and d r i e d .  S u b s e q u e n t l y ,  t h e  p e r s p e x  an d  

t e f l o n  p i e c e s  w ere  c l e a n e d  a c c o r d i n g  to  a  s t a n d a r d  

p r o c e d u r e :  They were  l e f t  i n  d e t e r g e n t  o v e r n i g h t ,

t h o r o u g h l y  r i n s e d  w i t h  t a p  and t h e n  d i s t i l l e d  w a t e r ,  an d  

f i n a l l y  oven  d r i e d .  G la s s w a r e  and  h y p o d e r m ic  s y r i n g e s  

and  n e e d l e s  w ere  a l s o  c l e a n e d  by t h i s  m e th o d .

5 - 2 . 3  M em b ra n e - fo rm in g  s o l u t i o n s

M e m b ra n e - fo rm in g  s o l u t i o n s  w ere  p r e p a r e d  f rom  a  

v a r i e t y  o f  l i p i d s  and  s o l v e n t s .  A l i q u o t s  ( 0 . 0 7 5  m l)  

o f  c o m m e r c i a l l y  a v a i l a b l e  egg  l e c i t h i n  (100 mg ral“ *)  w ere  

u s e d  d i r e c t l y  when t h e  s o l v e n t  was t e t r a d e c a n e  b u t ,  when 

d i s s o l v e d  i n  h e x a n e ,  t h e  s o l v e n t  was b low n  o f f  w i t h  

n i t r o g e n ,  a  s m a l l  a l i q u o t  ( 0 . 0 2 5 - 0 . 0 6  m l )  o f  a  c h l o r o f o r m  

m e t h a n o l  m i x t u r e  a d d e d  ( t o  r e d i s s o l v e  t h e  s o l i d )  and
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d e c a n e  t h e n  a d d e d .  M em b ran e - fo rm in g  s o l u t i o n s  c o n t a i n i n g  

t h e  s y n t h e t i c  l e c i t h i n s  d i p a l m i t o y l  p h o s p h a t i d y l  c h o l i n e  

(DPPC) and  d i m y r i s t o y l  p h o s p h a t i d y l  c h o l i n e  (DMPC), w ere  

p r e p a r e d  by  d i s s o l v i n g  w e ig h ed  amounts  o f  t h e  s o l i d  i n  

s m a l l  a l i q u o t s  o f  a  c h l o r o f o r m - r a e t h a n o l  m i x t u r e  and t h e n  

a d d i n g  t h e  a p p r o p r i a t e  volume o f  d e c a n e .  I n  some c a s e s  

c h o l e s t e r o l  a n d / o r  v i t a m i n  K were  ad d ed  t o  t h e s e  s o l u t i o n s  

by  i n j e c t i n g  m e a s u re d  vo lum es  o f ,  p r e v i o u s l y  p r e p a r e d ,  

d e c a n e  s o l u t i o n s  o f  t h e  n e u t r a l  l i p i d s  i n t o  known v o lum es  

o f  t h e  a b o v e  p h o s p h o l i p i d  s o l u t i o n s .  V i t a m i n  K s o l u t i o n s ,  

i n  v a r i o u s  h y d r o c a r b o n  s o l v e n t s ,  and c h o l e s t e r o l  s o l u t i o n s ,  

i n  d e c a n e ,  were  p r e p a r e d  by  a c c u r a t e l y  w e i g h i n g  o u t  t h e  

l i p i d s  i n  v o l u m e t r i c  f l a s k s  and  a d j u s t i n g  t h e  volume t o  

t h e  mark  w i t h  t h e  a p p r o p r i a t e  s o l v e n t .  V i t a m i n  K -  

c h o l e s t e r o l  s o l u t i o n s  were  made by a d d i n g  m e a s u r e d  vo lu m es  

o f  v i t a m i n  K s o l u t i o n s  t o  e i t h e r  known w e i g h t s  o f  s o l i d  

c h o l e s t e r o l  o r  t o  known vo lum es  o f  t h e  s t e r o l  s o l u t i o n s .  

When t h e  s o l u t i o n s ,  t h u s  p r e p a r e d ,  were  n o t  t o  b e  u s e d  

i m m e d i a t e l y ,  t h e y  were  t r a n s f e r r e d  i n t o  s m a l l  g l a s s  

a m p o u l e s ,  t h e  am pou les  h e r m e t i c a l l y  s e a l e d  a n d  s t o r e d  

b e low  0°C i n  t h e  d a r k .

5 - 2 . 4  Membrane f o r m a t i o n  s t u d i e s

The a r r a n g e m e n t  u s e d  i n  t h e  a t t e m p t s  t o  fo rm  u l t r a -  

t h i n  membranes  c o n s i s t e d  o f  two cham bers  c o n n e c t e d  b y  a 

s m a l l  h o l e  i n  w h ic h  t h e  membrane was f o rm e d ,  f i g u r e  5 - 3 .
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The i n n e r  cham ber  was made o f  a  s m a l l  t e f l o n  b e a k e r ,  

m a c h in e d  f rom  a s o l i d  r o d .  A s m a l l  a r e a  o f  t h e  w a l l  o f  

t h i s  b e a k e r  was t h i n n e d  t o  0 . 5  mm an d  a  h o l e  d r i l l e d  

t h r o u g h  t h i s  s e c t i o n ,  a t  a  p o i n t  h a l f w a y  up f rom  t h e  

b a s e .  The h o l e ,  ~2  mm d i a m e t e r ,  was s m o o th e d  by a  

h e a t e d  n e e d l e .  The o u t e r  cham ber  was a  10  x 7 x 6 cm 

g l a s s  d i s h .  A 3 cm d i a m e t e r  d i s c  o f  g l a s s  h a d  b e e n  

removed f rom  t h e  c e n t r e  o f  t h e  f r o n t  f a c e  o f  t h i s  cham ber  

and  a  4 cm d i a m e t e r  o p t i c a l l y  c l e a r  g l a s s  d i s c  a r a l d i t e d  

o v e r  t h e  h o l e .  T h i s  window was u s e d  t o  v i e w  t h e  membrane 

w i t h  t h e  a i d  o f  a  m i c r o s c o p e .

A f t e r  t h e  membrane o r i f i c e  h ad  b e e n  p r e c o n d i t i o n e d ,  

t h e  b e a k e r  and d i s h  w ere  f i l l e d  w i t h  e l e c t r o l y t e  s o l u t i o n  

u n t i l  t h e  l e v e l  o f  t h e  a q u eo u s  p h a s e  was ~1 cm be low  

t h e  t o p  o f  t h e  b e a k e r .  The l i p i d  s o l u t i o n  was s p r e a d  

a c r o s s  t h e  h o l e  u s i n g  t h e  ' P a i n t i n g '  m e th o d .  A s y r i n g e  

n e e d l e ,  w h ic h  h a d  b e e n  f i t t e d  w i t h  a t e f l o n  ' s p a d e ' ,  

f i g u r e  5 - 3 ,  and  w h ich  was c o n n e c t e d  t o  a  s m a l l  m i c r o m e t e r  

s y r i n g e ,  was f o u n d  t o  be t h e  m os t  s u c c e s s f u l  m ethod  o f  

f o r m i n g  m em branes .  On e j e c t i o n  o f  s m a l l  q u a n t i t i e s  o f  

l i p i d  s o l u t i o n  t h e  t e f l o n  ' s p a d e '  c a u s e d  t h e  s o l u t i o n  t o  

f a n  o u t .  The membrane was t h e n  e a s i l y  fo rm e d  by d r a w i n g  

t h e  end o f  t h e  ' s p a d e '  o v e r  t h e  o r i f i c e .

A l l  e x p e r i m e n t s  w ere  c a r r i e d  o u t  i n  t h e  a t m o s p h e r e ,  

a t  a  t e m p e r a t u r e  o f 2 5 + l ° C .  To a i d  v i e w i n g  o f  t h e
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membrane,  t h e  a p p a r a t u s ,  shown i n  f i g u r e  5- 3 , was 

c o v e r e d  w i t h  b l a c k  c a r d b o a r d  e x c e p t  f o r  t h e  window.

S i n c e  a m b i e n t  v i b r a t i o n s  t e n d  t o  r u p t u r e  t h i n n i n g  

membranes ( l 5l ) ,  t h e  whole  a s s e m b l y  was m oun ted  on a  

v i b r a t i o n - d a m p i n g  t a b l e  (G a l l e n k a m p ,  E n g l a n d ) .

5—2 . 5  C a p a c i t a n c e  a n d  t h i c k n e s s  m e a s u re m e n t s

The c e l l  u s e d  to  form membranes f o r  c a p a c i t a n c e  

s t u d i e s  a n d  t h e  m ethod o f  membrane f o r m a t i o n ,  w ere  

i d e n t i c a l  t o  t h o s e  j u s t  d e s c r i b e d .  I n  a d d i t i o n ,  h o w e v e r ,  

a d i p - t y p e  s a t u r a t e d  c a l o m e l  e l e c t r o d e  ( P y e -U n ic a m ,

No. 1 1 1 6 1 ) was p l a c e d  i n  e a c h  c o m p a r tm e n t  t o  a l l o w  

p o t e n t i a l  m e a s u re m e n t s  t o  be  made. The e l e c t r i c a l  

c i r c u i t  shown i n  f i g u r e  5 -2  was u s e d .  A l l  c o n d u c t i n g  

l e a d s  (made f ro m  c o a x i a l  c a b l e )  and i n s t r u m e n t s  w ere  

e l e c t r i c a l l y  s h i e l d e d  f rom  e x t r a n e o u s  e l e c t r o m a g n e t i c  

f i e l d s  and  f rom  ea ch  o t h e r ,  by a  common g r o u n d .  The 

r a p i d  f a l l  i n  membrane p o t e n t i a l ,  w i t h  t i m e ,  was m o n i t 

o r e d  on  a T e k t r o n i x  s t o r a g e  o s c i l l o s c o p e  (Type 564 ,  

T e k t r o n i x  G u e rn se y  L t d ,  USA) w h ich  was c o n n e c t e d  to  a 

K e i t h l e y  e l e c t r o m e t e r  (Model  610C, K e i t h l e y  I n s t r u m e n t s ,  

USA) a s  shown,  f i g u r e  5 - 2 . A DC V o l t a g e  C a l i b r a t o r  

(Type 2003S ,  0 . 0 2 $  G ra d e ,  Time E l e c t r o n i c s  L t d . ,  E n g l a n d )  

was u s e d  a s  t h e  DC s o u r c e .

S t a n d a r d  r e s i s t o r s  ( Rx ) o f  I . O 79  Mq and  2 .4 3 1  Mfl 

w ere  u s e d  when t h i c k  membranes  (>1000A) w ere  b e i n g
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s t u d i e d  w h i l s t  100.6KA and  276.3KQ r e s i s t o r s  w ere  u s e d  

f o r  t h i n n e r  m em branes .  The r e s i s t a n c e  o f  t h e  e l e c t r o d e s  

and  s o l u t i o n  (R ) was f o u n d  to  be  20.8KQ. A l l  t h e s e
3

r e s i s t a n c e s  w ere  d e t e r m i n e d  u s i n g  a  Wayne K e r r  b r i d g e

(Type B331,  Wayne K e r r  Comp. L t d . ,  E n g l a n d ) .  The

d i a m e t e r  o f  t h e  membrane o r i f i c e  was d e t e r m i n e d  u s i n g  a

N ikon  P r o f i l e  P r o j e c t o r  (Model 6 C, Nippon Kogaku K . K . ,

J a p a n ) ,  and was f o u n d  to  be 2 .0 6 1  mm. The a r e a  o f  t h e

h o l e  w a s ,  t h e r e f o r e ,  3 . 3 3  x 10"*^cm^.

The m ethod  d e s c r i b e d  i n  s e c t i o n  5 - 2 . 2  was u s e d  t o

d e t e r m i n e  membrane c a p a c i t a n c e s  and  t h i c k n e s s e s .  F o r

a  g i v e n  s t a n d a r d  r e s i s t a n c e ,  E = 0  and  E = E ( 0 )  l i n e s  & 7 m m m
w ere  s t o r e d  on t h e  o s c i l l o s c o p e  s c r e e n .  The v a l u e  o f

E ( 0 )  was k e p t  w i t h i n  t h e  r a n g e  3 0 - l 0 0mV. The membrane m
p o t e n t i a l  was d i s c h a r g e d  an d  i t s  e x p o n e n t i a l  d e c a y  f rom

E ( 0 )  t o  E = 0  a l s o  s t o r e d  on t h e  s c r e e n .  The t r a c e s  m m
w ere  t h e n  p h o t o g r a p h e d  u s i n g  a P o l a r o i d  c a m e r a .  T h i s  

p r o c e d u r e  was r e p e a t e d  i m m e d i a t e l y  w i t h  t h e  s e c o n d  r e s i s t 

a n c e .  From e a c h  p h o t o g r a p h  a t im e  c o n s t a n t  c o u l d  be  

r e a d i l y  o b t a i n e d ,  p r o v i d e d  t h e  o s c i l l o s c o p e ' s  t i m e  b a s e  

was known.  E q u a t i o n s  ( 5 - 2 ) and ( 5 - 7 )  w ere  t h e n  u s e d  t o  

c a l c u l a t e  t h e  membrane c a p a c i t a n c e .  To o b t a i n  an  

e s t i m a t e  f o r  t h e  t h i c k n e s s  o f  t h e  membrane,  t h e  c a p a c i 

t a n c e  c a l c u l a t e d  was f i r s t  c o n v e r t e d  i n t o  e . s . u .  u n i t s  

( b y  m u l t i p l y i n g  t h e  c a p a c i t a n c e  i n  F a r a d s  by  t h e  s c a l i n g
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f a c t o r  o f  9 x  1 0 ^ )  b e f o r e  b e i n g  u s e d  i n  e q u a t i o n  ( 5 - 9 ) .

The d i e l e c t r i c  c o n s t a n t  o f  d e c a n e ,  e = 2 . 0  ( l 5 l ) ,  was 

u s e d  i n  t h e s e  c a l c u l a t i o n s .  The a p p r o x i m a t e  a r e a  o f  

t h e  membrane was o b t a i n e d  by m u l t i p l y i n g  t h e  a r e a  o f  t h e  

o r i f i c e  by t h e  e s t i m a t e d  f r a c t i o n  o f  t h e  o r i f i c e  n o t  

f o r m i n g  t h e  P l a t e a u - G i b b s  b o r d e r .

5 - 2 . 6  E l e c t r o n - t r a n s f e r  a c r o s s  u l t r a t h i n  membranes  o f  

v i t a m i n  K

I n  v ie w  o f  t h e  oxygen  s e n s i t i v i t y  o f  b o t h  EMV and  

r e d u c e d  v i t a m i n  K, t h e  c e l l  u s e d  i n  t h i s  e x p e r i m e n t ,  a s  

b e f o r e ,  had  t o  b e  a i r t i g h t .  A d i a g r a m  o f  t h e  c e l l  

d e s i g n e d  f o r  t h e s e  e x p e r i m e n t s  i s  g i v e n  i n  f i g u r e  5- 4 . 

A l t h o u g h  n o t  c o m p l e t e l y  i m p e r v i o u s  t o  a i r ,  t h i s  c e l l  

m i n i m i s e d  oxygen  l e a k s  s u f f i c i e n t l y  f o r  m e a n i n g f u l  

r e s u l t s  t o  be  o b t a i n e d .  The c e l l  was composed o f  t h r e e  

s e c t i o n s ;  two b l a c k  p e r s p e x  s e c t i o n s  and a  t h i n n e r ,  

i n t e r v e n i n g  t e f l o n  o n e .  A smooth  h o l e  (~2 mm d i a m e t e r )  

b o r e d  i n  t h i s  g a s k e t  c o n n e c t e d  t h e  two c o m p a r tm e n ts  

A and  B. The g a s k e t  was so c o n s t r u c t e d  t h a t  t h e  membrane 

c o u l d  be  fo rm e d  by  t h e  'M a r g i n a l  S u c t i o n '  m e th o d .  H o l e s ,  

d r i l l e d  ( f ro m  t h e  o u t s i d e )  t h r o u g h  t h e  c e n t r e  o f  e a c h  

o f  t h e  f o u r  s i d e s  o f  e a c h  p e r s p e x  s e c t i o n ,  fo rm e d  c i r c u l a r  

o p e n i n g s  i n t o  t h e  i n n e r  c o m p a r t m e n t s .  G l a s s ,  p l a c e d  

o v e r  t h r e e  o f  t h e  f o u r  h o l e s  f rom  e a c h  s e c t i o n  an d  a r a l d i t e d  

i n t o  p o s i t i o n ,  fo rm e d  v i e w i n g  w indow s .  When t h e  s e c t i o n s
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t e f l o n  t u b i n g
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g a s k e t

F i g u r e  5 - 4  C r o s s - s e c t i o n  o f  t h e  c e l l  u s e d  t o  i n v e s t i g a t e  
t h e  e l e c t r o n - t r a n s f e r  p r o p e r t i e s  o f  ’u l t r a t h i n *  m em branes .  

V1 9 V2 and V3 r e P r e s e n t  two-way t e f l o n  v a l v e s .  The a c t u a l  
c e l l  was a p p r o x i m a t e l y  h a l f  t h e  s i z e  shown.



w ere  a s s e m b l e d ,  t h e  w a l l  o f  ea c h  c o m p a r tm e n t ,  w h ic h  h a d  

b e e n  l e f t  w i t h o u t  a  window, was p l a c e d  a g a i n s t  t h e  t e f l o n  

g a s k e t .  The membrane o r i f i c e  l a y  a t  t h e  c e n t r e  o f  t h e  

h o l e s  i n  t h e s e  f a c e s ,  f i g u r e  5 - 4 .  A t h r e a d e d  p l u g  f o rm e d  

t h e  t o p  o f  co m p a r tm e n t  A and an  ’0* r i n g ,  p l a c e d  a s  shown 

i n  f i g u r e  5 - 4 ,  was u s e d  t o  form a  g a s t i g h t  s e a l  b e t w e e n  

t h e  two p i e c e s .  Once a s s e m b l e d  t h e  t h r e e  s e c t i o n s  o f  

t h e  c e l l  w ere  h e l d  t o g e t h e r  by a  b r a s s  c l a m p .  S t a i n l e s s  

s t e e l  c a p i l l a r y  t u b i n g  ( 0 . 5  mm ID)  i n l e t s  and  o u t l e t s ,  

f i g u r e  5 - 4 ,  a l l o w e d  p e r f u s i o n  o f  co m p a r tm e n t  A and  e j e c t i o n  

o f  a i r  o r  s o l u t i o n  f rom  c o m p a r tm e n t  B. T e f l o n  t u b i n g  

( B i o l a b  L t d . ,  E n g l a n d ) ,  0 . 8  mm ID ,  was u s e d  b o t h  t o  c o n n e c t  

t h e  s t e e l  t u b i n g  t o  two-way 1 O m n i f i t  * t e f l o n  v a l v e s  

( B i o l a b  L t d . ,  E n g l a n d )  and  to  c o n n e c t  t h e  o t h e r  ends  o f  

t h e s e  v a l v e s  t o  t h e  s y r i n g e s  t h a t  c o n t a i n e d  t h e  v a r i o u s  

r e a g e n t s  t o  be  u s e d .  A s i m i l a r  a s s e m b l y  ( n o t  shown i n  

f i g u r e  5 - 4 )  was u s e d  t o  c o n n e c t  t h e  membrane o r i f i c e  

w i t h  t h e  m i c r o m e t e r  s y r i n g e  t h a t  c o n t a i n e d  t h e  m em brane-  

f o r m i n g  s o l u t i o n .

Once t h e  c e l l  h a d  b e e n  a s s e m b l e d ,  c o m p a r tm e n ts  A and 

B, and  a l l  s e c t i o n s  o f  s t e e l  a n d  t e f l o n  t u b i n g ,  w e re  f i l l e d  

w i t h  b u f f e r  s o l u t i o n .  To a c h i e v e  t h i s ,  b u f f e r  was 

i n t r o d u c e d  t h r o u g h  v a l v e  and t h e  o t h e r  v a l v e s  o p e n e d  

o r  c l o s e d  a s  n e c e s s a r y .  T h i s  rem oved  a i r  f ro m  t h e  s y s t e m  

a n d ,  h e n c e ,  a v o i d e d  t h e  f o r m a t i o n  o f  u n w a n te d  a i r  b u b b l e s .

-  235 -



By an  i d e n t i c a l  p r o c e d u r e ,  t h e  b u f f e r  was r e p l a c e d  by  

s u b s t r a t e  s o l u t i o n .  The membrane was t h e n  fo rm e d  by t h e  

‘M a r g i n a l  S u c t i o n *  m e th o d .  C om par tm en ts  A and  B w ere  now

s e p a r a t e d  by t h e  membrane.  A l l  v a l v e s  were  t h e n  s h u t .

N e x t ,  v a l v e s  V^ and w ere  o p e n e d  and c o m p a r tm e n t  A s l o w l y  

and  c a r e f u l l y  p e r f u s e d  w i t h  RMV s o l u t i o n .  F i n a l l y  V^ 

and  w ere  c l o s e d  once  more .  The c e l l ,  t h e r e f o r e ,  

c o n t a i n e d  RMV i n  c o m p ar tm e n t  A a n d  s u b s t r a t e  s o l u t i o n  i n  

c o m p a r tm e n t  B. R e a c t i o n  b e t w e e n  t h e s e  two s o l u t i o n s  

c o u l d  o n l y  o c c u r  by way o f  t h e  membrane.

The aqueous  s o l v e n t ,  a s  b e f o r e ,  was 0.025M p h o s p h a t e  

b u f f e r .  RMV was g e n e r a t e d  by a d d i n g  s u f f i c i e n t  s o l i d  

sod ium  d i t h i o n i t e  t o  r e d u c e  a  20 mM MV s o l u t i o n  by 50$ .

The s u b s t r a t e  s o l u t i o n  c o n s i s t e d  o f  b u f f e r ,  0 . 1  raM i n  

[ F e ( o - p h e n ) ^ ]  , 0 . 3  mM i n  e x c e s s  o - p h e n a n t h r o l i n e  and  

40 mM i n  sodium c h l o r i d e .  E x c e s s  o - p h e n a n t h r o l i n e  was 

u s e d  t o  k e e p  t h e  F e ( l l l )  f u l l y  co m p lex ed  and t h e  i n e r t  

s od ium  c h l o r i d e  was n e c e s s a r y  t o  make t h e  s u b s t r a t e  

s o l u t i o n  i s o —o s m o t i c  w i t h  t h e  RMV s o l u t i o n .  T h i s  s o l 

u t i o n  h a d  b e e n  d e g a s s e d  and t h e n  s a t u r a t e d  w i t h  n i t r o g e n ,  

p r i o r  t o  i t s  i n t r o d u c t i o n  i n t o  t h e  c e l l *
^ i

The [ F e ( o - p h e n ) ^ ]  com plex  i s  c o l o u r l e s s  w h e r e a s  

t h e  c o r r e s p o n d i n g  r e d u c e d  co m p le x ,  [ F e ( o —p h e n ) ^ ]

( f e r r o i n )  i s  o r a n g e .  R e a c t i o n  c o u l d  t h e r e f o r e  be  d e t e c t e d  

by  t h e  a c co m p an y in g  c o l o u r  ch an g e  i n  t h e  s u b s t r a t e  l i m b .
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T h i s  c h an g e  was m o n i t o r e d  v i s u a l l y ,  w i t h  t i m e .

5 - 3  RESULTS AND DISCUSSION

The a p p a r a t u s  shown i n  f i g u r e  5—3 was t e s t e d  u s i n g  

m e m b ra n e - f o rm in g  s o l u t i o n s  composed o f  egg  l e c i t h i n  a n d  

c h o l e s t e r o l ,  d i s s o l v e d  i n  e i t h e r  d e c a n e  o r  t e t r a d e c a n e .

Such s o l u t i o n s  w ere  known t o  g i v e  l i p i d  b i l a y e r s  o f  h i g h  

s t a b i l i t y  ( l 7 9 ) ,  ( 1 8 1 ) .  As ca n  be  s e e n  f rom  t a b l e  2 3 , 

s t a b l e  b i l a y e r s  were  o b t a i n e d .  ( F o r  t h e  p u r p o s e  o f  t h i s  

s t u d y ,  a s t a b l e  membrane i s  d e f i n e d  as  one w h ic h  l a s t s  

f o r  more t h a n  10 m i n u t e s ) .  The a b i l i t y  t o  fo rm  BLM 

showed t h a t  t h e  a p p a r a t u s  was s u i t a b l e  t o  t e s t  t h e  m em brane-  

f o r m i n g  a b i l i t i e s  o f  o t h e r  l i p i d  s o l u t i o n s .  I t  i s  

i n t e r e s t i n g  t o  n o t e  t h a t  eg g  l e c i t h i n - c h o l e s t e r o l  s o l u t i o n s  

u s i n g  d e c a n e  as  t h e  s o l v e n t  gave b i l a y e r s  o f  g r e a t e r  

s t a b i l i t y  t h a n  t h o s e  u s i n g  t e t r a d e c a n e  a s  t h e  s o l v e n t .

T h i s  may be a  d i r e c t  c o n s e q u e n c e  o f  t h e  f a c t  t h a t  t h e  

l a t t e r  membranes  a r e  known t o  be  t h i n n e r  and to  c o n t a i n  

much l e s s  s o l v e n t  t h a n  t h e  f o r m e r  o n es  ( 1 7 5 ) •  A b l a c k  

l i p i d  membrane was j u d g e d  t o  h a v e  b e e n  f o rm e d  i f  t h e  

o r i g i n a l l y  c o l o u r l e s s  membrane f i r s t  became h i g h l y  c o l o u r e d  

an d  t h e n  became c o l o u r l e s s  ( b l a c k )  on ce  m ore .

N a t u r a l  egg  l e c i t h i n  i s  a c om plex  m i x t u r e  o f  m o l e c u l a r  

s p e c i e s  d i f f e r i n g  i n  t h e  n a t u r e  o f  t h e  f a t t y  a c i d  r e s i d u e s
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( 1 5 2 ) ,  ( 1 7 8 ) :  C-16 and C-18 s a t u r a t e d  f a t t y  a c i d s  and

C-18 mono- and  d i - u n s a t u r a t e d  f a t t y  a c i d s  b e i n g  t h e  

p r e d o m i n a n t  r e s i d u e s  ( f i g u r e  4 - 2 ) ,  I t  seem ed d e s i r a b l e ,  

t h e r e f o r e ,  t o  u s e  l e c i t h i n s  o f  c h e m i c a l l y  u n i f o r m  compo

s i t i o n .  I n  t h e  s e a r c h  f o r  l i p i d  s o l u t i o n s  o f  s i m p l e  

c o m p o s i t i o n  egg l e c i t h i n  was s u b s t i t u t e d  by  t h e  s a t u r a t e d

l e c i t h i n s  DPPC (R = -(CH ) -CH , f i g u r e  4 - 2 )  and  DMPC
14 J

(R = - ( C H ^ J ^ - C H ^ ,  f i g u r e  4 - 2 ) .  As can  be s e e n ,  t a b l e  2 3 ,  

h o w e v e r ,  no s t a b l e  membranes c o u l d  be  fo rm e d  f rom  e i t h e r  

l e c i t h i n .  T h e i r  i n a b i l i t y  t o  fo rm  b i l a y e r s  h a d  b e e n  

p r e v i o u s l y  a t t r i b u t e d  t o  t h e  s a t u r a t e d  n a t u r e  o f  t h e i r  

f a t t y  a c i d  s i d e  c h a i n s  ( 1 5 2 ) .  I t  now a p p e a r s  more  l i k e l y  

t h a t  t h e  n e g a t i v e  r e s u l t s  o b t a i n e d  a r e  a  d i r e c t  r e s u l t  

o f  t h e  e x p e r i m e n t s  b e i n g  c a r r i e d  o u t  a t  t e m p e r a t u r e s  

c l o s e  t o  o r  b e lo w  t h e  p h a s e  t r a n s i t i o n  t e m p e r a t u r e  o f  t h e s e  

l i p i d s .  The t e r m  ' p h a s e  t r a n s i t i o n 1 i s  u s e d  to  d e f i n e  

t h e  c o u r s e  o f  m e l t i n g  o f  t h e  l a t e r a l l y  c o n t i g u o u s  h y d r o 

c a r b o n  p h a s e  ( 4 8 ) .  DPPC and  DMPC d i s p l a y  p h a s e  t r a n s 

i t i o n s  a t  41°C and  2 3 °C r e s p e c t i v e l y  ( 1 8 2 ) .  At o r  b e lo w  

t h e s e  t e m p e r a t u r e s  l i p i d s  a r e  i n  a  * s o l i d *  c r y s t a l l i n e  

p h a s e  and p r o b a b l y  do n o t  p o s s e s s  s u f f i c i e n t  f l u i d i t y  t o  

fo rm  s t a b l e  m em branes .  I t  s h o u l d  b e  a p p r e c i a t e d  t h a t  

t h e  ' s o l i d *  p h a s e  i s  ' s o l i d '  i n  t h e  s e n s e  t h a t  t h e  f a t t y  

a c i d  r e s i d u e s  h a v e  s t i f f e r  an d  more e x p a n d e d  c h a i n s ;  t h e  

r a t e  o f  l a t e r a l  d i f f u s i o n  may, h o w e v e r ,  b e  q u i t e  h i g h  ( l 8 2 ) .
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The a b i l i t y  o f  d e c a n e  s o l u t i o n s  o f  DPPC t o  fo rm  membranes 

a t  a  t e m p e r a t u r e  o f  5 0 °C ( l 8 3 ) shows t h a t  s a t u r a t e d  l i p i d s  

c a n  i n d e e d  fo rm  s t a b l e  m em branes ,  p r o v i d e d  t h e  t e m p e r a t u r e  

i s  k e p t  w e l l  above  t h e  t r a n s i t i o n  t e m p e r a t u r e  o f  t h e  l i p i d  

b e i n g  u s e d .  The p r e s e n c e  o f  c h o l e s t e r o l  i n  t h e  m em brane-  

f o r m i n g  s o l u t i o n ,  i n  a d d i t i o n  to  i n c r e a s i n g  t h e  s t a b i l i t y  

o f  t h e  f i l m ,  i s  a l s o  known t o  c a u s e  a  l o w e r i n g  o f  t h e  

p h a s e  t r a n s i t i o n  t e m p e r a t u r e  ( I 8 4 ) .  At e q u i m o l a r  c h o l 

e s t e r o l  and l e c i t h i n  r a t i o s ,  t h e  p h a s e  t r a n s i t i o n  was 

e l i m i n a t e d  a l t o g e t h e r *  C h o l e s t e r o l  was e n v i s a g e d  a s  

c o n t r o l l i n g  t h e  f l u i d i t y  o f  t h e  h y d r o c a r b o n  c h a i n s  o f  t h e  

p h o s p h o l i p i d  by d i s r u p t i n g  t h e  c r y s t a l l i n e  l a t t i c e  i n  t h e  

' s o l i d 1 p h a s e  an d  by i n h i b i t i n g  t h e  f l e x i n g  o f  t h e  c h a i n s  

i n  t h e  d i s p e r s e d  l i q u i d  c r y s t a l l i n e  p h a s e .  F o r  t h i s  

r e a s o n  i t  was e x p e c t e d  t h a t  l i p i d  m i x t u r e s  o f  DPPC and 

c h o l e s t e r o l ,  d i s s o l v e d  i n  d e c a n e ,  would form  s t a b l e  

m em branes .  T h i s ,  h o w e v e r ,  was n o t  v e r i f i e d  e x p e r i m e n t a l l y ,  

t a b l e  23 .

The a b i l i t y  t o  fo rm  s t a b l e  b i l a y e r s  f rom  e g g  l e c i t h i n -  

c h o l e s t e r o l  m i x t u r e s  a l l o w e d  s t u d i e s  t o  be c a r r i e d  o u t  i n  

w h ic h  t h e s e  membranes  were  'doped*  w i t h  v i t a m i n  K.

S i m i l a r  m e m b ra n e - fo rm in g  s o l u t i o n s ,  b u t  w h ic h  l a c k e d  

c h o l e s t e r o l ,  w ere  a l s o  p r e p a r e d .  I n  a d d i t i o n  a  few l i p i d  

s o l u t i o n s  w ere  p r e p a r e d  u s i n g  DPPC o r  DMPC i n  p l a c e  o f  

eg g  l e c i t h i n .  R e s u l t s  a r e  r e c o r d e d  i n  t a b l e  2 4 .  As
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e x p e c t e d ,  m e m b ra n e - fo rm in g  s o l u t i o n s  c o n t a i n i n g  t h e  

s y n t h e t i c  l e c i t h i n s ,  b o t h  i n  t h e  a b s e n c e  and  p r e s e n c e  o f  

c h o l e s t e r o l ,  w ou ld  n o t  form s t a b l e  membranes .  V i t a m i n  K— 

e g g  l e c i t h i n  m em branes ,  b o t h  i n  t h e  p r e s e n c e  and  a b s e n c e  

o f  c h o l e s t e r o l ,  fo rm ed  s t a b l e  BLM. These  membranes  were  

f o u n d  t o  r e m a in  s t a b l e  ev en  when t h e  w e i g h t  o f  v i t a m i n  K 

f a r  e x c e e d e d  t h e  w e i g h t  o f  p h o s p h o l i p i d  p r e s e n t ,  t a b l e  24 .

I n  an y  membrane c o n t a i n i n g  v i t a m i n  K, o n l y  t h e  q u i n o n e  

i s  n e c e s s a r y  f o r  t h e  membrane t o  d i s p l a y  r e d o x  p r o p e r t i e s .  

Any a d d i t i o n a l  l i p i d  p r e s e n t  m u s t  be t o t a l l y  i n e r t  t o w a r d s  

t h e  aqu eo u s  r e d o x  a g e n t s  ( s e e  I n t r o d u c t i o n ) .  F o r  t h e s e  

r e a s o n s ,  a t t e m p t s  w ere  made t o  form t h i n  membranes  f rom 

m e m b ra n e - f o rm in g  s o l u t i o n s  w h ich  c o n t a i n e d  v i t a m i n  K as  

t h e  o n l y  l i p i d  com p o n en t .  To v a r y  t h e  v i s c o s i t i e s  o f  

t h e  v a r i o u s  l i p i d  s o l u t i o n s  b o t h  p u r e  and  m ixed  h y d r o c a r b o n  

s o l v e n t s  w ere  em p lo y ed .  I n  a l l  c a s e s ,  h o w e v e r ,  no s t a b l e ,  

t h i n ,  membranes  c o u l d  be f o rm e d ,  t a b l e  25 .  When d e c a n e ,  

n o n an e  o r  1 : 1  m i x t u r e s  o f  d e c a n e / o c t a n e  o r  n o n a n e / o c t a n e  

w e re  em ployed  a s  s o l v e n t ,  s t a b l e  t h i c k  ( l e n s )  membranes  

w e re  f o r m e d ,  t h a t  d i d  n o t  t h i n  down t o  t h e  b l a c k  c o n d i t i o n .  

The v i t a m i n  K -d e c a n e  membranes  w ere  f o u n d  t o  be  s t a b l e  o v e r  

a  p e r i o d  o f  s e v e r a l  d a y s .  The f o r m a t i o n  o f  t h i c k  membranes  

by  v i t a m i n  K h a s  b e e n  r e p o r t e d  p r e v i o u s l y  ( 1 8 5 ) ,  a l t h o u g h  

no d e t a i l s  o f  t h e  m e m b ra n e - fo rm in g  s o l u t i o n s  w ere  g i v e n .

As c a n  be  s e e n  f rom  t a b l e  2 6 ,  t h e  a d d i t i o n  o f  c h o l e s t e r o l
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t o  d e c a n e  s o l u t i o n s  o f  v i t a m i n  K h ad  no e f f e c t  on t h e  

a b i l i t y  o f  t h e  s o l u t i o n s  t o  form s t a b l e ,  t h i c k  m em branes .

Choi e s t e r o l  i s  known t o  c a u s e  an i n c r e a s e  i n  t h e  v i s c o s i t y  

o f  t h e  l i p i d  s o l v e n t  ( l 8 6 )  and  i t  w o u ld ,  t h e r e f o r e ,  be  

e x p e c t e d  t o  a i d  t h e  f o r m a t i o n  o f  t h i c k  membranes .  T h i s ,  

h o w e v e r ,  was n o t  t e s t e d .

The t h i c k n e s s e s  o f  s e l e c t i v e  l i p i d  membranes w ere  

d e t e r m i n e d  u s i n g  t h e  c a p a c i t a n c e  m ethod p r e v i o u s l y  d e s c r i b e d  

( s e c t i o n  5 - 2 . 5 ) .  The c o m p o s i t i o n ,  c a p a c i t a n c e  an d  t h i c k 

n e s s  o f  t h e  h y d r o c a r b o n  l a y e r  f o r  ea ch  o f  t h e s e  m em branes ,  

a t  v a r i o u s  t i m e s  a f t e r  t h e i r  f o r m a t i o n ,  a r e  r e c o r d e d  i n

t a b l e  27 .  P r e v i o u s l y  r e p o r t e d  c a p a c i t a n c e s  o f  egg  l e c i t h i n -
—2c h o l e s t e r o l  membranes l i e  w i t h i n  a  0 . 3 8 - 0 . 5 6  pF cm r a n g e  

( 1 7 9 ) .  T h u s ,  t h e  v a l u e  o f  0 . 3 9  pF cm*” , o b t a i n e d  d u r i n g  

t h i s  r e s e a r c h ,  t a b l e  2 7 ,  a g r e e s  c l o s e l y  w i t h  t h o s e  p r e v i o u s l y  

f o u n d  and shows t h e  u s e f u l n e s s  o f  t h e  s i m p l e  DC t r a n s i e n t  

m e th o d  i n  d e t e r m i n i n g  membrane c a p a c i t a n c e s .  The t h i c k 

n e s s  o f  t h i s  membrane,  c a l c u l a t e d  u s i n g  e q u a t i o n  ( 5 - 9 ) ,  

i s  t y p i c a l  o f  t h a t  o b t a i n e d  f rom  t h e  h y d r o c a r b o n  r e g i o n  o f  

l i p i d  b i l a y e r s  ( 1 7 ) .  A d d i t i o n  o f  v i t a m i n  K t o  t h e  egg  

l e c i t h i n - c h o l e s t e r o l  membrane r e s u l t s  i n  a  s l o w i n g  down 

o f  t h e  t h i n n i n g  r a t e  b u t  h a s  no e f f e c t  on  t h e  f i n a l  t h i c k 

n e s s  o b s e r v e d ,  t a b l e  27 .  V i t a m i n  K -eg g  l e c i t h i n  membranes  

w e re  fo u n d  t o  be l e s s  s t a b l e  t h a n  egg  l e c i t h i n - c h o l e s t e r o l  

membranes b o t h  w i t h  an d  w i t h o u t  a d d ed  v i t a m i n  K. T h e i r
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c a p a c i t a n c e  b e h a v i o u r ,  h o w e v e r ,  was s i m i l a r  t o  t h a t  

d i s p l a y e d  by egg l e c i t h i n - c h o l e s t e r o 1- v i t a m i n  K m em branes ,  

t a b l e  27 .  The g e n e r a l  d e c r e a s e  i n  t h i n n i n g  r a t e  d i s p l a y e d  

by v i t a m i n  K - c o n t a i n i n g  egg  l e c i t h i n  membranes  i s  c o n 

s i d e r e d  t o  be  a  v i s c o s i t y  e f f e c t .  V i t a m i n  K, when 

d i s s o l v e d  i n  d e c a n e ,  i s  s e e n  t o  g i v e  a  membrane w h ic h  i s  

some f i f t y  t i m e s  t h i c k e r  t h a n  t h a t  o f  a t y p i c a l  b i l a y e r ,  

t a b l e  27 .  T h is  l e n s  i s  e n v i s a g e d  a s  h a v i n g  t h e  s t r u c t u r e  

shown i n  f i g u r e  5 - 1 ( a ) .  The membrane t h i c k n e s s e s  q u o t e d

i n  t a b l e  27 m us t  be c o n s i d e r e d  a s  b e i n g  o n l y  a p p r o x i m a t e  

s i n c e  a  d i e l e c t r i c  c o n s t a n t  o f  2 h a s  been  u s e d  i n  t h e  

c a l c u l a t i o n s .  As v i t a m i n  K and c h o l e s t e r o l  a r e  more p o l a r  

t h a n  h y d r o c a r b o n s ,  t h e y  w ould  be e x p e c t e d  t o  i n c r e a s e  t h e  

d i e l e c t r i c  c o n s t a n t  o f  d e c a n e .  The t h i c k n e s s e s  c a l c u l a t e d  

m u s t ,  t h e r e f o r e ,  be c o n s i d e r e d  a s  minimum v a l u e s .

A t t e m p t s  t o  fo rm  v i t a m i n  K c o n t a i n i n g  b i l a y e r  membranes 

f rom  a  v a r i e t y  o f  l i p i d  s o l u t i o n s ,  s h o v e d  c l e a r l y  t h a t  

v i t a m i n  K, i n  t h e  a b s e n c e  o f  o t h e r  l i p i d ,  i s  i n c a p a b l e  o f  

f o r m i n g  l i p i d  b i l a y e r s .  A d d i t i o n a l  l i p i d  c a p a b l e  o f  

f o r m i n g  a  b i l a y e r  m a t r i x  and i n t o  w h ich  t h e  f u n c t i o n a l  

q u i n o n e  m o l e c u l e s  c a n  be a d d e d ,  i s  r e q u i r e d .  Prom t h e s e  

s t u d i e s  o n l y  egg  l e c i t h i n  o r  egg l e c i t h i n - c h o l e s t e r o l  

s o l u t i o n s  were  fo u n d  t o  be s u i t a b l e .  P u r e  s y n t h e t i c  

l i p i d s  w i t h  low t r a n s i t i o n  t e m p e r a t u r e s  e . g .  d i o l e o y l  

p h o s p h a t i d y l  c h o l i n e  ( t r a n s i t i o n  t e m p e r a t u r e  = - 2 2 ° C  ( 1 8 7 ) ) ,
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t h o u g h  n o t  t r i e d  d u r i n g  t h i s  r e s e a r c h ,  s h o u l d  a l s o  be s u i t a b l e *  

The i n v e s t i g a t i o n  o f  r e d o x  r e a c t i o n s  a c r o s s  a  l i p i d  

b i l a y e r ,  d o p ed  w i t h  a  s u i t a b l e  m em brane-bound  c a r r i e r ,  w a s ,  

a s  d i s c u s s e d  e a r l i e r ,  one o f  t h e  a im s  o f  t h i s  r e s e a r c h .  

A l t h o u g h  t h e  l i p i d  b i l a y e r  s t u d i e s  j u s t  d e s c r i b e d  a l l o w e d  

s u c h  e x p e r i m e n t s  t o  be a t t e m p t e d ,  s t u d i e s  u s i n g  !u l t r a t h i n f 

membranes  o f  b i l a y e r  d i m e n s i o n s  h a v e  n o t  b e e n  p o s s i b l e  as  

y e t .  Redox r e a c t i o n s  a c r o s s  a  v i t a m i n  K l e n s  membrane 

(d  2800A) h a v e ,  h o w e v e r ,  b e e n  c a r r i e d  o u t  u s i n g  t h e  

m e th o d  o u t l i n e d  i n  s e c t i o n  5 - 2 . 6 .  The r e d o x  membrane 

s y s t e m  may be r e p r e s e n t e d  a s ,

| V( l e n s )  K | [ F e ( o - p h e n ) 3 ] 3+

The membranes w ere  fo rm e d  f rom  a s o l u t i o n  o f  v i t a m i n  K,

i n  d e c a n e ,  o f  c o n c e n t r a t i o n  8 . 0  mg m l~^ .  S i x  h o u r s  a f t e r

t h e  s y s t e m  was e s t a b l i s h e d  t h e  s u b s t r a t e  s o l u t i o n  c l o s e

t o  t h e  membrane h a d  become d i s t i n c t l y  o r a n g e  i n  c o l o u r .

A f t e r  a  p e r i o d  o f  24 h o u r s  t h e  w h o le  s u b s t r a t e  s o l u t i o n

( i n  c o m p ar tm en t  B, f i g u r e  5 - 4 )  was d a r k  o r a n g e .  T h e se

f i n d i n g s  were  c o m p l e t e l y  r e p r o d u c i b l e .  F o r m a t i o n  o f  t h e
2 1

o r a n g e  [ F e ( o - p h e n ) ^ ]  com plex  p r o v e d  t h a t  e l e c t r o n s  w ere  

b e i n g  t r a n s f e r r e d  t h r o u g h  t h e  v i t a m i n  K m em branes .  T h i s  

i n d i c a t e s  t h a t  t h e  v i t a m i n  K c a r r i e r  m o l e c u l e s  a r e  s t i l l  

s u f f i c i e n t l y  m o b i l e  w i t h i n  t h e  t h i n  membrane t o  a l l o w  

t h e  r e d o x  r e a c t i o n  t o  o c c u r  a t  a  m e a s u r a b l e  r a t e .  The 

s m a l l  membrane a r e a  and  a b s e n c e  o f  s t i r r i n g  w i t h i n  t h e
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a q u e o u s  p h a s e s  a c c o u n t  f o r  t h e  s l o w  r a t e  o f  r e a c t i o n  

o b s e r v e d .  The r e s u l t s  f rom  t h e s e  p r e l i m i n a r y  e x p e r i m e n t s  

a r e  e n c o u r a g i n g  s i n c e  t h e y  v e r i f y  t h a t  t h i n  membranes  o f  

v i t a m i n  K can  f u n c t i o n  i n  an  a n a l o g o u s  way t o  t h e i r  b u l k  

s o l v e n t  membrane a n a l o g u e s ,  ev en  i n  t h e  a b s e n c e  o f  s t i r r i n g ,  

a n d ,  i n  a d d i t i o n ,  t h e y  i n d i c a t e  t h e  f e a s i b i l i t y  o f  c a r r y i n g  

o u t  s u c h  r e a c t i o n s  a c r o s s  v i t a m i n  K -doped  l i p i d  b i l a y e r s .
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A p p en d ix  I  

SOURCES OF CHEMICALS

The f o r m ,  p u r i t y  and s o u r c e  o f  a l l  t h e  c h e m i c a l s  o f  

s p e c i a l  i m p o r t a n c e  t o  t h i s  v o r k  a r e  g i v e n  b e lo w .  A l l  

o t h e r  r e a g e n t s  w ere  o f  t h e  h i g h e s t  p u r i t y  a v a i l a b l e ,  

n o r m a l l y  1ANALAR’ •

The f o l l o w i n g  a b b r e v i a t i o n s  a r e  u s e d  to  i n d i c a t e  t h e  

m a n u f a c t u r e r  f rom  w hich  each  compound was o b t a i n e d :

BDH BDH C h e m ic a l s  L t d . ,  P o o l e ,  D o r s e t ,  E n g l a n d .

H & ¥  H opk in  and W i l l i a m s  L t d . , Chadw el l  H e a t h ,
E s s e x ,  E n g l a n d .

JM J o h n s o n  M a t t h e y  & C o . ,  L ondon ,  E n g l a n d .

0 O rganon  L a b o r a t o r i e s  L t d . , Newhouse,  S c o t l a n d .

S Sigma London C hem ica l  Company L t d . , S u r r e y ,
E n g l a n d .



Name

A s c o r b i c  a c i d  

B e n z y l  v i o l o g e n  

B orohyd  r i d e  

C a r d i o l i p i n

C h l o r o q u i n e

C h o l e s t e r o l

Coenzyme Ql 0  

C y tochrom e c

Cytochrome c 

n -D e c a n e

2 , 6 - D i c h i o r o p h e n o l  
i n d o p h e n o l

D i m y r i s t o y l  
p h o s p h a t i d y l  c h o l i n e

D i p a l m i t o y l  
p h o s p h a t i d y l  c h o l i n e

D i t h i o n i t e

Dodecane

Egg l e c i t h i n

Egg l e c i t h i n

F l a v i n  a d e n i n e  
d i n u c l e o t i d e

D e s c r i p t i o n  

g r a d e  > 99$

sodium  s a l t

from b o v i n e  h e a r t ,  sod ium 
s a l t ,  e t h a n o l  s o l u t i o n

d i p h o s p h a t e  s a l t

g r a d e  99 + $ ,  s t a n d a r d  
f o r  c h r o m a t o g r a p h y

h o r s e - h e a r t ,  Type I I I ,  
g r a d e  9 5 - 1 0 0 $

from  n e u r o s p o r a  c r a s s a

g r a d e  99 + $

s y n t h e t i c ,  g r a d e  ~ 9 8 $ ,  
c r y s t a l l i n e

s y n t h e t i c ,  g r a d e  I ,  99$  
c r y s t a l l i n e

sod ium  s a l t ,  g r a d e  > 8 5 $

g r a d e  I , ~99$

from  egg  y o l k ,  Type I I I - E ,  
h e x a n e  s o l u t i o n

from  egg y o l k ,  Type IV -E ,  
t e t r a d e c a n e  s o l u t i o n

d i s o d i u m  s a l t ,  g r a d e  I I I ,  
9 4 - 9 9  jS

S o u r c e  

H & V 

BDH 

0 

S

S

s 

s 

s

A k i n d  g i f t  
f rom  D r . I . D . A  
Swan

S

BDH

S

s

BDH 

S 

S

s 

s



( C o n t d . )

Name

F l a v i n  mono
n u c l e o t i d e

n - H e p ta n e

Hexane

Hexane ( s p e c t r o 
s c o p i c )

I n d o p h e n o l

L y s o l e c i t h i n

M e th y le n e  b l u e  

M e th y l  V i o l o g e n  

p - N i t r o p h e n o l  

n-Nonane  

n - O c t a n e

o - P h e n a n t h  r o 1 i  ne

P h e n o s a f r a n i n 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

P h o s p h a t i d y l
i n o s i t o l

Reduced n i c o t i n 
amide  a d e n i n e  
d i n u c l e o t i d e

Reduced  n i c o t i n 
am ide  a d e n i n e  
d i n u c l e o t i d e  
p h o s p h a t e

D e s c r i p t i o n  S o u r c e

sod ium  s a l t ,  g r a d e  95-97% S

g r a d e  ~99% S

l o v  i n  a r o m a t i c s  ( 0 . 1 $ )  H & V

' S p e c t r o s o l 1 , f o r  UV H & V
s p e c t r o s c o p y

H & V

from  s o y b e a n s ,  Type IV ,  S
~98%, c o n t a i n s  p r i m a r i l y  
C-18 u n s a t u r a t e d  f a t t y  
a c i d s

BDH

BDH

s p e c t r o p h o t o m e t e r  g r a d e  S

g r a d e  ~99% S

g r a d e  ~99% S

a s  h y d r a t e  H & ¥

H & ¥

d i p a l m i t o y l ,  s y n t h e t i c ,  S
g r a d e  I  ~98%

from  s o y b e a n ,  ammonium s a l t ,  S 
g r a d e  I ,  ~98%

d i s o d i u m  s a l t ,  g r a d e  85% BDH

sod ium  s a l t ,  g r a d e  78% BDH
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( C o n t d . )

Name D e s c r i p t i o n  S o u r c e

S i l v e r  o x i d e  g r a d e  1Specpure*  JM

n - T e t r a d e c a n e  g r a d e  ~99% S

T h i o n i n e  -  BDH

V i t a m i n  -  S
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A p pend ix  I I

LINEAR 1LEAS T SQUARES1 PROGRAM

To s p e e d  a n a l y s i s  o f  t h e  r e s u l t s  o b t a i n e d  f ro m  t h e  

many k i n e t i c  r u n s  c a r r i e d  o u t ,  a  s h o r t  c o m p u te r  p ro g ra m  

was w r i t t e n  w h ic h  w ould  c a l c u l a t e  t h e  g r a d i e n t  o f  t h e  b e s t  

f i t t i n g  s t r a i g h t  l i n e  t h r o u g h  e a c h  s e t  o f  d a t a  p a i r s .  The 

p r o g r a m ,  w r i t t e n  i n  FORTRAN IV p rog ram m ing  l a n g u a g e ,  was 

r u n  on  an  IBM 360 c o m p u te r .  The l i n e a r  1l e a s t  s q u a r e s '  

m e th o d  o f  Moroney (1 8 8 )  was u s e d .

The c o m p u te r  p ro g ra m  w r i t t e n ,  f o l l o w e d  by a  d e s c r i p t i o n  

o f  t h e  i n p u t  p a r a m e t e r s ,  t o g e t h e r  w i t h  a  s p e c im e n  i n p u t ,  

and  f i n a l l y  a  s p e c im e n  o u t p u t  a r e  g i v e n  i n  t h i s  a p p e n d i x .



o 
o 

o 
o 

o 
o GENERAL 1 L E A S T  SQUARES*  PROGRAM .  D E R I V E S  THE REST  

S T R A I G H T  L I N E  F I T  FOR UP TO 1 0 0  P A I R S  OF DATA P O I N T S

D I M E N S I O N  N A M E ( 2 0 ) * X ( 1 0 0 ) * Y ( 1 0 0 ) * Y Y ( 1 0 0 ) ♦ P D E V ( l O O )

5 0 0  FORMAT ( 1 3 )
5 1 0  f o r m a t  ( 2 0 a 4 )
5 2 0  FORMAT ( 2 F 1 0 . 4  )
5 3 0  FORMAT ( E 1 5 . 4 )
5 AO FORMAT ( ? I 3 )

KOUNT = 0
READ ( 5 * 5 0 0 )  N SE T S  
W R I T E  ( 6 * 5 0 0 )  NSKT S  
READ ( 5 . 5 1 0 )  ( N A M E ( I ) * 1 = 1 * 2 0 )
W R I T E  ( 6 * 6 1 0 )  ( N A M E ( I ) * 1  = 1 * 2 0 )
READ ( 5 * 5 0  0 ) I F I T

GO TO ( 1 2 * 1 3 *
12 W R I T E ( 6 * 7 2 0 )

GO TO 19
13 WR I T E ( 6  * 7 3 0 )

GO TO 1 9
14 W R I T E ( 6  * 7A-0 )

GO TO 19
1 5 W R I T E ( 6 * 7 5 0 )

GO TO 1 9
16 W R I T E ( 6 , 7 6 0 )

GO TO 19
17 WR I T E ( 6 * 7 7 0 )

GO TO 19
18 WR I  TP ( 6 . 7 8 0 )
19 C O N T I N U E

READ ( 5  * 5 4 0 )
READ ( 5 * 5 3 0 )

C

MPTS * M i NP T S  
FACTOR

DO 1 0 0 0  1 = 1 * NPT S 
READ ( 5 * 5 2 0 )  X ( I ) *  Y ( I  )
Y ( I ) = Y ( I ) * F A C T 6 R  

1 0 0 0  C O N T I N U E

WR I T E  ( 6 * 6 2 0 )  ( a ( I ) * Y ( I ) *  I  = 1 * N P T S  )
W R I T E  ( 6 * 6 0 5 )  NPTS

1 = 1
GO TO ( 2 0  * 3 0  * 4 0 , 5 0  * 6 0

20 X ( I ) = SORT ( X U )  )
GO TO 9 0

30 X ( I )  = X U ) * A ( I )
GO TO 9 0

4 0 X ( I )  = A L O G I O  ( X U ) )
GO TO 9 0

5 0 X ( I )  = 1 . 0 /  X ( I )
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GU TO 90  
6 0  Y ( I ) = AL O G I O  ( Y ( I  ) )

GO TO 9 0  
7 0  X ( T )  = A L O G l o  ( X ( I ) )

Y ( I ) = A L OGI O ( Y ( I ) )
9 0  1 = 1 + 1

I F  ( I  . L L • NPT S  ) GO TO ( 2 0  * 3 0  * 4 0 , 5 0  * 6 0 * 7 0  * 8 0 ) *  I F  I  T
C

80 S I G MA X  = n . o
SU MX? = 0 . 0
s i g m a y  = 0 . 0
SUMY? = 0 . 0  
SD E V 2  = 0 . 0  
SPROD = 0 . 0

c
DO 2 0 0 0  1 = 1 * NPT S  
S I G M A X  = S I G M A X  + X ( I )
S I G M A Y  = S I G M A Y  + Y ( I )
SUUX? = SUMX2 + X ( I ) -m-X 
SUMY? = SUWY2 + Y ( I ) * Y ( I )
P P n n x Y  = X ( I ) * Y ( I )
SPROf i  = SPROn + PRODX Y 

2 0  0 0 C O N T I N U E
c

SLOPE = ( S p ROD -  ( S I G M A X * S I G M A Y  ) /  F L O A T ( N P T S )  ) /  
1 ( SUMX? -  ( S I G M A X * S I G m a x  /  F L O A T ( N P T S )  ) )

C E P T  = ( S I G M A X * S P R O D  -  S I G M A Y * S U M X 2 ) /
1 ( S I G M A X * S I G M A X  “  F L O A T ( N P T S ) * S U M X 2 )

W R I T E  ( 6 , 6 4 0 )  SLOPE * CEPT
C

OO 3 0 0 0  1 = 1 * N P T S
Y Y ( I ) = S L O P E * X ( I ) + CEPT
D E V  =  Y Y ( I )  -  Y ( I )

SDEV?  = SG EV2  + u t V * L ' E V  
I F  ( Y ( I ) . E ' O.  0 . 0 )  GO TO 1 0 0
P D E V ( I )  = l u 0 . 0 * n t V  /  Y ( I )
GO TO 1 1 0  

1 0 0  P D F V ( I )  = 9 . 9 9 9 9 E  2
1 1 0  C O N T I N U E  

3 0 0 0  C O N T I N U E
C

W R I T E  ( 6 * 6 3 0 )  ( X ( I ) * Y Y ( I ) * Y ( I ) , P D E V ( I ) *  I = 1 , N P T S  )
C

RMEANX. = S I G M A X  /  F L O A T  ( N P T S )
PMFANY = S I G M A Y  /  F L O A T ( n P T S )
PROOF'S = R m E A N X * P M E A N Y  
AVEPP = 5 PPOD /  F L O A T ( N P T S )
PEAL  = ( S U MX 2  /  F L O A T ( N P T S ) )  -  ( R M E A N X * R M E A N X )
SDX = S O R T ( R E A L )
REAL = ( SU MY 2  /  F L O A T ( N P T S ) )  -  ( R M £ a N Y * k MEANY)
SOY = S O R T ( R E A L )
C 0 9 R  = ( A V E R P  -  PROOMS)  /  ( S D X * S D Y  )

C
PEAL = l - C O R R * C O R R
I F  ( R E A L . L T . 0 . 0 E - 0 4  . A N D .  R E A L . G T . - 0 . 0 E - 0 4  )
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1 PEAL = 0 . 0  
P t A L  = SORT ( PF AL )
SEEY = R E A L I S E i  
SEEX = P E A L * S D X  
V! RI TE.  ( 6 . 6 5 0 )  S E E X . S E E Y . C O R R

C
I F  ( ' I N P T S  . G E .  N P T S )  GO TO 2 5  
MPTS = N P T S - 1  
GO TO mo 

2 5  KOUMT = KOUMT «■ 1
I F  ( KOUMT . M E .  M S E T S )  GO TO 5

C
6 0 0  F O f’ ^ / ' T  ( * 1 «  . I X . ’ m u m m ER OAT A S E T S  = 1 . 1 3  )
6 0 5  FORMAT ( • o • , I X , t M U M H E R  P O I N T S  = » . I 3  )
6 1 0  F o r m a t  ( / / / 2 X « ?.0 A4  )
6 2 0  FORMAT ( • 0 • . 9 X , » I h P u T  D a T A • / / 9 X  . • X • *  1 8 X  * • Y * / /

1 ( 4 X . 1 R P 1 1 . 4 , 7 X * l ^ E 1 1 . 4 ) )
6 3 0  F O P M a T ( » 0 * . 5 X . » X 0 g S * . 9 X » » Y C A L C * » 9 X . • Y O B S * * 5 X .

1 * P F P C F . N T  D F V • * /  /  4 ( 2 X . 1 P E 1 1  . 4 )  )
6 4 0  FORMAT ( / / / 7 X , • G R A D I E N T  = • . 1  PE 1 1 . 4 . 5 X .

1 • I N T E R C E P T  = • . E l 1 . 4 )
6 5 0  FORMAT ( / / / 7 X , * STANDARD ERROR OF E S T I M A T E  X= » .  

1 1 R F 1 1 . 4 . / / 7 X , ' S T A N D A R D  ERROR OF E S T I M A T E  Y = » .  
I F ] l . 4 , / /
2 7 X , • C O R R E L A T I O N  C O E F F I C I E N T  = » . 0 P K 1 0 . 4 )

7 2 0 f o r m a t ( * 0 . 5X . CURVE F I T OF ROOT X VS Y • )
7 3 0 FOR MA T ( » 0 .  5  X . CURVE F I T OF X SQUARED VS Y« )
7 4 0 FORMAT ( * 0 . 5 X . CURVE F I T OF L O G ( 1 0 )  X VS Y • )
7 5 0 F Q R m a T ( • 0 »S> ! CURVE F I T OF R E C I P R O C A L  X VS Y M
7 6 0 f o r m a t ( »0 * 5 X * CURVE F I T OF X VS L O G ( 1 0 ) Y • )
7 7 0 FORMAT ( • 0 . 5 x . CURVE F I T OF L O G ( 1 0 )  X VS L O G ( 1 0 )  Y • )
7 8 0 FORMAT ( * 0 . 5 X  . CURVE F I T OF X VS Y • )

STOP
E n d
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INPUT

C ard  1* NSETS number  o f  s e t s  o f  d a t a

C ard  2 .  NAME( I ) v e r b a l  d e s c r i p t i o n  o f  d a t a  s e t  f o l l o w i n g

C ard  3* I F I T  t y p e  o f  f i t  r e q u i r e d :

f ( x ) f ( y ) I F I T

/ x y 001
2X y 002

l o g  X y 00'1
l / x y 004

x l o g  y 005
l o g  X l o g  y 006

X y 007

C ard  4 .  NPTS, MINPTS number  o f  p o i n t s  i n  d a t a  s e t

f o l l o w i n g ,  minimum number  o f  

p o i n t s  t o  be c u r v e  f i t t e d .

C a rd  5# FACTOR f a c t o r  by w h ich  i n p u t  y  v a l u e s

a r e  t o  be m u l t i p l i e d .

S u c c e e d -  D a ta  p a i r s  
i n g  c a r d s
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S p ec im en  I n p u t s

k o g i w * GENERAL LEAST SQUARES'.
"ow‘""S. ANDERSON. DATE

Ov
STATE MENT

NUM BER
2
O
u

1 2 3 4 5 6 7 8 9 10 I I  12 13 14 15 16 17 18 19 20 21 22  23 24  25  26  27  28  29  30

1 i

Vl V - K1
I

-jT HI ONINE RUN 6 -13 ~ 716
7
S 6

1 9 0 5 4 E 0 5
0 0 0 . 4 7 !4
2 0I.I0 0i 4 6 9
4 2 ,. 0 0 . 4 5 9 :

6 0 0 01,14 5 0  !
9 2 . 0 0 4 37 !

i

1 2 0 i. 0 0 4 2 S



S-peciinen O u t p u t :

NUM9 E P DATA S F T S  = 1

M V - K 1 - T H I O N I N E  RUM 6 - 3 - 7 6  ♦ S . U . C ,  

CURVE F I T  OF X VS Y 

I N P U T  DATA

X

•0 * 0
2 . 0 0 0 0 F  
4 . P O O O E  
6 . 0 0 p 0 F 
9 • ? 0 0 0 F 
1 . 2 0 0 0 6

01
01
01
01
02

9 * 0 3 1 6 6 - 0 8  
8 • 9 3 6 3 F - 0 6  
8 • 7 4 S 8 E - 0 6  
6 . 5 7 4 3 E - 0 6  
8 • 3 2 6 6 E - 0 6  
8 . 1 1 7 0 E - 0 6

NUMBER P O I N T S  =

G P A D I F M T  = - 7  . 8 8 S 1 E - 0 9  

XOBS . YCALC

0 . 0  9 . 0 6 0 8 F - 0 6
2 •  0 0 0 0 r' 01 8 . 9 0 3 1 E - 0 6
4 • ? 0 0 0 E 01 8 * 7 2 9 7 F - 0 6
6 . 0 0 0 0 E  01 8 . 5 P 7 7 F - 0 6
9 . 2 0 0 0 F  01  R . 3 3 5 4 E - 0 6
1 . 2 0 0 0 F  0 ?  8 . 1 1 4 6 E - 0 6

I N T E R C E P T  = 9 • 0 6 0 8 E - 0 6

YOBS P E R C E N T  D E V .

9 • 0 3 1 6 E - 0 6  
6 • 9 3 6 3 E - 0 6  
8 • 7 4 5 6 E - 0 6  
8 • 5  7 p- 3 1 -  0 6  
8 • 3 2 6 6 E - 0 6  
8 . 1 1 7 0 E - 0 6

3 . 2 3 9 2 E - 0 1 
-  3 • 7 1 2  8 F -  0 1 
- 1 . 8 4 2 0 6 - 0 1  

1 . E 6 8 0 E - 0 1  
1 . 0 5 9 6 E - 0 1  

- 2 . 9 1 5 5 E - 0 2

ST ANDARD ERROR OF E S T I M A T E  X= 2 . 6 6 6 2 E  0 0  

S T ANDARD ERROR OF E S T I M A T E  Y = 2 . 1 0 6 8 F - 0 8  

C O R R E L A T I O N  C O E F F I C I E N T  = - 0 . 9 9 7 9
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