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ABSTRACT

RESPIRATORY CHAIN ENERGY CONSERVATION IN THE METHYLOTROPHIC BACTEROT 

METHYLOPHILUS METHYLOTROPHUS

M ichael J .  Dawson

M. m e th y lo tro p h u s i s  an o b l ig a te ly  a e r o b ic ,  Gram n e g a t iv e  m eth y lo - 
t r o p h ic  b a c te riu m  which grows p r e f e r e n t i a l l y  on m ethanol a s  th e  carbon  
and energy  s o u rc e , and u se s  th e  r ib u lo s e  m onophosphate pathway f o r  carbon  
a s s im i la t io n .  T his organism  i s  used  f o r  s i n g l e - c e l l  p r o te in  p ro d u c tio n  
in  th e  I . C . I .  *PRUTEEN* p ro c e s s .  The co m p o sitio n  and s e q u e n t ia l  
o rg a n is a t io n  o f th e  r e s p i r a t o r y  c h a in  o f M .m ethy lo trophus have been 
s tu d ie d ,  and b o th  k in e t i c  ( —► H^/O, -f- K^/O  q u o t ie n ts )  and therm odynam ic
( A ji H*", AGp) p a ram ete rs  o f  energy  c o n s e rv a t io n  have been  d e te rm in e d .
In  a d d i t io n ,  th e  e f f e c t  o f th e  grow th c o n d i t io n s  on some o f th e s e  
p a ram e te rs  h a s  been in v e s t ig a t e d .

The r e s p i r a t o r y  c h a in  o f  M .m ethy lo trophus was found to  b ran ch  a t  th e  
l e v e l  o f cytochrom e c to  two te rm in a l o x id a s e s ,  cytochrom es and o .
M ethanol i s  o x id ise d  v i a  a  m ethanol dehydrogenase  w hich 
d o n a te s  re d u c in g  e q u iv a le n ts  to  th e  r e s p i r a t o r y  c h a in  a t  th e  le v e l  o f 
cytochrom e c ,  as  in  o th e r  m e th y lo tro p h s . P ro to n  and ch a rg e  t r a n s lo c a t io n  
s to ic h e io m e tr ie s  in d ic a te  th e  p re sen ce  o f th r e e  energy  c o n se rv in g  s i t e s  
betw een NADH and oxygen, each  o f w hich t r a n s lo c a te s  two c h a rg e s ; on ly  th e  
t h i r d  c o u p lin g  s i t e ,  which ap p ea rs  to  fu n c t io n  by a  redox  arm mechanism, 
i s  in v o lv ed  in  r e s p i r a t i o n  from  m ethano l.

M. me th y l  o tro  phus was found to  s u s t a in  a  AGp, ÿ i r i n g  r e s p i r a t i o n  from  
m eth an o l, o f  a p p ro x im a te ly  -45  k j/m o l, b u t th e  ApH v a r ie d  w ith  th e  
r e a c t io n  c o n d it io n s  such  t h a t  a p p a re n t v a lu e s  o f  th e  -► H^/ATP q u o tie n t  
ra n g in g  from  2 .6  to  4*1 g - io n  ÿ '/m o l ATP w ere o b ta in e d . I t  was concluded  
t h a t  th e  p ro to n  c u r r e n t ,  in  t h i s  o rgan ism , i s  a t  l e a s t  p a r t i a l l y  l o c a l i s e d ,  
and t h e o r e t i c a l  grow th c a l c u la t io n s  su g g e s t t h a t  th e  t r u e  v a lu e  o f  th e  

-► H /ATP q u o tie n t  i s  p ro b ab ly  2 g - io n  H /m ol ATP. On t h i s  b a s i s ,  th e  
ATP/O q u o tie n ts  f o r  r e s p i r a t i o n  from NADH and m ethanol a re  l i k e l y  to  be 
3 and 1 mol ATP/g-atom 0 , r e s p e c t iv e ly .

T here was no ev id en ce  t h a t  th e  low grow th  y ie ld s  o f  m e th an o l-e x cess  
c u l tu r e s  co u ld  be e x p la in e d  by a  reduced  e f f i c i e n c y  o f  r e s p i r a t o r y  ch a in  
en erg y  c o n s e rv a t io n .
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CHAPTER 1

INTRODUCTION

The i n t e n s i t y  o f  r e s e a r c h  in to  a l l  a s p e c ts  o f m e th y lo tro p h y  h as  

e s c a la te d  in  th e  l a s t  d ecad e , l a r g e ly  due to  i n t e r e s t  in  th e  com m ercial 

e x p l o i t a t io n  o f  m e th y lo tro p h ic  m icro o rg an ism s. A number o f  i n d u s t r i a l  

s i n g l e - c e l l  p r o te in  p ro d u c tio n  p ro c e s se s  -  u s in g  b o th  m e th y lo tro p h ic  

b a c t e r i a  and y e a s ts  -  a re  now in  f u l l  com m ercial o p e ra t io n ,  and s e v e ra l  

o th e r s  have been developed  to  th e  p i l o t - p l a n t  s ta g e .  F u rth e rm o re , as  w e ll 

as f o r  s i n g l e - c e l l  p r o te in  p ro d u c tio n , th e  m e th y lo tro p h s  a r e  p o t e n t i a l l y  

u s e f u l  f o r  th e  c a t a l y s i s  o f chem ica l in te rc o n v e r s io n s  ( p a r t i c u l a r l y  by 

e x p lo i t i n g  th e  lo o s e  s p e c i f i c i t y  o f methane m onooxygenase), f o r  th e  

p ro d u c tio n  o f  v a r io u s  c e l l  com ponents such  as  p o ly -^ h y d ro x y b u ty ra te  

(Y a n c h in sk i, 1981) and u b iq u in o n e -1 0  (U rakam i, I 981) ,  and a s  h o s ts  f o r  th e  

e x p re s s io n  o f  e u k a ry o tic  genes (Brammar, 1981) .

The fundam en ta l s tu d y  o f  th e  m ic ro b io lo g y , b io c h e m is try ,  grow th 

p h y s io lo g y  and more r e c e n t ly  g e n e t ic s ,  o f th e  m e th y lo tro p h s  has k e p t pace 

ad m irab ly  w ith  th e  te c h n o lo g ic a l  adv an ces . In d eed , l a r g e ly  due to  th e  work 

o f  Quay l e  and h is  c o lle a g u e s  a t  S h e f f ie ld ,  th e  b a s ic  pathw ays o f a s s im i la t io n  

o f  Cl-compounds a re  now q u ite  w e ll u n d e rs to o d . F u rth e rm o re , th e  c a ta b o l i c  

sequences o f  m e th y lo tro p h ic  b a c t e r i a  have been s u c c e s s f u l ly  in v e s t ig a te d ,  

and a  number o f n o v e l and i n t e r e s t i n g  f e a tu r e s  have been b ro u g h t to  l i ^ t .

In  c o n t r a s t ,  r e s p i r a t o r y  c h a in  energ y  c o n s e rv a t io n  in  th e  m e th y lo tro p h s  

h as  been th e  s u b je c t  o f a  c o m p a ra tiv e ly  few r e c e n t  in v e s t ig a t io n s ,  and 

s e v e r a l  q u e s tio n s  rem ain  to  be answ ered in  t h i s  s p h e re .
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T his  t h e s i s  d e s c r ib e s  an in v e s t ig a t io n  o f  r e s p i r a t o r y  c h a in  energy  

c o n s e rv a t io n  in  Me th y l  ophi lu s  me th y l  o tro p h u s  -  an o b l ig a te ly  a e ro b ic ,

Gram n e g a t iv e  m e th y lo tro p h ic  b ac te riu m  which u se s  m ethanol as  i t s  

p r e f e r r e d  carbon  and energy  s o u rc e , and which u t i l i s e s  th e  r ib u lo s e  

m onophosphate pathway f o r  carbon  a s s im i la t io n .  A s tu d y  o f  t h i s  b ac te riu m  

i s  p a r t i c u l a r l y  aPPO Site as i t  i s  th e  organism  u sed  by I . C . I .  A g r ic u l tu r a l  

D iv is io n  a t  D illin g h am , C lev e lan d  f o r  th e  l a r g e - s c a l e  com m ercial p ro d u c tio n  

o f  s i n g l e - c e l l  p r o te in .

1.1 M icrob io logy  o f  th e  m e th y lo tro p h s

Colby & Zatman (1972) d e f in e d  th e  m e th y lo tro p h s  a s  th o s e  o rganism s 

w hich a re  a b le  to  grow n o n -a u to t ro p h ic a l ly  a t  th e  expense o f  carbon  

compounds c o n ta in in g  one o r  more ca rb o n  atom s, b u t  c o n ta in in g  no c a rb o n - 

carbon  bonds. The ran g e  o f  m icroorgan ism s w hich a re  ca p a b le  o f u t i l i s i n g  

such  compounds as t h e i r  carbon  and energy  so u rce  in c lu d e s  y e a s ts  as w e ll 

a s  b a c t e r i a ,  b u t th e  fo llo w in g  d is c u s s io n  i s  c o n fin e d  to  th e  l a t t e r .  The 

above d e f i n i t i o n  would ex clude  th o se  organism s such  as  P aracoccus 

d e n i t r i f i c a n s  (Cox & Q uayle, 1975)» Rhodopseudomonas a c id o p h ila  (Sahm 

e t  a l . , 1976) and Pseudomonas o x a la t ic u s  (Quayle & Keech, 1959)» which 

o x id is e  red u ced  Cl compounds to  carbon  d io x id e  b e fo re  a s s im i la t io n  ( th e  

'p s e u d o -m e th y lo tro p h s ' ;  Zatman, 198I ) .  The r e l a t i o n s h i p  betw een 

m e th y lo tro p h y  and a u to tro p h y , how ever, i s  a  v e ry  c lo s e  one, and some 

a u th o rs  would group to g e th e r  a l l  organism s w hich m ust s y n th e s is e  a l l  t h e i r  

ca rb o n -ca rb o n  bonds ^  novo as  a u to tro p h s  (see  W h itten b u ry  & K e lly , 1977).

The ra n g e  o f  Cl s u b s t r a te s  w hich w i l l  s u p p o r t th e  grow th o f  m ethy lo 

tro p h s  in c lu d e s  m ethane, m e th an o l, m ethy lam ine, fo rm a te , form am ide, carbon

- 5 -



m onoxide, d im e th y l e t h e r ,  d im eth y lam in e , t r im e th y l  am ine, tr im e th y la m in e  

N -o x id e , and v a r io u s  tétram éthylam m onium  and tr im e th y lsu lp h o n iu m  s a l t s  

(s e e  Q uayle, 1972; A nthony, 1975b; Colby e t  a l . , 1979; W olfe & H ig g in s , 

1979). M e th y lo tro p h ic  b a c t e r i a  may u s e f u l ly  be d iv id e d  in to  two g roups -  

o b l ig a te  m e th y lo tro p h s , w hich a re  a b le  to  grow o n ly  on th e  above s u b s t r a t e s ,  

and f a c u l t a t i v e  m e th y lo tro p h s , w hich can a l s o  u t i l i s e  o th e r  o rg a n ic  

compounds f o r  g row th . M oreover, t h i s  d iv i s io n  can be j u s t i f i e d  

ta x o n o m ic a lly  as th e s e  two groups d i f f e r  in  term s o f t h e i r  m orphology, 

l i p i d  c o n te n t ,  DNA b ase  c o m p o sitio n , and re sp o n se  to  b io ch em ica l t e s t s  

(s e e  Byiom, 1981) .

1 .1 .1  O b lig a te  m e th y lo tro p h s

T h is  g roup i s  g e n e r a l ly  ta k en  to  in c lu d e  th o se  o rg an ism s, such  as 

M .m ethy lo trophus (Byrom & Ousby, 1975)» which can grow a l b e i t  s lo w ly  on 

a  v e ry  l im i te d  ran g e  o f  h e te r o tr o p h ic  s u b s t r a t e s ,  as w e ll a s  th e  t r u l y  

o b l ig a te  m e th y lo tro p h s . A ll 'o b l i g a t e '  m e th y lo tro p h s  i s o l a t e d  so f a r  a re  

Gram n e g a t iv e ,  o b l ig a te  a e ro b e s . The l a r g e s t  group  o f  o b l ig a te  m ethy lo 

t r o p h s ,  th e  m e th a n e - u t i l i s e r s  (m e th an o tro p h s) ,  has been f u r t h e r  d iv id e d  

by W hitten b u ry  and c o lle a g u e s  in to  two groups l a r g e ly  on th e  b a s is  o f 

i n t e r n a l  membrane s t r u c t u r e  and carbon  a s s im i la t io n  pathw ay (se e  Colby 

e t  a l . ,  1979) .  The Type I  m ethano trophs a s s im i la te  carbon  v i a  th e  

r ib u lo s e  m onophosphate pathw ay, and have t h e i r  i n t e r n a l  membranes a rran g ed  

a s  b u n d le s  o f  v e s i c u l a r  d i s c s ,  w hereas th e  Type I I  m ethano trophs u t i l i s e  

th e  s e r in e  pathway f o r  carbon  a s s im i la t io n ,  and have p a ire d  membranes 

around th e  c e l l  p e r ip h e ry .

Those o b l ig a te  m e th y lo tro p h s  w hich do n o t grow on m ethane have been 

c l a s s i f i e d  i n to  a  l a r g e  number o f  g e n e ra  ( e .g .  Pseudom onas, M ethylom onas,
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M e th y lo p h ilu s , A chrom obacter) , b u t a  more u s e f u l  c l a s s i f i c a t i o n  i s  made 

d i f f i c u l t  by th e  g e n e ra l  in e r tn e s s  o f  th e se  o rgan ism s to  c l a s s i c a l  taxonom ic 

t e s t s  (see  Byrom, 1981) .  These organism s do n o t  have complex in t e r n a l  

membrane s t r u c t u r e s  (Rokem e t  , 1978), and th e y  a l l  ap p e a r to  u se  th e  

r ib u lo s e  m onophosphate pathway f o r  carbon  a s s im i la t io n  (se e  Zatman, 1981) .

1 .1 .2 .  F a c u l ta t iv e  m e th y lo tro p h s

A sm all number o f  f a c u l t a t i v e  m ethano trophs have r e c e n t ly  been i s o la t e d  

( P a t t  e t  ^ . , 1974; P a te l  e t  ^ . , 1978), th e  m ost s tu d ie d  example b e in g  

Me th y lo b a c  te riu m  organophilum  which u t i l i s e s  th e  s e r in e  pathw ay f o r  carbon  

a s s im i la t io n .  T here i s  some ev id en ce  th a t  th e  a b i l i t y  o f  t h i s  organism  to  

u t i l i s e  m ethane i s  c o n fe r re d  by a  p lasm id  (O 'C onnor, 1981) .

In  c o n t r a s t ,  th e r e  i s  a  g r e a t  d e a l of d i v e r s i t y  am ongst th e  non- 

m e th an o tro p h ic  f a c u l t a t i v e  m e th y lo tro p h s , and a  la rg e  number o f  g e n e ra  

( e .g .  Pseudom onas, B a c i l l u s , Ryphomicrobium) a re  r e p r e s e n te d .  These 

organ ism s u t i l i s e  e i t h e r  th e  s e r in e  pathway o r  th e  r ib u lo s e  m onophosphate 

pathw ay f o r  carbon  a s s im i la t io n .

1 .2  Carbon a s s im i la t io n  pathw ays o f  th e  m e th y lo tro p h s

The m e th y lo tro p h s , l i k e  th e  a u to tro p h s ,  have s p e c ia l  b io ch em ica l 

pathw ays f o r  th e  s y n th e s is  o f C3 compounds from t h e i r  Cl s u b s t r a t e s .  

T h e r e a f te r ,  how ever, t h e i r  in te rm e d ia ry  m etabo lism  ap p ea rs  to  in v o lv e  

e s s e n t i a l l y  s im i la r  pathw ays to  t h a t  o f  th e  h e te r o t r o p h s .

Those b a c t e r i a  w hich a re  a b le  to  grow on red u ce d  Cl s u b s t r a t e s  u t i l i s e  

one (o r  p o s s ib ly  m ore; see  Colby e t  ^ . , 1979; W h itten b u ry , 1981) o f  th re e  

b a s ic  pathways f o r  th e  co n v e rs io n  o f Cl compounds to  C3 compounds. The 

' t r u e '  m e th y lo tro p h s  (sen su  Colby & Zatman, 1972) a s s im i la te  carbon  a t  th e
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l e v e l  o f fo rm aldehyde u s in g  e i t h e r  th e  r ib u lo s e  m onophosphate (EMP) pathway 

o r  th e  s e r in e  pathw ay, w hereas th e  ' p se u d o -m e th y lo tro p h s ' (Zatm an, I 981) 

a s s im i la te  carbon  a t  th e  l e v e l  o f  carbon  d io x id e  v i a  th e  r ib u lo s e  

d ip h o sp h a te  (EDP) pathw ay. Each o f  th e se  pathw ays i s  c h a r a c te r i s e d  by 

one o r  more key  enzymes w hich a re  n o t  in v o lv ed  in  e i t h e r  o f  th e  a l t e r n a t i v e  

pathw ays, o r  e lsew h ere  in  in te rm e d ia ry  m etab o lism . The EMP and s e r in e  

pathw ays a re  d is c u s s e d  below , b u t th e  r e a d e r  i s  r e f e r r e d  to  th e  rev iew s o f 

McPadden (1973) and Anthony ( 1975b) f o r  f u r t h e r  c o n s id e ra t io n  o f th e  EDP 

pathw ay.

1 .2 .1  R ib u lo se  m onophosphate (EMP) pathway

The f i r s t  key enzyme o f  th e  EMP pathw ay, h ex u lo se  pho sp h ate  s y n th a s e , 

c a ta ly s e s  th e  c o n d e n sa tio n  o f  fo rm aldehyde w ith  r ib u lo s e -5 -p h o s p h a te  to  

y i e ld  D -a ra b in o -3 -h e x u lo se -6 -p h o s p h a te , and t h i s  compound i s  then  iso m e rise d  

to  f ru c to s e -6 -p h o s p h a te  v i a  th e  second key enzyme, h e x u lo se  pho sp h ate  

iso m e ra se . The rem a in d e r o f  th e  c y c le  fu n c t io n s  to  re g e n e ra te  th e  Cl 

a c c e p to r ,  r ib u lo s e -5 -p h o s p h a te ,  and o v e r a l l  one m o lecu le  o f  t r i o s e  

p h o sp h a te , o r  p y ru v a te , i s  form ed from  th r e e  m o lecu le s  o f  fo rm aldehyde 

(F ig . I . l a b ) .

V a r ia n ts  o f th e  EMP pathway o ccu r b o th  in  th e  mode o f c leav ag e  o f 

th e  f ru c to s e -6 -p h o s p h a te  and a t  th e  le v e l  o f  th e  su g a r  phosphate  

re a rra n g e m e n ts . F ru c to s e -6 -p h o sp h a te  may be c le a v e d  e i t h e r  v i a  th e  

g ly c o ly t i c  pathw ay (fdp***) o r  v i a  th e  E n tn e r-D o u d o ro ff pathway (edd'*’) ; 

and th e  rea rra n g e m e n t o f su g a r  p h o sp h a tes  can a l s o  o ccu r by one o f two 

pathw ays in v o lv in g  e i t h e r  t r a n s a ld o la s e  ( ta ^ )  o r  se d o h e p tu lo se  d ip h o s 

p h a ta s e  ( sd h p ^ ) . Of th e  fo u r  p o s s ib le  com binations  o f  th e s e  v a r i a n t s ,  

o n ly  tw o, edd* ta"*" (F ig . 1 .1 a )  and fd p ^  sdhp^ (F ig . 1 .1 b ) ,  seem to  be

- 8 -
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F5ff. 1.1 R ib u lo se  m onophosphate pathw ay . ( a )  e d d 't a ^  Y ai-ian t;

(b )  f'dp'^sdhp"*' v a r ip j i t ,  a f t e r  Q<i?yle & F e re n c i (1 9 7 8 ),

A b b re v ia tio n s ; Hul'.IP, D -a ra b in o -3 -h e x u lo se -6 - .p h o sp h a te ; FTiP, f r u c tc 3 e - 6 -  

p h o sp h a te ; FDP, f r u e to s e - 1 ,6 - d ip h o s p h a te ;  GMP, g lu c o se -6 -p h o sp h a te ;  6-PG, 

6 -p h o sp h o g liico n a te ; KDPG, 2 -k e to -3 -d e o x y -6 -p h o sp h o g lu c o n a te ; GAP, 

g iy c e ra ld e h y d e -3 -p h o 8 p h a te ; DIIAP, d ih y d ro x y ace to n e  p h o sp h a te ; PYR* p y ru iv a te ; 

SvI?, ei-7/th ro se -4 --p h o sp h a te  ; SilP, s e d c h e p tu lo s e -7 -p h o s p h a tc ; SDP, 

s e a o h e p x u lo sc -1 ,7 -d ip h o s p h a te ;  Xuî.îP, x y lu lc s e -5 -p h o s p h a te ;  R iî.T , r ib o s e - î? -  

p h o sp h a te ; RuIvîP, r ib u lo s e -5 -p h o s p h a te .  and 1^0 have been  o m itte d  f o r  

s im o l ic i tv .
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p h y s io lo g ic a l ly  r e l e v a n t .  The fo rm er i s  found p r im a r i ly  in  th e  o b l ig a te

m e th y lo tro p h s  -  in c lu d in g  M .m ethy lo trophus (T a y lo r , 1977» Beardsm ore &

Q uayle, 1978) -  and th e  l a t t e r  i s  p re v a le n t  in  th e  f a c u l t a t i v e  m e th y lo tro p h s  

(Zatm an, 1981) .  The n o n -o ccu rren c e  o f  th e  edd^ sdhp^ v a r i a n t  i s  n o t  

s u r p r i s in g  as i t  would be e n e r g e t i c a l ly  i n e f f i c i e n t ,  b u t th e  h y p o th e t ic a l  

fd p *  ta"*" v a r i a n t  i s  p o t e n t i a l l y  th e  m ost e f f i c i e n t  o f  a l l  th e  C l- a s s im ila t io n  

pathw ays (se e  T ab le I . I ) ,  and th e  la c k  o f m e th y lo tro p h s  u s in g  t h i s  v a r ia n t  

o f  th e  pathway i s  p u z z l in g .

A lthough th e  BMP pathway has  been  d e p ic te d  h e re  as y ie ld in g  n e t  

s y n th e s is  o f  e i t h e r  p y ru v a te  (edd* ta"**), o r  t r i o s e  p h osphate  (fdp*  sd h p ^ ), 

pathw ays m ust a ls o  e x i s t  f o r  th e  s y n th e s is  o f  04» C5 and C6 s k e le to n s  as 

p re c u r s o r s  o f  c e l l  w a ll compounds, amino a c id s ,  n u c le ic  a c id s  and p o ly 

s a c c h a r id e s .  These p re c u rs o rs  may be produced b o th  by th e  r e c y c l in g  o f 

t r i o s e  p hosphate  i n t o  th e  EMP pathway (see  Quayle & F e r e n c i , 1978), and 

v i a  th e  t r i c a r b o x y l i c  a c id  (TCA) c y c le  which i s  in co m p le te  in  th e  RMP- 

pathw ay m e th y lo tro p h s , and u sed  o n ly  f o r  b io s y n th e t ic  p u rp o se s . When th e  

l a t t e r  ro u te  i s  u se d , th e  TCA c y c le  in te rm e d ia te s  m ust be re p le n is h e d  v ia  

th e  a n a p le r o t ic  pathw ays, and n e t  carbon  d io x id e  f i x a t i o n  th u s  o ccu rs  a t  

t h i s  l e v e l  (L oginova & T ro tse n k o , 1979» Romanovskaya e t  , 1980) .

1 .2 .2  S e r in e  pathw ay

In  c o n t r a s t  to  th e  EMP pathw ay, form aldehyde i s  in c o rp o ra te d  in to  th e  

5 10s e r in e  pathw ay a s  N- * -m e th y le n e - te t r a h y d ro f o la te , and one m olecu le  o f  

ca rb o n  d io x id e  i s  a l s o  in c o rp o ra te d  f o r  ev e ry  two m o lecu les  o f  form aldehyde 

f ix e d  (F ig . 1 .2 ) .  Two v a r i a n t s  o f  th e  s e r in e  pathway o ccu r w ith  r e s p e c t  

to  th e  c o n v e rs io n  o f  ace ty l-C oA  to  g ly o x y la te .  In  b a c t e r i a  c o n ta in in g  

i s o c i t r a t e  ly a s e  ( i c i * ) ,  t h i s  c o n v e rs io n  may be c a ta ly s e d  by th e  enzymes

-1 1 -
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F ig .  1 .2  S e r in e  pathw ay» A f te r  Colby e t  (1 5 7 9 ). A b b re v ia tio n s :

THF, t e t r a h y d r o f o la t e ;  OHPYR, h y d ro x y p y ru v a te ; GA, g ly c e r a te ;  2-PGA, 

2 -p h o sp h o g ly c e ra te ; 3-PGA, 3 -p h o s p h o g ly c e ra te ; PEP, phosphoenolyp y ru v a te ; 

OAA, o x a lo a c e ta te .  H'*’, H^O and HS-CoA have been o m itte d  f o r  s im p l ic i ty .
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o f  th e  TCA and g ly o x y la te  c y c le s  (F ig . 1 .2 ) ,  b u t when i s o c i t r a t e  ly a s e  i s  

a b se n t ( i d ” ) ,  an a l t e r n a t i v e  pathw ay f o r  th e  r e g e n e ra t io n  o f g ly o x y la te  

m ust o p e r a te . The h o m o is o c itra te  ly a s e  pathway has r e c e n t ly  been p roposed  

to  f u l f i l  t h i s  r o l e  in  b a c t e r i a  c o n ta in in g  th e  i d ” s e r in e  pathway 

(K o rs te e , 158O, 1981) .

1 . 2 .3  R e la t iv e  e n e r g e t ic s  o f  th e  Cl a s s im i la t io n  pathways

The en erg y  and r e d u c ta n t  b u d g e ts  o f th e  v a r io u s  C l- a s s im i la t io n  p a th 

w ays, n o rm a lise d  f o r  p y ru v a te  p ro d u c tio n , a re  shown in  T able 1 .1 .  F o r a  

f a i r  com parison  o f  th e s e  pathw ays, i t  i s  a l s o  n e c e s s a ry  to  n o rm a lise  th e  

r e a c t a n t  to  fo rm ald eh y d e . In  d o in g  t h i s  i t  has been  assumed t h a t  th e

o x id a tio n  o f  fo rm aldehyde to  carbon  d io x id e  y ie ld s  two m o lecu les  o f

NAD(P)H, and t h a t  NADH and NAD(P)H a re  e n e r g e t i c a l ly  e q u iv a le n t .

T aking  in to  acc o u n t th e  above a ssu m p tio n s, i t  i s  c l e a r  t h a t  th e  

r e l a t i v e  b io e n e r g e t ic  e f f i c i e n c i e s  o f  th e  Cl a s s im i la t io n  pathw ays a re  in  

th e  o rd e r  EMP pathw ay > s e r in e  pathway > EDP pathw ay, and fu r th e rm o re  

th e se  t h e o r e t i c a l  p r e d ic t io n s  a re  b o rne  o u t in  p r a c t i c e  ( e .g .  Gtoldberg 

a l . ,  1976; G o ldberg , 1977). As r e l a t i v e l y  l i t t l e  r e d u c ta n t  i s  form ed 

d u r in g  th e  d i s s im i l a t i o n  o f  m ethane (which may be o x id is e d  by an NAD(p)H- 

r e q u i r in g  m onooxygenase), o r  d u r in g  t h a t  o f  h ig h ly  o x id is e d  s u b s t r a t e s  such  

as  fo rm a te , grow th  on th e se  s u b s t r a t e s  may w e ll  be l im i te d  by th e  NAD(p)H 

su p p ly , as w e ll as  by th e  ATP su p p ly  (A nthony, 1978 ). T h is i s  p a r t i c u l a r l y  

t r u e  i f  th e  s e r in e  pathway i s  u sed  f o r  carbon  a s s im i la t io n ,  o r  i f  th e  

o x id a t io n  o f  fo rm aldehyde to  ca rb o n  d io x id e  y ie ld s  l e s s  th a n  two m o lecu les

o f  NAD(P)H. The f i x a t i o n  o f  carbon  d io x id e  v i a  th e  a n a p le r o t ic  pathw ays

w i l l  a ls o  be an e x t r a  burden on th e  r e d u c ta n t  su p p ly , u n le s s  th e  two

m o lecu les  o f NAD(p )H r e q u ire d  f o r  carb o n  d io x id e  f i x a t i o n  a re  p roduced  

d u r in g  th e  o x id a t io n  o f fo rm aldehyde to  carbon  d io x id e .

-1 3 -
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D e ta i le d  t h e o r e t i c a l  s tu d ie s  o f th e  p re d ic te d  g r w t h  y ie ld s  o f 

m e th y lo tro p h s  have been made by v a n D ijk e n  & H arder (1975) and by Anthony 

(1 9 7 8 ) .

1 .3  Carbon d i s s im i la t io n  pathways o f  th e  m e th y lo tro p h s

1 .3 .1  M ethane o x id a tio n

The enzymology o f m ethane o x id a tio n  has been s tu d ie d  in  some d e t a i l  

( s e e  W olfe & H ig g in s , 1979; Colby £ t  , 1979» D a lto n , 198I ;  H igg ins e t  

a l . ,  1981) b u t o n ly  a  few b r i e f  comments w i l l  be in c lu d e d  h e re .  Methane i s  

o x id is e d  v i a  a  b road  s p e c i f i c i t y  monooxygenase o f  w hich th e r e  would app ea r 

to  be two b a s ic  ty p e s :  one ty p e  i s  p a r t i c u l a t e  and u se s  b o th  NADH and

a s c o rb a te  as e l e c t r o n  d o n o rs , w hereas th e  o th e r  ty p e  i s  s o lu b le  and can 

u se  o n ly  NADH as  an e le c t r o n  d o n o r. D e sp ite  th e  a p p a re n tly  r e d u c ta n t 

consum ing monooxygenase r e a c t io n ,  th e  m olar grow th y ie ld s  o f b a c t e r i a  grown 

on m ethane and m ethanol ap p ea r to  be s im i la r  (L in to n  & Y okes, 1978), and 

i t  seems l i k e l y ,  th e r e f o r e ,  t h a t  t h i s  h ig h ly  exo therm ic  r e a c t io n  i s  l in k e d ,  

in  some unknown way, to  energy  c o n s e rv a t io n .

1 . 3 .2  M ethanol o x id a tio n

In  m e th y lo tro p h ic  b a c t e r i a  ( in c lu d in g  M .m eth y lo tro p h u s; Ghosh &

Q uayle, 1978), m ethanol i s  o x id ise d  v i a  a  s o lu b le ,  o r  r e a d i ly - s o lu b i l i s e d ,  

dehydrogenase  which was f i r s t  d e s c r ib e d  by Anthony & Zatman ( 1964) .  The 

m ethanol d ehyd rogenases w hich have been p u r i f i e d  so f a r  have a  s u b u n it  

s i z e  o f 6 0 ,0 0 0 -7 5 »000D, and a re  e i t h e r  monomers o r  d im ers (B am forth & 

Q uayle, 1978; Colby e t  a l . ,  1979). M ethanol dehydrogenase  i s  NAD(P)^-

-1 5 -



in d e p e n d e n t, and h as  optinrum a c t i v i t y  when l in k e d  to  PMS as an a r t i f i c i a l

e le c trc j^  a c c e p to r .  The p u r i f i e d  enzyme has a b road  s u b s t r a t e  s p e c i f i c i t y ,  

w hich in c lu d e s  th e  p ro d u c t fo rm aldehyde ( th e  s t r u c t u r e  o f w hich in  th e  

h y d ra te d  form  re sem b les  t h a t  o f m e thano l; S p e rl e t  , 1974)» and a  h ig h  

pH optimum f o r  a c t i v i t y .  The f o r  m ethanol i s  v e ry  low -  t y p i c a l l y  l e s s  

th a n  10pîÆ. In  e x t r a c t s ,  m ethanol dehydrogenase r e q u i r e s  ammonium o r  

p rim ary  am ines f o r  a c t i v i t y ,  b u t in  v iv o , o r  a f t e r  p u r i f i c a t i o n  u n d er 

a n a e ro b ic  c o n d i t io n s  (Thiine e t  , 1979a), th e re  i s  no such  re q u ire m e n t.

Tile p r o s th e t i c  group o f m ethanol dehydrogenase was o r i g i n a l l y  though t 

to  be a  p te r i d in e  (Anthony & Zatman, 1967)» however i t  has now been 

p u r i f i e d  and shown to  be a  n i t r o g e n - c o n ta in in g  o r th o  quinone (S a lis b u ry  

e t  a l . , 1979; Duine & P rank , 198O; Duine ^  , 198O), th e  s t r u c t u r e  o f

w hich i s  shown in  F ig .  1 .3 . T h is coenzyme has been g iv e n  th e  t r i v i a l  name

COOH

HOOC

COOH

O

P ig .  1 .3  The s t r u c t u r e  o f  th e  m ethanol dehydrogenase  coenzyme 

(PQ,Q, o r  m e th o x a tin )
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*m ethoxatin* ( S a l i s t \ i r y  e t  , 1979)» o r th e  s e m i-sy s te m a tic  name 

' p y r ro lo -q u in o l in e  quinone* (PQQ; Duine e t  a l . , I 98O); and i n t e r e s t i n g l y  

i t s  p resen ce  has now been d em o n stra ted  in  a  w ide ran g e  o f dehydrogenases 

(many from n o n -m e th y lo tro p h s ) w hich have been c o l l e c t i v e l y  term ed 

' q u in o p ro te in s ' (Duine e t  a l . ,  1979%» Duine & F ran k , 1 9 8 la ; Ameyama e t

^ . ,  1981) .

The redox  p o te n t i a l  (E ^ y  ) o f  th e  PQQ/PQQHg co u p le  i s  +120mV (Duine 

& F ran k , 1981b) w hich i s  c o n s i s te n t  w ith  th e  p roposed  c o u p lin g  o f  m ethanol 

dehydrogenase  to  th e  r e s p i r a to r y  c h a in  a t  th e  le v e l  o f  cytochrom e c (see  

s e c t io n  3*1)• T h is  c o u p lin g , how ever, i s  v e ry  r e a d i ly  d e s tro y e d  (p ro b ab ly  

by oxygen) even u n d e r m ild  c e l l  b reak ag e  c o n d i t io n s ,  and f u n c t io n a l  c o u p lin g  

o f  m ethanol o x id a tio n  to  cytochrom e c re d u c t io n  has on ly  been d em o n stra ted  

in  enzyme p re p a ra t io n s  made u n d er a n a e ro b ic  c o n d i t io n s  (Duine e t  ,

1579a).

The r e a c t io n  mechanism o f  m ethanol dehydrogenase  ap p ea rs  to  be v e ry  

com plex. S e v e ra l i n t e r e s t i n g  model r e a c t io n s  betw een PQQ and v a r io u s  

s u b s t r a t e s  have been d em o n stra ted  b u t -  beyond th e  f a c t  t h a t  each 

a p p ro x im a te ly  120,000 MW u n i t  c o n ta in s  two m o lecu le s  o f PQQ, which may 

s h u t t l e  betw een e i t h e r  th e  redox  -  form s 2PQQ/2PQQ’ o r  2PqQy2PqQPg -  l i t t l e  

i s  known o f  th e  in  v iv o  r e a c t io n  mechanism (Duine & F ran k , 1981b ) .  In d eed , 

in  v iew  o f th e  s u b s t a n t i a l  d i f f e r e n c e s  in  p r o p e r t i e s  o f  th e  in  v iv o  and 

in  v i t r o  form s o f  th e  enzyme, s tu d y  o f  th e  l a t t e r  may be o f l im i te d  v a lu e .

A mechanism f o r  th e  re d u c t io n  o f cytochrom e c by m ethanol dehydrogenase , 

in v o lv in g  th e  a u to re d u c tio n  p r o p e r t i e s  o f  th e  cy tochrom e, has been proposed 

by O 'K eefe & Anthony ( l9 8 0 a ) .
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1 .3 .3  Form aldehyde o x id a tio n

The com plete  o x id a tio n  o f  fo rm aldehyde to  ca rb o n  d io x id e ,  in  m ethy lo 

t r o p h ic  b a c t e r i a ,  may o ccu r v i a  one o r  more o f  fo u r  p o s s ib le  r o u te s :

(1 ) D is s im ila to ry  EMP c y c le .

(2 ) L in e a r  o x id a tio n  v i a  fo rm a te .

( 3 ) L in e a r  o x id a tio n  v ia  t e t r a h y d r o f o la t e  d e r iv a t iv e s .

( 4 ) S e r in e  pathway p lu s  th e  TCA c y c le .

( 1 ) D is s im ila to ry  EMP c y c le

The r e a c t io n s  o f  th e  d i s s im i la to r y  EMP c y c le  a re  shown in  F ig . 1.4»

T liis c y c le  in v o lv e s  th e  key enzyme 6 -p h o sp h o g lu co n a te  dehydrogenase in  

a d d i t io n  to  th e  enzymes o f th e  EMP pathway —  two m o lecu les  o f NAD(P)H 

a r e  form ed d u r in g  th e  com plete o x id a tio n  o f  fo rm aldehyde to  carbon  d io x id e . 

T h is  ap p ea rs  to  be th e  m ajo r ro u te  o f  form aldehyde o x id a tio n  in  th e  non- 

m e th a n e - u t i l i s in g  EMP-pathway m e th y lo tro p h s  (Zatm an, I 981) .

( 2 ) L in e a r  o x id a tio n  v ia  fo rm ate

At l e a s t  seven  ty p e s  o f enzyme cap a b le  o f  o x id is in g  fo rm aldehyde to  

fo rm a te  have been i d e n t i f i e d  in  m e th y lo tro p h ic  b a c t e r i a  (se e  S t i r l i n g  & 

D a lto n , 1978; H ig g in s , 198O). These enzymes f a l l  i n to  th r e e  b a s ic  g ro u p s :

( i ) M ethanol d eh y d ro g en ase . As m entioned  in  s e c t io n  1 .3 * 2 , m ethanol 

dehydrogenase  w i l l  r e a d i ly  o x id is e  h y d ra te d  fo rm aldehyde in  v i t r o ; how ever, 

th e r e  i s  as  y e t  no c l e a r  ev id en ce  f o r  form aldehyde o x id a tio n  c a ta ly s e d  by 

m ethanol dehydrogenase  in  v iv o  (se e  Hept in s  t a l l  & Q uayle, 1970).

( i i )  D y e-lin k ed  a ld eh y d e  d eh y d ro g en ase . Only low s p e c i f i c  a c t i v i t i e s

o f  th e  d y e - lin k e d  a ldehyde  dehydrogenase  a re  m easured in  m e th y lo tro p h s  u s in g  

a r t i f i c i a l  e l e c t r o n  a c c e p to rs  ( e .g .  2 ,6 -d ic h lo ro p h e n o lin d o p h e n o l [dCPIP] ) ,  

and fu r th e rm o re . Mar i s  on & Attwood (1980) have shown t h a t  t h i s  enzyme i s  n o t 

u s u a l ly  in d u ced  d u r in g  th e  grow th o f  f a c u l t a t i v e  m e th y lo tro p h s  on Cl 

compounds. These a u th o rs  a l s o  found t h a t  fo rm aldehyde i s  n o t  as  good a

- 18-



HCHO

C O 2
RuMP HuMP

H +NAD(P)H

NAD(P)
ASSIMILATION- 6-P G FMP

H +NAD(P)H
GMP

F ig .  1 .4  D is s im ila to ry  MIP c y c le . A f te r  Quayl e  & F e re n c i (1 9 7 8 ). 

A b b re v ia tio n s : HuLIP, L -a ra b in o -B -h e x u lo se -ô -p h o sp h a te ; FT.IP, f r u c to s e -6 ,

p h o sp h a te ; GMP, g lu c o se -6 -p h o sp h a te ; 6-PG, 6 -p h o sp h o g lu co n a te ; RuIvIP, 

r ib u lo s e -5 -p h o s p h a te .  The dashed l i n e  shows th e  rem oval o f  6-PG f o r  

a s s im i la t io n  p u rp o se s .
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s u b s t r a t e  f o r  th e  p u r i f i e d  enzyme a s  a re  h ig h e r  a ld e h y d e s , and th ey  th u s  

concluded  th a t  th e  d y e - lin k e d  a ld eh y d e  dehydrogenase i s  u n l ik e ly  to  p la y  a 

m a jo r r o le  in  th e  o x id a tio n  o f  fo rm aldehyde d u r in g  th e  d i s s im i la t io n  o f C1 

compounds.

( i i i )  N A D (P)^-linked form aldehyde d eh y d ro g en ase . At l e a s t  fo u r  ty p e s  o f  

N A D (P)^-linked fo rm aldehyde dehydrogenase  have been r e p o r te d  in  th e  

m e th y lo tro p h s . These enzymes d i f f e r  in  term s o f  t h e i r  req u ire m e n t f o r  

a c t i v a t o r s  -  some r e q u i r e  g lu ta th io n e ,  some r e q u i r e  t e t r a h y d r o f o l a t e , and 

o th e r s  r e q u ir e  no a c t i v a t o r  -  and in  t h e i r  a b i l i t y  to  o x id is e  h ig h e r  

a ld eh y d es  (see  S t i r l i n g  & D a lto n , 1978).

( 3 ) L in e a r  o x id a tio n  v i a  te t r a h y d r o f o la te  d e r iv a t iv e s

Johnson & Quay l e  ( 1964) su g g e s te d  t h a t ,  in  s e r in e -p a th w a y  m e th y lo tro p h s , 

th e  l i n e a r  o x id a tio n  o f fo rm aldehyde to  carbon  d io x id e  m igh t o ccu r v i a  

t e t r a h y d r o f o la t e  d e r iv a t iv e s .  The p re sen ce  o f enzymes ca p a b le  o f c a ta ly s in g  

t h i s  pathway has been d em o n stra ted  in  m ethanol-grow n Pseudomonas AMI by 

L arge & Quayle (19&3).

(4 ) S e rin e  pathway p lu s  th e  TCA c y c le

Newaz & H ersh (1975) su g g e s te d  t h a t  th e  com plete  o x id a tio n  o f 

form aldehyde to  carb o n  d io x id e  co u ld  be b ro u g h t ab o u t by a  com bination  o f 

th e  se r in e -p a th w a y  and th e  TCA c y c le .  Many s e r in e -p a th w a y  m e th y lo tro p h s  do 

in d e ed  have a  com plete  TCA c y c le ,  and ev id en ce  f o r  a  d i s s im i la to r y  r o le  

h as  been o b ta in e d  in  Pseudomonas MA (Newaz & H ersh , 1975)»

I t  sho u ld  be n o te d  t h a t  th e  b io e n e rg e t ic  e f f i c i e n c i e s  o f  th e  d i f f e r e n t  

r o u te s  f o r  fo rm aldehyde o x id a tio n  p roposed  above v a ry  in  term s o f  th e  

p ro d u c tio n  o f NAD(P)H and ATP (se e  T ab le  1 .2 ) .  The r e l a t i v e  s ig n if ic a n c e  

in  v iv o  o f  th e se  v a r io u s  ro u te s  i s  d i f f i c u l t  to  a s s e s s ,  as  m ost m e th y lo tro p h s 

have a t  l e a s t  two p o s s ib le  ro u te s  f o r  form aldehyde o x id a t io n .  In d eed ,
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m ethanol-grow n M. me th y 1o tro p h u s  c o n ta in s  th e  enzymes o f  th e  d i s s im i la to r y  

EMP c y c le  (T a y lo r , 1977; Beardsm ore & Q uayle, 1978), p lu s  low le v e ls  o f  

NAD(P )^ - l in k e d  form aldehyde dehydrogenase (L arge & Haywood, 198I ;  b u t see  

T a y lo r , 1977) in  a d d i t io n ,  o f c o u rse , to  m ethanol dehyd ro g en ase .

1 . 3 .4  Form ate o x id a tio n

Form ate i s  o x id is e d  in  a l l  m e th y lo tro p h s  s tu d ie d  so f a r  ( in c lu d in g  

M. m e th y lo tro p h u s ; T a y lo r , 1977) by a  s o lu b le  NAD^-linked fo rm ate  

dehydrogenase  (see  Johnson & Q uayle, 1964) .

1 .4  Redox c e n tre s  o f th e  a e ro b ic  r e s p i r a t o r y  ch a in

The a e ro b ic  r e s p i r a t o r y  ch a in  i s  a  membrane-bound complex o f 

r e s p i r a t o r y  c a r r i e r s - s i t u a t e d  in  th e  m ito c h o n d r ia l in n e r  membrane o r  th e  

c y to p la sm ic  membrane o f  b a c t e r i a  -  w hich c a ta ly s e s  th e  e n e rg y -c o n se rv in g  

o x id a tio n  o f  reduced  s u b s t r a te s  by oxygen. As a  d iv e r s e  ran g e  o f  su b - 

- s t r a t e s  may be o x id is e d , th e re  i s  e x te n s iv e  b ra n c h in g  a t  th e  le v e l  o f  th e  

p rim ary  d eh y d ro g en ases . Many s u b s t r a te s  ( e .g .  m a la te ,  i s o c i t r a t e )  a re  

o x id is e d  v i a  s o lu b le  NAD(P)"^-linked enzym es, and th e  reduced  coenzyme i s  

th e n  r e o x id is e d  v ia  th e  membrane-bound NADH dehydrogenase ( in  c o n ju n c tio n  

w ith  n ic o tin a m id e  n u c le o t id e  tra n sh y d ro g e n a se  in  th e  case  o f  NADPH). O ther 

s u b s t r a t e s  ( e .g .  s u c c in a te ,  m e th a n o l) , how ever, a re  o x id is e d  v ia  

d ehyd rogenases w hich i n t e r a c t  d i r e c t l y  w ith  th e  r e s p i r a t o r y  c h a in .

The d eh y d ro g en ases , and o th e r  com ponents r e s p o n s ib le  f o r  th e  t r a n s f e r  

o f  re d u c in g  e q u iv a le n ts  ( e .g .  q u in o n es, cy to ch ro m es), and re d u c t io n  o f 

m o le c u la r  oxygen (cytochrom e o x id a s e s ) ,  each  c o n ta in  one o r  more redox  

c e n t r e s .  These redox  c e n t r e s  a re  b a s i c a l l y  o f  two ty p e s  i . e .  e i t h e r  

m e ta l l i c  ( i r o n - s u lp h u r  c e n t r e s ,  haem ), o r  o rg a n ic  ( f l a v i n s ,  q u in o n e s) .
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The m e ta l l ic  and o rg a n ic  c e n t r e s  g e n e r a l ly  c a r ry  re d u c in g  e q u iv a le n ts  as 

e l e c t r o n s  and hydrogen a tom s, r e s p e c t iv e l y ,  and t h i s  has im p o rtan t 

consequences f o r  th e  mechanism o f en erg y  c o n s e rv a t io n .

The i r o n - s u lp h u r  c e n t r e s  (se e  Lovenberg, 1973» 1977) and cytochrom es 

( s e e  Lemberg & B a r r e t t ,  1973) b o th  a c t  as  one e le c t r o n  c a r r i e r s  and have 

th e  p ro p e r ty  o f  b e in g  a b le  to  o p e ra te  o v er a  w ide ran g e  o f  redox  

p o t e n t i a l s .  T his v a r i a t i o n  in  redox  p o te n t i a l  depends b o th  on th e  n a tu re

o f  th e  redox  c e n tre  and on th e  p r o te in  en v iro n m en t.

The f la v in s  may c a r ry  up to  two re d u c in g  e q u iv a le n ts  (2H ), though 

th e y  p ro b ab ly  on ly  c a r r y  one e q u iv a le n t  j r  v iv o  by o s c i l l a t i n g  betw een 

th e  o x id is e d  and sem iqu inone , o r  th e  sem iquinone and reduced  fo rm s. The 

Eq v a lu e s  o f th e  f r e e  FMN/lMNHg and FAD/PABHg c o u p le s  a re  -205 mV and 

-219  mV r e s p e c t iv e ly ,  b u t ,  l i k e  th e  i ro n - s u lp h u r  c e n t r e s  and cy tochrom es, 

th e  f l a v in s  a re  known to  o p e ra te  o v e r a  w ide range  o f p o te n t i a l s  m  v iv o  

(s e e  H a te f i  & S t ig g a l ,  1976).

In  c o n t r a s t ,  th e  q u in o n e s , w hich a re  l i p o p h i l i c  hydrogen (2H) c a r r i e r s ,

o n ly  o p e ra te  ov er a  narrow  range  o f redox  p o te n t i a l s  around zero

(u b iq u in o n e , +100 mV; m enaquinone, -7 4  mV). The r e d u c t io n  o f  th e  quinone 

to  q u in o l p ro b ab ly  o ccu rs  v i a  th e  sem iquinone (se e  Gutman, 198O).

P ig .  1 .5  shows th e  c u r r e n t  s t a t e  o f  know ledge o f  th e  s e q u e n t ia l  

o r g a n is a t io n  o f th e  more w e l l - c h a r a c te r i s e d  redox  c e n t r e s  o f  th e  m ito 

c h o n d r ia l  r e s p i r a t o r y  c h a in . T his a s p e c t  o f  th e  b a c t e r i a l  r e s p i r a to r y  

c h a in  has been s tu d ie d  in  c o n s id e ra b ly  l e s s  d e t a i l ,  b u t many o f  th e  f e a tu r e s  

o f  th e  m ito c h o n d r ia l r e s p i r a t o r y  c h a in  ap p e a r to  be a l s o  p re s e n t  in  b a c t e r i a .
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1 .5  Mechanism o f r e s p i r a t o r y  c h a in  en erg y  c o n s e rv a tio n

E a r ly  a t te m p ts  to  u n d e rs ta n d  th e  mechanism o f o x id a t iv e  phosphory

l a t i o n  w ere based  upon th e  w e ll-u n d e rs to o d  mechanism o f s u b s t r a t e - l e v e l  

p h o s p h o ry la t io n , in  which o x id a t io n - r e d u c t io n  le a d s  to  th e  fo rm atio n  o f  

ATP v i a  th e  s e q u e n tia l  p ro d u c tio n  o f  n o n -p h o sp h o ry la te d  and p h o sp h o ry la ted  

in te r m e d ia te s .  S l a t e r  (1953) p roposed  th e  Chem ical h y p o th e s is  of 

o x id a t iv e  p h o sp h o ry la t io n , and th u s  i n i t i a t e d  an in te n s iv e  e f f o r t  to  

i s o l a t e  and i d e n t i f y  m o d ified  r e s p i r a t o r y  c a r r i e r s .  I t  was th e  re p e a te d  

f a i l u r e  to  f in d  th e s e  p o s tu la te d  in te rm e d ia te s  w hich prom pted th e  p ro p o sa l 

o f  o th e r  mechanisms o f energ y  c o n s e rv a t io n  w hich to o k  more accoun t o f  th e  

m em brane-located  n a tu re  o f th e  r e s p i r a t o r y  c h a in .

One such  p ro p o s a l, th e  C onfo rm ational h y p o th e s is  o f  Boyer (19&5), 

e n v isa g e d  t h a t  r e s p i r a t i o n  would g e n e ra te  p r o te in  co n fo rm a tio n a l ch an g es, 

and t h i s  co n fo rm a tio n a l en erg y  would be t r a n s m it te d  to  th e  ATP phospho- 

h y d ro la s e  e i t h e r  d i r e c t l y  by p r o te in - p r o te in  i n t e r a c t i o n ,  o r  i n d i r e c t l y  

v i a  th e  fo rm a tio n  o f  c o v a le n t in te r m e d ia te s .  However, a l t h o u ^  conform 

a t io n a l  changes o f p r o te in s  c l e a r ly  o ccu r d u r in g  th e  t r a n s f e r  o f re d u c in g  

e q u iv a le n ts  down th e  r e s p i r a t o r y  c h a in , and a re  v e ry  p ro b a b ly  im p o rta n t 

in  en erg y  c o n s e rv a t io n , th e  tra n s m is s io n  o f  energy  from r e s p i r a t i o n  to  

ATP s y n th e s is  by d i r e c t  p r o te in - p r o te in  i n t e r a c t io n  i s  n o t  s u p p o r ta b le  by 

c u r r e n t  ev id en ce  on th e  s t r u c t u r a l  o r g a n is a t io n  o f th e  r e s p i r a t o r y  c h a in  

(B oyer e t  ^ . ,  1977).

M itc h e l l  ( 1961) and W illiam s ( 1961) in d e p e n d e n tly  p roposed  t h a t  th e  

p r in c i p a l  c o u p lin g  in te rm e d ia te  betw een r e s p i r a t i o n  and ATP s y n th e s is  i s  

th e  'e n e rg is e d *  p ro to n . T his has now become th e  view  o f th e  m a jo r i ty  o f 

w ork ers  in  t h i s  f i e l d  ( e .g .  Boyer e t  a l . ,  1977).
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1 .5 .1  Chemiosmotic h y p o th e s is

The v a lu e  o f  t h i s  h y p o th e s is ,  w hich was p roposed  and developed  by 

M itc h e l l  ( 1961, 1966, 1968) ,  i s  t h a t  i t  makes fo u r  e s s e n t i a l  p o s tu la te s  

w hich a re  e x p e r im e n ta lly  t e s t a b l e :

( 1 ) The m em brane-located  r e s p i r a t o r y  c h a in  r e v e r s ib ly  c o u p le s  th e  flow  

o f re d u c in g  e q u iv a le n ts  to  th e  t r a n s lo c a t io n  o f  p ro to n s  a c ro s s  th e  

c o u p lin g  membrane.

( 2 ) The m em brane-located  ATP p h o sphohydro lase  r e v e r s ib ly  co u p les  ATP 

s y n th e s is  to  th e  t r a n s i o c a tio n  o f p ro to n s  a c ro s s  th e  co u p lin g  membrane.

( 3 ) S u b s t r a te - s p e c i f ic  e x c h a n g e -d if fu s io n  c a r r i e r  system s a re  lo c a te d  

in  th e  c o u p lin g  membrane.

( 4 ) The c o u p lin g  membrane has a  low p e rm e a b il i ty  to  p ro to n s  and o th e r  io n s .  

In  b o th  m ito c h o n d ria  and b a c t e r i a ,  th e  flow  o f re d u c in g  e q u iv a le n ts

down th e  r e s p i r a t o r y  c h a in  i s  en v isag ed  to  be l in k e d  to  outw ard p ro to n  

t r a n s l o c a t i o n ,  th u s  s e t t i n g  up a  transm em brane p ro to n  g r a d ie n t  -  o r  more 

a c c u r a te ly  an e le c tro c h e m ic a l p o te n t i a l  d i f f e r e n c e  o f  p ro to n s  -  betw een 

th e  in n e r  and o u te r  b u lk  aqueous p h a se s . T his e le c tro c h e m ic a l  p o te n t i a l  

d i f f e r e n c e  ( ApH'*') has b o th  e l e c t r i c a l  ( A ^ ) and chem ica l ( ApH) com ponents 

w hich may be summed as  in  th e  fo llo w in g  e q u a t io n :

Apl"^ = A'k -  2 .303  ^  ApH ( 1 . 1 )
( in - o u t )  ( in - o u t )  P ( i n - o u t )

The ApH and A ^  com ponents a re  t h e o r e t i c a l l y  in te rc h a n g e a b le ,  and t h e i r

r e l a t i v e  c o n t r ib u t io n s  to  th e  ApH^ w i l l  depend on th e  c o n d i t io n s .

The A ^ ^  e x e r t s  a  p ro to n m o tiv e  fo r c e  which may be u sed  to  d r iv e

ATP s y n th e s is ,  s u b s t r a t e  t r a n s p o r t  and p o s s ib ly  a l s o  f l a g e l l a r  r o t a t i o n  in

b a c t e r i a  (M itc h e l l ,  1972a;H aro ld , 1977). Energy t r a n s d u c t io n  i s  th u s

m ed ia ted  v i a  a  p ro to n  c u r r e n t  ( p r o t i c i t y ) ,  w hich c i r c u l a t e s  th rough  th e

i n s u l a t i n g  membrane and th e  su rro u n d in g  b u lk  aqueous p h a se s .
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1 .5 .2  L o c a lis e d  P ro to n  h y p o th e s is

T his h y p o th e s is ,  w hich was p roposed  and developed  by W illiam s ( 1961, 

1978ab), d i f f e r s  fu n d am e n ta lly  from  th e  Chem iosmotic h y p o th e s is  in  t h a t  

th e  'e n e rg is e d  s t a t e '  i s  en v isag ed  to  com prise  l o c a l  p ro to n  c o n c e n tra t io n  

g r a d ie n ts  which do n o t ,  u n d e r norm al c o n d i t io n s ,  e q u i l i b r a t e  r a p id ly  w ith  

th e  a d ja c e n t  aqueous p h a se s . A ccord ing  to  th e  L o c a lis e d  P ro to n  h y p o th e s is ,  

r e s p i r a t i o n  in d u ces  ch arg e  s e p a r a t io n ,  and c o u p lin g  to  ATP s y n th e s is  o ccu rs  

v i a  th e  c o n t ro l le d  d i f f u s io n  o f p ro to n s  th ro u g h  th e  c o u p lin g  membrane 

i t s e l f  to  th e  ATP p h o sp h o h y d ro la se . W illiam s (1978a) has  advoca ted  th a t  

th e  d i f f u s io n  o f p ro to n s  o ccu rs  p r im a r i ly  th ro u g h  in tram em brane c h a n n e ls , 

b u t  o th e r  w orkers ( e .g .  A rchbold e t  ^ . , 1976; K e l l ,  1979) have p roposed  

t h a t  th e  p ro to n  c u r r e n t  i s  c a r r ie d  a lo n g  lo c a l i s e d  c h a n n e ls  on th e  membrane 

s u r f a c e  ( i . e .  in  th e  h i ^  e l e c t r o s t a t i c  p o t e n t i a l  S te m  l a y e r ) .

A b r i e f  summary o f some o f th e  b a s ic  ev id en ce  f o r  th e  Chemiosmotic 

h y p o th e s is  v i s  a  v i s  th e  L o c a lis e d  P ro to n  h y p o th e s is  i s  p re se n te d  below .

As p r e d ic te d  by th e  Chemiosmotic h y p o th e s is ;

( 1 ) Most r e p o r t s  su g g e s t t h a t  energ y  c o n s e rv a t io n  i s  dependen t on a 

v e s i c u l a r  sy stem .

( 2 ) Transmembrane movements o f p ro to n s  do accompany r e s p i r a t i o n  and ATP 

h y d ro ly s is  (M itc h e ll  & M oyle, 1965; S ch o les  & M itc h e l l ,  1970b).

( 3 ) P ro to n  g r a d ie n ts  a re  form ed a c ro s s  c o u p lin g  membranes ( e .g .  R o tte n b e rg , 

1975, 1979 ; b u t se e  T ed e sc h i, 1981) .

( 4 ) An a r t i f i c i a l l y - i m p o s e d  p ro to n m o tiv e  fo rc e  w i l l  d r iv e  ATP s y n th e s is  

(T hayer & H in k le , 1975; M aloney, 1 9 77 ).

( 5 ) The grow th y ie ld s  o f  b a c t e r i a  a p p e a r to  v a ry  in  acco rd an ce  w ith  

m easured p ro to n  t r a n s lo c a t io n  s to ic h e io m e tr ie s  ( e .g .  Jo n e s , 1977).
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F u rth e rm o re , th e  Chem iosmotic h y p o th e s is  p ro v id e s  s im p le  and a p p ro p r ia te  

mechanisms f o r :

(1 )  The a c t io n  o f  u n c o u p lin g  a g e n ts ,  a lm o st a l l  o f w hich a re  l i p o p h i l i c  

weak a c id s .

(2 ) S o lu te  t r a n s p o r t .

( 3 ) Energy c o n s e rv a t io n  in  some s im p le  b a c t e r i a l  r e s p i r a t o r y  system s

( e .g .  Ingledew  e t  a l . , 1977» K roger, 1978; Jo n e s , 198O; Jones e t  a l . ,

1980) .

However, none o f th e  above p o in ts  -  w ith  th e  p o s s ib le  e x c e p tio n  o f the  

re q u ire m e n t f o r  a  v e s i c u l a r  system  -  i s  i r r e c o n c ib le  w ith  th e  L o c a lis e d  

P ro to n  h y p o th e s is .  I t  has been su g g e s te d  t h a t  th e re  may be scane i n t e r a c t io n  

betw een th e  lo c a l i s e d  p ro to n s  and th e  b u lk  aqueous p h a se s , and th a t  th e  

d e g re e  o f  t h i s  i n t e r a c t io n  i s  g r e a t ly  in c re a s e d  u n d e r th e  n o n -p h y s io lo g ic a l 

c o n d i t io n s  w hich a re  u sed  f o r  th e  o b s e rv a tio n  o f r e s p i r a t io n - l i n k e d  

p ro to n  t r a n s lo c a t io n ,  and b u lk -p h a se  p ro to n  g r a d ie n ts  (s e e  K e ll ,  1979).

The fo llo w in g  p o in ts  a r e  more r e a d i ly  e x p la in e d  by th e  L o c a lise d  

P ro to n  h y p o th e s is  th a n  by th e  Chem iosmotic h y p o th e s is :

( 1 ) There a re  some c la im s o f  energy  c o n s e rv a t io n  in  n o n -v e s ic u la r  system s 

(Cole & Aleem, 1973; K hobloch, 1978; S to rey  e t  a l . ,  I 98O).

(2 ) The r a t i o  betw een th e  ApH"  ̂ and th e  p h o s p h o ry la tio n  p o te n t i a l  ( AGp)

depends on th e  e x p e rim e n ta l c o n d i t io n s ,  and in  many c a s e s  th e  ApH^

i s  n o t com mensurate w ith  ATP s y n th e s is  u n le s s  h ig h  -► H^/ATP q u o tie n ts  

( 3 ) a re  assumed ( e .g .  K e ll ,  1978ab).

( 3 ) In  th e  absence o f  A'k - c o l l a p s in g  a g e n ts  a  A ^ can be e s ta b l i s h e d ,  

and ATP s y n th e s is e d ,  w ith o u t m easu reab le  p ro to n  t r a n s lo c a t io n  

(A rchbold  e t  ^ . , 1979; Conover & A zzone, I 98O).
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(4 )  A chem iosm otic mechanism i s  d i f f i c u l t  to  e n v isa g e  in  a lk a lo p h i l e s ,

o r  in  b a c t e r i a  c o n ta in in g  c o n c e n tr ic  la y e r s  o f  r e s p i r a t o r y  membranes. 

Due to  i t s  h ig h  e x p e rim en ta l a p p l i c a b i l i t y ,  many o f  th e  ex p erim en ts  

d e s c r ib e d  in  t h i s  t h e s i s  have been d es ig n ed  in  te rm s o f th e  Chemiosmotic 

h y p o th e s is ,  b u t  th e  p o s s i b i l i t y  t h a t  th e  b u lk -p h a se , transm em brane 

p ro to n m o tiv e  fo rc e  i s  n o t  an o b l ig a to r y  in te rm e d ia te  betw een r e s p i r a t i o n  

and ATP s y n th e s is  has been c o n s id e re d  d u r in g  th e  i n t e r p r e t a t i o n  o f  

e x p e rim e n ta l r e s u l t s .

1 .6  Mechanism o f  r e s p i r a t io n - l i n k e d  p ro to n  t r a n s lo c a t io n

The c l a s s i c a l  ex p erim en ts  o f  L eh n in g er and Lardy in  th e  1950’s 

( e .g .  Copenhaver & L ardy , 1952; L eh n in g er, 1954) in d ic a te d  th e  p re sen ce  

o f  th r e e  en e rg y  c o u p lin g  s i t e s  in  th e  m ito c h o n d r io n -s i te  I  a s s o c ia te d  

w ith  NADH : u b iq u in o n e  o x id o re d u c ta se , s i t e  I I  a s s o c ia te d  w ith  u b iq u in o l 

: cytochrom e c o x id o re d u c ta s e , and s i t e  I I I  a s s o c ia te d  w ith  cytochrom e c 

o x id a se . L a te r  ex p erim en ts  d em o n stra ted  a  f o u r th  s i t e ,  s i t e  0 , a t  th e  

l e v e l  o f n ic o tin a m id e  n u c le o t id e  tra n sh y d ro g e n a se  (se e  E m s te r  & L ee, 19&4) 

w hich p ro b a b ly  fu n c t io n s  ^  v iv o  to  red u ce  NADP"** by re v e rs e d  e le c t r o n  

t r a n s f e r .  A ll fo u r  s i t e s  o f  energy  c o n s e rv a tio n  may a ls o  o ccu r in  b a c t e r i a ,  

though many s p e c ie s  a p p ea r to  la c k  one o r more f u n c t io n a l  c o u p lin g  s i t e s  

(s e e  s e c t io n  1 .8 ) .

In  h i s  o r ig in a l  fo rm u la tio n  o f  th e  Chem iosmotic h y p o th e s is ,  M itc h e ll  

en v isag e d  t h a t  p ro to n  t r a n s l o c a t i o n ,  a t  each c o u p lin g  s i t e ,  would o ccu r 

v i a  a  red o x  lo o p  mechanism -  each lo o p  c o n s is t in g  o f th e  outw ard t r a n s f e r  

o f  2H fo llo w e d  by th e  inw ard t r a n s f e r  o f  2e” (P ig . 1 .6 a ; M itc h e l l ,  1966, 

1968) .  However, as no obv ious hydrogen c a r r i e r  was i d e n t i f i e d  between 

s i t e s  I I  and I I I  o f th e  r e s p i r a t o r y  c h a in ,  M itc h e ll  l a t e r  m o d ified  h i s
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-3 0 -



o r ig i n a l  scheme such t h a t  s i t e  I I  c o n s is te d  o f  a  p ro to n m o tiv e  quinone 

c y c le  (Q -cy c le ) in v o lv in g  u b iq u in o n e  b o th  b e fo re  and a f t e r  cytochrom e b 

(F ig .  1 .6 b ; M itc h e l l ,  1975ab), and s i t e  I I I  was a s s o c ia te d  on ly  w ith  

transm em brane e le c t r o n  flow  (redox  arm; F ig .  1 .6 c ) .

M i tc h e l l ’s proposed  p ro to n  t r a n s lo c a t io n  mechanisms have n o t ,  how ever, 

met w ith  unanimous s u p p o r t .  O ther w orkers have su g g es ted  t r u e  p ro to n  pump 

mechanisms in  w hich th e  s p e c ie s  c r o s s in g  th e  c o u p lin g  membrane i s  H'*’ i t s e l f ,  

r a t h e r  th a n  e f f e c t iv e  H'*’ t r a n s lo c a t io n  o c c u r r in g  v i a  o p p o s ite  movements o f  

H and e (F ig .  1 .6 d ) .  Papa (1976) has  p roposed  a  B o h r - l ik e  mechanism f o r  

p ro to n  pumping (by an a lo g y  w ith  haem oglob in) in  w hich r e d u c t io n  o f a 

m e ta l l i c  red o x  c e n t r e  i s  accom panied by an in c re a s e  in  th e  pK o f an a c id ic  

group  o f th e  a p o p ro te in  a t  th e  in n e r  s u r f a c e  o f th e  membrane, th u s  c a u s in g  

p ro to n  u p ta k e ; r e o x id a t io n  cau ses  a  d e c re a se  in  th e  pIC o f an a c id ic  group 

a t  th e  o u te r  fa c e  o f  th e  membrane, and hence p ro to n  r e l e a s e  in to  th e  

e x te r n a l  p h a se . T ra n s lo c a tio n  o f th e  p ro to n  betw een th e  two a c id ic  g roups -  

o r  o f  th e  a c id ic  g roup betw een th e  two p o s i t io n s  -  i s  b ro u g h t abou t e i t h e r  

by th e  open ing  o f an asym m etric c h a n n e l, o r  by co n fo rm a tio n a l change o f 

th e  p r o te in ,  r e s p e c t iv e ly .  I t  shou ld  be n o te d  t h a t  th e  s to ic h e io m e try  

o f a  B o h r - l ik e  p ro to n  pump w i l l  be pH -dependent u n le s s  th e  a c id ic  g roup  i s  

exposed  to  th e  in n e r  phase on ly  in  th e  d e p ro to n a te d  form , and to  th e  o u te r
M

phase on ly  in  th e  p ro to n a te d  form . W ikstrom  & Krab (1978) have proposed  a 

r a t h e r  more d i r e c t  (and pH -independent ) mechanism f o r  p ro to n  pumping by 

cytochrom es which in v o lv e s  p ro to n a t io n  and d e p ro to n a tio n  o f  th e  haem, o r  

o f  a  group  in  i t s  im m ediate v i c i n i t y .

The f o u r  p ro to n  t r a n s lo c a t io n  mechanisms shown in  F ig .  1 .6  d i f f e r  in  

te rm s o f  th e  ty p e s  o f  redox  c e n t r e ( s )  p r e s e n t ,  th e  s p a t i a l  lo c a t io n  o f 

th e s e  c e n t r e s ,  and th e  p ro to n  and ch a rg e  t r a n s l o c a t i o n  s to ic h e io m e tr ie s .
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T hese p a ram e te rs  may th u s  be used  d ia g n o s t i c a l ly  to  o b ta in  in fo rm a tio n  

ab o u t th e  mechanism o f p ro to n  t r a n s l o c a t i o n  o p e ra t in g  in  a  p a r t i c u l a r  

r e g io n  o f th e  r e s p i r a t o r y  ch a in  (se e  s e c t io n  1 .9 )«

1 .7  M easurement o f  th e  s to ic h e io m e tr ie s  o f  r e s p i r a t i o n - l i n k e d  p ro to n  and 

ch arg e  t r a n s lo c a t io n

The f i r s t  method to  be used  f o r  th e  d e te rm in a tio n  o f  p ro to n  t r a n s 

lo c a t io n  s to ic h e io m e tr ie s  was th e  o x y g en -p u lse  method w hich was in tro d u c e d  

by M itc h e ll  & Moyle (19&5, 1967a). In  t h i s  m ethod, a  sm a ll p u lse  o f  oxygen 

(a s  a i r - s a t u r a t e d  KCl) i s  added to  an a n a e ro b ic  su sp e n s io n  o f m ito ch o n d ria  

(o r  b a c t e r i a ) ,  and th e  r e s u l t i n g  a c i d i f i c a t i o n  o f th e  e x te r n a l  medium i s  

m easured u s in g  a  c o n v e n tio n a l pH e le c t r o d e .  Due to  th e  low e l e c t r i c a l  

c a p a c ita n c e  o f th e  c o u p lin g  membrane, a  peim eant an io n  ( e .g .  SCN” ) o r  

c a t io n  ( e .g .  K ^ v a lin o m y c in , Ca^^) m ust be p re s e n t  in  o rd e r  to  c o l la p s e  

th e  ra p id ly -fo rm e d  A'k (by sym port o r  a n t i p o r t ,  r e s p e c t iv e ly ,  w ith  th e  

t r a n s lo c a te d  H ^), and hence a llow  f u l l  e x p re s s io n  o f  th e  ApH.

By th e  u se  o f  v a r io u s  s u b s t r a te s  and e le c t r o n  a c c e p to r s ,  in  c o n ju n c tio n  

w ith  s p e c i f i c  r e s p i r a t o r y  i n h i b i t o r s ,  c o u p lin g  s i t e s  may be f u n c t io n a l ly  

i s o l a t e d ,  and th e  H"*’/2 e ” q u o tie n ts  f o r  in d iv id u a l  s i t e s  d e te rm in e d .

U sing  th e  o x y g en -p u lse  m ethod, M itc h e ll  and o th e rs  have o b ta in e d  -► hV  

2e q u o t ie n ts  in  m ito c h o n d ria  o f 2 a t  s i t e s  0 and I ,  4 a t  s i t e  I I ,  and 

z e ro  a t  s i t e  I I I  ( e .g .  M itc h e ll  & M oyle, 1965» 1967ab); and fu r th e rm o re  

-► c h a rg e /2 e "  q u o tie n ts  o f 2 have been  o b ta in e d  f o r  s i t e s  I  to  I I I  by 

m easurem ent o f  th e  movements o f th e  c o u n te r - io n  (K^ o r  Ca^^J used  to  

c o l la p s e  th e  A'F ( M itc h e l l ,  1969» Moyle & M itc h e l l ,  1978).

The o x y g en -p u lse  method f o r  th e  m easurem ent o f  p ro to n  and charge  

t r a n s l o c a t i o n  s to ic h e io m e tr ie s  in  m ito c h o n d r ia  h a s ,  how ever, been v ig o ro u s ly
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c r i t i c i s e d ,  and s e v e ra l  g roups have o b ta in e d  h ig h e r  p ro to n  and charge  

t r a n s l o c a t i o n  s to ic h e io m e tr ie s  by o th e r  e x p e rim e n ta l a p p ro ac h es . Some o f  

th e  ad v an tag es  and d isa d v a n ta g e s  o f th e  v a r io u s  m ethods w hich have been 

u sed  f o r  m easu ring  p ro to n  and ch arg e  t r a n s lo c a t io n  s to ic h e io m e tr ie s  a re  

d is c u s s e d  below ,

1 . 7 .1  O xygen-pulse method

Brand £ t  (1976 ) o b ta in e d  ev id en ce  t h a t  -► H ^O  q u o tie n ts  

d e te rm in ed  by th e  oxygen -p u lse  method a re  u n d e re s tim a te d  due to  ra p id  

seco n d ary  p ro to n  movements in  sym port w ith  p h o sp h a te . I f  H y p h o sp h a te  

sym port was p rev en ted  by ad d in g  th e  -SH re a g e n ts  NEM o r m ers a l y l , by 

d e p le t in g  th e  m ito c h o n d ria  o f  p h o sp h a te , o r  by a s s a y in g  a t  low er te m p e ra tu re , 

in c re a s e d  v a lu e s  o f  th e  -► H^/O q u o tie n t  were o b ta in e d .  I n t e r e s t i n g l y ,  

i t  was M itc h e ll  ( 1972b) who f i r s t  n o te d  th e  enhanc ing  e f f e c t  o f NEM, b u t 

he su g g e s te d  t h a t  t h i s  was due to  th e  i n h i b i t i o n  of NAB^-linked 

dehydrogenases and s u c c in a te  d eh ydrogenase , th u s  en co u ra g in g  th e  

p a r t i c i p a t i o n  o f th e  com plete  r e s p i r a t o r y  c h a in  from NADPH to  oxygen in  

p ro to n  t r a n s lo c a t io n  (se e  M itc h e l l ,  1979). In d eed , Moyle & M itc h e ll  (1978) 

ob serv ed  no e f f e c t  o f NEM on th e  —► o r  -► charge /O  q u o tie n ts

f o r  s i t e  I I I ,  as m easured by th e  o x id a tio n  o f  f e r ro c y a n id e  o r  DADĤ * and 

i n  any ca se  e l e c t r o n e u t r a l  H ^ p h o sp h a te  sym port would n o t  be ex p ec ted  to  

a f f e c t  th e  -► c h a rg e /0 q u o t ie n t .  These l a t t e r  ex p erim en ts  h ave , how ever, 

been c r i t i c i s e d  on th e  grounds t h a t  th e  A'F may n o t be f u l l y  c o lla p s e d  

d u r in g  th e  m easurem ent o f -► charge /O  q u o tie n ts  by th e  oxygen -p u lse  

m ethod. The v e ry  sm all e x te n t  o f io n  movements m easured in  th e se  ex p erim en ts  

n e c e s s i t a t e s  th e  p re sen ce  o f  v e ry  low c o u n te r - io n  c o n c e n tr a t io n s  in  o rd e r
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t o  a llo w  ad eq u a te  s e n s i t i v i t y  o f th e  i o n - s e l e c t iv e  e le c tro d e s ;  th e  r e s id u a l  

A'T may th e n  cause  u n d e re s tim a tio n  o f th e  p ro to n  and c o u n te r - io n  

movements (Heinz e t  , 1981) .

1 . 7 .2  I n i t i a l - r a t e  method

Reyn a f a r  j e  e t  (1976) in tro d u c e d  a  new method f o r  th e  m easurem ent 

o f -► H^/O q u o tie n ts  in  m ito c h o n d ria , in  w hich i n i t i a l - r a t e s  o f H^ 

e j e c t i o n  and oxygen consum ption a re  m easured fo llo w in g  th e  i n i t i a t i o n  o f 

r e s p i r a t i o n  by th e  a d d i t io n  o f s u b s t r a t e .  L e h n in g e r 's  g roup  were a ls o  a b le  

to  m easure -► c h a rg e /0 q u o tie n ts  u s in g  and C a ^ ^ -s e le c tiv e  e le c t r o d e s  

(R e y n a fa rje  & L eh n in g er, 1978; V e rc e s i e t  ^ . , 1978). The p e r io d  o f 

r e s p i r a t i o n  c o n s id e re d , and hence th e  e x te n t  o f io n  movements, i s  somewhat 

g r e a t e r  in  th e  i n i t i a l - r a t e  method th a n  in  th e  o x y g en -p u lse  m ethod. T h is  

a llo w s  h ig h e r  c o u n te r - io n  c o n c e n tra t io n s  to  be u se d , and th e  r i s k  o f  io n -  

movements b e in g  l im i te d  by a  r e s id u a l  AV i s  th u s  l e s s  s e r io u s .

U sing  t h i s  m ethod, L ehninger*s group have o b ta in e d  an average 

c h a r g e / s i t e  q u o tie n t  o f 4 in  m ito c h o n d ria , in d ep en d en t o f  NEM, and an 

av e rag e  n V s i t e  q u o tie n t  o f a p p ro x im a te ly  3 which in c re a s e d  to  4

in  th e  p re se n c e  o f NEM (se e  L ehn inger e t  ^ . , 1979). The -► H ^ /s i te  

q u o t ie n ts  o f  g r e a t e r  th a n  2 , o b ta in e d  by th e  i n i t i a l - r a t e  m ethod, w ere l e s s  

d ependen t on th e  p re sen ce  o f  NEM th a n  in  th e  oxyg en -p u lse  m ethod, p ro b ab ly  

b ecau se  l e s s  phosphate  le a k s  from  th e  m ito c h o n d ria  u n d er th e  a e ro b ic  

c o n d i t io n s  o f  th e  i n i t i a l - r a t e  e x p e rim e n ts .

A zzone’s group have o b ta in e d  s im i la r  v a lu e s  to  th o se  from  L ehninger*s 

la b o ra to r y  u s in g  th e  i n i t i a l - r a t e  m ethod, and a ls o  by i n i t i a t i n g  r e s p i r a t i o n  

and p ro to n  t r a n s lo c a t io n  by c o l la p s in g  th e  A'T u s in g  va linom ycin  ( in  th e  

p re se n c e  o f  K^) o r  Câ "*" (Azzone £ t  ^ . , 1979» Pozzan e t  ^ . ,  1 9 7 9 )—th e
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s u b s t r a t e  b e in g  p re s e n t  th ro u g h o u t. T h is  l a t t e r  method h a s ,  how ever, been 

c r i t i c i s e d  on th e  grounds t h a t  th e  h i ^  A 'r o f  th e  m ito c h o n d ria , p r i o r  

to  th e  a d d i t io n  o f th e  A V -c o lla p s in g  a g e n t ,  w i l l  d r iv e  su p e r -

s to ic h e io m e tr ic  c a t io n  u p ta k e  once v a lin o m y cin  o r  Ca^^ i s  added (see  

M itc h e l l ,  1972b).

Papa e t  (1980ab) have c la im ed  th a t  th e  av e ra g e  -► H ^ /s i te

s to ic h e io m e try  o f g r e a t e r  th an  2 , m easured by th e  i n i t i a l - r a t e  m ethod, 

i s  o v e re s tim a te d  due to  u n d e re s tim a tio n  o f  th e  i n i t i a l  r a t e  o f  oxygen 

consum ption  by th e  s lo w -re sp o n d in g  p o la ro g ra p h ic  o x y g e n -e le c tro d e s  which 

a re  n o rm a lly  used  in  th e s e  e x p e rim e n ts . By u s in g  haem oglobin  to  m o n ito r 

oxygen-consum ption  s p e c tro p h o to m e tr ic a l ly  (B arzu , 1978; Capuano e t  a l . ,  

1980) ,  P a p a 's  group have o b ta in e d  -► H**"/0 q u o t i e n ts ,  by th e  i n i t i a l - r a t e  

m ethod, w hich su p p o rt M i tc h e l l 's  o r ig in a l  co n cep t o f  an av erag e  -► H"*"/ 

s i t e  q u o tie n t  o f 2 (Papa £ t  , 1980ab) .  I t  i s  w orth  n o t in g ,  how ever, t h a t  

L eh n in g er £ t  ( 198O) have been a b le  to  rep ro d u ce  an av erag e  -► H ^ /s i te  

q u o tie n t  o f  4 u s in g  a s p e c ia l  oxygen e le c t r o d e  w ith  a  re sp o n se  tim e ( t i^  

f o r  d i t h i o n i t e  o r  a d d i t io n )  o f ap p ro x im a te ly  30 ms.

1 . 7 .3  S te a d y - s ta te  method

Brand e t  (1978) in tro d u c e d  a  s t e a d y - s ta t e  method f o r  th e

m easurem ent o f  charge /O  q u o tie n ts  in  m ito c h o n d ria  w hich ap p ea rs  to

a v o id  many o f  th e  draw backs o f th e  te c h n iq u e s  d is c u s s e d  above. T h is  method 

r e q u i r e s  t h a t  th e  c o u p lin g  membrane shou ld  be made s l i g h t l y  more 

perm eable to  p ro to n s  (u s in g  a  su b o p tim al c o n c e n tr a t io n  o f u n c o u p le r)  such 

t h a t  th e  A'F form ed i s  p ro p o r t io n a l  to  th e  r a t e  o f  ch a rg e  t r a n s lo c a t io n .  

U n fo r tu n a te ly ,  on ly  r e l a t i v e  -► charge/O  q u o tie n ts  a r e  o b ta in e d  by th i s

-3 5 -



m ethod, b u t Brand ejt (1978) have m easured -► charge /O  q u o tie n ts  

f o r  s i t e s  I ,  I I  and I I I  in  th e  r a t i o  1 :1 :2 ,  th e  m ost p ro b a b le  

s to ic h e io m e tr ie s  b e in g  2 : 2 : 4 , 3 : 3 :6  o r  4 : 4 : 8 .

I t  i s  c l e a r  from  th e  above d is c u s s io n  t h a t  th e r e  i s  c o n s id e ra b le  

c o n tro v e rs y  ov er th e  t r u e  p ro to n  and ch a rg e  t r a n s lo c a t io n  s to ic h e io m e tr ie s  

o f  m ito c h o n d r ia l r e s p i r a t i o n .  In  b a c t e r i a ,  -► E^/O  q u o t ie n ts  have as 

y e t  been m easured o n ly  by th e  oxygen -p u lse  m ethod, and no d e te rm in a tio n  o f 

-► charge/O  q u o tie n ts  h as  been r e p o r te d .  The -► H^/O q u o tie n ts  so 

f a r  d e te rm in ed  in  b a c t e r i a  have g e n e r a l ly  su p p o rted  th e  M itc h e l l ia n  co n cep t 

o f  an av erag e  -► H ^ /s i te  q u o tie n t  o f  2 ( e .g .  Jo n e s , 1977; b u t see  

M e ije r  e t  , 1977; van V ersev eld  e t  ^ . , 1981) ,  b u t c l e a r l y  a  more 

r ig o ro u s  in v e s t ig a t io n  o f  th e  p ro to n  t r a n s lo c a t io n  s to ic h e io m e try  o f 

b a c t e r i a l  r e s p i r a t i o n  -  u s in g  v a r io u s  ex p e rim e n ta l m ethods, and th e  

d e te rm in a tio n  o f -► charge/O  q u o tie n ts  in  b a c t e r i a ,  i s  lo n g  o v e rd u e .

Some o f th e  d i f f i c u l t i e s  p e c u l ia r  to  th e  m easurem ent o f th e  p ro to n  and 

ch a rg e  t r a n s lo c a t io n  s to ic h e io m e tr ie s  o f  b a c t e r i a l  r e s p i r a t i o n  a re  

d is c u s s e d  in  s e c t io n  4 *1 .

1 .8  V a r i a b i l i t y  o f  b a c t e r i a l  r e s p i r a t o r y  ch a in s

A lthough , as d is c u s s e d  above, r e s p i r a t i o n - l i n k e d  p ro to n  t r a n s lo c a t io n  

h as  been s tu d ie d  in  f a r  l e s s  d e t a i l  in  b a c t e r i a  th a n  in  m ito c h o n d r ia , i t  i s  

c l e a r  t h a t  b a c t e r i a l  -► H^/O q u o tie n ts  v a ry  s u b s t a n t i a l l y ,  and t h i s  

v a r i a t i o n  i s  r e f l e c t e d  in  th e  wide ran g e  o f  r e s p i r a t o r y  c h a in  com positions  

and grow th y ie ld s  ( jo n e s ,  1977) found am ongst b a c t e r i a .
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1 .8 .1  S p ec ie s  v a r i a b i l i t y  o f  b a c t e r i a l  r e s p i r a t o r y  c h a in s

A lthough  th e  r e s p i r a t o r y  c h a in s  o f  b a c t e r i a  and m ito c h o n d ria  c o n ta in  

e s s e n t i a l l y  s im i la r  redox  c e n t r e s ,  o n ly  a  few s p e c ie s  o f b a c t e r i a  

( e .g .  P .d e n i t r i f i c a n s , A lc a lig e n e s  eu tro p h u s ) have r e s p i r a t o r y  ch a in s  t h a t  

a r e  c lo s e ly  s im i la r  to  th o se  of m ito c h o n d r ia . S t r ik in g  d i f f e r e n c e s  

betw een b a c t e r i a  and m ito c h o n d ria , and betw een b a c t e r i a l  s p e c ie s ,  o ccu r 

in  th e  te rm in a l re g io n  o f th e  r e s p i r a t o r y  ch a in  where th e  p re sen ce  o f 

cytochrom e c in  b a c t e r i a  i s  v a r i a b le ,  and th e  s in g le  cytochrom e o x id a se  o f  

m ito c h o n d r ia  may be re p la c e d  by up to  th r e e  C O -binding cy tochrom es.

A lthough  f i v e  b a c t e r i a l  cytochrom es (a a ^ , o , d , have been shown

to  b in d  CO (se e  Lemberg & B a r r e t t ,  1973; J u r ts h u k  e t  ^ . , 1975)» as  y e t  

r a p id  k in e t i c  a n a ly s is  has confirm ed  o x id a se  r o le s  on ly  f o r  cytochrom es 

a a ^ , o and d (Sm ith e t  a l . ,  1970; Haddock e t  a l . ,  1976; Lawford a t  a l . ,

1976) .  The m ajor d i f f e r e n c e s  observed  am ongst th e  r e s p i r a t o r y  c h a in s  o f  

b a c t e r i a l  s p e c ie s ,  and t h e i r  consequences f o r  energy  c o n s e rv a t io n , a re  

l i s t e d  below  (see  Jo n e s , 1977):

( 1 ) S i te  0 i s  dependen t on a  membrane-bound e n e rg y -c o n se rv in g  n ic o tin a m id e  

n u c le o t id e  tra n sh y d ro g e n a se . In  some b a c t e r i a  tra n sh y d ro g e n a se  i s  

s o lu b le  and e n e rg y -in d e p e n d e n t, o r  a b se n t a l to g e th e r .

(2 ) S i te  I  i s  p re s e n t  in  m ost b a c t e r i a ,  b u t th e  NADH:ubiquinone o x id o re d u c ta se  

may be uncoupled  u n d er scxne c o n d i t io n s  (s e e  s e c t io n  1 .8 .2 ) .

( 3 ) S i t e  I I  ap p ea rs  to  be u b iq u i to u s .  The rep la cem e n t o f u b iq u in o n e  by 

m enaquinone does n o t a f f e c t  energ y  c o n s e rv a t io n .

(4 ) The e x is te n c e  o f s i t e  I I I  depends on th e  p re sen ce  o f a  h ig h  p o te n t i a l  

membrane-bound cytochrom e c p lu s  cytochrom e o x id a se s  a a ^ a n d /o r  o . 

Cytochrome a a ^ may a c t  as  a  p ro to n  pump ( i . e .  -► H"*’/ 0  a t  s i t e  I I I

> 0 ) in  some b a c t e r i a  (C hicken ejk ^ . , 198I ;  van V ersev e ld  e t  a l . ,

1981) .
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1 .8 .2  P h en o ty p ic  and g en o ty p ic  v a r i a b i l i t y  o f b a c t e r i a l  r e s p i r a t o r y  

c h a in s

U n like  m ito c h o n d ria , b a c t e r i a  l i v e  in  a  r a p id ly  ch an g in g  env ironm en t, 

and many s p e c ie s  o f b a c t e r i a  th u s  have th e  a b i l i t y  to  m odify  t h e i r  

r e s p i r a t o r y  c h a in s  in  re sp o n se  to  ch an g in g  en v iro n m en ta l c o n d i t io n s .  The 

w id esp read  e f f e c t s  o f v a ry in g  th e  d is s o lv e d  oxygen te n s io n  on th e  

r e s p i r a t o r y  c h a in  co m p o sitio n  and p r o to n - t r a n s lo c a t io n  s to ic h e io m e try  a re  

d is c u s s e d  in  s e c t io n  5*1• O ther i n t e r e s t i n g  m o d if ic a t io n s  to  th e  

r e s p i r a t o r y  ch a in  can be induced  by grow th in  i r o n - 1 i m i t â t io n  which 

d e c re a se s  th e  le v e ls  o f cytochrom es and i r o n - s u lp h u r  p r o te in s  ( e .g .  R a in n ie  

& B ragg, 1973) ,  and by grow th in  s u lp h a te - 1 im i ta t io n  w hich a l s o  d e c re a se s  

th e  l e v e l  o f i r o n - s u lp h u r  p r o te in s ,  and cau ses  th e  p ro d u c tio n  o f 

a l t e r n a t i v e  cytochrom es ( e .g .  P oo le & Haddock, 1975). Both th e se  modes o f 

grow th  ten d  to  le a d  to  low er grow th y i e l d s ,  and low er p ro to n  t r a n s lo c a t io n  

s to ic h e io m e tr ie s ;  th e  lo s s  o f  i r o n - s u lp h u r  p r o te in s  ap p ea rs  to  c o r r e l a t e  

w ith  a  lo s s  o f e n e rg y -c o n se rv a tio n  a t  s i t e  I  (P oole & Haddock, 1975).

I t  i s  a l s o  p o s s ib le  to  m odify th e  r e s p i r a t o r y  ch a in s  o f b a c t e r i a  

g e n o ty p ic a l ly ,  and t h i s  i s  a  p o te n t to o l  in  th e  s tu d y  o f  energ y  c o n s e rv a t io n . A 

number o f m u tan ts  o f  E s c h e r ic h ia  c o l i  w ith  l e s io n s  in  th e  r e s p i r a t o r y  c h a in  

have been i s o la t e d  (se e  Haddock J o n e s , 1977). These m u tan ts  a re  e i t h e r  

d e f e c t iv e  in  t h e i r  a b i l i t y  to  produce a p a r t i c u l a r  redox  component ( e .g .  

u b iq u in o n e , m enaquinone, o r  v a r io u s  d eh y d ro g e n a se s ) , o r in  th e  i r o n -  

u p ta k e  sy stem s; th e  l a t t e r  have a s im i la r  phenotype to  t h a t  produced by 

grow th  in  i r o n - l i m i t a t i o n .

- 38-



1 .9  R e s p ira to ry  c h a in  com p o sitio n  and r e s p i r a t io n - l i n k e d  p ro to n

t r a n s lo c a t io n  in  b a c t e r i a

The f r a c t i o n a t io n  o f th e  m ito c h o n d r ia l r e s p i r a t o r y  c h a in  in to  d i s c r e t e  

r e s p i r a t o r y  com plexes has g r e a t ly  f a c i l i t a t e d  th e  in v e s t ig a t io n  o f th e  

s t r u c t u r e  and fu n c tio n  o f m ito c h o n d ria l redox  com ponents. In  a d d i t io n ,  th e  

a b i l i t y  to  make re a so n a b ly  homogenous p r e p a ra t io n s  o f  m ito c h o n d r ia l in n e r  

membrane v e s ic l e s  o f  b o th  norm al and in v e r te d  o r ie n t a t i o n s  has a llow ed  an 

in te n s iv e  in v e s t ig a t io n  o f th e  redox  c e n t r e  to p o lo g y  o f th e  m ito c h o n d ria l 

r e s p i r a t o r y  c h a in , p r in c i p a l l y  u s in g  m embrane-imperraeant r e d u c ta n ts ,  

o x id a n ts ,  i n h i b i to r s  and p r o t e i n - l a b e l l i n g  re a g e n ts  (se e  D eP ie rre  &

E m s t e r ,  1977).

In  c o n t r a s t ,  methods f o r  th e  f r a c t i o n a t io n  o f  b a c t e r i a l  r e s p i r a to r y  

c h a in s  have n o t been developed  to  th e  same d eg ree  as  th o se  f o r  m ito c h o n d ria , 

and t h i s  has s e v e re ly  r e s t r i c t e d  in v e s t ig a t io n s  o f th e  s t r u c t u r e  and 

fu n c t io n  o f  b a c t e r i a l  redox  com ponents. F u rth e rm o re , e x te n s iv e  to p o lo g ic a l  

s tu d ie s  have been made o n ly  on a  few  s p e c ia l i s e d  b a c t e r i a l  r e s p i r a t o r y  

system s such  as th e  hydrogenase ( jo n e s ,  198O) and u b iq u i n o l :n i t r a t e  

o x id o re d u c ta s e  (Jones e t  a l . ,  1978, 198O) system s o f  E . c o l i , th e  fo rm ate  :
t»

fu m ara te  o x id o re d u c ta se  o f  V ib rio  su cc in o g en es  (K roger, 1978), and th e  

s im p le  f e r r o u s - i r o n  o x id is in g  system  o f  T h io b a c il lu s  fe r ro -o x id a n s  

(ing ledew  e t  a l . ,  1977). N e v e r th e le s s ,  from  th e  l im i te d  in fo rm a tio n  

a v a i l a b l e ,  i t  would ap p ea r t h a t ,  a lth o u g h  th e re  a re  many s i m i l a r i t i e s  

betw een b a c t e r i a l  and m ito c h o n d r ia l r e s p i r a t o r y  c h a in s ,  th e  fo rm er ten d  to  

be composed o f somewhat s im p le r  p r o te in s  th an  t h e i r  m ito c h o n d r ia l c o u n te r 

p a r t s  .
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The ty p e s  and s p a t i a l  lo c a t io n s  o f  th e  redox  com ponents o f b a c t e r i a l  

r e s p i r a t o r y  ch a in s  -  a lo n g  w ith  th e  s to ic h e io m e tr ie s  o f r e s p i r a t i o n -  

l in k e d  p ro to n  t r a n s lo c a t io n  -  a re  c o n s id e re d  below , w ith  a  view  to  

o b ta in in g  in fo rm a tio n  abou t th e  l i k e l y  mechanisms o f  p ro to n  t r a n s lo c a t io n  

a t  th e  fo u r  p o s s ib le  c o u p lin g  s i t e s  (s e e  s e c t io n  1 .6 ) .

1 . 9 .1  S i te  0 , n ic o tin a m id e  n u c le o t id e  tra n sh y d ro g e n a se

B a c te r ia l  tra n sh y d ro g e n a se s  ap p e a r to  be o f two b a s ic  ty p es  (Hoek 
♦»

e t  a l . , 1974; Rydstrom e t  a l . ,  1976):

( 1 ) S o lu b le , o r  e a s i l y  s o lu b i l i s e d ,  e n e rg y -in d e p e n d e n t f la v o p r o te in s  

which a re  s p e c i f i c  f o r  th e  4B-hydrogen atom o f  b o th  NADH and NADPH.

( 2 ) Membrane-bound, u s u a l ly  e n e rg y - l in k e d , n o n - f la v in  -  c o n ta in in g  

p ro te in s  w hich a re  s p e c i f i c  f o r  th e  4A-hydrogen atom o f  NADH and th e  

4B-hydrogen atom o f NADPH.

B B -sp e c if ic  s o lu b le  tran sh y d ro g e n a se s  have been p u r i f i e d  from 

"Pseudomonas sp . and A zo to b ac te r  s p . , and found to  c o n s i s t  o f a  s in g le  

s u b u n it  o f  MW 4 0 ,0 0 0 -5 8 ,0 0 0  which a g g re g a te s  in  a  n u c le o tid e -d e p e n d e n t 

m anner in to  com plexes w ith  a  m o le c u la r  w e ig h t o f s e v e ra l  m i l l io n  (see
ff

Rydstrom  e t  a l . ,  1976).

The A B -sp e c ific  membrane-bound tra n sh y d ro g e n a se  o f b a c t e r i a  has n o t 

y e t  been p u r i f i e d ,  though s o lu b le  f a c t o r s  w hich w i l l  r e s t o r e  a c t i v i t y  to  

d e p le te d  membranes have been i s o la te d  from  v a r io u s  b a c t e r i a  (see  R ydstrom , 

1977). There ap p ea r to  be s tro n g  s i m i l a r i t i e s  betw een th e  membrane-bound 

tra n sh y d ro g e n a se s  o f  b a c t e r i a  and m ito c h o n d r ia  ( e .g .  Asano ^ . , 1967) -  

b o th  a re  devo id  o f obv ious redox  c e n t r e s  and hence p ro b ab ly  a c t  as B ohr- 

l i k e  p ro to n  pumps (se e  s e c t io n  1 .6 ) .  The s to ic h e io m e try  o f  p ro to n  t r a n s -  

lo c a t io n  a s s o c ia te d  w ith  tra n sh y d ro g e n a se  a c t i v i t y  h as  been c laim ed  to  be 

2H'*"/2e"’ in  b o th  b a c t e r i a  (S ch o les  & M itc h e l l ,  19701), and m ito c h o n d ria  

(Moyle & M itc h e l l ,  1973).
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1.9*2  S i t e  I ,  NADH ; quinone o x id o re d u c ta se

Membrane-bound NADH dehydrogenases (NADH : a r t i f i c i a l  a c c e p to r

o x id o re d u c ta s e s )  have been p u r i f i e d  to  a  re a s o n a b le  d e g re e  o f  hom ogeneity  

( 75- 909 )̂ from  A choleplasm a l a id l a w i i  ( j in k s  & M atz, 1976), P ho to b ac te riu m  

phosphoreum (imagawa & Nakamura, 1978), and B a c i l lu s  c a ld o te n a x  (Kawada 

e t  a l . ,  1981) .  The enzymes from  P.phosphoreum  and B .c a ld o te n a x  w ere found 

to  c o n ta in  PAD as  p r o s th e t ic  group in  c o n t r a s t  to  th e  FMN found in  m ito 

c h o n d r ia l  p r e p a r a t io n s .  An PAD-1 in k ed  NADH;DCPIP o x id o re d u c ta se  has a ls o  

been p u r i f i e d  to  75̂ ® hom ogeneity  from  E .c o l i  (Dancey e t  ^ . , 1976; Dancey 

& S h a p iro , 1976), b u t more r e c e n t ly  Thomson & S h ap iro  ( 1981) and 

Jaw orow ski £ t  ( 1981) have in d e p e n d e n tly  re p o r te d  th e  p u r i f i c a t i o n  o f  an 

NADH:quinone o x id o re d u c ta s e , c o n ta in in g  PAD and a  v a r i a b le  amount o f  i r o n ,  

w hich seems more l i k e l y  to  be th e  t r u e  r e s p i r a t o r y  c h a in  dehydrogenase  

o f  t h i s  o rgan ism . Up to  959  ̂ o f th e  p r o te in  in  th e se  p r e p a ra t io n s  cou ld  

be acco u n ted  f o r  by a  s in g le  band o f  MW 4 5 »000-47»000 and , fu r th e rm o re , 

Jaw orow ski e t  ( 1981) were a b le  to  r e c o n s t i t u t e  NADH o x id a se  a c t i v i t y  by 

a d d i t io n  o f t h e i r  p r e p a ra t io n  to  membrane v e s ic l e s  from  E .c o l i  ndh m u ta n ts . 

I n t e r e s t i n g l y ,  th e se  w orkers c la im  t h a t  NADH:ubiquinone-1 o x id o re d u c ta se  

a c t i v i t y  i s  n o t dependen t on th e  p re sen ce  o f  i r o n ,  b u t th e  l a t t e r  may w e ll 

be re q u ire d  f o r  i n t e r a c t io n  w ith  th e  endogenous q u inone , and indeed  f o r  

en e rg y  c o n s e rv a tio n  a t  s i t e  I .

The p ro to n  t r a n s lo c a t io n  mechanism o f  th e  m ito c h o n d r ia l  complex I  -  

a  la rg e  (MW ^  600 ,000) m u l t i - s u b u n i t  com plex c o n ta in in g  FMN, u b iq u in o n e  

and a t  l e a s t  I 6 i ro n - s u lp h u r  c e n t r e s ,  w hich spans th e  c o u p lin g  membrane 

( s e e  Ragan, 1976)* -  has been s tu d ie d  in  some d e t a i l .  M itc h e l l  ( 1972b) 

and G arland  e t  (1972) have in d e p e n d e n tly  p roposed  t h a t  NADH:ubiquinone 

o x id o re d u c ta se  form s a  redox  lo o p , in  w hich PT̂ N a c t s  as a  transm em brane
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hydrogen c a r r i e r ,  and i r o n - s u lp h u r  c e n t r e s  (p o s s ib ly  N-1 and N-2) a c t  as 

transm em brane e le c t r o n  c a r r i e r s .  However, a l t h o u ^  th e r e  i s  good e v id en ce  

th a t  th e  NADH and u b iq u in o n e  re d u c t io n  s i t e s  a re  b o th  s i t u a t e d  tow ards th e  

m a tr ix - s id e  o f th e  c o u p lin g  membrane, th e r e  i s  a  g r e a t  d e a l o f  c o n tro v e rsy  

o v e r th e  s p a t i a l  o r g a n is a t io n  o f th e  i r o n - s u lp h u r  c e n t r e s  (se e  O h n ish i,

1979)» and o th e r  w orkers ( e .g .  Papa, 1976) fa v o u r  a  p ro to n  pump mechanism 

f o r  t h i s  energy  c o n se rv in g  s i t e .

-► H ^/2e" q u o tie n ts  o f  g r e a t e r  th a n  2 a t  s i t e  I  have n o t  been 

c o n v in c in g ly  d em onstra ted  in  b a c t e r i a ,  so  NADH:ubiquinone o x id o re d u c ta se  

may indeed  fu n c tio n  as  a  red o x  lo o p . I f  th e  t r u e  —► H ^/2e" q u o tie n t  a t  

s i t e  I  i s  g r e a t e r  th a n  2 , how ever, a s  has been c la im ed  f o r  m ito c h o n d ria  

(s e e  L ehn inger £ t  a l . ,  1979)» a  t r u e  p ro to n  pump mechanism m ust be im p lic a te d .

1 . 9 .3  S i t e  I I ,  q u in o l : cytochrom e c o x id o re d u c ta se ; q u in o l o x id ase

A d i s c r e t e  q u in o l : cytochrom e c o x id o re d u c ta se  com plex, analogous to  

complex I I I  o f  m ito c h o n d ria  (which i s  a  la rg e  [> 2 5 0 ,0 0 0  D ]  m u l t is u b u n it  

complex c o n ta in in g  cytochrom es , u b iq u in o n e  and a t  l e a s t

one i r o n - s u lp h u r  p r o te in  [  see  Trumpower & K a tk i , 1979] ) has n o t y e t  

been  i s o la te d  from  b a c t e r i a .  Most b a c t e r i a  do , how ever, c o n ta in  quinone 

( e i t h e r  u b iq u in o n e  o r  m enaquinone), and m u l t ip le  s p e c ie s  o f  cytochrom e b .

The fu n c t io n  o f  non-haem iro n  in  b a c t e r i a  i s  p o o rly  u n d e rs to o d  (Yoch &

C a rr ith ers ,1979)» but i t  i s  probable that there i s  a t le a s t  one iron-sulphur  

protein  assoc ia ted  with the cytochrome b region  o f the resp iratory  chain  

(see  Bragg, 1979).

The p r o to n - t r a n s lo c a t io n  s to ic h e io m e tr ie s  o f b a c t e r i a  w hich c o n ta in  

a  h ig h - p o t e n t i a l ,  membrane-bound cytochrom e £  a re  c o n s i s te n t  w ith  th e  

o p e ra t io n  o f a  Q -cycle  a t  s i t e  I I  (F ig . 1 .7 a ) .  The low er p ro to n  t r a n s -
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F ig \  1 .7  P o s s ib le  o rg a n is a t io n  o f b a c t e r i a l  r e s p i r a t o r y  c h a in s  w ith  

( a ) ,  o r  w ith o u t (b ) cytochrom e c .  A f te r  Jo n es  (1977)«
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l o c a t io n  s to ic h e io m e tr ie s  observed  in  b a c t e r i a  la c k in g  cytochrom e £ , 

how ever, su g g e s t t h a t  s i t e  I I  cou ld  o n ly  be a s s o c ia te d  w ith  a  Q -cycle 

mechanism in  th e s e  organ ism s i f  th e  p ro to n  consum ption s i t e  o f th e  o x id a se  

w ere e x te r n a l  (s e e  Jo n e s , 1977)» In  b a c t e r i a  la c k in g  cytochrom e c s i t e  

I I  may w e ll c o n s i s t  o f a  s im p le  redox lo o p  em ploying quinone as  th e  t r a n s 

membrane h y d ro g e n -c s ir r ie r  and th e  b - ty p e  cytochrom es p lu s  cytochrom e 

o x id a se  as  th e  e l e c t r o n - t r a n s f e r r i n g  arm (F ig .  1 .7 b ) .

The v a l i d i t y  o f th e  Q -cycle  mechanism has been c r i t i c a l l y  examined 

f o r  th e  m ito c h o n d ria l complex I I I .  The g e n e r a l ly  ag reed  -► H ^/2e" and 

-► c h a rg e /2 e ” q u o tie n ts  a t  s i t e  I I  o f 4 and 2 r e s p e c t iv e ly  (M itc h e l l ,  19&9; 

L eh n in g er e t  a l . ,  1979» Pozzan £ t  a l . ,  1979)» and th e  lo c a t io n s  o f  th e  

u b iq u in o n e  re d u c t io n  s i t e  and cytochrom e c  a t  th e  in n e r  and o u te r  f a c e s  of 

th e  membrane, r e s p e c t iv e ly  (Trumpower & K a tk i ,  1979)» a re  c o n s i s te n t  w ith  

th e  Q -cycle  mechanism. F u rth e rm o re , th e  b - ty p e  cytochrom es a re  known to  

be i n t r i n s i c  membrane p r o te in s ,  though th e r e  i s  as  y e t  no ev id en ce  f o r  a  

transm em brane arrangem ent (se e  Trumpower & K a tk i ,  1979)»

The m ajo r doubt c o n c e rn in g  th e  v a l i d i t y  o f  th e  Q -cycle  mechanism i s  

th e  a b i l i t y  o f u b iq u in o n e  to  fu n c tio n  a s  re q u ire d  (se e  Trumpower, I 981) .  

A lthough r e c e n t  ev idence  su g g e s ts  t h a t  u b iq u in o n e  i s  bound to  p r o te in ,  and 

hence r e l a t i v e l y  im mobile w ith in  th e  m ito c h o n d r ia l  membrane (se e  Yu e t  a l . ,

1977)» t h i s  does n o t p re c lu d e  transm em brane hydrogen flow  v i a  a  s e r i e s  o f  

o rd e re d  bound quinones (S a le m o  e t  a l . ,  1977). However, th e  e x is te n c e  o f 

u b isem iq u in o n e  r a d ic a l s  w hich a re  b o th  p h y s ic a l ly  and f u n c t io n a l ly  s e p a ra te d  

a t  th e  in n e r  and o u te r  f a c e s  o f  th e  membrane, and w hich a r e  r e l a t i v e l y  

s t a b l e  to  d is m u ta tio n , a s  r e q u ir e d  by th e  Q -cycle  m echanism , i s  a  s u b je c t  

o f  c o n tro v e rs y .

R ecen t ev id en ce  t h a t  ub isem iqu inone  may be s t a b i l i s e d  by p r o te in  

b in d in g  (Yu e t  a l . , 1978), by in t e r a c t io n  w ith  an i ro n - s u lp h u r  p ro te in
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(R uzicka e t  a l . ,  1975)» o r  by i n t e r a c t io n  betw een a  p a i r  o f  bound u b ise m i-  

quinone r a d ic a l s  (R uzicka e t  a l . ,  1975» S a le m o  e t  a l . ,  1977), has

s tre n g th e n e d  th e  p o s i t io n  o f  th e  Q -cy c le , b u t o th e r  mechanisms f o r

p r o to n - t r a n s lo c a t io n  a t  s i t e  I I  in v o lv in g  t r u e  re d o x - lin k e d  p ro to n  pumps 

have been proposed (P apa, 1976, von Jagow e t  a l . ,  1978). Two ty p e s  o f

mechanism may be en v isag ed  -  the f i r s t  in v o lv in g  a  p ro to n  pump w ith  a

s to ic h e io m e try  o f 4H'*’/2 e ” , and th e  second in v o lv in g  a  p ro to n  pump w ith  a  

s to ic h e io m e try  o f 2H^/2e p lu s  a  redox  lo o p  composed o f  u b iq u in o n e  and the 

b - ty p e  cytochrom es as th e  hydrogen— and e l e c t r o n — t r a n s f e r r i n g  arm s, 

r e s p e c t iv e l y .

1 . 9 .4  S i t e  I I I ,  cytochrom e c o x id ase

As d is c u s se d  in  s e c t io n  1 .8 .1 ,  th r e e  cy tochrom es, a a ^ , o and d , have 

been  c l e a r l y  shorn  to  fu n c t io n  as te rm in a l  o x id a se s  in  b a c t e r i a .

(1 )  Cytochrome a a ^

B a c te r ia l  a - ty p e  cytochrom e o x id a se s  have r e c e n t ly  been  p u r i f i e d  from 

P . d e n i t r i f i c a n s  ( a a ^ ) , T h io b a c il lu s  n o v e l lu s  (a a ^ ) , Thermus th e rm o p h ilu s  

( c ^ /a a ^ )  and th e  th e rm o p h ile  PS3 ( ç / a / o )  ( f o r  rev iew  se e  Ludwig, 198O). 

These o x id a se s  a l l  ap p e a r to  be c o n s id e ra b ly  s im p le r  p r o te in s  th an  th e  7 

s u b u n it  complex o f m ito c h o n d ria  (se e  C a p a ld i, 1979) as  th e y  c o n ta in  o n ly  2 

(p . d e n i t r i f i c a n s , T .n o v e l lu s , PS3) o r  a t  th e  m ost 3 (T .th e rm o p h ilu s ) sub

u n i t s .  The two s u b u n its  o f  th e  P .d e n i t r i f i c a n s  o x id a se  a p p ea r to  be 

s im i l a r  to  su b u n its  I  and I I  o f  th e  m ito c h o n d r ia l complex which p ro b ab ly  

c a r r y  th e  2 haem a  c e n t r e s  (a  and a ^ )  and 2 atoms o f  co p p er (A zzi, 198O; 

W in te r e t  a l . ,  198O).
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L i t t l e  i s  known c o n c e rn in g  th e  o r i e n t a t i o n  o f th e  b a c t e r i a l  c y to 

chrome a a ^ w ith in  th e  c o u p lin g  membrane, b u t  haem a  o f  th e  m ito c h o n d r ia l 

o x id a se  h as  been shown to  be c lo se  to  cytochrom e c on th e  o u te r  fa c e  o f  

th e  membrane, w hereas haem a^ and th e  two co p p er atoms a re  c lo s e  to  th e  

c e n t r e  o f  th e  membrane (O hn ish i e t  a l . , 19 7 9 ). I t  i s  o f te n  assum ed, though 

w ith o u t c o n c lu s iv e  e v id e n c e , th a t  th e  p ro to n s  consumed in  th e  o x id ase  

r e a c t io n  a re  d e r iv e d  from  th e  in t e r n a l  p h a se , and cytochrom e c o x id ase  

th u s  form s an e l e c t r o n - t r a n s f e r r i n g  redox  arm (se e  H inkle & M itc h e l l ,

1970) .  I f  th e  -► H^/O q u o tie n t  a t  s i t e  I I I  i s  eq u a l to  z e ro , th e n  t h i s  

may ind eed  be th e  s o le  e le c t ro g e n ic  f e a t u r e  o f  cytochrom e o x id a se , though 

i t  i s  e q u a l ly  p o s s ib le  t h a t  th e  p ro to n s  consumed in  th e  o x id a se  r e a c t io n  

a re  d e r iv e d  from th e  e x te r n a l  p h ase , h av in g  been d e l iv e r e d  th e re  by a 

p ro to n  pump mechanism.

T here i s  some r e c e n t  e v id e n c e , from  w hole c e l l s  o f  B a c i l lu s  

s te a ro th e rm o p h ilu s  (C hicken e t  a l . , 1981) and P .d e n i t r i f i c a n s  (van V ersev e ld  

e t  a l . , 1981) ,  t h a t  cytochrom e o x id a se  a a ^ may a c t  to  c a ta ly s e  n e t  p ro to n  

t r a n s lo c a t io n  ( i . e .  —̂  c h a rg e /0 > 2 , -► H"*’/ 0 > 0 ) ,  as  has been c la im ed
II

f o r  th e  m ito c h o n d r ia l o x id a se  (se e  W ikstrom  & K rab, 1979). I f  t h i s  i s  th e  

ca se  th e n  a  t r u e  p ro to n  pump mechanism m ust be im p lic a te d  r e g a r d le s s  o f 

w h eth er th e  o x id ase  a ls o  form s a  redox  arm . The o b s e rv a tio n  o f n e t  p ro to n  

t r a n s lo c a t io n  a t  s i t e  I I I  o f P .d e n i t r i f i c a n s  c o n t r a s t s  w ith  th e  o b s e rv a tio n  

th a t  th e  p u r i f i e d  o x id a se  from  t h i s  organism  does n o t t r a n s lo c a te  p ro to n s  

a f t e r  r e c o n s t i t u t i o n  in to  membrane v e s i c l e s  (Ludwig, 198O ). I t  i s  

i n t e r e s t i n g  in  t h i s  c o n te x t  t h a t  th e  p u r i f i e d  P .d e n i t r i f i c a n s  o x id a se  does 

n o t  have a  s u b u n it co rre sp o n d in g  to  s u b u n it  I I I  o f th e  m ito c h o n d r ia l 

o x id a se  w hich i s  c la im ed  by Casey ejt a l .  ( 198O) to  house th e  p ro to n  pump.
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F u rth e rm o re , W ikstrom & S a ra s te  ( 1980) have shown t h a t  a  m ito c h o n d r ia l 

cytochrom e o x id ase  p re p a ra t io n  d e p le te d  o f s u b u n it  I I I  does n o t t r a n s lo c a te  

p ro to n s •

The above o b se rv a tio n s  have le d  to  s p e c u la t io n  t h a t  th e  p u r i f i e d  

o x id a se  from  P .d e n i t r i f i c a n s  i s  la c k in g  a  t h i r d  s u b u n it  w hich i s  r e s p o n s ib le  

f o r  p ro to n  pumping in  whole b a c t e r i a .  T h is id e a  may have some c red en ce  in  

te rm s o f  th e  p roposed  e v o lu tio n  o f th e  m ito ch o n d rio n  from an a n c e s t r a l  

form  o f t h i s  b a c te riu m  (John & W hatley , 1975)» as th e  genes f o r  s u b u n its  

I ,  I I  and I I I  o f th e  e u k a ry o tic  cytochrom e o x id ase  a re  csurried  on th e  

m ito c h o n d r ia l  genome (S ch a tz  & Mason, 1974). I n t e r e s t i n g l y ,  how ever, th e  

p u r i f i e d  two s u b u n it o x id a se  from PS3 ap p ea rs  to  t r a n s l o c a te  p ro to n s  

w ith  a  s to ic h e io m e try  o f  2H'*’/2 e ” a f t e r  r e c o n s t i t u t i o n  in to  liposom es 

(Sone, N. and H in k le , P . p e rso n a l com m unication c i t e d  in  Ludwig, 198O).

( 2 ) Cytochrome 0

Cytochromes o have been p u r i f i e d  from V i t r e o s c i l l a  s p .  (Tyree &

W eb ste r, 1978) and A z o to b a c te r  v in e la n d i i  (Yang & J u r ts h u k ,  1978; Yang 

e t  a l . ,  1979) ,  and each  has been shown to  c o n ta in  two haems b 

In  A .v in e la n d i i , th e  two haems a re  lo c a te d  on a  s in g le  p o ly p e p tid e  o f  MW 

2 8 , 000 , w hereas th e  V i t r e o s c i l l a  cytochrom e c o n ta in s  two id e n t i c a l  s u b u n its  

each  o f MW 13,000 and each  c o n ta in in g  one b - ty p e  haem. T here i s  no 

e v id en ce  f o r  th e  p re sen ce  o f copper in  e i t h e r  o f  th e s e  p r e p a r a t io n s ,  so  th e  

f o u r  redox c e n t r e s  which a re  n e c e ss a ry  f o r  th e  r e d u c t io n  o f m o le c u la r  

oxygen to  w a te r  may be p ro v id ed  by two m o lecu le s  o f cytochrom e £•

In  b a c t e r i a  c o n ta in in g  a  h ig h  redox  p o t e n t i a l ,  membrane-bound c y to 

chrome £ ,  cytochrom e £  may f e a tu r e  in  an e n e rg y -c o n se rv in g  cytochrom e £
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o x id a se  (se e  Jo n e s , 1977)» o r  a l t e r n a t i v e l y  may a c c e p t e le c t r o n s  from 

cytochrom e b in  a  b ran ch  o f th e  r e s p i r a t o r y  ch a in  a s s o c ia te d  w ith  a  l e s s e r  

d eg ree  o f  energy  c o n s e rv a t io n  ( e .g .  in  P .d e n i t r i f i c a n s ; van V ersev e ld  & 

S to u th a m er, 1978). At l e a s t  in  th e  fo rm er c a s e , i t  would ap p ea r t h a t  

cytochrom e o must be s i tu a te d  on th e  in n e r  fa c e  o f  th e  c o u p lin g  membrane 

in  o rd e r  to  form an e le c t r o n  t r a n s f e r r i n g  arm a t  s i t e  I I I  -  th e  sm all s iz e  

o f  cytochrom e o makes a  p ro to n  pump mechanism u n l ik e ly .

I t  sh o u ld  be n o te d  t h a t  cytochrom es o have a  w ide ran g e  o f  s p e c t r a l  

p r o p e r t i e s  (Lemberg & B a r r e t t ,  1973) and th ey  may w e ll v a ry  a p p re c ia b ly  

in  term s o f  t h e i r  s t r u c t u r e  and e n e rg y -c o n se rv in g  p r o p e r t i e s .

(3 )  Cytochrome d

A la rg e  p ro te in  complex (app rox im ate  MW 350,000) has been p u r i f i e d  

from  E .c o l i  and found to  c o n ta in  two haems d p lu s  two haems b (Reid & 

Ing ledew , 198O). T h is complex i s  an i n t r i n s i c  membrane p r o te in ,  b u t n o th in g  

i s  known o f th e  s p a t i a l  o r i e n t a t i o n  o f th e  haem g ro u p s . There i s  no 

ev id en ce  t h a t  cytochrom e d can a c c e p t e le c t r o n s  from  cytochrom e c  ( o th e r  

th a n  in  th e  s p e c ia l i s e d  cd  ̂ n i t r i t e  r e d u c ta s e ;  se e  Lemberg & B a r r e t t ,

1973)» o r  fu n c tio n  in  an e n e rg y -c o n se rv in g  s i t e  I I I .  In d eed , th e  in d u c tio n  

o f  cytochrom e d in  b a c t e r i a  c o n ta in in g  cytochrom e c p lu s  cytochrom e 

o x id a se s  a a ^ a n d /o r  o g e n e r a l ly  le a d s  to  a  reduced  e f f ic ie n c y  o f r e s p i r a t o r y  

c h a in  en erg y  c o n s e rv a tio n  (se e  Jo n e s , 1977).
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1 .1 0  ATP s y n th e s is  in  b a c t e r i a

The s t r u c t u r e  o f  th e  b a c t e r i a l  ATP phosphohydro lase  has  been th e  

s u b je c t  o f in te n s iv e  in v e s t ig a t io n s  (s e e  Haddock & J o n e s , 1977» Downie 

e t  a l . ,  1979) .  I t  i s  o n ly  n e c e ss a ry  to  n o te  h e re  t h a t  t h i s  complex c o n s i s t s  

o f  two m u lt is u b u n it  com ponents -  one an i n t r i n s i c  membrane p r o te in  (BF^) ,  

and th e  o th e r  e a s i l y  s o lu b i l i s e d  (B F^). BF^ p ro b ab ly  a c t s  as a  p ro to n  

ch an n e l conveying  p ro to n s  th rough  th e  membrane to  th e  c a t a l y t i c  component 

BF^ w hich i s  s i tu a te d  on th e  in n e r  fa c e  o f  th e  cy to p la sm ic  membrane.

S e v e ra l r e p o r t s  have shown th a t  ATP s y n th e s is  in  b a c t e r i a  may be d r iv e n  

by an a r t i f i c i a l l y - i m p o s e d  p ro tonm otive  f o r c e ,  o r  by e i t h e r  AY o r  ApH 

a lo n e  ( e .g .  W ilson e t  , 1976).

S ince  th e  e a r ly  ex p erim en ts  o f  th e  1950*s (C openhaver & L ardy , 1952; 

L eh n in g e r, 1954)» i t  has  been w id e ly  a c c e p te d  t h a t  th e  p assag e  of 2e" 

th ro u g h  a  co u p lin g  s i t e  r e s u l t s  in  th e  s y n th e s is  o f one m olecu le  o f ATP.

More r e c e n t ly ,  how ever, c o n tro v e rsy  o v er th e  m agnitude o f th e  —► H^/O 

q u o tie n t  in  m ito c h o n d ria  (se e  s e c t io n  1 .7 )»  and th e  r e a l i s a t i o n  t h a t  th e  

exchange o f  ATP f o r  ADP and phosphate  i s  p ro b ab ly  accom panied by th e  u p ta k e  

o f one p ro to n  p e r  round o f t r a n s p o r t  (K lin g en b e rg  & R o tte n b e rg , 1977; 

b u t see  M itc h e l l ,  1979)» has plunged t h i s  s u b je c t  back in to  d i s p u te .  T ab le

1 .3  sum m arises th e  p o s i t io n s  h e ld  by some o f th e  groups who a re  p rom inen t 

in  t h i s  c o n tro v e rsy .

B a c te r ia  do n o t g e n e r a l ly  t r a n s p o r t  ad en in e  n u c le o t id e s ,  and th e y  may, 

t h e r e f o r e ,  be ex p ec ted  to  e x h ib i t  h ig h e r  ATP/O q u o tie n ts  th a n  m ito c h o n d ria  

i . e .  com parable w ith  th o s e  which have been m easured f o r  ATP s y n th e s is  from 

in t r a m l to c h o n d r ia l  ADP and phosphate  (B rand , 1979). The f r e e  energy  o f 

h y d ro ly s is  o f  ATP ( AGp, p h o sp h o ry la tio n  p o t e n t i a l )  su p p o rted  by in v e r te d  

membrane v e s ic l e s  from  b a c t e r i a ,  how ever, ap p ea rs  to  be s u b s t a n t i a l l y
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g r e a t e r  th a n  th a t  su p p o rte d  by su b m ito c h o n d ria l p a r t i c l e s ,  th u s  s u g g e s tin g  

t h a t  th e  -► E^/ATP q u o tie n t  o f  b a c t e r i a  m ight be h ig h e r  th a n  th a t  o f  

m ito c h o n d r ia  (Ferguson & S o rg a to , 1977).

Three b a s ic  s t r a t e g i e s  have been em ployed f o r  th e  m easurem ent o f 

ATP/O q u o tie n ts  in  b a c t e r i a :

(1 )  D ir e c t  measurem ent o f ATP s y n th e s is  and oxygen consum ption .

(2 ) Comparison o f  th e  H^/O and -►H'*’/ATP q u o t ie n ts .

( 3 ) Growth y ie ld  s tu d ie s .

1 .1 0 .1  D ir e c t  measurement o f  ATP/O q u o tien ts

ATP/O q u o tie n ts  have been d e te rm in e d , in  b o th  whole b a c t e r i a  and 

in v e r te d  membrane v e s i c l e s ,  by d i r e c t  m easurem ent o f  ATP s y n th e s is  and 

oxygen consum ption . E xperim ents in  whole b a c t e r i a  have met w ith  o n ly  

l im i te d  su c c e ss  due to  th e  d i f f i c u l t i e s  o f d e te rm in in g  th e  i n t r a c e l l u l a r  

c o n c e n tr a t io n s  o f  ad en ine  n u c le o t id e s  and p h o sp h a te , and due to  th e  f a c t  

t h a t  th e  A T P -sy n th e s is in g  and u t i l i s i n g  a p p a ra tu s  o f b a c t e r i a  a re  lo c a te d  

in  th e  same com partm ent. Indeed by t h i s  m ethod, ATP/O q u o tie n ts  f o r  NADH 

o x id a tio n  in  v a r io u s  b a c t e r i a  ra n g in g  from  0 .3 -3 * 0  mol ATP/g-atom 0 have 

been d e te rm in ed  ( e .g .  H em pfling, 1970; Knowles & S m ith , 1970; van d e r  Beek 

& S to u th am er, 1973).

The u se  o f in v e r te d  membrane v e s i c l e s  overcom es many o f  th e  problem s 

e n co u n te red  w ith  whole c e l l s  b u t u s u a l ly  y ie ld s  o n ly  a  minimum e s tim a te  f o r  

th e  ATP/O q u o tie n t  as th e se  p re p a ra t io n s  a re  r a r e l y  p e r f e c t ly  coupled  

( s e e  H aro ld , 1972; G el'm an e t  a l . ,  1975» Jo n e s , 1977). N e v e r th e le s s ,

ATP/O q u o tie n ts  f o r  NADH o x id a tio n  o f ap p ro ac h in g  3 mol ATP/g-atom 0 have 

been  o b ta in e d  u s in g  th e  p a r t i c u l a r l y  w e ll-c o u p le d  v e s ic l e s  d e r iv e d  from 

c h e m o lith o tro p h s  ( e .g .  K iesow, 1964) .
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1. 10. 2 ATP/O quotients from a comparison o f the H /̂O and R /̂ATP 

quotients

The d e te rm in a tio n  o f q u o tie n ts  has been  d is c u s s e d  in  some

d e t a i l  above (see  s e c t io n  1 .7 ) .  “► H^/ATP q u o tie n ts  may be  d e term ined

e i t h e r  d i r e c t l y  ( i . e .  k i n e t i c a l l y )  by m easu ring  p ro to n  t r a n s lo c a t io n  

co n co m ita n t w ith  ATP s y n th e s is  o r h y d ro ly s is  (n o te  t h a t  c o r r e c t io n  f o r  

s c a l a r  p ro to n  co n su m p tio n /p ro d u c tio n  m ust be m ade), o r  i n d i r e c t l y  ( i . e .  

the rm o d y n am ica lly ) from a  com parison o f  th e  p ro to n m o tiv e  f o r c e  and th e  

p h o s p h o ry la t io n  p o t e n t i a l .

M easurement o f  u p ta k e  concom itan t w ith  ATP s y n th e s is  in  whole 

b a c t e r i a  g e n e ra l ly  y ie ld s  -►hV aTP q u o t ie n ts  o f  n o t  l e s s  th a n  5 g - io n  

H^/mol ATP (M aloney, 1977» 1978). These v a lu e s  a re  s u r e ly  o v e re s tim a te d , 

how ever, due to  th e  u n c o rre c te d  consum ption o f ATP by v a r io u s  c e l l u l a r  

r e a c t io n s .  On th e  o th e r  hand , ATP h y d ro ly s is  in  in v e r te d  membrane 

v e s i c l e s  i s  g e n e r a l ly  a s s o c ia te d  w ith  low -► H"*’/ATP q u o tie n ts  ( e .g .  f o r  

E . c o l i , -► hV aTP = 0 .6 g - io n  H^/mol ATP; West & M itc h e l l ,  1974)» 

p resum ab ly  because  o f  th e  poor c o u p lin g  p r o p e r t i e s  o f th e s e  p r e p a r a t io n s .  

N e v e r th e le s s ,  a v a lu e  f o r  th e  —► /ATP q u o tie n t  o f  a p p ro x im a te ly  2 g - io n  

H**'/mol ATP has been o b ta in e d  u s in g  th e  ATP phosphohydro lase  o f the 

th e rm o p h ile  PS3 in c o rp o ra te d  in to  liposom es w ith  a  v e ry  h ig h  p h o sp h o lip id : 

p r o te in  r a t i o ,  and hence v e ry  low p a s s iv e  p ro to n  p e rm e a b il i ty  (Sone e t  a l . ,  

1976).

The determ ination of the -► H**’/ATP quotient from a comparison of the 

and AGp i s  considered in  d e ta il  in  Chapter 6, but i t  i s  worth 

n otin g  here that the values obtained are gen era lly  greater than 2g-ion  

H^/mol ATP. A k in e t ic  method rela ted  to th is  which in vo lves measuring the
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r a t e  o f ATP s y n th e s is  as  a  fu n c t io n  o f  an a r t i f i c i a l l y - i m p o s e d  ApH"*", 

how ever, y ie ld s  a  -► H^/ATP q u o tie n t  o f c lo s e  to  2 f o r  whole c e l l s  o f 

S tre p to c o c c u s  l a c t i s  (Maloney & S c h a t ts c h n e id e r ,  1980) ;  and a  s im i la r  

v a lu e  has been o b ta in e d  from  Rhodopseudomonas sp h a e ro id e s  in  s h o r t - f l a s h  

k i n e t i c  exp erim en ts  (Jack so n  e t  a l . ,  1975» P e t ty  & Ja c k so n , 1979).

1 . 10 .3  ATP/O q u o tie n ts  from  grow th s tu d ie s

The grow th e f f ic ie n c y  o f  an a e ro b ic  e n e rg y - l im ite d  co n tin u o u s  c u l tu r e  

can  be d e s c r ib e d  by th e  e q u a tio n :

Qo, = ( 1 . 2 )

( P i r t ,  1965» H arriso n  & L o v e le ss , 1971)» where )i i s  th e  s p e c i f i c  grow th  

r a t e  ( =  d i l u t i o n  r a t e  [ p ] ,  h” ^ ) ,  i s  th e  in  s i t u  r e s p i r a t i o n  r a t e  

(mol Og/h p e r  g d ry  w t. b a c t e r i a  = , where Yq^ i s  th e  m olar grow th

y ie ld  on oxygen, g  d ry  w t. b a c te r ia /m o l Og)» Y^^* i s  th e  maximum m olar 

grow th  y ie ld  ( i . e .  = Yq  ̂ a t  i n f i n i t e  p ) , and Mq  ̂ i s  th e  m ain tenance 

r e s p i r a t i o n  r a t e  ( E a t  ^  = O). F u rth e rm o re , in  an e n e rg y - l im ite d

c u l tu r e ,  Yj^^* i s  p ro p o r t io n a l  to  th e  amount o f ATP produced p e r  mole of

oxygen consumed (Bauchop & E lsd e n , 196O), and we can d e f in e  , th e

maximum m o lar grow th y ie ld  w ith  r e s p e c t  to  ATP (g  d ry  w t. b a c te r ia /m o l  

ATP) such t h a t :

-  N. ( 1 .3 )

The p r o p o r t i o n a l i t y  c o n s ta n t  N (mol ATP/mol Og), once c o r r e c te d  f o r  any

s u b s t r a t e - l e v e l  p h o sp h o ry la t io n , i s  e q u iv a le n t  to  tw ic e  th e  v a lu e  o f  th e  

ATP/O q u o t ie n t .

may be d e te rm in ed  e x p e r im e n ta lly  frcxn p lo t s  o f th e  Qq a g a in s t

ji , b u t a  v a lu e  f o r  Y^p^ i s  r a t h e r  more d i f f i c u l t  to  o b ta in .  In
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f a c u l t a t i v e  an ae ro b es may be d e te rm in e d  from  th e  substrate

(g  d ry  w t. b a c te r ia /m o l carbon  s u b s t r a t e )  d u r in g  a n a e ro b ic  g row th , as the  

fe rm e n ta t io n  pathways and ATP y ie ld s  v i a  s u b s t r a t e - l e v e l  p h o sp h o ry la tio n  

a re  w e ll u n d e rs to o d . The assum ption  t h a t  th e  Y ^ ^  w i l l  be s im i la r  d u r in g  

a e ro b ic  and a n a e ro b ic  grow th i s  a  r e a s o n a b le  one -  p ro v id ed  th a t  grow th i s  

e n e rg y - l im ite d  u n d er b o th  c o n d it io n s  -  b u t r e c e n t  ev id en ce  t h a t  en erg y  

may be conserved  from  th e  e f f lu x  o f f e rm e n ta t io n  p ro d u c ts  down t h e i r  

c o n c e n tr a t io n  g r a d ie n ts  (M ichels e_t a l . ,  1979; O tto  e t  a l . ,  198O) su g g e s ts  

t h a t  i t  m igh t n o t be c o r r e c t  in  a l l  c a s e s .  In  o b l ig a te  a e ro b e s , Y^^^ 

can u s u a l ly  on ly  be o b ta in e d  from t h e o r e t i c a l  c a lc u la t io n s  o f  th e  energy  

re q u ire m e n t f o r  b io s y n th e s is  o f c e l l  m a t e r i a l s , o r  by com parison w ith  

v a lu e s  from  f a c u l t a t i v e  a n a e ro b e s .

U sing th e se  te c h n iq u e s ,  ATP/O q u o tie n ts  o f a p p ro x im a te ly  3 and 2 mol 

ATP/g atom 0 r e s p e c t iv e ly  have been o b ta in e d  f o r  b a c t e r i a  w ith  and w ith o u t 

a  h ig h - p o te n t i a l  membrane-bound cytochrom e c ( jo n e s ,  1977).

1.11 S in g le -c e ll  protein  (SCP)

'S in g l e - c e l l  p r o t e i n ' i s  th e  term  w hich has been  adop ted  to  r e p r e s e n t  

th e  c e l l s  o f a lg a e , b a c t e r i a ,  fu n g i and y e a s ts  grown -  p r in c i p a l l y  f o r  

t h e i r  p r o te in  c o n te n ts  -  f o r  human food  o r  an im al fe e d  p u rp o se s . I n t e r e s t  

in  SCP grew th ro u g h  th e  1 9 6 0 's  in  re sp o n se  to  p r e d ic t io n s  o f  World 

.sh o rta g e s  o f fo o d , and p a r t i c u l a r l y  o f  p r o te in  (se e  U n ited  N ations Economic 

and S o c ia l C o u n c il, 1967; U .S . P r e s id e n t 's  S c ie n ce  A dvisory  Com m ittee, 1967). 

The f i r s t  i n t e r n a t i o n a l  m ee tin g , convened to  d is c u s s  SCP in  1967 (se e  

M ate les  & Tannenbaun», 1968) ,  c o n s id e re d  m a in ly  th e o r e t i c a l  a s p e c ts  o f  SCP 

p ro d u c tio n  and u t i l i s a t i o n ,  b u t by the  second m eetin g  in  1973 (see  

Tannenbaum & Wang, 1975) s e v e ra l  i n d u s t r i a l  p ro c e s se s  had been  developed
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t o  a t  l e a s t  th e  p i l o t  p la n t  s ta g e .  The p e r io d  betw een 1973 and th e  p re s e n t  

day has seen  w ould-be SCP p ro d u cers  face d  w ith  a  number o f  p rob lem s, b o th  

o f  an econom ic and te c h n ic a l  n a tu r e ,  b u t ,  though many i n d u s t r i a l  

o r g a n is a t io n s  have d e c re a se d  t h e i r  i n t e r e s t  in  SCP, o th e rs  have i n i t i a t e d  

p ro d u c tio n  on a  com m ercial s c a le  (se e  L i t c h f i e ld ,  1978).

There i s  no in t e n t io n  h e re  to  a tte m p t to  rev iew  th e  complex 

m u l t id i s c ip l i n a r y  f i e l d  o f SCP p ro d u c tio n  and u t i l i s a t i o n ,  b u t a  few o f 

th e  f a c to r s  most c lo s e ly  r e l a t e d  to  th e  b io c h em ic a l and p h y s io lo g ic a l  

p r o p e r t i e s  o f th e  SCP organism  w i l l  be d is c u s s e d .

1 .1 1 .1  Choice of substrate  f o r  SCP production

P o s s ib le  s u b s t r a te s  f o r  SCP p ro d u c tio n  f a l l  in to  th r e e  c a te g o r ie s  

(Humphrey, 1975)*

(1 )  Energy so u rce  m a te r ia ls  -  e .g .  m ethane, m eth an o l, n -a lk a n e s ,  e th a n o l .

(2 ) W aste m a te r ia ls  -  e .g .  b a g a sse , whey, m o la sse s , s u lp h i t e  w aste  l i q u o r .

(3 )  Renewable so u rce  m a te r ia ls  -  e .g .  s t a r c h ,  s u g a r , c e l l u lo s e .

The a p p l i c a b i l i t y  o f  th e  l a s t  two c la s s e s  depends l a r g e ly  on lo c a l  

economic f a c t o r s  and w i l l  n o t be d is c u s s e d  f u r t h e r  h e re .  Of th e  energy  

so u rc e  m a te r ia l s ,  m ethanol has r e c e n t ly  been m ost o f te n  chosen  as th e  

s u b s t r a t e  f o r  l a r g e - s c a le  p ro d u c tio n  o f b a c t e r i a l  SCP ( e .g .  F a u s t £ t  a l . ,  

1981 ; Sm ith , 198I ;  Urakami e t  a l . , 1981) .  M ethanol i s  somewhat more 

e x p en s iv e  th an  m ethane o r  n -a lk a n e s ,  b u t i t  combines th e  ad v an tag es  o f 

b e in g  r e a d i ly  a v a i la b le  in  a  h ig h ly  p u r i f i e d  form , n o n -e x p lo s iv e , v e ry  

s o lu b le  in  w a te r ,  and r e a d i ly  washed from  th e  p ro d u c t. F u rth e rm o re , due to  

th e  b io e n e rg e t ic  in e f f i c i e n c y  o f th e  monooxygenase r e a c t io n s  in v o lv ed  in  

m ethane and n -a lk a n e  d i s s im i la t io n ,  th e  oxygen demand and h e a t  p ro d u c tio n  

d u r in g  grow th on th e se  s u b s t r a te s  i s  g r e a t e r  th an  d u r in g  grow th on m ethanol 

(s e e  G o ldberg , 1977).
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Both n -a lk a n e s  and e th a n o l have been e x te n s iv e ly  u t i l i s e d  f o r  th e  

p ro d u c tio n  o f y e a s t  SCP. D esp ite  i t s  r e l a t i v e l y  h ig h  c o s t ,  e th a n o l has 

been much u sed  as a  s u b s t r a t e  f o r  fo o d -y e a s t  p ro d u c tio n  due to  i t s  non

to x ic  n a tu re  and consum er a c c e p ta b i l i t y .

1. 11. 2 Choice of organism fo r  SCP production

C le a r ly  th e  c h o ic e  o f organism  f o r  SCP p ro d u c tio n  depends to  a  la rg e  

e x te n t  on th e  ch o ice  o f  s u b s t r a t e ,  and th e  in te n d e d  m arket f o r  th e  p ro d u c t. 

Y eas ts  have been u sed  f o r  human consum ption f o r  o v e r 50 y e a r s ,  b u t 

b a c t e r i a l  SCP has g iv en  v e ry  poor r e s u l t s  in  to x ic o lo g ic a l  t e s t s  in  humans 

( s e e  K hara ty an , 1978). There has been r e l a t i v e l y  l i t t l e  r e s e a r c h  so f a r  

i n to  th e  n u t r i t i o n a l  and to x ic o lo g ic a l  p r o p e r t ie s  o f  a lg a l  and fu n g a l SCP 

(s e e  C lem ent, 1975; Im rie  & V l i t o s ,  1975).

F o r th e  p ro d u c tio n  o f  anim al f e e d ,  b a c t e r i a  have th e  ad v an tag es  over 

y e a s t s  o f a  h ig h e r  grow th r a t e ,  h ig h e r  grow th y i e ld ,  and h ig h e r  p ro te in  

c o n te n t  -  though th e s e  f a c to r s  a re  to  some e x te n t  o f f s e t  by th e  l a r g e r  s iz e  

o f  y e a s ts  (which a llo w s e a s i e r  rem oval from s u sp e n s io n ) , and by th e  a b i l i t y  

o f  y e a s ts  to  grow a t  low pH th u s  r e s i s t i n g  b a c t e r i a l  c o n ta m in a tio n . In d eed , 

a  number o f  i n d u s t r i a l  p ro c e sse s  f o r  th e  p ro d u c tio n  o f y e a s t  SCP a re  

o p e ra te d  n o n - a s e p t i c a l ly  a t  pH3-4 (se e  L i t c h f i e ld ,  1978).

There has been c o n s id e ra b le  c o n tro v e rsy  as to  w h eth er pu re  o r mixed 

(b u t w e ll -d e f in e d )  c u l tu r e s  a re  p r e f e r a b le  f o r  th e  p ro d u c tio n  o f b a c t e r i a l  

SCP (s e e  H a rr is o n , 1978). D uring  grow th on m ethane, th e re  i s  ev idence  th a t  

n o n -m eth an o tro p h ic  com ponents of mixed c u l tu r e s  a re  a b le  to  remove p ro d u c ts  

( e . g .  m e th an o l) which would o th e rw ise  i n h i b i t  grow th o f th e  m ethano troph  

( e .g .  W ilk inson  e t  a l . , 1974; H a rr iso n , 1976b). M oreover, in  a  mixed 

c u l tu r e ,  i t  m i ^ t  be ex p ec ted  th a t  l y s i s  p ro d u c ts  o f th e  m e th y lo tro p h (s )
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would be u t i l i s e d  by th e  h e te r o t r o p h ( s )  th u s  d e c re a s in g  th e  amount o f 

carb o n  l o s t  in  th e  s u p e rn a ta n t ;  th e re  i s  some d i s p u te ,  how ever, as to  

w h e th e r mixed c u l tu r e s  grow w ith  h ig h e r  o r  low er grow th y ie ld s  th an  do 

pu re  c u l tu r e s  (G o ldberg , 1977; H a rr is o n , 1978). The d e c re a se d  s u s c e p t i b i l i t y  

o f  mixed c u l tu r e s  to  o u ts id e  co n ta m in a tio n  may be o f some p r a c t i c a l  v a lu e  

in  SCP p ro d u c tio n , b u t t h i s  i s  o f f s e t  by th e  f a c t  t h a t  i t  i s  e a s ie r  to  

p roduce SCP from pure  c u l tu r e s  to  th e  c o n s ta n t  s p e c i f i c a t io n s  r e q u ire d  by 

b o th  consum ers and r e g u la to r y  a g en c ie s  (G o ldberg , 1977: H a rr is o n , 1978).

C ontinuous c u l tu r e  has w e ll-d e f in e d  ad v an tag es  o v e r b a tc h  c u l tu r e  in  

te rm s o f  p r o d u c t iv i ty  p e r  u n i t  volume p e r  u n i t  tim e (M a te le s , 1968) ,  and 

th e  fo rm er has been u sed  a lm o st u b iq u i to u s ly  f o r  SCP p ro d u c tio n . Due to  th e  

d i f f i c u l t i e s  o f a c h ie v in g  good m ix ing  in  a  la rg e  f e rm e n te r ,  any SCP 

organ ism  w i l l  be s u b je c te d  to  a  v a ry in g  reg im e o f s u b s t r a t e ,  oxygen and 

ca rb o n  d io x id e  c o n c e n tr a t io n s ,  as w e ll as to  v a ry in g  te m p e ra tu re , p re s s u re  

and pH (s e e  M a te le s , 1979)* The a b i l i t y  to  grow w ith  n e a r -o p tim a l y ie ld s  

in  t h i s  v a ry in g  env ironm ent i s  a  p r in c i p a l  f a c t o r  in  th e  s e le c t io n  o f  an 

o rgan ism  f o r  SCP p ro d u c tio n .

1 . 11 .3  I . e . I .  SCP p ro c e ss

S in ce  1973, I . C . I .  A g r ic u l tu r a l  D iv is io n  has o p e ra te d  a  p i l o t  p la n t  

a t  D illin g h am , C lev elan d  w ith  a  p r o d u c t iv i ty  o f up to  1 ,000  to n n e s /y e a r  

f o r  th e  p ro d u c tio n  o f SCP from  m e th an o l. In  198O, th e  f i r s t  com m ercial- 

s c a le  p l a n t ,  w ith  a  p r o d u c t iv i ty  o f 50 , 000- 75,000 to n n e s /y e a r  was 

com m issioned. The I . C . I .  p ro d u c t, 'PRUTEEN', c o n s i s t s  o f  th e  d r ie d  biom ass 

o f  th e  m e th y lo tro p h ic  b ac te riu m  M .m eth y lo tro p h u s . The n u t r i t i o n a l  and 

t o x i c o lo g ic a l  p r o p e r t ie s  o f  PRUTEEN have been e x te n s iv e ly  in v e s t ig a te d
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( s t r i n g e r  & W ilson , 1976), and i t  i s  now s o ld  on th e  an im al fe e d  m arket 

as  a  m ilk  r e p la c e r  f o r  c a lv e s ,  o r  to  be in c lu d e d  in  compound fe e d s  f o r  

p i g l e t s ,  la y in g  h e n s , b r o i l e r s  and tu rk e y s .

The m ethano l used  in  th e  PRUTEEN p ro c e ss  i s  p roduced from gaseous 

m ix tu re s  o f hydrogen and carbon  o x id es  in  th e  p re sen ce  o f  a  co p p er-b ased  

c a t a l y s t  (The I . C . I .  Low P re s su re  M ethanol P ro c e s s , u n d a te d ) .  T his p ro c e ss  

i s  ex tre m e ly  v e r s a t i l e  as  th e  r e a c ta n t s  may be produced e i t h e r  by the  

s team  re fo rm in g  o f  n a tu r a l  gas (The I . C . I .  Steam N aphtha R eform ing P ro c e s s , 

u n d a te d ) ,  o r  by th e  p a r t i a l  o x id a tio n  o f heavy f u e l  o i l  o r  c o a l .

The h e a r t  o f th e  PRUTEEN p ro c e ss  i s  a p re s s u re  c y c le  fe rm e n te r  w ith  

a  volume in  ex cess  o f  lOOOm  ̂ (F ig . 1 .8 ) .  The fe rm e n te r  c o n s i s t s  o f a  

c o n c e n tr ic  r i s e r  and downcomer th ro u g h  w hich th e  c u l tu r e  i s  r a p id ly  

c i r c u l a t e d ,  d r iv e n  by com pressed a i r  in tro d u c e d  a t  th e  b a se  o f th e  r i s e r .  

The ad v an tag es  o f  t h i s  d e s ig n  ov er c o n v e n tio n a l s t i r r e d - t a n k  tech n o lo g y  f o r  

l a r g e - s c a l e  SCP p ro d u c tio n  have been d is c u s se d  e lsew h ere  (H atch , 1975;

Cow e t  a l . ,  1975). In  o rd e r  to  o b ta in  optimum y i e l d s ,  th e  b a c t e r i a  a re  

grown in  m e th a n o l- l im ite d  co n tin u o u s c u l tu r e  and th e  d is s o lv e d  oxygen 

te n s io n  i s  m a in ta in e d  above a  c r i t i c a l  v a lu e .  The fe rm e n te r  e f f l u e n t  i s  

t r e a t e d  to  e f f e c t  ag g lo m era tio n  p r io r  to  c e n t r i f u g a t io n ,  and th e  r e s u l t i n g  

s l u r r y  i s  g ra n u la te d  and d r ie d  in  a  f l a s h  d r i e r ;  th e  l i q u id  removed in  th e  

b a c t e r i a l  s e p a r a t io n  p ro c e s se s  i s  re c y c le d  to  th e  fe rm e n te r  where f r e s h  

n u t r i e n t s  a re  added .

The m ajo r c o n t r ib u t io n s  to  th e  o p e ra t in g  c o s ts  f o r  PRUTEEN p ro d u c tio n  

a re  m ethanol (599^), energy  {2yfo\ m ain ly  f o r  a ir -c o m p re s s io n , c o o l in g  and 

p ro d u c t d ry in g )  and o th e r  c o n s t i tu e n t s  o f th e  grow th medium ( l7 ^ )  (Smith, 

1981) .  The c e n t r a l  im portance  o f  th e  grow th y ie ld  o f th e  organism  to  th e  

econom ics o f  th e  p ro c e ss  i s  r e f l e c t e d  n o t o n ly  in  th e  dom inant c o n t r ib u t io n
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o f  m ethanol to  th e  o p e ra t in g  c o s t s ,  b u t a l s o  in  th e  c o s ts  f o r  a i r -  

com pression  and c o o lin g , as  th e  oxygen demand and h e a t  p ro d u c tio n  b o th  

depend on th e  e f f ic ie n c y  o f  c e l l  g row th .

1 .12  O b je c tiv e s

The prim e o b je c t iv e  o f  t h i s  work was to  o b ta in  an u n d e rs ta n d in g  o f 

r e s p i r a t o r y  ch a in  energy  c o n s e rv a tio n  in  M .m eth y lo tro p h u s. The grow th 

y ie ld s  o f m e th y lo tro p h s , compared to  th e  h e a ts  o f com bustion  o f t h e i r  

s u b s t r a t e s ,  a re  lo w er th an  th o se  o f m ost h e te ro tro p h s  (L in to n  & S tephenson, 1977 

and , on a  b ro a d e r  l e v e l ,  a  reaso n  f o r  t h i s  d is c re p a n c y  was so u g h t. I t  was 

hoped th a t  t h i s  in v e s t ig a t io n  would h e lp  to  i d e n t i f y  any b io e n e rg e t ic  

i n e f f i c i e n c i e s  in  th e  grow th o f M .m ethylo trophus which m igh t be open to  

remedy a t  a  l a t e r  d a te .

Three f a c e t s  o f  r e s p i r a t o r y  ch a in  energ y  c o n s e rv a tio n  in  

M. me th y 1o tro p h u s  have been in v e s t ig a te d *

(1 ) The c o m p o sitio n , s e q u e n t ia l  o rg a n is a t io n ,  and a c t i v i t y  o f the  

r e s p i r a t o r y  c h a in  (C h ap te r 3 ) .

(2 ) K in e t ic  p a ram ete rs  o f  energy  c o n s e rv a t io n  such  as th e  -► H"^/0 

q u o tie n t  (C h ap te r 4 ) and -► E^/ATP q u o tie n t  (C h ap te r 6 ) .

(3 )  Thermodynamic p a ram e te rs  o f energy  c o n s e rv a t io n  such  as th e  

p ro to n m o tiv e  fo rc e  and th e  p h o sp h o ry la tio n  p o te n t i a l  (C h ap te r 6 ) .

In  a d d i t io n ,  th e  e f f e c t  o f th e  grow th c o n d it io n s  on some o f th e  above 

p a ram e te rs  h as  been s tu d ie d  (C h ap te r 5)*

A ccounts of t h i s  work have appeared  in  th e  l i t e r a t u r e  (Lawson & Jo n e s , 

I980ab , 1 9 8 la b c ) .
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3 -ace ty lpy rid ine-N A D ^ re d u c t io n

2 . 7 .3  G lu co se -6 -p h o sp h a te  dehydrogenase  a ssa y

2 . 7 .4  Form ate a ssa y

2 .8  D e te rm in a tio n  o f r e s p i r a t io n - l i n k e d  p ro to n  and ch arg e  t r a n s lo c a t io n

s to ic h e io m e tr ie s

2 .8 .1  D e te rm in a tio n  o f  th e  s to ic h e io m e try  o f  r e s p i r a t i o n -

lin k e d  p ro to n  t r a n s lo c a t io n  by th e  o xygen -pu lse  method

2 .8 .2  D e te rm in a tio n  o f  th e  s to ic h e io m e tr ie s  o f  r e s p i r a t i o n -

lin k e d  p ro to n  and ch arg e  t r a n s lo c a t io n  by th e  i n i t i a l -

r a t e  method

2 .9  D e te rm in a tio n  o f th e  e l e c t r i c a l  p o te n t i a l  d i f f e r e n c e  (A 'l ')  a c ro s s

th e  c o u p lin g  membrane
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2 .1 0  D e te rm in a tio n  o f  th e  pH d i f f e r e n c e  ( A pH) a c ro s s  th e  c o u p lin g  

membrane

2 .1 0 .1  D e te rm in a tio n  o f  th e  i n t r a c e l l u l a r  b u f f e r in g  c a p a c i ty

2 .1 0 .2  D e te rm in a tio n  o f  th e  A pH

2.11 D e te rm in a tio n  o f th e  i n t r a c e l l u l a r  c o n c e n tra t io n s  o f aden ine  

n u c le o t id e s  and in o rg a n ic  phosphate

2 .1 1 .1  P re p a ra t io n  o f n e u t r a l i s e d  p e r c h lo r ic  a c id  e x t r a c t s

2 .1 1 .2  ATP a s sa y  u s in g  th e  l u c i f e r i n / l u c i f e r a s e  method

2 .1 1 .3  C onversion  o f AMP and ADP to  ATP

2 .1 1 .4  In o rg a n ic  p h osphate  a s sa y
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CHAPTER 2

MATERIALS AND METHODS

2 .1  C hem icals and b io c h em ic a ls

2 .1 .1  S ources o f  ch em ica ls  and b io c h e m ic a ls  

2 ,3 » 5 » 6 -T e tram e th y l-p -p h en y len e  d iam ine (DADH^) was o b ta in e d  from

A ld r ic h  Chem ical Co. L td . ,  G illin g h am , D o rse t SP8 4JL .

L -a sc o rb ic  a c id  (v itam in  C ), sodium D - is o a s c o rb a te ,  L -m alic  a c id ,  

sodium  p y ru v a te , M a la c h ite  G reen, and T r i to n  X-100 w ere o b ta in e d  from  BDH 

L t d . ,  P o o le , D o rse t BH12 4NN.

ATP (d isod ium  s a l t ) ,  c a rb o n y lc y a n id e -p - tr if lu o ro m e th o x y p h e n y lh y d ra z o n e  

(FCCP), NADH (g rad e  I I ,  d isodium  s a l t ) ,  and NADPH ( t e tra so d iu m  s a l t )  w ere 

o b ta in e d  from  B o eh rin g e r C o rp o ra tio n  (London) L td . ,  Lewes, E a s t Sussex  

BN7 1LG.

Sodium am ytal was o b ta in e d  from E. L i l l y  & Co. L td . ,  B a s in g s to k e , 

H an ts .

Sodium D ,L - la c ta te ,  sodium s u c c in a te ,  F is o F lu o r  *2*, F o l in -C io c a l te u  

phen o l r e a g e n t ,  and F iso n s  T race E lem ent s o lu t io n  w ere o b ta in ed  from  

F iso n s  L td . ,  L o u g h b o ro u ^ , L e ics . LE11 ORG.

D uroquino l was o b ta in e d  from  ICN P h a rm a c e u tic a ls , K & K L a b o ra to r ie s  

D iv is io n ,  P la in v ie w , New York 11083, USA.

P o ly o x y e th y le n e so rb ita n  m on o lau ra te  (Tween 20) was o b ta in e d  from  

K och-L i^b t L a b o ra to r ie s  L td . ,  C olnbrook, B erks. SL3 0B2.

Oxoid P u r i f ie d  Agar was o b ta in e d  from  Oxoid L t d . ,  B a s in g s to k e , H ants. 

RG24 OPW.
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A c e tic  a c id  (sodium  s a l t ,  40-60mCi/mmol) ,  5 ,5 -d im e th y l 

[2 -^ ^ c ]  oxE L Z olid ine-2 ,4-d ione (DM0; 57mCi/mmol) ,  and m e th y l-

t r i p h e n y lphosphonium io d id e  (TPMP^, 9mCi/mmol in  e th a n o l)  w ere o b ta in e d  

from  The R adiochem ical C en tre  L td . ,  Amersham, Bucks HP7 9LL.

AMP (ty p e  I I ,  sodium s a l t ) ,  ADP (g rad e  V I, sodium  s a l t ) ,  NAD  ̂ (g rad e  

I I I ) ,  NADP**" (sodium  s a l t ) ,  3-acetylpyridine-NAD**" (g rad e  l ) ,  D ,L - i s o c i t r a t e  

( t r i s odium s a l t ) ,  p h o sp hoeno lypy ruvate  ( tr iso d iu m  s a l t ) ,  g lu c o se -6 -p h o sp h a te  

(monosodium s a l t ) ,  N -e thy lm ale ira id e  (NEM), p henaz ine  m e th o su lp h a te  (IMS), 

N ,N ,N ',N ’- te tra m e th y l-p -p h e n y le n e d ia m in e  (TMPD), N ,N '-d ic y c lo h e x y lc a rb o -  

d iim id e  (DCCD), an tim y c in  A, 2-n -h e p ty l-4 -h y d ro x y q u in o lin e  N -oxide (HQJîO), 

ro te n o n e ,  d ic u m a ro l, v a lin o m y c in , g ly c y lg ly c in e  ( f r e e  b a s e ) ,  N -2 -hydroxy- 

e th y lp ip e ra z in e -N '- 2 -e th a n e s u lp h o n ic  a c id  (H epes, f r e e  a c id ) ,  p ip e r a z in e -  

N ,N '-b is  (2 -e th a n e su lp h o n ic  a c id )  (P ip e s ,  f r e e  a c i d ) ,  a d e n y la te  k in a s e  

(m yokinase; g rad e  I I I ,  1 ,1 0 0 -1 ,5 0 0  E .U ./m g ), a lc o h o l dehydrogenase  ( y e a s t ,  

300-400 E .U ./m g), c a t a la s e  (bov ine l i v e r ,  2 ,0 0 0 -5 ,0 0 0  E .U ./m g), c a rb o n ic  

an h y d rase  (bov ine  e r y th r o c y te ,  2 ,5 0 0  E .U ./m g ), cytochrom e c  (bov ine  h e a r t ,  

ty p e  r v ) ,  fo rm a te  dehydrogenase  (Pseudomonas o x a l a t i c u s , 0 .3  E .U ./m g ), 

p y ru v a te  k in a s e  ( ty p e  I I ,  350-500 E .U ./m g), and d e s s ic a te d  f i r e f l y  la n te r n s  

w ere o b ta in e d  from  Sigma (London) Chemical Co. L td . ,  P o o le , D o rse t BRI7 7NR«

N ig e r ic in ,  te t r a p h e n y lphosphonium brom ide (TPP^, 2m Ci/pm ol) ,  and

[ l-^ ^ C ]  p h e n y la c e t ic  a c id  (45mCi/mmol) w ere th e  generous g i f t s  o f 

Dr R .L . R am il, L i l l y  R esearch  L a b o ra to r ie s ,  E. L i l l y  and Co. L td . ,  

I n d ia n a p o l i s ,  In d . 46206, U .S .A ., Dr M. D rzyzga, Hoffman La Roche, N u tle y , 

New J e r s e y  07110, U .S .A ., and Dr R.A. Cooper, D ep t, o f  B io c h e m is try , 

U n iv e r s i ty  o f  L e i c e s te r ,  L e ic e s te r  LEI 7EH, r e s p e c t iv e ly .

A ll o th e r  ch em ica ls  w ere o f  th e  ANALAR g ra d e .
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2 . 1 . 2  P re p a ra t io n  and assay  o f  s to c k  s o lu t io n s

As e th a n o l a c t s  as  an e le c t r o n  donor to  m ethano l dehydrogenase  

(Anthony & Zatman, 1965)» a l l  w a te r - in s o lu b le  ch em ica ls  w ere d is s o lv e d  in  

N ,N '-d im ethyIform am ide (IM F). Whenever DMF was u s e d , c o n t ro l  ex p erim en ts  

w ere c a r r i e d  o u t to  d e te rm in e  th e  e f f e c t ,  i f  any , o f  th e  s o lv e n t .  The 

c o n c e n tr a t io n  o f  DMF in  c e l l  su sp e n s io n s  was n e v e r  a llow ed  to  exceed  1^

( v /v ) .  The fo llo w in g  ch em ica ls  were d is s o lv e d  in  DMF : an tim y c in  A 

ro te n o n e , d u ro q u in o l, FCCP, n i g e r i c i n ,  and v a lin o m y c in . A ll o th e r  ch em ica ls  

w ere d is s o lv e d  in  d i s t i l l e d  w a te r  ex ce p t am y ta l, HQNO and d ic u m aro l,w h ich  

w ere d is s o lv e d  in  d i l u t e  KOH, and DADĤ  which was d is s o lv e d  in  d i l u t e  HCl.

Adenine n u c le o t id e  s ta n d a rd s ,  and HQNO, w ere a ssay ed  by Ag^g ^^(amp 

, 15. 3 , 15*4, 15*4mM“ ^cm” % Beaven e t  a l . ,  1955; Bock e t  a l . ,
ADP , ATP/ 20Q n —

1956) ,  and A ^ .r 9-45  nAf^cm"^; C o m fo r th  & Jam es, 1956), r e s p e c t iv e ly

Form aldehyde was p re p a re d  by a u to c la v in g  0 .5 g  o f  p ara fo rm aldehyde  p lu s  5™1 

o f  w a te r  in  a  s e a le d  c o n ta in e r  f o r  3h, and assay ed  u s in g  NAD - l in k e d  

a lc o h o l dehydrogenase (B em t & Bergm eyer, 1974) as  f o l lo w s .  The 3ml 

r e a c t io n  m ix tu re  c o n ta in e d  0 .65M -potassium  pho sp h ate  b u f f e r  (p H 7 .0 ), 75pM- 

NADH, 480 E .U . o f a lc o h o l dehydrogenase and 0-150nm oles o f fo rm ald eh y d e .

A f te r  in c u b a tin g  f o r  30 min a t  room te m p e ra tu re , th e  A^^Q was m easured 

a g a in s t  a  r e a c t io n  m ix tu re  w ith  no added fo rm aldehyde; and th e  d i f f e r e n c e  

was assumed to  be due to  th e  r e d u c t io n  o f  th e  t o t a l  form aldehyde in  th e  

a s s a y .
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2 .2  Growth and m ain tenance o f  b a c t e r i a l  c u l tu r e s

2 .2 .1  M aintenance o f  s to c k  c u l tu r e s

M. me th y lo tro p h u s  ( fo rm e rly  Pseudomonas m e th y lo tro p h a ; NCIB 10515;

Byrom & Ousby, 1975) was o b ta in e d  from  I . C . I .  A g r ic u l tu r a l  D iv is io n ,  

D illin g h am , C leveland  TS23 1LD. S tock  c u l tu r e s  were m a in ta in ed  in  f r e e z e -  

d r ie d  am poules, and on m e th a n o l /s a l ts  a g a r  p la t e s  c o n ta in in g  in  1% :

KgHPO^, 1 .9 g ; NaHgP0^.2Hg0, 1 .5 6 g ; (NH^)2S0^ , 1 .8 g ; MgS0^ . 7H2 0 , 20mg; 

FeC1^.6H20, 9*7mg; F iso n s  T race E lem ent s o lu t io n  (Cu, 5p«P*ni.; Mn, 24-25 

p .p .m .;  Zn, 2 2 -2 3 p .p .m .; Ca, 7 2 0 p .p .m .) ,  1ml; Oxoid P u r i f ie d  A gar, 15g; 

m e th an o l, 5ml; a d ju s te d  to  pH7.2 w ith  KOH.

2 .2 .2  P re p a ra t io n  o f in o c u la

B a c te r ia  used  f o r  th e  in o c u la t io n  o f  c o n tin u o u s  c u l tu r e s  w ere grown, 

a t  37°C, as 100-150ml b a tc h  c u l tu r e s  in  500ml f l a s k s  w hich w ere a e r a te d  by 

sh a k in g  on a  r o ta r y  sh a k e r  (L.H . E n g in e e rin g  Co. L td . ,  S toke P oges, Bucks.

SL2 4EG) a t  ap p ro x im a te ly  300 r .p .m .  The grow th medium u sed  was th e  m ethanol 

/ s a l t s  s o lu t io n  d e s c r ib e d  above, ex c e p t t h a t  th e  m ethanol c o n c e n tra t io n  was 

in c re a s e d  to  (v /v )  (250mM). B a c te r ia  were grown to  a  f i n a l  d e n s i ty  o f  

ap p ro x im a te ly  1g d ry  w t. b a c t e r i a / l ,  and u sed  w ith in  12h o f  th e  end o f  th e  

lo g a r i th m ic  grow th p h ase .
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2 .2 .3  Growth o f  M. me th y  1 o t r o  phus in  m e th a n o l- l im ite d  c o n tin u o u s  c u l tu r e

The b a c t e r i a  u sed  f o r  m ost o f  th e  experim en ts  d e s c r ib e d  in  t h i s  

t h e s i s  were grown a t  L e ic e s te r ;  how ever, th o se  b a c t e r i a  u sed  f o r  th e  

d e te rm in a tio n  o f  cytochrom e c o n te n ts  (se e  s e c t io n s  3 .2 ,  5»2) w ere grown a t  

I . C . I .  A g r ic u l tu r a l  D iv is io n , D illin g h am . A ll b a c t e r i a  were grown a t  

pH 7.0, 40°C, and a t  a  d i l u t i o n  r a t e  (D =  th e  s p e c i f i c  grow th r a t e )  o f

0 .1 8 h  ^ . The d is s o lv e d  oxygen te n s io n  (D .O .T .) was m o n ito red  u s in g  a  

l e a d / s i l v e r  g a lv a n ic  e l e c t r o d e ,  and , f o r  m e th a n o l- l im ite d  c u l tu r e s ,  was 

m a in ta in e d  above 50?^ o f a i r  s a t u r a t i o n .  The p u r i ty  o f  c u l tu r e s  was checked 

d a i l y  by p l a t i n g  on to  n u t r i e n t  a g a r  and m e th a n o l /s a l ts  a g a r  p la te s  which 

w ere th e n  in c u b a te d  a t  37°C f o r  72h.

A t L e ic e s te r ,  c u l tu r e s  (app ro x im ate  volume 970ml) w ere grown in  a  11 

la b o r a to r y  fe rm e n te r  (L.H . E n g in e e r in g  Co. L t d . ) .  The medium c o n ta in e d  in  

11 ; MgS0^.7H20, 0 .2 7 g ; K^SO^, 35mg; KgHPO^, 0 .113g ; I.IM-H^PO^, 3 .75m l; 

F iso n s  T race E lem ent s o lu t io n ,  6ml; and m e thano l, 2ml (50mM). I ro n  was 

pumped in to  th e  fe rm e n te r  v e s s e l  s e p a r a te ly  as  FeSO^ s o lu t io n  (O .l6 g  o f 

FeS0^«7H2Û p lu s  2ml o f  H^SO^/  l )  a t  a  r a t e  o f 4m l/h  to  g iv e  an in p u t 

c o n c e n tr a t io n  o f 14*4pM. The medium d e sc r ib e d  above i s  a c id ic  (pH =  3 .0 ) ,  

and th e  pH was c o n t r o l le d  a t  7 .0  -  0 .1  by au to m a tic  a d d i t io n  o f  10% (w /v) 

NH^OH which a l s o  a c te d  as  th e  n i t r o g e n  so u rce  f o r  g row th . C e ll d e n s i t i e s  

o f  a p p ro x im a te ly  0 .6 5 g  d ry  w t. b a c t e r i a /1  w ere r o u t i n e ly  a c h ie v e d .

At D illin g h am , c u l tu r e s  (app rox im ate  volume 2-^1) w ere grown in  a  51 

P o r to n - s ty le  fe rm e n te r  (B aker, I 968) to  a  s u b s t a n t i a l l y  h i ^ e r  c e l l  d e n s i ty  

(a p p ro x im a te ly  22g d ry  w t. b a c t e r i a / 1 )  th a n  ach iev ed  a t  L e ic e s te r .  The 

medium c o n ta in e d  in  11 : MgS0^.7H20, 1 .62g ; K^SO^, 0 .2 0 5 g ; KgHPO^, 0 .685g ;

1. 1M-H^P0^, 21 . 5m l; F iso n s  T race Elem ent s o lu t io n ,  36m l. M ethanol and 

i r o n  were in tro d u c e d  as  a  m e th a n o lic  FeCl^ s o lu t io n  to  g iv e  in p u t
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c o n c e n tr a t io n s  o f I . 56M and 3*5?niM r e s p e c t iv e ly .  The n i t ro g e n - s o u rc e  

was NH  ̂ gas w hich was a ls o  used  f o r  pH c o n t r o l .

2 . 2 .4  Growth o f  M. m e th y lo tro p h u s  in  o x y g e n -lim ite d  co n tin u o u s  c u l tu r e

Oxygen l i m i t a t i o n  was ach iev ed  a t  L e ic e s te r  by in c r e a s in g  th e  

c o n c e n tra t io n  o f  m ethanol in  th e  medium to  1G0mM, w hereas a t  B illin g h a m  

th e  m ethanol c o n c e n tra t io n  was unchanged b u t th e  a e r a t io n  r a t e  was 

d e c re a se d . O th e rw ise , th e  c o n d i t io n s  f o r  grow th in  o x y g e n -lim ite d  co n tin u o u s  

c u l tu r e  were th e  same as  f o r  grow th in  m e th a n o l- l im ite d  c u l t u r e .  C e ll 

d e n s i t i e s  ach iev ed  in  o x y g e n -lim ite d  co n tin u o u s  c u l tu r e  w ere ap p ro x im a te ly  

1 and 19g d ry  w t. b a c t e r i a / l  a t  L e ic e s te r  and B illin g h a m  r e s p e c t iv e l y .

D uring  grow th in  o x y g e n -lim ite d  co n tin u o u s c u l tu r e  th e  D .O .T. was c lo se  

to  z e ro ,  and no in c re a s e  was observ ed  a f t e r  sw itc h in g  o f f  th e  su p p ly  o f 

m ethanol f o r  5 m in.

2 . 2 .5  Growth o f M. me t h y l 01rophus in  am m onium -lim ited c o n tin u o u s  c u l tu r e

B a c te r ia  were grown in  ammonium-1 im ite d  c o n tin u o u s  c u l tu r e  o n ly  a t  

B illin g h a m . The c o n d it io n s  w ere as  f o r  m e th a n o l- l im ite d  c u l tu r e  ex ce p t 

t h a t  th e  in p u t m ethanol c o n c e n tr a t io n  was d e c re a se d  to  O.69M, 3«42g o f 

(NH^)2S0^/1 was added to  th e  medium, and pH c o n t ro l  was a ch iev ed  u s in g  

4M-NaOH/4M-K0H in s te a d  o f NH  ̂ g a s .  A c e l l  d e n s i ty  o f d ry  w t. b a c t e r i a / l

was r o u t in e ly  a c h ie v e d .

D uring  grow th in  am m onium -lim ited co n tin u o u s  c u l tu r e  th e  D .O .T. was 

m a in ta in e d  above 50^  o f  a i r  s a tu r a t io n  b u t no in c re a s e  was observ ed  a f t e r  

s w itc h in g  o f f  th e  su p p ly  o f m ethanol f o r  5 m in.
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2 .3  D e te rm in a tio n  o f th e  d ry  w e ig h ts  o f  b a c t e r i a l  su sp e n s io n s

In  a l l  th e  ex p erim en ts  r e p o r te d  in  t h i s  t h e s i s ,  d ry  w e ig h ts  o f 

b a c t e r i a l  su sp e n s io n s  were d e te rm in e d  from th e  The r e l a t i o n s h i p

betw een  th e  d ry  w eig h t and A^qq was d e te rm in ed  a s  fo l lo w s .  Washed c e l l  

su sp e n s io n s  ( in  d i s t i l l e d  w a te r )  w ere p rep a red  to  a  ran g e  o f  o p t i c a l  

d e n s i t i e s ,  th e n  f i l t e r e d  u n d e r n e g a t iv e  p re s s u re  th ro u g h  prew eighed 

S a r to r iu s  membrane f i l t e r s  (p o re  d ia .  0.45pM; S a r to r iu s  M e m b ran filte r  GmbH, 

G o ttin g e n , West Germany). The f i l t e r s  were d r ie d  o v e rn ig h t in  a  d ry in g  

oven (approx im ate  te m p e ra tu re  80^C), a llow ed  to  c o o l ,  and th e n  rew eig h ed . 

C o r re c t io n  was made f o r  a  sm all lo s s  in  w eigh t o f  unused  f i l t e r s  d r ie d  in  

th e  same way. The A^gQ was found to  be a  l i n e a r  fu n c tio n  o f  th e  d ry  

w e ig h t up to  a t  l e a s t  A^g^ 1 =  0.63mg d ry  w t. b a c t e r ia /m l .

2 .4  P re p a ra t io n  and f r a c t i o n a t io n  o f  c e l l  e x t r a c t s

2 .4 » 1 P re p a ra t io n  and f r a c t i o n a t io n  o f c e l l  e x t r a c t s  used  in  th e  r e c o rd in g

o f  cytochrom e s p e c t r a

B a c te r ia  were h a rv e s te d  ( l2 ,0 0 0 g , 10 m in ), washed w ith  25mM-Hepes/KOH 

b u f f e r  (pH 7 .0 ), and resu sp en d ed  in  t h i s  same b u f f e r .  C e lls  w ere b roken 

e i t h e r  by s o n ic a t io n  (5 , 1 min p e r io d s ) ,  o r  by p a s s in g  tw ice  th ro u g h  an 

Amineo F rench  p re s s u re  c e l l  ( l5 » 0 0 0 p s i; American In s tru m e n t C o ., M aryland 

20910 , U .S .A .) . Unbroken c e l l s  and c e l l  d e b r is  w ere th e n  spun-down 

( l2 ,0 0 0 g ,  10 m in) le a v in g  th e  c rude  c e l l  e x t r a c t .  F r a c t io n a t io n  o f th e  

c ru d e  e x t r a c t  i n to  membrane and s o lu b le  f r a c t i o n s  was ach iev ed  by h i ^ -  

sp eed  c e n t r i f u g a t io n  ( l5 0 ,0 0 0 g , 2 h ) . A f te r  d e c a n tin g  th e  s o lu b le  f r a c t i o n ,  

th e  s u r fa c e  o f  th e  membrane p e l l e t  was washed w ith  2OmM-KHgPO^/KOH b u f f e r
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(pH T.O ), and th e  p e l l e t  was resu sp en d ed  in  t h i s  same b u f f e r  u s in g  a  hand 

h om ogen iser. Throughout th e  p r e p a ra t io n  p ro ced u re  c e l l  e x t r a c t s  were 

k e p t  a t  c lo s e  to  0°C.

P ro te in  c o n te n ts  were a ssay ed  by th e  method o f  Lowry e t  (1951) 

u s in g  th e  F o lin -C io c a l te u  phenol r e a g e n t .

2 . 4 .2  P re p a ra t io n  and f r a c t i o n a t io n  o f  c e l l  e x t r a c t s  u sed  f o r  

tra n sh y d ro g e n a se  a ssay s

The p ro ced u re  was e s s e n t i a l l y  a s  above e x c e p t t h a t  b a c t e r i a  w ere 

washed and re su sp en d ed  in  I 4O111M-KCI, 10mM -glycyIglycine/KOH b u f f e r  

(pH ?. 0 ) ;  th e  membrane p e l l e t  was a l s o  resu sp en d ed  in  t h i s  same b u f f e r .  

S o n ic a tio n  was u sed  e x c lu s iv e ly  f o r  c e l l  d i s r u p t io n ;  and p r o te in  c o n te n ts  

w ere a ssay ed  u s in g  th e  B iu re t  r e a g e n t (G o m a ll e t  , 1949)» c o r r e c t io n  

b e in g  made f o r  a  s l i g h t  in te r f e r e n c e  by g ly c y lg ly c in e .

2 .3  D e te rm in a tio n  o f cytochrom e c o n te n ts

2 . 5.1  R eco rd ing  o f  red u ced  minus o x id ise d  d i f f e r e n c e  s p e c t r a

A ll s p e c t r a  w ere re c o rd e d  u s in g  a  H ita c h i  P e rk in -E lm er 557 s p l i t - b e a m / 

d u a l-w a v e le n g th  sp e c tro p h o to m e te r  (P e rk in -E lm er L t d . ,  B e a c o n s f ie ld , Bucks. 

HP9 IQA), w ith  a  s l i t  w id th  o f  2nm. S p e c tra  w ere re c o rd e d  e i t h e r  a t  room- 

te m p e ra tu re , o r  a t  77K u s in g  a  l i q u id - n i t r o g e n  co o led  a tta c h m e n t (c u v e t te  

p a th  le n g th  2mm; see  B onner, 1961) .

F o r ro o m -tem p era tu re  s p e c t r a ,  th e  a i r - o x id i s e d  minus a i r - o x id i s e d  

b a s e l in e  was f i r s t  re c o rd e d  and s to r e d  in  th e  s p e c tro p h o to m e te r ’s m icro 

com pu ter. The c o n te n ts  o f  th e  sam ple c u v e t te  (p a th  le n g th  10mm) w ere th en

—71 -



red u ce d  w ith  a  few g ra in s  o f sodium d i t h i o n i t e ,  and th e  c o n te n ts  o f th e  

r e f e r e n c e  c u v e t te  were o x id ise d  w ith  o f 2 volume EgOg. A f te r  

ap p ro x im a te ly  2 min, th e  reduced  minus o x id ise d  d i f f e r e n c e  spectrum  was 

r e c o rd e d , a u to m a tic  c o r r e c t io n  b e in g  made f o r  th e  b a s e l in e  sp ec tru m . The 

p ro c e d u re  f o r  low te m p e ra tu re  s p e c t r a  was s im i la r  e x c e p t t h a t  no b a s e l in e  

c o r r e c t io n  was made.

2 . 5 .2  R ecord ing  o f reduced  p lu s  CO minus reduced  d i f f e r e n c e  s p e c tr a

F o r roo m -tem p era tu re  s p e c t r a ,  th e  c o n te n ts  o f  b o th  c u v e t te s  were 

red u ce d  w ith  d i t h i o n i t e ,  and a f t e r  ap p ro x im ate ly  2 min th e  reduced  minus 

red u ce d  b a s e l in e  was re c o rd e d  and s to r e d .  CO was bubb led  f o r  1 min th rough  

th e  sam ple c u v e t te ,  and t h i s  was th e n  in c u b a te d  in  th e  d a rk . A f te r  10 m in, 

th e  red u ced  p lu s  CO minus reduced  d if f e r e n c e  spectrum  was re c o rd e d , a u to 

m a tic  c o r r e c t io n  b e in g  made f o r  th e  b a s e l in e  sp ec tru m . A gain , th e  

p ro ced u re  f o r  low te m p e ra tu re  s p e c t r a  was s im i la r  e x c e p t t h a t  no b a s e l in e  

c o r r e c t io n  was made.

2 . 5 .3  Q u a n ti ta t iv e  e s t im a t io n  o f cytochrom e c o n te n ts

Cytochrome c o n te n ts  w ere e s t im a te d  b o th  from  th e  reduced  minus 

o x id is e d  d i f f e r e n c e  spectrum  and , w here a p p l ic a b le ,  from th e  reduced  p lu s  

CO minus red u ced  d i f f e r e n c e  sp ec tru m . For th e  fo rm e r , th e  m o lar e x t in c t io n

c o e f f i c i e n t s  u sed  w ere th o se  o f  th e  mammalian cytochrom es a a ^ (l6mM” ^cm” ^ ) ,
—1 —1 —1 —1 

b (22mM" cm” ) and c (l9mM” cm” ) (s e e  Chance, 1957) f o r  th e  w aveleng th

p a i r s  601-625nm, 558-575nm and 550-535nm r e s p e c t iv e ly .  The CO -binding

cy to ch ro m es, a a ^ , o and c^ ^ , w ere e s tim a te d  from  th e  A absorbance

betw een peaks a t  428nm, 4l8nm and ap p ro x im a te ly  414nm r e s p e c t iv e ly ,  and

th e  a b s o rp tio n  tro u g h  in  th e  430-450nm re g io n  o f th e  reduced  p lu s  CO minus
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red u ce d  d i f f e r e n c e  spec tru m . The m o lar e x t in c t io n  c o e f f i c i e n t s  o f 

cytochrom es a a ^ and o were ta k e n  to  be th e  same as  th o s e  o f  mammalian 

cytochrom e a a ^ (l48mM~^cm” ^ ; V an n este , 1965) ,  and b a c t e r i a l  cytochrom e o 

(l70mM” ^cm’’S  D a n ie l ,  1970), r e s p e c t iv e ly .  No a c c u ra te  v a lu e  f o r  th e  

m o la r e x t in c t io n  c o e f f i c i e n t  o f cytochrom e c^^ i s  a v a i l a b l e ,  b u t a  v a lu e  o f  

cm” , d e r iv e d  from  th e  3-haem cytochrom e c^^^  o f  Chromâtium (£mM 

l65mM” ^cm” ^; B a rtsc h  & Kamen, 196O), has been adop ted  f o r  th e  cytochrom es 

c^^ o f Beneckea n a t r ie g e n s  (Weston & Knowles, 1974)» and o f  some 

m e th y lo tro p h s  ( e .g .  Tonge e t  a l . , 1974). T h is  v a lu e ,  how ever, s u r e ly  

r e p r e s e n ts  a  minimum e s tim a te  as  i t  assumes t h a t  a l l  th re e  haems o f  th e  

Chromatium cytochrom e e x h ib i t  s to ic h e io m e tr ic  ( l : l )  C O -binding; and in s te a d  

a  v a lu e  o f 159i°M ^cm” ^, in te rm e d ia te  betw een th e  m olar e x t in c t io n  co

e f f i c i e n t s  o f  cytochrom es o and a a ^ , has been u sed  h e re .

2 .6  D e te rm in a tio n  o f r e s p i r a t i o n  r a t e s

R e s p ir a t io n  r a t e s  were m easured a t  40°C u s in g  a  p o la ro g ra p h ic  oxygen 

e le c t r o d e  (Rank B ro s .,  B o ttish am , Cambridge CB5 9DA) f i t t e d  w ith  a  th in  

t e f l o n  membrane. The e le c t ro d e  had a  90?  ̂ re sp o n se  tim e  to  th e  a d d i t io n  o f 

d i t h i o n i t e  o f ap p ro x im a te ly  2 .5 s .  Oxygen u p ta k e  t r a c e s  w ere re c o rd e d  on a  

S e rv o sc r ib e  2s p o te n tio m e tr ic  r e c o rd e r  (S m ith 's  I n d u s t r ie s  L t d . ,  London 

HW2 7UR). The r e a c t io n  c o n d it io n s  a re  d e s c r ib e d  f o r  in d iv id u a l  e x p e rim e n ts .
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2 .7  Enzyme and m e ta b o li te  a s sa y s

2 .7 » 1 N ico tinam ide  n u c le o t id e  tra n sh y d ro g e n a se  a s sa y  by oxygen consum ption 

The a s sa y  m ix tu re , w hich was m a in ta in e d  a t  40^C, c o n ta in e d  25mM- 

p h o sp h a te  (Na^HPO^, KH^PO^) b u f f e r  (pH 7.4) p lu s  c e l l  f r a c t i o n ( s )  (see  

s e c t io n  2 .4 .2 ) ,  as  r e q u ir e d ,  in  a  t o t a l  volume o f  2 .4 m l. The r e a c t io n  was 

s t a r t e d  by th e  a d d i t io n  o f NADPH (l.5niM ), and th e  oxygen u p ta k e  r a t e  was 

m easured as in  s e c t io n  2 .6 .  When a  s te a d y  r a t e  was a c h ie v e d , NAD"*" (lmM) 

was added , and any s t im u la t io n  o f oxygen u p ta k e  was n o te d .

2 .7 .2  N ico tinam ide  n u c le o t id e  tra n sh y d ro g e n a se  a s sa y  by 3 - a c e ty lp y r id in e -  

NAD  ̂ re d u c t io n

T his a s s a y  i s  b ased  on th e  r e a c t io n  f i r s t  d e s c r ib e d  by S te in  e t  a l .

(1 9 5 9 ):

NADPH + 3 -a c e ty l  pyridine-NAD"^ ( 2 . l )

-------------------- ► 3-acety lpyrid ine-N A D H  + NADP^

In  th e  p re sen ce  o f tra n sh y d ro g e n a se , NADPH w i l l  red u ce  3 - a c e ty l  pyridine-NAD"*" 

th u s  c a u s in g  a  s h i f t  in  th e  a b s o rp tio n  maximum. The 3-acety lpyrid ine-N A D H  

form ed i s  o n ly  s lo w ly  r e  o x id ise d  by th e  r e s p i r a t o r y  c h a in . The 1ml r e a c t io n  

m ix tu re ,  w hich was m a in ta in ed  a t  40°C, c o n ta in e d  20mM-phosphate (NagEPO^, 

KH2PO4 ) b u f f e r  (p H 7 .6 ), 2m M -3-acetylpyridine-N A D ^, and c e l l  f r a c t i o n  (see  

s e c t io n  2 .4 * 2 )  as  r e q u ir e d .  The r e a c t io n  was s t a r t e d  by th e  a d d i t io n  o f  

NADPH (0.36mM), and 3 -ace  t y l  pyridine-NAD"*" r e d u c t io n  was m on ito red  by th e

in c re a s e  in  f t  13. 30e,yIpyndine-NADHjj.j
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2 .7 * 3  G lucose-6 -phospha.te  dehydrogenase a ssa y

The t o t a l  (NAD**”-p lu s  NADP^-linked) g lü c o se -6 -p h o sp h a te  dehydrogenase 

a c t i v i t y  was a ssa y e d , a t  40°C, by N AD (P)^--reduction:

G lu co se -6 -p h o sp h a te  + NAD(P)^ (2 .2 )

  ------------- ► 6 -p h o sp h o g lu co n a te  + NAD(P)H +

The 3ml r e a c t io n  m ix tu re  c o n ta in e d  0 . 1M -Tris/HCl b u f f e r  (pHS.O), 3*3ml*î- 

MgClg, 0 . 33mM-NAD" ,̂ 0 . 33mIvT-NADP'*’, and a  sam ple c o n ta in in g  g lu c o se -6 -  

phosphate  d eh y d ro g en ase . The r e a c t io n  was s t a r t e d  by th e  a d d i t io n  o f  g lucose- 

6 -p h o sp h a te  (O.33mM), and NAD(P)H fo rm a tio n  was m on ito red  by A-340

2 . 7 .4  Form ate a ssa y

Form ate was a ssa y e d , a t  room te m p e ra tu re , u s in g  NAD^-1 inked  fo rm ate  

deh y d ro g en ase , by th e  method o f  Hopner & Knappe (1974 ):

HCOO'+NAD^HgO -------------   HCÔ ’ +NADH+H'̂  ( 2 . 3 )

The 1ml r e a c t io n  m ix tu re  c o n ta in e d  40mM-KH2PO^/KOH b u f f e r  (pH 7 .0 ), ImM- 

NAD**", and an aqueous sample c o n ta in in g  30-300nm oles o f  fo rm a te . The 

r e a c t io n  was s t a r t e d  by th e  a d d i t io n  o f O.4  E .U . o f fo rm ate  d ehyd rogenase , 

and NADH fo rm a tio n  was m onito red  a t  340nm a g a in s t  a  b la n k  c o n ta in in g  no 

added fo rm a te . The n e t  NADH fo rm a tio n  was d e te rm in e d  from th e  maximum 

o f  th e  e x t in c t io n - t im e  c u rv e , t h i s  b e in g  re a c h e d  w ith in  3-5 m in. Owing to  

th e  NADH and fo rm ate  o x id ase  a c t i v i t i e s  o f  th e  fo rm ate  d eh y d ro g en ase , th e  

fo rm a tio n  o f  NADH i s  n o t s to ic h e io m e tr ic  w ith  fo rm a te  rem oval b u t i s  

s t r i c t l y  p ro p o r t io n a l  to  i t .  The p r o p o r t i o n a l i t y  f a c t o r  was d e te rm in ed  f o r  

each  b a tc h  o f enzyme (made up d a i ly )  by c a l i b r a t i o n  w ith  known am ounts o f 

sodium fo rm a te .
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2 .8  D e te rm in a tio n  o f  r e s p i r a t i o n - l i n k e d  p ro to n  and ch a rg e  t r a n s lo c a t io n  

s to ic h e io m e tr ie s

2 .8 .1  D e te rm in a tio n  o f  th e  s to ic h e io m e try  o f  r e s p i r a t i o n - l i n k e d  p ro to n  

t r a n s lo c a t io n  by th e  o x y g en -p u lse  method

The oxyg en -p u lse  te c h n iq u e  u sed  was e s s e n t i a l l y  t h a t  o f M itc h e ll  & 

Moyle ( 196%). The pH was m on ito red  u s in g  a  Beckman 4500 pH m e te r 

(Beckman In s tru m e n ts  I n c . ,  C a l i f o r n ia  92634, U .S .A .)  f i t t e d  w ith  a  R u s s e ll  

co m b in a tio n  m ic ro -e le c tro d e  (R u s se ll  pH L td . ,  A uchterm uchty, F i f e ,  S co tlan d  

K714 7DP), and re c o rd e d  on a  S e rv o sc r ib e  2s p o te n t io m e tr ic  r e c o r d e r .  The 

m ic ro -e le c tro d e  was f i t t e d  th ro u g h  th e  p ersp ex  to p  o f  a  Rank oxygen 

e le c t r o d e  cham ber, o n ly  a  v e ry  narrow  a p e r tu re  b e in g  open f o r  th e  a d d i t io n  

o f  re a g e n ts  by m ic ro s y rin g e s .

The c o n d it io n s  f o r  th e  m easurem ent o f  p ro to n  t r a n s lo c a t io n  

s to ic h e io m e tr ie s  w ere o p tim ised  f o r  th e  o x id a tio n  o f endogenous s u b s t r a te s  

( s e e  s e c t io n s  4*2, 5 * 6 ). The 5ml r e a c t io n  m ix tu re  c o n ta in e d  140mIvî-KCl,

1 .5m IÆ -glycylglycine/K0H b u f f e r ,  25-35mg d ry  w t. o f washed b a c t e r i a l  

su sp e n s io n , Ipg  o f  va linom ycin /m g d ry  w t. b a c t e r i a ,  250pg o f c a rb o n ic  

an h y d ra se , and s u b s t r a te s  and in h i b i t o r s  as r e q u i r e d .  The io n o p h o re ,

v a lin o m y c in , was p re s e n t  in  o rd e r  to  a llow  c o l la p s e  o f th e  which would

o th e rw ise  b u i ld  up and oppose f u r t h e r  p ro to n  t r a n s l o c a t i o n ;  and c a rb o n ic  

an h y d rase  was p r e s e n t  to  p re v e n t any pH o v e rsh o o ts  w hich m igh t be caused  

by slow  r e e q u i l i b r a t i o n  o f th e  COg/HCO^” e q u ilib r iu m  a f t e r  a  pH change 

(s e e  S cho les & M itc h e l l ,  1970a)*

B a c te r ia l  su sp e n sio n s  were m a in ta in ed  a t  40°C and a llow ed  to  a t t a i n  

a n a e ro b io s is  by th e  o x id a tio n  o f  endogenous su b s tra te s .V a lin o m y c in  was 

added a f t e r  a n a e ro b io s is  was a c h ie v e d , and th e  su sp e n s io n s  were th en
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a llo w ed  to  e q u i l i b r a t e  f o r  30 m in. S u b s tr a te s  and i n h i b i t o r s ,  when 

r e q u i r e d ,  w ere added , and th e  pH was a d ju s te d  to  6 .2  by sm a ll a d d i t io n s  o f 

a n a e ro b ic  KOH o r  HCl.

Oxygen was in tro d u c e d  in  5 -5 0 p l volum es o f a i r - s a t u r a t e d  140mM-KCl, 

a p p ro x im a te ly  10 d i f f e r e n t  volum es b e in g  u sed  f o r  each  d e te rm in a tio n .  The 

r e s u l t i n g  a c i d i f i c a t i o n s  o f th e  e x te r n a l  medium w ere c a l ib r a t e d  by 1 -10p l 

a d d i t io n s  o f a n a e ro b ic  lOmM-KOH. A c id i f i c a t io n  was com plete  w ith in  3 -4s 

o f  ad d in g  oxygen, and th e  A pH was e s tim a te d  by e x t r a p o la t in g  back to  th e  

tim e  a t  w hich h a l f  th e  pH r i s e  had o ccu rred  (M itc h e ll  & M oyle, 1965).

(The s o l u b i l i t y  o f oxygen in  a i r - s a t u r a t e d  140mM-KCl was d e te rm in ed  by 

m easu rin g  th e  f r a c t i o n  consumed by known amounts o f NADH in  th e  p re se n c e  

o f  PMS and c a t a la s e  [R obinson  & C ooper, 1970] , and found to  be 0 .3 8 p g - 

atom  O/ml, a t  40°C ). The -► H**’/ 0  q u o tie n t  was c a lc u la te d  from  p lo t s  o f  

th e  A pH, c o r r e c te d  by e x t r a p o la t io n ,  a g a in s t  th e  amount o f  oxygen added; 

and th e  h a l f - t im e  o f  decay  o f th e  A pH r e s u l t i n g  from  an oxygen p u ls e  was 

d e te rm in e d  from p lo t s  o f lo g  ApH a g a in s t  tim e .

2 .8 .2  D e te rm in a tio n  o f th e  s to ic h e io m e tr ie s  o f  r e s p i r a t io n - l i n k e d  p ro to n  

and ch arg e  t r a n s lo c a t io n  by th e  i n i t i a l - r a t e  method 

R e s p ir a t io n - l in k e d  p ro to n  t r a n s lo c a t io n  s to ic h e io m e tr ie s  were a l s o  

de te rm in ed  by a  m ethod, p re v io u s ly  a p p lie d  to  m ito c h o n d ria  (R e y n a fa rje  

e t  ^ . , 1976) ,  in  w hich i n i t i a l  r a t e s  o f r e s p i r a t i o n  and a c i d i f i c a t i o n  were 

m easured fo llo w in g  th e  a d d i t io n  o f  s u b s t r a te  to  a e ro b ic  su sp e n sio n s  o f 

b a c t e r i a ;  th e  pH o f th e  s u b s t r a t e  b e in g  a c c u r a te ly  m atched to  t h a t  o f  th e  

b a c t e r i a l  s u sp e n s io n .

C e ll su sp e n s io n s  were in c u b a te d  a t  40°C in  sc rew -to p p ed  b o t t l e s ,  u nder 

a n a e ro b ic  c o n d i t io n s ,  in  th e  same r e a c t io n  m ix tu re  as  used  in  th e  oxygen-
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p u ls e  m ethod. A f te r  30 m in, th e  c e l l  su sp e n s io n s  w ere a e r a te d  by sh ak in g  

b r i e f l y ,  and t r a n s f e r r e d  to  th e  cham ber o f  a  Rank oxygen e le c t r o d e  w hich 

was f i t t e d  w ith  a  pH e le c t r o d e  a s  above ( s e c t io n  2 . 8 .1 ) .  Once th e  

e l e c t r o d e  o u tp u ts  had s t a b i l i s e d  (ap p ro x im a te ly  5 m in ), th e  s u b s t r a te  was 

added , and th e  r e s u l t i n g  a c i d i f i c a t i o n  and oxygen consum ption w ere reco rd ed  

and c a l ib r a t e d  as b e fo re  ( s e c t io n s  2 .6 ,  2 . 8 .1 ) .  The -► H"*’/0  q u o tie n t  was 

c a lc u la te d  from  th e  r a t i o  o f  th e  i n i t i a l  r a t e s  o f  a c i d i f i c a t i o n  and oxygen 

consum ption , c o r re c te d  f o r  th e  endogenous r a t e s .

The s to ic h e io m e try  o f r e s p i r a t i o n - l i n k e d  ch arg e  t r a n s lo c a t io n  was 

d e te rm in ed  in  a  s im i la r  p ro ced u re  by m o n ito r in g  th e  c o n c e n tra t io n  o f  the  

c o u n te r - io n  ( in  th e  p re sen ce  o f  v a lin o m y c in ; Reyn a f a r  j e  & L eh n in g er, 

1978) ,  u s in g  a  s e l e c t i v e  e le c t r o d e  and s u lp h a te  r e f e r e n c e  e le c t r o d e  

(C hem etric  L t d . ,  S h erb o rn e , D o rse t DT9 5ER). In  o rd e r  to  accommodate th e  

a d d i t io n a l  e l e c t r o d e s ,  th e  p ersp ex  to p  o f  th e  Rank oxygen e le c t ro d e  chamber 

wats re p la c e d  by p a ra f i lm . The r e a c t io n  m ix tu re  was th e  same a s  t h a t

u sed  f o r  th e  m easurem ent o f —► H^/O q u o tie n ts  e x c e p t t h a t  th e  KCl 

c o n c e n tra t io n  was low ered  to  lOmM (l40mM-LiCl was p r e s e n t  to  m a in ta in  th e  

io n ic  s t r e n g t h ) ,  and th e  b u f f e r  c o n c e n tra t io n  was in c re a s e d  to  lOnLT- 

g ly c y lg ly c in e /L iO H . Both th e  pH and pK o f added s u b s t r a te s  w ere a c c u ra te ly  

m atched to  th o se  o f th e  b a c t e r i a l  su sp e n s io n . movements were c a l ib r a t e d  

by 5-25^1 a d d i t io n s  o f lOOmM-KCl, and s im u ltan e o u s  H^ movements, when 

m easured , w ere c a l ib r a t e d  by 1 -10p l a d d i t io n s  o f  lOOmM-LiOH. (The 

s o l u b i l i t y  o f oxygen in  a i r - s a t u r a t e d  lOmM-KCl, 140mM-LiCl was found to  be 

0 .41pg-a tom  O/ml a t  40°C ; Robinson & C ooper, 1970 ) .
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2 .9  D e te rm in a tio n  o f th e  e l e c t r i c a l  p o te n t i a l  d i f f e r e n c e  (a HO a c ro ss

th e  c o u p lin g  membrane

The A'Y component o f  th e  p ro to n m o tiv e  f o r c e  was e s tim a te d  from 

th e  u p tak e  o f e i t h e r  o f  th e  perm eant c a t io n s  TPMP^ o r  TPP*

( e .g .  Ramos ^  , 1976; R o tte n b e rg , 1979). The c o n c e n tra t io n  o f th e

f r e e  c a t io n  in  th e  r e a c t io n  m ix tu re  was m o n ito red  by flow  d i a l y s i s  u s in g  

a p p a ra tu s  s im i la r  to  t h a t  d e s c r ib e d  by Colowick & Womack (1 9 6 9 ). The 

flow  d i a l y s i s  c e l l  c o n s is te d  o f  a  v e r t i c a l  a rrangem en t o f  two r e a c t io n  

cham bers which w ere b o th  m a in ta in ed  a t  40°C by im m ersing in  a  w a te r  b a th .

The u p p e r cham ber, which was open to  th e  a i r ,  was s e p a ra te d  from  th e  low er 

cham ber (volume 1 .3m l) by V isk in g  d i a l y s i s  tu b in g  (p o re  d ia .  2.4nm; 

S c i e n t i f i c  S u p p lie s  Co. L td . ,  London EC1R 5EB) w hich had p re v io u s ly  been 

b o i le d  f o r  10 min in  1OmM-EDTA.

The u p p e r chamber o f th e  flow  d i a l y s i s  a p p a ra tu s  c o n ta in e d  i n i t i a l l y  

0 .8m l o f  b u f f e r  (se e  in d iv id u a l  e x p e rim e n ts)  p lu s  e i t h e r  2Qnmoles (when 

[ ^ ^ c ]  TPMP^ was u s e d ) ,  o r  50nm oles (when TPP"*’ was u se d )  o f m e th an o l.

The experim en t was s t a r t e d  by th e  a d d i t io n  o f e i t h e r  4 p l o f [ ^ ^ c ]  TPMP^ 

(l1.25mM in  e th a n o l) ,  o r  lO pl o f  TPP^ (l6pM ). A f te r  ap p ro x im a te ly  5

m in, 200pl o f  a  c e l l  su sp e n sio n  (15 mg d ry  w t./m l in  b u f f e r )  was added to  

th e  r e a c t io n  cham ber, and t h i s  was fo llo w ed  7 min l a t e r  by 25nmoles o f  FCCP. 

The experim en t was te rm in a te d  ap p ro x im a te ly  6 min a f t e r  su id itio n  o f  th e  

FCCP.

Throughout t h i s  p ro c e d u re , th e  same b u f f e r  which was used  in  th e  

r e a c t io n  m ix tu re  was flow ed  th rough  th e  lo w er cham ber a t  a  c o n s ta n t  r a t e  o f  

2m l/m in u s in g  an LKB 12000 V ario p erp ex  p e r i s t a l t i c  pump (LK B-Produkter AB, 

S - I 6125 Bromma 1, Sweden), and 1ml b u f f e r  sam ples w ere c o l le c te d  m anually  

ev e ry  3 0s , 4ml o f  F is o F lu o r  *2* was added to  each  sam ple, and th e  r a d io 

a c t i v i t y  was th e n  counted  ( 5OOO c .p .m . t o t a l )  u s in g  th e  p r e - s e t  ch an n e ls
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o f  a Hewlett-Packard 3385 T ri-ca rt liq u id  s c in t i l l a t io n  counter (Packard 

Instrument L td ., Caversham, Bucks. RG4 7AA). C orrection was made for  the 

background rad ia tion  which ra re ly  exceeded 2°Jo of the to ta l counts.

The in tern a l concentration  of the r a d io la b e lle d  permeant ca tio n  'was 

ca lc u la te d  from the amount of r a d io a c t iv ity  re leased  from the b a c ter ia  a f te r  

the ad d ition  of 25uI'.I-FCCP, u sin g  a value fo r  the in tern a l volume of 

M. me th y l otro ohus of 1.06 -  0 .04 (d )|il/m g  d r; wt. b a c ter ia  which was
r  1  / I

obtained by the method of Murastugu e t  al_. u sin g  [ UJ nam xioj.

and [  k̂]  Ĥ O (McKaj/", A.M., unpublished r e s u l t s ) .  The accumulation r a t io  

was thus determ ined, and the was ca lcu la ted  from th is  u sin g  the

N em st equation:

2 .10  Determ ination of the pH d iffe r e n c e  ( AoH) across the coun ling  membrane

2 .1 0 .1  Determ ination o f the in tr a c e l lu la r  b u ffer in g  cap acity

The in tr a c e llu la r  b u ffer in g  cap acity  (dH^/dpH; ng-ion  H^/pH unit/Sm l 

of b a c te r ia l suspension) v/as determined as the d iffe r e n c e  between the 

e x tr a c e llu la r  b u ffer in g  ca p a c ity , measured in  an in ta c t  c e l l  suspension , 

and the to ta l  (e x tr a c e llu la r  plus in tr a c e l lu la r )  b u ffer in g  ca p a c ity , 

measured a f te r  rendering the b a c ter ia  f u l ly  permeable to  protons (M itchell 

& Moyle, 1969 ; C o llin s  & Hamilton, 1976). B u fferin g  c a p a c it ie s  were 

determined as a fu n ction  of the e x tr a c e llu la r  pH by varying the la t t e r  from 

approxim ately pK6.0 to 8 .0  in  step s o f 0.1 to 0.2pH u n its  u sin g  su ita b le  

amounts ( 10-20^1) o f anaerobic 20m!.!-Na0H. The b u ffe r in g  ca p a c ity  could  

thus be determined by d iv id in g  the amount o f MaOH added by the r e s u lt in g  

pH change.
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The d e te rm in a tio n  o f b u f f e r in g  c a p a c i t i e s  was c a r r i e d  o u t in  th e  

cham ber o f a  Rank oxygen e le c t r o d e  w hich was f i t t e d  w ith  a  pH e le c t r o d e ,  

s e a le d ,  and m a in ta in e d  a t  40°C. The pH was m easured and re c o rd e d  as 

d e s c r ib e d  in  s e c t io n  2 ,8 .1 .  The 5nil r e a c t io n  m ix tu re  c o n ta in e d  140mAT-KCl, 

15mg d ry  w t. o f washed b a c t e r i a l  s u sp e n s io n  and 250pg o f c a rb o n ic  

a n h y d ra se .

P r i o r  to  th e  m easurem ent o f th e  e x te r n a l  b u f f e r in g  c a p a c i ty  (pF ; th e  

s u p e r s c r ip t s  E, I  and T r e f e r  to  th e  e x t r a c e l l u l a r ,  i n t r a c e l l u l a r  and 

t o t a l  [ i n t r a c e l l u l a r  p lu s  e x t r a c e l l u l a r ]  phases  r e s p e c t iv e l y ) ,  c e l l  

su sp e n sio n s  were re n d e re d  an a e ro b ic  by r e s p i r a t i o n  fo llo w in g  th e  a d d i t io n  

o f  ImM-methanol, th e n  a llow ed  to  e q u i l i b r a t e  f o r  15 m in. A f te r  th e  

m easurem ent o f  B^, a s  above, th e  pH was r e tu rn e d  to  a p p ro x im a te ly  6 .0 ,  

and th e  b a c t e r i a  w ere f u l l y  p e rm e a b il is e d  by th e  a d d i t io n  o f  lOpM-FCCP,

Ip g  o f  v a l inomyc in /m g d ry  w t. b a c t e r i a  and 0.49^ (v /v )  T r i to n  X-100.

F o llo w in g  a  15 min r e - e q u i l i b r a t i o n  p e r io d ,  th e  t o t a l  b u f f e r in g  c a p a c i ty

T\ T(B ) was d e te rm in e d . I t  sho u ld  be n o te d , how ever, t h a t  B , d e te rm in ed  as

above, in c lu d e s  th e  b u f f e r in g  c a p a c i t i e s  o f th e  r e a g e n ts  added to

p e rm e a b il is e  th e  c e l l s ,  and m ust be c o r r e c te d  a c c o rd in g ly . The b u f f e r in g

c a p a c i ty  o f th e  FCCP p lu s  v a lin o m y c in  p lu s  T r i to n  X-100 (B^) was th u s

d e te rm in ed  as a  f u n c t io n  o f pH in  a  medium c o n ta in in g  140mM-KCl p lu s  250pg

o f c a rb o n ic  an h y d rase  o n ly . B^ was c a lc u la te d  a s  th e  d i f f e r e n c e  in  th e

b u f f e r in g  c a p a c i t i e s  d e te rm in ed  b e fo re  and a f t e r  th e  a d d i t io n  o f th e se

r e a g e n ts .

The i n t r a c e l l u l a r  b u f f e r in g  c a p a c ity  o f  M .m ethy lo trophus i s  th u s  g iven  

by th e  e q u a tio n :

B^ = (B^ -  B?) -  B® (2 .5 )
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T h is  e x p re s s io n  a c t u a l l y  r e p r e s e n ts  an ap p ro x im atio n  to  th e  in t e r n a l  

b u f f e r in g  c a p a c i ty ;  th e  t r u e  v a lu e  b e in g  g iv e n  by :

(b''̂  -  B®) -  = B^ [  1 -  (dApH/^pjjE) ]  (2 ,6 )

where ApH i s  the transmembrane pH gradient under the conditions of

determ ination of the e x tr a ce llu la r  b u ffer in g  capacity  (see M itchell &

M oyle, 1969) .

2 . 10 . 2  Determination o f the ApH

The ApH was determined from the change in  e x tr a c e llu la r  pH occurring  

a f t e r  the tr a n s it io n  of a resp ir in g  b a c ter ia l suspension from aerobic to  

anaerobic cond itions (M itchell & Moyle, 1969; C ollin s & Hamilton, 1976). 

The reaction  m ixture, which was maintained a t 40°C in  the chamber of a 

Rank oxygen e lec tro d e , contained bu ffer  (see in d iv id u a l experim ents), 

approxim ately 15mg dry wt. o f washed b a c ter ia l suspension, 50mM-methanol, 

250pg o f carbonic anhydrase and lOOpg o f c a ta la se .

The pH was a d ju s te d  as  r e q u ire d  and, a f t e r  a  15 min e q u i l i b r a t i o n  

p e r io d ,  th e  c e l l  su sp e n sio n  was re n d e re d  a e ro b ic  by th e  a d d i t io n  o f 50h1 

o f  2 volume H^Og. The pH and oxygen c o n c e n tra t io n s  w ere re c o rd e d  as 

d e s c r ib e d  p re v io u s ly  (s e e  s e c t io n s  2 ,6 ,  2 .8 .1 ) ,  and th e  l a t t e r  was m a in ta in ed  

above Q̂ffo o f  a i r - s a t u r a t i o n  by f u r t h e r  a d d i t io n s  o f  HgOg n e c e s s a ry  

( 50p l  o f  2 volume was s u f f i c i e n t  to  m a in ta in  a e ro b io s is  f o r

ap p ro x im a te ly  2 .5  m in ). A f te r  ap p ro x im a te ly  7 -5  min th e  c e l l  su sp e n sio n  

was a llow ed  to  become a n a e ro b ic , and th e  pH was m on ito red  f o r  a  f u r t h e r  

20 m in. The pH changes o c c u r r in g  betw een th e  o n s e t o f  a n a e ro b io s is  

( pHq ; th e  s u b s c r ip ts  A, N and 0 , r e f e r  to  a e ro b ic  c o n d i t io n s ,  th e  f i n a l  

a n a e ro b ic  s t a t e ,  and th e  t r a n s i t i o n  betw een a e r o b io s i s  and a n a e ro b io s is ,
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r e s p e c t iv e l y )  and th e  f i n a l  a n a e ro b ic  s t a t e  (pH^) w ere c a l ib r a t e d  by 10-

20 |il a d d i t io n s  o f  an a e ro b ic  20mM-Na0H. From th e s e  c a l i b r a t i o n s ,  th e  t o t a l

+Ep ro to n  movements o c c u r r in g  a f t e r  a n a e ro b io s is  (ôH ) cou ld  be d e te rm in e d . 

The i n t e r n a l  pH o f r e s p i r i n g  c e l l s  (pH^) co u ld  th u s  be c a lc u la te d  by 

m anual i n t e g r a t i o n  o f  th e  i n t e r n a l  b u f f e r in g  c a p a c i ty  w hich was m easured 

in  th e  same b a tc h  o f  c e l l s  ( s e e  s e c t io n  2 .1 0 .1 ) ;

f K
-  I  ^ (2 .7 )

y r "

(P ro v id ed  t h a t  th e re  i s  no ApH in  th e  f i n a l  a n a e ro b ic  s t a t e ,  pH^ = 

pH ^). The ApH o f  a e ro b ic  en e rg ise d  c e l l s  i s  th u s  g iven  by;

ApH = p l^  -  pH^ (2 .8 )

2 .11  D e te rm in a tio n  o f  th e  i n t r a c e l l u l a r  c o n c e n tra t io n s  o f ad en in e  

n u c le o t id e s  and in o rg a n ic  p hosphate

D e te rm in a tio n s  were c a r r i e d  o u t e i t h e r  d i r e c t l y  on m e th a n o l- l im ite d  

c o n tin u o u s  c u l tu r e s  o f  M .m eth y lo tro p h u s, o r  on washed b a c t e r i a l  s u sp e n s io n s . 

U n less  o th e rw ise  s t a t e d ,  th e  l a t t e r  (5ml volum e) were in c u b a te d  a t  40°C, 

w ith  r a p id  s t i r r i n g ,  e i t h e r  a e r o b ic a l ly  in  open 25ml b e a k e rs ,  o r  

a n a e r o b ic a l ly  in  sm a ll b o t t l e s  (20ml nom inal volum e) f i t t e d  w ith  S uba-S eal 

s to p p e r s  t h r o u ^  w hich o x y g en -free  n it r o g e n  gas was flow ed v i a  two sy r in g e  

n e e d le s .  The c o n d i t io n s  and p e r io d s  o f  in c u b a tio n  a re  d e s c r ib e d  f o r  

in d iv id u a l  e x p e r im e n ts .
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2 .1 1 .1  P re p a ra t io n  o f  n e u t r a l i s e d  p e r c h lo r ic  a c id  e x t r a c t s

Growing c e l l s  w ere sam pled and quenched d i r e c t l y  from  th e  ch em osta t 

u s in g  a  s p r in g - lo a d e d  sy r in g e  w hich drew 1.5m l o f  c u l tu r e  in to  0.5m l o f  

c o ld  259  ̂ (v /v )  p e r c h lo r ic  a c id .  B a c te r ia l  su sp e n s io n s  w ere l ik e w is e  

quenched by th e  a d d i t io n  o f c o ld  25% (v /v )  p e r c h lo r ic  a c id  to  a  f i n a l  

c o n c e n tr a t io n  o f 6% ( v /v ) ,  b u t  th e  a c id  was added to  th e  c e l l  su sp e n sio n  

v i a  a  c o n v e n tio n a l s y r in g e .  The ac id -q u en ch ed  m ix tu re s  w ere k e p t on ic e  

f o r  a t  l e a s t  10 min in  o rd e r  to  en su re  com plete i n a c t iv a t io n  o f  c e l l u l a r  

enzym es, and th e n  c e n tr i fu g e d  ( l2 ,0 0 0 g , 10 m in) to  remove p r e c i p i t a t e d  

m a te r i a l .  The s u p e rn a ta n ts  w ere a p p ro x im a te ly  n e u t r a l i s e d  (pH 6 .8 -7*2 ), 

on ic e  w ith  c o n s ta n t  s t i r r i n g ,  u s in g  a  m ix tu re  o f  s a tu r a te d  K0H/2M-Tris 

b a s e / d i s t i l l e d  w a te r  in  th e  v o lu m e tr ic  p ro p o r tio n s  3O/6O/IO. A f te r  5 min 

on ic e  to  e n su re  com plete  p r e c i p i t a t i o n ,  th e  KCIO^ was removed by 

c e n t r i f u g a t io n  ( l2 ,0 0 0 g , 10 m in ), and th e  n e u t r a l i s e d  e x t r a c t s  were s to r e d  

a t  0 -4°C .

The l e v e l s  o f AMP, ADP, ATP and in o rg a n ic  p h o sp h a te , were found to  be 

unchanged a f t e r  s e v e ra l  h ou rs  s to ra g e  on ic e  o f e i t h e r  ac id -q u en ch ed  

c e l l s ,  o r  n e u t r a l i s e d  e x t r a c t s ;  and fu r th e rm o re  th e  l a t t e r  cou ld  be 

fro z e n  o v e rn ig h t w ith  no change in  th e  c o n c e n tr a t io n s  o f th e s e  m e ta b o l i te s .  

AMP, ADP, ATP o r  p h o sp h a te , added im m ed ia te ly  a f t e r  quench ing , cou ld  be 

co m p le te ly  re c o v e re d  from  n e u t r a l i s e d  e x t r a c t s  ( r e c o v e r ie s  were 98%» 109%, 

100% and 95% r e s p e c t iv e l y ) ,  th u s  i n d i c a t in g  t h a t  th e r e  was no s i g n i f i c a n t  

lo s s  o f  th e se  m e ta b o li te s  by a d s o rp tio n  to  th e  KClO^ p r e c i p i t a t e ,  u n d e r  

th e s e  c o n d i t io n s  (s e e  W iener e t  ^ . , 1974).

The e f f i c i e n c y  o f  quenching  was checked by com paring th e  c o n c e n tra t io n s  

o f  AMP, ADP, ATP and in o rg a n ic  p hosphate  o b ta in e d  a f t e r  quench ing  a n a e ro b ic  

c e l l  su sp e n s io n s  w ith  e i t h e r  a e r o b ic ,  o r  n i t r o g e n - s p a r g e d , p e r c h lo r ic  a c id
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( s e e  H em pfling, 1970) -  no d i f f e r e n c e  betw een th e  r e s u l t s  o b ta in e d  by 

th e s e  two p ro ced u res  was o b se rv ed . L ik ew ise , s im i l a r  r e s u l t s  were o b ta in e d  

when a e ro b ic ,  e n e rg is e d  b a c t e r i a l  su sp e n sio n s  w ere quenched u s in g  a  s p r in g -  

lo a d e d  sy r in g e  (app rox im ate  sam p ling  tim e 100ms; N iven e t  ^ . ,  1977), 

o r  by add ing  a c id  more s lo w ly  from  a  c o n v e n tio n a l s y r in g e  (app rox im ate  

quench ing  tim e I s ) .  A second p e r c h lo r ic  a c id  e x t r a c t io n  o f  th e  o r ig in a l  

p e r c h lo r ic  a c i d - p r e c ip i t a t e d  m a te r ia l  r e le a s e d  o n ly  a  f u r t h e r  2% o f th e  

t o t a l  amount o f ad en in e  n u c le o t id e s  r e le a s e d  in  th e  f i r s t  e x t r a c t i o n ,  and 

v e ry  l i t t l e  p h o sp h a te .

The c o n c e n tra t io n s  o f ad en in e  n u c le o t id e s  and p hosphate  in  c e l l  

e x t r a c t s  were co n v e rte d  in to  i n t r a c e l l u l a r  c o n c e n tr a t io n s ,  a f t e r  ta k in g  in to  

a c c o u n t th e  d i l u t i o n  in v o lv ed  in  th e  quenching  p ro c e d u re , u s in g  a  v a lu e  o f

1 .0 6  p l/m g  d ry  w t. b a c t e r i a  f o r  th e  i n t r a c e l l u l a r  volume o f

M. me th y lo tro p h u s  (se e  s e c t io n  2 ,9 ) .

2 . 11 . 2  ATP assay u sin g  the lu c if e r in /lu c ife r a s e  method

In  th e  p re sen ce  o f  ex cess  and oxygen, th e  a d d i t io n  o f ATP to  a

m ix tu re  o f  l u c i f e r i n  and th e  enzyme lu c i f e r a s e  r e s u l t s  in  a  f l a s h  o f l i g h t ,  

th e  i n t e n s i t y  o f  w hich i s  p ro p o r t io n a l  to  th e  amount o f ATP added 

(M cElroy, 1947; M cElroy & S t r e h l e r ,  1949; S t r e h l e r  & T r o t t e r ,  1952; Kimmich 

^  a l . ,  1975). The b a s ic  r e a c t io n  i s  shown in  e q u a tio n s  ( 2 .9 ,  2 .1 0 ) ;  on ly  

a  t r a n s i e n t  f l a s h  o f  l i g h t  i s  produced due to  th e  com plex e n d -p ro d u c t 

i n h i b i t i o n  o b se rv ed , p a r t i c u l a r l y  w ith  crude enzyme p re p a ra t io n s  (se e  

M cElroy & DeLuca, 1973; LeLuca, 1976).

ATP + l u c i f e r i n   ̂ adeny 1 - lu e  i f  e r  in  + PPi (2 .9 )

Mĝ "*", lu e  i f  e ra s e

E i d e n y l - l u c i f e r i n  + 0 ^ -------------   oxy l u c i f e r i n  + AMP + COg + hp  (2 .1 0 )
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The a s sa y  c o n d it io n s  u sed  w ere e s s e n t i a l l y  th o se  o f  Kimmich e t  a l .

( 1975) ex ce p t t h a t  an Amineo Chem-Glow p h o to m eter (Am erican In s tru m e n ts  

C o ., M aryland 20910, U .S .A .) was u sed  to  m easure th e  i n i t i a l  f l a s h  i n t e n s i t y ,  

th e  re sp o n se  b e in g  re c o rd e d  on a  S e rv o sc r ib e  p o te n t io m e tr ic  r e c o r d e r .

The l u c i f e r i n / l u c i f e r a s e  s o lu t io n  was p re p a re d  and 'a c t i v a t e d '  a s  p e r  

Kimmich e t  (1975)- 1g o f  f i r e f l y  l a n te r n s  was ground w ith  100ml o f 

ic e - c o ld  20m M -glycy lg lycine, 20mM-MgS0^, 50mM-sodium arsenate/H ^SO ^ b u f f e r  

(p H 7 .4 ) . The r e s id u e  was removed by c e n t r i f u g a t io n  ( l2 ,0 0 0 g , 10 m in ), 

and th e  e x t r a c t  was mixed w ith  1 .6 g  o f  Ca^(P0^ ) 2 » and th en  s w ir le d  f o r  10 

min a t  room te m p e ra tu re . A f te r  t h i s  p e r io d ,  th e  Ca^(P0^)2 was spun-down 

( l2 ,0 0 0 g ,  2 m in) and th e  s u p e rn a ta n t  was r e t r e a t e d  w ith  f r e s h  Ca^(P0^ ) 2 , 

as above. A f te r  rem oving th e  Ca^(P0^)2 a g a in  ( l2 ,0 0 0 g , 10 m in ), th e  c l e a r  

s tra w -c o lo u re d  s u p e rn a ta n t  was f ro z e n  in  a l i q u o t s .  (T his p re p a ra t io n  was 

found to  be a d e q u a te ly  s ta b le  f o r  abou t 2 months when f r o z e n ) .

The a s sa y  m ix tu re  c o n ta in e d , in  a  6x50mm tu b e , 250yl o f 5mM-sodium 

a r s e n a te ,  4“ M-MgS0^, 20mM -glycylglycine/NaOH b u f f e r  (pHS.O), and a  50}il 

sam ple c o n ta in in g  0 -50  pmoles o f ATP. The tu b e  was e n te re d  in to  th e  

r e a c t io n  chamber o f th e  p h o to m ete r, and lOOyil o f  th e  l u c i f e r i n / l u c i f e r a s e  

s o lu t io n  ( e q u i l ib r a t e d  to  room te m p e ra tu re )  was in j e c te d  in to  th e  a ssa y  

m ix tu re  u s in g  a  H am ilton  r e p e a t in g  d is p e n s e r  (H am ilton-B onaduz, Bonaduz, 

S w itz e r la n d ) .  The p e a k - h e i ^ t  o f th e  f l a s h  produced  was found to  be d i r e c t l y  

p r o p o r t io n a l  to  th e  amount o f ATP in  th e  sam ple (F ig . 2 .1 ) .

The l u c i f e r i n / l u c i f e r a s e  r e a c t io n  i s  r e a d i l y  in h ib i te d  by a  number o f 

common a n io n s , in c lu d in g  C l” and CIO^ ( S t r e h l e r  & T r o t t e r ,  1952; Benburg 

& M cElroy, 1970; Lundin & T hore, 1975)» and so  ATP c o n te n ts  were c a l ib r a t e d  

by  i n t e r n a l  s t a n d a r d i s a t io n .  T h is  p ro ced u re  in v o lv e d  d u p l ic a te  a ssa y s  -
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F ir . 2.1 R ela tion sh ip  between the ATP content and l ig h t  em ission  in the 

lu c i f e r in / lu c i f e r a s e  a ssa y . The assay was carr ied  out as described  in  

s e c t io n  2 . 11 . 2 .  Each point on the graph i s  the mean o f  three d eterm inations, 

and the standard error is  shown by error bars.
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20 pmoles o f s ta n d a rd  ATP was added to  one o f  th e  a s sa y  m ix tu re s , and the  

ATP c o n te n t was th en  c a l ib r a t e d  u s in g  th e  d i f f e r e n c e  betw een th e  re a d in g s  

f o r  th e  d u p l ic a te  a s s a y s .  The u se  o f  i n t e r n a l  c a l i b r a t i o n  a l s o  c o r re c te d  

f o r  th e  slow  lo s s  o f lu c i f e r a s e  a c t i v i t y  d u r in g  th e  tim e c o u rse  o f th e  

d e te rm in a tio n s  (a p p ro x im a te ly  10% /hr). A f u r t h e r  sm a ll c o r r e c t io n  was 

made f o r  th e  f l a s h  i n t e n s i t y  o b ta in e d  on i n j e c t i n g  l u c i f e r i n / l u c i f e r a s e  

in to  an A TP-free a ssa y  m ix tu re .

C o n tro l ex p erim en ts  confirm ed  t h a t  z e ro  re a d in g s  were o b ta in e d  when 

e i t h e r  AMP o r  ADP re p la c e d  ATP in  th e  a ssa y  m ix tu re . F u rth e rm o re , th e  

p re se n c e  o f  h ig h  le v e ls  o f AMP o r  ADP d id  n o t a f f e c t  th e  re a d in g  o b ta in e d  

f o r  ATP, u n d er th e s e  c o n d it io n s  (se e  McElroy & DeLuca, 1973).

2 .1 1 .3  C onversion  o f AMP and ADP to  ATP

AMP and ADP le v e l s  w ere d e te rm in ed  a f t e r  c o n v e rs io n  o f  e i t h e r  ADP 

a lo n e  (p y ru v a te  k in a s e ) ,  o r  AMP p lu s  ADP (p y ru v a te  k in a se  and a d e n y la te  

k in a s e ) ,  to  ATP as  fo llo w s ;

ADP + phosphoenol p y ru v a te  --------------------► ATP + p y ru v a te  (2 .1 1 )

p y ru v a te  k in a se

AMP + ATP ------------- 2 ADP (2 .1 2 )

a d e n y la te  k in a se

The 500r1 r e a c t io n  m ix tu re  c o n ta in e d  400^1 o f  an ad en in e  n u c le o t id e -  

c o n ta in in g  sam ple, ImM-phosphoenol p y ru v a te , 50 E.U. o f  p y ru v a te  k in a s e ,

50 E.U. o f  a d e n y la te  k in a se  (o n ly  p r e s e n t  f o r  th e  co n v e rs io n  o f AMP p lu s  

ADP to  ATP), 3mH'î-MgS0 ,̂ and 2 Im M -T ris /a c e ta te  b u f f e r  (pH7. 3 ) .  M ix tu res 

were in c u b a te d  a t  30°C f o r  1h, th e n  s to r e d  on ic e  and assay ed  w ith in  2h. 

A lm ost q u a n t i t a t iv e  c o n v e rs io n s  o f  AMP and ADP s ta n d a rd s  to  ATP were 

a c h ie v e d  (97 -  3(6)% and 95 -  4(6)%  r e s p e c t iv e l y ) .  I t  was found t h a t  some
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p u b lis h e d  c o n v e rs io n  p ro ced u re s  ( e .g .  P r a d e t ,  196?» N iven e t  a l . , 1977) 

worked a d e q u a te ly  w ith  AMP and ADP s ta n d a rd s ,  b u t  f a i l e d  to  ach iev e  

com plete  c o n v e rs io n  o f  ad en in e  n u c le o t id e s  in  p e r c h lo r ic  a c i d - e x t r a c t s .

U sing  th e  in c re a s e d  enzyme le v e l s  shown h e re ,  how ever, AMP and ADP 

added to  c e l l  e x t r a c t s  cou ld  be co m p le te ly  re c o v e re d  (se e  s e c t io n  2 .1 1 .1 ) .  

C o n tro l ex p erim en ts  confirm ed  t h a t ,  in  th e  absence  o f  a d e n y la te  k in a s e ,  

th e re  was no c o n v e rs io n  o f  AMP to  ATP.

2 .1 1 .4  In o rg a n ic  pho sp h ate  a ssa y

The a s sa y  used  f o r  th e  d e te rm in a tio n  o f in o rg a n ic  p h osphate  was based  

on t h a t  d e s c r ib e d  by I t a y a  & Ui ( 1966) ,  in  which a  phosphom olybdate complex 

i s  u sed  to  s h i f t  th e  a b s o rp tio n  maximum o f th e  d y e . M a la c h ite  G reen. To 

make th e  c o lo u r-d e v e lo p in g  r e a g e n t ,  1 volume o f ammonium molybdate/5M -HCl 

was added to  3 volum es o f 0.05% (w /v) M a lac h ite  Green s o lu t io n .  The m ix tu re  

was th e n  a llow ed  to  s ta n d  a t  room te m p e ra tu re  f o r  30 min b e fo re  f i l t e r i n g  to  

remove a  g reen  p r e c i p i t a t e  from  th e  s tra w -c o lo u re d  r e a g e n t .  The a s sa y  

m ix tu re  c o n s is te d  o f a  1ml sam ple c o n ta in in g  0-100nm oles o f  in o rg a n ic  

p h o sp h a te , and 5ml o f  th e  c o lo u r-d e v e lo p in g  r e a g e n t .  T his m ix tu re  was 

in c u b a te d  on ic e  f o r  30 min b e fo re  th e  a d d i t io n  o f 0.2m l o f  1.5% (w /v)

Tween 20. The a s sa y  m ix tu re  was th e n  t r a n s f e r r e d  to  room te m p e ra tu re  f o r  

15 min b e fo re  m easu rin g  th e  o f  th e  g reen  c o lo u r  form ed a g a in s t  a

w a te r  b la n k . A b a s i c a l l y  l i n e a r  r e l a t i o n s h ip  betw een th e  and in o rg a n ic

p hosphate  c o n te n t was observed  (F ig . 2 .2 ) .

C o n tro l ex p erim en ts  confirm ed  t h a t  th e  a c id  c o n d it io n s  o f  th e  a s sa y  

d id  n o t cause  th e  r e l e a s e  o f  in o rg a n ic  p hosphate  from  AMP, ADP o r  ATP 

s ta n d a rd s .
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Fi r .  2.2 C alib ration  ciir'/e fo r  the inorganic phosphate a ssa y . The 

a s n a y  ?/as carr ied  out as described  in  s e c t io n  2 , 1 1 . 4 .  The inorganic  

phosphate standards were m a d e  from KIî PO  ̂ which had been dried overnight 

in a dn /ing  oven.
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A ll th e  n u m e rica l r e s u l t s  in  t h i s  t h e s i s  a r e  g iv e n  as th e  mean -  

th e  s ta n d a rd  e r r o r  o f  th e  mean, w ith  th e  number o f  d e te rm in a tio n s  in  

p a r e n th e s i s .
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CHAPTER 3

RESPIRATORY CHAIN OF METHYLOPHILÏÏS METHYLOTROPHIJS GROWN IN 

METHANOL-LIMITED CONTINUOUS CULTURE

3.1 In tro d u c  t i o n

The cytochrom e c o n te n t o f  a  la rg e  number o f m ethyl o t ro  p h ic  b a c t e r i a  

h as  now been  in v e s t ig a te d  (A nthony, 1970, 1975a; R ibbons e t  , 1970;

H ersh e t  , 1971; Davey & M itto n , 1973; Tonge £ t  , 1974; Monosov & 

N e tru so v , 1975» Weaver & Dugan, 1975; B abel & S te u d e l ,  1977; D rabikow ska, 

1977; B am forth  & Q uayle, 1978; C ross & A nthony, 1978; van V ersev e ld  & 

S to u th am er, 1978). A lthough some e a r ly  in v e s t ig a t io n s  f a i l e d  to  d e te c t  any b- 

ty p e  cy tochrom es from d i f f e r e n c e  s p e c t r a  o f w hole organ ism s (Ribbons e t  

a l . , I 97O; Davey & M t to n ,  1973; Weaver & Dugan, 1975), i t  soon became 

c l e a r  t h a t  t h i s  was due to  m asking by la rg e  r e l a t i v e  amounts o f cytochrom e 

c .  In d eed , a l l  m e th y lo tro p h s  s tu d ie d  so f a r  a r e  now known to  c o n ta in  

cytochrom es o f  th e  a - ,  b -  and c - ty p e s .  S tu d ie s  in v o lv in g  c e l l  f r a c t i o n a t io n  

(A nthony, 1970, 1975a; Monosov & N e tru so v , 1975; D rabikow ska, 1977; B am forth 

& Q uayle, 1978; C ross & A nthony, 1978) have shown t h a t  cytochrom es o f the  

a -  and b - ty p e s  a re  e x c lu s iv e ly  membrane-bound, w hereas cytochrom e c i s  

found b o th  in  th e  membrane and s o lu b le  f r a c t i o n s . I t  i s  n o t  y e t  c l e a r ,  

how ever, w h e th e r th e  cytochrom e c found in  th e  s o lu b le  f r a c t i o n  i s  g e n u in e ly  

s o lu b le  in  v iv o , o r  bound lo o s e ly  to  th e  membrane and r e le a s e d  d u r in g  c e l l  

b reak ag e  •

A ll m e th y lo tro p h ic  b a c t e r i a  s tu d ie d  so f a r  have been  found  to  co n ta in  

m u l t ip le  C O -binding cy toch rom es. A C O -binding cytochrom e o f  th e  £ - ty p e  

(cytochrom e c ^ ^ ) i s  p r e s e n t  d u r in g  m e th y lo tro p h ic  grow th  o f  a l l  b a c t e r i a .
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and i n  a d d i t io n  CO -binding cytochrom es o f  th e  a - ty p e  (cy tochrom e aa^ ) 

and b - ty p e  (cytochrom e o ) a re  o f te n  fo u n d , though  th e  l a t t e r  i s  r a t h e r  

d i f f i c u l t  to  id e n t i f y  p o s i t i v e ly  in  th e  p re se n c e  o f  cy tochrom es a a ^ and 

c^ ^ . A lthough  C O -binding by cytochrom e £  i s  a  r e l a t i v e l y  u n u su a l f e a t u r e ,  

cy tochrom es c^^  have now been  found in  a  w ide ran g e  o f  b a c t e r i a  in c lu d in g  

a e ro b e s ,  a n a e ro b e s , f a c u l t a t i v e  a n a e ro b e s , sy m b io tic  b a c t e r i a  and 

p h o to a u to tro p h s ,  as  w e ll as  in  a lg a e  and d ia tom s (se e  W eston & Knowles, 

1 9 7 3 ) ' Cytochrome c^^ i s  p r e s e n t  in  P araco ccu s  d e n i t r i f i c a n s  on ly  d u r in g  

m e th y lo tro p h ic  grow th , b u t  t h i s  cytochrom e i s  p re s e n t  in  th e  f a c u l t a t i v e  

m e th y lo tro p h s  Pseudomonas AMI and Pseudomonas ex to rq u e n s  a ls o  d u rin g  

h e te r o t r o p h ic  g row th , t h o u ^  a t  reduced  l e v e l s  (Tonge e t  , 1974; 

Widdowson & Anthony, 1975» H igg ins £ t  , 1976; K eev il & A nthony, 1979b).

In d eed , ev id en ce  has r e c e n t ly  been found f o r  th e  c o o rd in a te  r e g u la t io n  o f

cytochrom e c^^ and enzymes o f  th e  s e r in e  pathw ay in  Me th y  1 obac te riu m

organ o p h ilu m , t h o u ^  th e  gene f o r  cytochrom e c^^ ap p ea rs  to  be lo c a te d  in

a  s e p a ra te  l in k a g e  group (O*Connor & Hanson, 1978).

The s t a t u s  o f cytochrom e c^^ as an o x id a se  in  m e th y lo tro p h ic  b a c t e r i a  

i s  a  s u b je c t  o f  some c o n tro v e rs y . No p h o to a c tio n  s p e c t r a  o f  m e th y lo tro p h s  

have been r e p o r te d ,  and th e  k in e t i c  com petence o f  cytochrom e c^^ to  a c t  as 

an o x id a se  h as  n o t been  in v e s t ig a t e d .  A peak in  th e  p h o to a c tio n  spectrum  

o f  th e  m arine  b a c te riu m  B eneckea n a t r ie g e n s  a t  412nm, how ever, su g g e s ts  

t h a t  th e  C O -binding cytochrom e c o f t h i s  o rgan ism  may in d e ed  have sane 

o x id a se  a c t i v i t y  (W eston & Knowles, 1974). In  a d d i t io n ,  th e  p u r i f i e d  

cytochrom e c^^ from  M eth y lo sin u s tr ic h o s p o riu m  has c o n s id e ra b le  a s c o rb a te  

o x id a se  a c t i v i t y ,  though th e  K̂  ̂ f o r  oxygen (250pM; Tonge e t  ^ . , 1977b) 

i s  ex tre m e ly  h ig h  f o r  a  p h y s io lo g ic a l  o x id a se . In  c o n t r a s t  to  t h a t  o f 

M .tr ic h o sp o riu m , th e  cytochrom e c^^ o f  Pseudomonas AMI i s  o n ly  s low ly
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a u to x id is e d  (O 'K eefe & A nthony, 1980b), and Widdowson & Anthony (1975) 

s u g g e s t t h a t  t h e i r  slow  i n t e r a c t io n  w ith  CO p re c lu d e s  an o x id a se  fu n c t io n  

f o r  th e  cytochrom es c^^ o f  Pseudomonas AMI, P .e x to rq u e n s  and 

Hyphomicrobium X. Cytochromes c have now been  p u r i f i e d  from  

M. tr ic h o s p o r iu m , P .e x to rq u e n s  (H igg ins e t  a l . ,  1976; Tonge e t  ^ . ,  1977b), 

M ethylomonas m e th an ica  ( P a te l  e t  , 1977) and Pseudomonas AMI (Widdowson 

& A nthony, 1975). T h is  l a s t  cytochrom e was l a t e r  shown to  be a  m ix tu re  o f  

two cy tochrom es c d i f f e r i n g  in  r e s p e c t  o f  m o le c u la r  w e ig h t and i s o e l e c t r i c  

p o in t  (O 'K eefe & A nthony, 1979» 1980b). The p u r i f i e d  cytochrom es c from  

d i f f e r e n t  so u rc e s  ap p ea r to  v a ry  somewhat in  C O -binding c h a r a c t e r i s t i c s  

and a u to x id a t io n  r a t e s .  In  v iew  o f  th e s e  d i f f e r e n c e s  i t  i s  p o s s ib le  t h a t  

cytochrom e c^^  may have an o x id a se  fu n c t io n  in  some b a c t e r i a  b u t  n o t  in  

o th e r s .  I t  i s  n o ta b le ,  how ever, t h a t  no m e th y lo tro p h  h as  y e t  been  found 

w ith o u t o th e r  p o t e n t i a l  cytochrom e o x id a se s  (aa^  a n d /o r  o) in  a d d i t io n  to  

cytochrom e c ^ ^ , and a l s o  t h a t  cytochrom e c^^ i s  p re s e n t  d u r in g  a n a e ro b ic  

grow th  on m ethano l and n i t r a t e  (Widdowson & A nthony, 1975 ). In d eed , p a r t l y  

in  view  o f  t h e i r  in d u c tio n  d u r in g  m e th y lo tro p h ic  grow th (se e  a b o v e ), i t  has 

been s u g g e s te d  t h a t  th e  a b i l i t y  o f  th e  m e th y lo tro p h  cytochrom es c  to  b in d  

CO may r e f l e c t  an i n t e r a c t io n  w ith  m ethano l dehydrogenase r a t h e r  th a n  w ith  

o x yg en  (O 'K eefe , I 98O; O 'K eefe & A nthony, 1980a).

The a - ty p e  cytochrom e h as  n e v e r  been p u r i f i e d  from  a  m e th y lo tro p h , 

so  th e  d eg ree  o f  resem blance  to  th e  m ito c h o n d r ia l  cytochrom e o x id a se  a a ^ i s  

u n c e r t a in ,  though  f o r  conven ience  t h i s  l a b e l  i s  u sed  h e r e .  Pseudomonas 

AM1 h as  been  shown to  c o n ta in  a t  l e a s t  two s p e c ie s  o f b - ty p e  cytochrom e 

(K eev il & A nthony, 1979a); one s p e c ie s  i s  p ro b a b ly  th e  C O -binding 

cytochrom e £ ,  and up to  two s p e c ie s  may be in v o lv ed  in  e le c t r o n  t r a n s f e r  

betw een th e  quinone po o l and cytochrom e c  o r  cytochrom e o x id a se .
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Cytochrome d h as  n o t y e t  been d e te c te d  d u r in g  m e th y lo tro p h ic  g row th , b u t 

t h i s  cytochrom e i s  found d u r in g  h e te ro tro p h ic  grow th o f  th e  f a c u l t a t i v e  

m e th y lo tro p h  P .e x to rq u e n s  (Tonge e t  a l . ,  1974).

The non-cytochrom e com ponents o f  th e  r e s p i r a t o r y  c h a in s  o f 

m e th y lo tro p h s  have been l i t t l e  s tu d ie d  ex c e p t t h a t  th e  quinones o f  

M .tr ic h o sp o riu m  and M ethylomonas P I I  have been i d e n t i f i e d  as  u b iq u in o n e -1 0  

and u b iq u in o n e -8  r e s p e c t iv e ly  (H igg ins e t  , 1976; D rabikow ska, 1977).

Schemes f o r  th e  r e s p i r a t o r y  c h a in s  o f th r e e  m e th y lo tro p h s. Pseudomonas 

AM1 (F ig .  3 .1 a ) ,  M .tr ich o sp o riu m  (F ig . 3 .1 b ) and P . d e n i t r i f i c a n s  

(F ig . 3 .1 c ) ,h a v e  now been p ro p o sed , b ased  l a r g e ly  on cytochrom e co m p o sitio n  

and th e  s i t e s  o f  a c t io n  o f  i n h i b i t o r s .  The s e n s i t i v i t y  o f th e  m e th y lo tro p h s  

b o th  to  r e s p i r a t o r y  c h a in  in h i b i to r s  such  as  r e te n o n s ,  am ytal and HQJTO, and 

to  te rm in a l  o x id a se  i n h i b i t o r s  such  as cy an id e  and a z id e  i s  v e ry  v a r ie d .

As m igh t be e x p e c te d , m e th y lo tro p h s  a p p ea r to  be r e s i s t a n t  to  i n h i b i t i o n  

by fo rm ate  (Z akharova e t  ^ . , 198O) w hich i s  known to  be an i n h i b i t o r  o f  

' t h e  cytochrom e o x id a se s  o f  m ito c h o n d ria  (N ic h o lls ,  1976) and o f  some 

b a c t e r i a  (Z akharova, 1979). F ig .  3.1 abc r e v e a ls  a  good d e a l o f d i v e r s i t y  

am ongst th e  p roposed  schemes f o r  th e  r e s p i r a t o r y  c h a in s  o f  m e th y lo tro p h s , 

p a r t i c u l a r l y  in  th e  te rm in a l  r e g io n .  Cytochrome c^^ i s  n o t  c o n s id e re d  to  

have an o x id a se  fu n c t io n  in  Pseudomonas AMI o r  P . d e n i t r i f i c a n s  b u t may 

do so in  M .tr ic h o sp o riu m , w here i t  a l s o  seems to  a c t  as  an e le c t r o n  d ono r 

to  m ethane mono oxygenase, and in  P . ex to rq u e n s  (H igg ins e t  a l . , 1976, 1977; 

Tonge e t  ^ . , 1971b). The CO -binding cytochrom e b o f  Pseudomonas AM1 i s  

n o t  th o u g h t to  a c t  as  an o x id a se , b u t t h a t  o f P .d e n i t r i f i c a n s  a p p a re n tly  

does ( t h o u ^  see  S cho les & S m ith , 1968; Lawford £ t  , 1976), th e  b ra n c h 

p o in t  b e in g  a t  th e  l e v e l  o f cytochrom e b .  D e sp ite  t h i s  d i v e r s i t y ,  how ever, 

th e r e  a re  im p o rta n t common f e a t u r e s ,  n o ta b ly  th e  s i t e  o f  i n t e r a c t io n  o f
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F ig .  3.1 The r e s p i r a t o r y  system s o f m e th y lo tro p h ic  b a c t e r i a

( a ) ,  c a rb o n - l im ite d  Pseudomonas AM1 ( a f t e r  K eev il & Anthony, 1979b);

( b ) ,  M .trich o sp o riu m  ( a f t e r  H igg ins e t  , 1977)» and ( c ) ,  P .d e n i t r i f i c a n s  

( a f t e r  van V ersev e ld  & S tou tham er, 1978).

Symbol ; ^  , d en o te s  i n h i b i t i o n  ( th e  f ig u r e s  in  p a re n th e se s  a re  th e

i n h i b i t o r  c o n c e n tra t io n s  r e q u ire d  f o r  90% i n h i b i t i o n ) .  A b b rev ia tio n s  :

AA, an tim y c ih  A; "Q, u b iq u in o n e ; PQ,Q, p y r ro lo -q u in o l in e  quinone ( p r o s th e t i c  

g roup  o f m ethanol d eh y d ro g en a se ) .
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m ethanol dehydrogenase w ith  th e  r e s p i r a t o r y  c h a in .  D rabikow ska (1977) 

h as  su g g e s te d  th a t  cytochrom e b i s  in v o lv e d  in  m ethanol o x id a tio n  in  

M ethylomonas P I I , b u t a  la r g e  body o f  e v id en ce  h as  now been  assem bled  

fa v o u r in g  th e  in t e r a c t io n  o f m ethanol dehydrogenase  w ith  th e  r e s p i r a t o r y  

c h a in  a t  th e  l e v e l  o f  cytochrom e £ .  In d eed , m ethanol o x id a tio n  i s  n o t  

u s u a l ly  s e n s i t i v e  to  th e  m id -ch a in  i n h i b i t o r s  a n tim y c in  A and HQNO 

(H igg ins e t  a l . , 1976, 1977; Tonge e t  1977c; O 'K eefe & A nthony, 1978; 

van V ersev e ld  & S tou tham er, 1978); m u tan ts  o f  Pseudomonas AMI (A nthony, 

1975à) and P .d e n i t r i f i c a n s  (W illiso n  & Jo h n , 1979) la c k in g  cytochrom e c 

a re  u n ab le  to  grow on m ethano l w hereas g row th  on o th e r  s u b s t r a te s  i s  

u n a f f e c te d ;  and Duine e t  (l97S^ have r e c e n t ly  been  a b le  to  observe  

m e th an o l-d ep en d en t cytochrom e c  re d u c t io n  in  p u r i f i e d  p re p a ra t io n s  from  

Hyphomicrobium X. T here ap p ea rs  to  be a  h i ^  d eg ree  o f s i m i l a r i t y  betw een 

th e  m ethanol dehydrogenases o f  m e th y lo tro p h s  (se e  Yamanaka, I 981) ,  and th u s  

i t  seems l i k e l y  t h a t  in  Methylomonsis P I I  th e  i n t e r a c t io n  o f m ethanol 

dehydrogenase w ith  th e  r e s p i r a t o r y  c h a in  w i l l  a ls o  be a t  th e  l e v e l  o f 

cytochrom e £ ;  th e  m e th an o l-d ep en d en t r e d u c t io n  o f  cytochrom e b observed  by 

D rabikow ska (1977) wets th u s  p ro b ab ly  due to  th e  r e o x id a t io n  o f  NADH form ed 

v i a  th e  f u r t h e r  o x id a tio n  of fo rm aldehyde .

In  a  p re lim in a ry  r e p o r t .  C ross & Anthony (1978) showed t h a t  

M .m ethy lo trophus c o n ta in s  cytochrom es b , c ,  and som etim es aa^ ; th e  p re sen ce  

o f  t h i s  l a s t  cytochrom e b e in g  v a r i a b l e .  In  a d d i t io n ,  th e s e  a u th o rs  

i d e n t i f i e d  th r e e  CO -binding cy tochrom es, a a ^ , o and c ^ ^ . T his c h a p te r  

d e s c r ib e s  an in v e s t ig a t io n  o f th e  co m p o sitio n  o f  th e  r e s p i r a t o r y  c h a in  o f  

M .m eth y lo tro p h u s , grown in  m e th a n o l- l im ite d  co n tin u o u s  c u l tu r e .  The 

s e q u e n tia l  o rg a n is a t io n  o f th e  r e s p i r a t o r y  c h a in ,  p a r t i c u l a r l y  th e  te rm in a l 

o x id a se  re g io n ,w a s  a ls o  s tu d ie d  u s in g  c l a s s i c a l  r e s p i r a t o r y  i n h i b i t o r s .
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Some o f  th e  d i v e r s i t y  am ongst th e  s e n s i t i v i t i e s  o f  th e  te rm in a l  o x id ase  

sy stem s o f  m e th y lo tro p h s  to  i n h i b i t o r s  may stem  from  th e  u s e  o f  on ly  one 

o r  two i n h i b i t o r  c o n c e n tr a t io n s  a t  a  s in g le  r a t e  o f  f lu x  th ro u g h  th e  

o x id a se  sy stem . T h is can  be p a r t i c u l a r l y  m is le a d in g  when u n c o m p e titiv e  

i n h i b i t i o n  i s  e n c o u n te re d , and r e s u l t s  from  s u b s t r a t e s  o x id is e d  a t  q u i te  

d i f f e r e n t  r a t e s  a re  com pared. The ty p e  o f  i n h i b i t i o n  k i n e t i c s ,  a s  w e ll as 

th e  Kj f o r  i n h i b i t i o n ,  can  be u s e f u l  d ia g n o s t i c a l ly  (M eyer, 1972; J o n e s , 

1973) ;  and th e  d e t a i l e d  k i n e t i c s  o f  i n h i b i t i o n  o f  th e  te rm in a l  re g io n  o f  

th e  r e s p i r a t o r y  c h a in  o f  M .m eth y lo tro p h u s, by c y a n id e , a re  c o n s id e re d  h e r e .

S in ce  t h i s  work was l a r g e ly  com pleted  a  f u l l  r e p o r t  o f  th e  r e s p i r a t o r y  

c h a in  o f  M. m e th y lo tro p h u s  has been  p u b lish e d  (C ross & A nthony, 1980b), and 

t h i s  work i s  d is c u s s e d  in  th e  c o n c lu s io n  to  t h i s  c h a p te r  ( s e c t io n  3 .6 ) .

3 .2  Cytochrome c o n te n t o f  M. m e th y lo tro p h u s

F ig .  3 .2 a  shows th e  red u ced  minus o x id is e d  d i f f e r e n c e  spectrum  o f whole 

c e l l s  o f M .m eth y lo tro p h u s. The p re sen ce  o f  cytochrom e c i s  c l e a r l y  

in d ic a te d  by th e  s tro n g  peaks a t  550nm and 520nm, and in  a d d i t io n  th e  sm all 

peak a t  602nm and th e  s l i ^ t  sh o u ld e r  in  th e  S o re t r e g io n  a t  440nm a re  

in d i c a t i v e  o f  cytochrom e a a ^ . The low te m p e ra tu re  spectrum  o f  th e  membrane 

f r a c t i o n  (P ig . 3*3a) shows t h a t  a  peak due to  cytochrom e b (553nm) was 

masked in  w hole c e l l  s p e c t r a  by th e  l a r g e  e x c e ss  o f  cytochrom e c .  (As i s  

u s u a l  w ith  low te m p e ra tu re  s p e c t r a ,  an  i n t e n s i f i c a t i o n  and s h i f t  to  s h o r te r  

w ave len g th  o f  2-3nm w ere observ ed  [K e ilin  & H a r tr e e ,  1949])» Cytochromes 

a a ^ (peaks 599» 438nm) and c (peaks 547» 5l8nm ) w ere a ls o  found  to  be 

m em brane-bound, b u t th e  l a t t e r  was a l s o  o b se rv ed  a s  th e  o n ly  cytochrom e 

i n  th e  s o lu b le  f r a c t i o n  (P ig . 3*3 b ).
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F ig .  3*2 Room te m p e ra tu re  s p e c t r a  of whole c e l l s  o f M. me th y lo  tro p h u s

( a ) ,  Reduced minus o x id is e d  (H2O2 ) d i f f e r e n c e  spectrum  ( I I .6  mg d ry  w t. 

b a c t e r ia /m l) ;  ( b ) ,  ( c )  red u ced  p lu s  CO m inus reduced  d i f f e r e n c e  spectrum  

( ( b ) ,  4 .3  mg d ry  w t. b a c te r ia /m l ;  ( c ) ,  31.1 mg d ry  w t. b a c t e r ia /m l ) .

-1 0 1 -



423

(a)

547

553
599438 518

418

(b)

II
<
<]

550

< J l

520

400 450 500 550 600 650

X (nm)

F ig . 3*3 Reduced minus ox id ised  (K^O^) d iffe r e n c e  sp ectra  o f the

membrane and so lu b le  f r a c t io n s . ( a) ,  Low temperature spectrum of the 

membrane fr a c t io n  (12 ,9  mg p ro te in /m l); (b ) room temperature spectrum  

o f the so lu b le  fr a c t io n  ( l5 -5  mg p ro te in /m l).
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Reduced p lu s  CO minus reduced  d i f f e r e n c e  s p e c t r a  o f  w hole c e l l s  

(F ig . 3 .2b$ and membranes (F ig . 3 * 4 ^  in d ic a te d  th e  p re se n c e  o f  th re e  

membrane-bound C O -binding cy tochrom es; v iz  , cytochrom es a a ^ ( t r o u t s  600- 

602nm, 440- 442nm), o ( tro u g h  557-558nm, sh o u ld e r  42Qnm) and c^^ ( tro u g h  

546-548nm, peak 411-413nm ). The s o lu b le  cytochrom e c a ls o  bound a  sm a ll 

amount o f  CO (F ig . 3 .4 o d ) .

I n t e r e s t i n g l y ,  th e  fe rm e n te r  s u p e rn a ta n t  c o n ta in e d  la r g e  amounts o f  

cytochrom e £ ,  and a ls o  o f  a  m a te r ia l  w hich ab so rb ed  s t r o n g ly  in  th e  

o x id is e d  form  a t  abou t 448nm, and was p o s s ib ly  f l a v i n  (s e e  B e in e r t ,  196O).

The amounts o f  b o th  su b s ta n c e s  found were f a x  to o  la rg e  to  be acco u n ted  f o r  

by c e l l  l y s i s .

Q u a n ti ta t iv e  e s t im a te s  o f  th e  cytochrom e c o n te n ts  o f th e  membrane and 

s o lu b le  f r a c t i o n s  o f  M .m ethy lo trophus sire shown in  T ab le  3 .1 .  The v a lu e s  

d e r iv e d  from reduced  p lu s  CO minus reduced  d i f f e r e n c e  s p e c t r a  a re  

n e c e s s a r i ly  v e ry  approx im ate  due to  th e  o v e r la p p in g  o f  th e  bands from  

d i f f e r e n t  cytochrom es in  th e  S o re t r e g io n ,  and th e  u n c e r t a in ty  o v e r th e  

v a lu e s  o f th e  m olar e x t in c t io n  c o e f f i c i e n t s  u sed  (se e  s e c t io n  2 ,5 .3 ) .

( I t  sh o u ld  be n o te d  t h a t  th e  exp erim en ts  d e s c r ib e d  in  t h i s  s e c t io n  were 

c a r r i e d  o u t on b a c t e r i a  grown a t  B i l l i n ^ a m ,  b u t p re lim in a ry  ex p erim en ts  have 

show nthat th e  cytochrom e c o n te n t  o f  b a c t e r i a  grown a t  L e ic e s te r  i s  a t  

l e a s t  q u a l i t a t i v e l y  s im i la r . )

3 .3  N ico tin am id e  n u c le o t id e  tran sh y d ro g en  a s  e a c t i v i t y  o f M. me th y lo t r o  phus

Crude e x t r a c t s  o f  M. me th y l  0 tro p h u s  w ere found to  have an  NABPH 

o x id a se  r a t e  eq u a l to  ap p ro x im a te ly  h a l f  t h a t  o f NADH o x id a se  (se e  Table 

3 .2 ) .  No s t im u la t io n  by NAD  ̂ was o b se rv ed , b u t  i t  i s  l i k e l y  t h a t  t h i s  

s u b s ta n c e  would a lre a d y  be p re s e n t  in  th e  c ru d e  e x t r a c t  to  th e  c a t a l y t i c  

l e v e l  r e q u ir e d  f o r  tra n sh y d ro g e n a se  f u n c t io n .  Very l i t t l e  NADPH o x id ase
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Fig» 3»4 Room te m p e ra tu re  reduced  p lu s  CO minus reduced  d i f f e r e n c e  

s p e c t r a  o f th e  membrane and s o lu b le  f r a c t i o n s » ( a ) ,  ( b ) ,  Membrane 

f r a c t i o n  ( ( a ) ,  17 .6  mg p ro te in /m l;  (b ) 2 9 .2  mg p r o te in /m l) ;  ( c ) ,  ( d ) ,  

s o lu b le  f r a c t i o n  ( ( c ) ,  13 .0  mg p r o te in /m l;  ( d ) ,  2 1 ,3  mg p r o te in /m l) .
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■—  — 1 
1 C e ll 
1

F r a c t io n Donor A ccep to r

!
NAI/(F)H o x id a t io n  r a t e  ; 

^nm oles NADH o x in isP d /X  

\iD.in mg p r o te in  /

Crude e x t r a c t

1
[_

NADH 

NADPH 

NADPH + NAD"̂  

NADPH

°2

°2

°2

3 - a c e ty lp y r id in e -

nad"̂

15.2  -  1 .7  (3 )  

7 .9  -  2 .6  (3 )

7 .5  -  3 .1 (2 )

5 .6
.

I
1

Membrane

M A T,TT

NADPH 

NADPH + NAD"̂  

NADPH

°2

°2

3 -ace  t y l p y r id in e -  

NAD*̂

5 5 .5  -  i i  (4 )

2 .3  -  0 .2  (3 )

1 .5  -  0 .5  (2 )

0

1

i S o lu b le  
1
1I

NADPH 3*-ace t y l  pirr i d i n e -  

NAD*̂
6*7 1

1
I

S o lu b le  + 

Membrane

. NADPH 

NADPH + NAD*̂

°2

°2

1 9 .6  i  3 .9  ( 2 V

19 . 6 - 3 .9  (2 )*

j .P  N irn tin ^m id e  T.v.clootidg tranch>ydrcffcna,cc a c t i v i t y  o f 

M .m eth y lo tro p h u s. C e ll  f r a c t i o n s  w ere p re p a re d  and a ssay ed  as

d e s c r ib e d  in  s e c t io n s  2 ,4*2  and 2 .7 * 1 , 2 .7 * 2 ,r e s p e c t iv e ly .

* nm oles NADH o x id ise d /m in  p e r  mg s o lu b le  p r o te in .
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a c t i v i t y  was found in  th e  membrane f r a c t i o n  (w ith  o r  w ith o u t NAD"*"), b u t 

t h i s  a c t i v i t y  cou ld  be r e c o n s t i tu te d  by th e  a d d i t io n  o f s o lu b le  f r a c t i o n .  

The p re se n c e  o f a  s o lu b le  tra n sh y d ro g e n a se , o n ly , was con firm ed  by 3 - 

acetylpyridine-N A D *^ re d u c t io n  u s in g  NADPH as s u b s t r a t e .

3 .4  R e s p ira to ry  a c t i v i t y  o f whole c e l l s  o f  M. m eth y lo tro p h u s

Whole c e l l s  o f M .m ethylo troT ^us r e a d i ly  o x id ise d  m e th an o l, e th a n o l ,  

b u ta n o l ,  fo rm aldehyde , fo rm a te , NADH, ascorbate-TM PD, DADHg and 

d u ro q u in o l; m ethyl am ine, tr im e th y la m in e , g lu c o se , f r u c to s e ,  g ly c e r o l ,  

f e r ro c y a n id e  and ascorbate-m am m alian  cytochrom e £  were o x id is e d  le s s  

r a p id ly ;  and i s o c i t r a t e ,  l a c t a t e ,  m ala t e , p y ru v a te , a c e ta t e  and s u c c in a te  

w ere n o t  o x id is e d .  The r e s p i r a t i o n  r a t e s  from  s e le c te d  s u b s t r a te s  a re  

shown in  T ab le  3*3*

3 .5  E f f e c t  o f  in h i b i to r s  on th e  r e s p i r a t o r y  a c t i v i t y  o f  w hole c e l l s  o f 

M. me th y lo tro p h u s

3 . 5.1  I n h ib i t io n  o f  th e  r e s p i r a t o r y  c h a in  p r i o r  to  th e  te rm in a l  

ox idane r e g io n

Whole c e l l s  o f  M .m ethy lo trophus w ere found  to  be c o n s id e ra b ly  l e s s  

s u s c e p t ib le  to  in h i b i t i o n  by c o n v e n tio n a l r e s p i r a t o r y  i n h i b i t o r s  th a n  

m ito c h o n d r ia , d r  th e  m ito c h o n d r io n - l ik e  b a c te riu m  

P . d e n i t r i f i c a n s  (se e  John & W hatley , 1977). Rotenone (imM) f a i l e d  to  

s i g n i f i c a n t l y  i n h i b i t  r e s p i r a t i o n  from  th e  NAD^-1 inked  s u b s t r a t e  fo rm a te . 

A m ytal, on th e  o th e r  hand , caused  some in h i b i t i o n  o f  fo rm ate  o x id a t io n ,  

b u t o n ly  a t  h ig h  i n h i b i t o r  c o n c e n tr a t io n s  (5mM) # ie n  i t  a ls o  a f f e c te d

- 107-



S u b s tr a te

—-------------------------------------------------------------—1

R e s p ir a t io n  r a t e

(ng-atom  O/min p e r  mg d ry  w t . )

b a c t e r i a

Endogenous 5 .8  t  0 .8  (5 )

M ethanol
1 252 -  3 / ( 5 )

rcrm aldohydc 315 i  2 8 ( 9 )  i

Form ate 37 i  6 ( 5 )

NADH
.

182 -  i 6 (5 )

Ascorbate-TMPD 1400
1

T> A T\TT
1
140v 1

D uroqu ino l

. I

I8 l  ± 3 (5 )

T ab le  3 .3  R e s p ir a to ry  a c t i v i t y  o f  w hole c e l l s  o f  M .m ethy lo trouhus

R e s p ir a t io n  r a t e s  were d e te rm in e d  as d e s c r ib e d  in  s e c t io n  2 ,6  in  a  

r e a c t io n  m ix tu re  c o n ta in in g  14CraM-KCl, 10mM-glycyl g ly e  in e  ( pH? = 0) p in s  

s u f f i c i e n t  .Vctoiifciu c e l l  su sp e n s io n  to  g iv e  a  c o n v e n ie n t r a t e  o f  oxygen 

consum ption . A ll s u b s t r a t e s  w ere u sed  a t  s a tu r a t i n g  c o n c e n tra t io n s  

(m ethano l, 20mM; fo rm aldehyde , 2mM; fo rm a te , NADH, 2mM; a s c o rb a te ,

3mM-TîÆPD, 1niM; DADB ,̂ 1mlvl; d u ro q u in o l, 2mM). The v a lu e s  o f  th e  r e s p i r a t i o n  

r a t e s  from  a s c o rb a te —TMPD and DADĤ  w ere ta lien  from  p lo t s  o f  th e  r e s p i r a t i o n  

r a t e  ( c o r r e c te d  f o r  a u to x id a t io n )  v e rs u s  th e  s u b s t r a t e  c o n c e n tr a t io n .  

R e s p ira t io n  r a t e s  from  added s u b s t r a t e s  w ere c o r r e c te d  f o r  endogenous 

r e s p i r a t i o n .
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r e s p i r a t i o n  from  s u b s t r a te s  fe e d in g  re d u c in g  e q u iv a le n ts  in to  th e  

r e s p i r a t o r y  c h a in  below  th e  l e v e l  o f  NADH d eh y d ro g en ase . The m id -ch a in  

i n h i b i t o r s  an tim y c in  A and HQJîO had s im i la r  r e l a t i v e  e f f e c t s  on 

r e s p i r a t i o n ,  i . e .  th e y  caused  s u b s t a n t i a l  i n h i b i t i o n  o f  r e s p i r a t i o n  from  

fo rm ate  and d u ro q u in o l (d u ro q u in o l i n t e r a c t s  w ith  th e  r e s p i r a t o r y  ch a in  

a t  th e  l e v e l  o f th e  quinone p o o l o r  cytochrom e b [B overis e t  ^ . , 1971; 

K roger e t  , 1973] ) ,  b u t l i t t l e  i n h i b i t i o n  o f  r e s p i r a t i o n  from  m ethanol 

o r  ascorbate-TM PD. In d eed , 300pM -antim ycin A in h ib i te d  fo rm ate  

o x id a tio n  by 'IQffo b u t m ethano l o x id a tio n  by o n ly  yfo\ th e  c o n c e n tra t io n  

dependence o f i n h i b i t i o n  by HQNO i s  shown in  F ig .  3 .5 .  The r e l a t i v e  

e f f e c t s  o f in h i b i to r s  on r e s p i r a t i o n  from  d i f f e r e n t  s u b s t r a te s  were 

s im i la r  to  th o s e  seen  w ith  o th e r  m e th y lo tro p h s  ( s e c t io n  3 *1 ), and 

c o n s i s te n t  w ith  th e  h y p o th e s is  t h a t  m ethanol d o n a te s  re d u c in g  e q u iv a le n ts  

to  th e  r e s p i r a t o r y  c h a in  a t  th e  l e v e l  o f  cytochrom e c .  In te rm e d ia te  

in h i b i t i o n  o f fo rm aldehyde o x id a tio n  was observ ed  as t h i s  s u b s t r a t e ,  a t  

l e a s t  in  v i t r o , may be o x id is e d  e i t h e r  v i a  th e  r e d u c t io n  and r e o x id a t io n  

o f  NAD  ̂ o r  d i r e c t l y  v i a  m ethanol o x id a se  (s e e  s e c t io n  1 .3 .3 ) .

V arious su b s ta n c e s  w ere t e s t e d  a s  p o t e n t i a l  s p e c i f i c  in h i b i to r s  o f 

m ethanol o x id a s e . However, o n ly  d icum aro l had some s p e c i f i c  e f f e c t ,  and 

th e  u n c o m p e tit iv e  k in e t i c s  and tim e-dependence o f  th e  d icu m aro l in h i b i t i o n  

r u le  t h i s  ou t as  a  u s e f u l  i n h i b i t o r .

-1 0 9 -
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F ig .  3»3 E f f e c t  o f HQJTO on th e  o x id a tio n  o f  fo rm a te , fo rm ald eh y d e , 

m e th an o l, d u ro q u in o l and ascorbate-TI/IPD . R e s p ir a t io n  r a t e s  were 

m easured as d e s c r ib e d  in  s e c t io n  2 .6  in  a  r e a c t io n  m ix tu re  c o n ta in in g  

140mI.I-KCl, lOm lvI-glycylglycine (pH7.0) p lu s  s u f f i c i e n t  washed c e l l s  to  g iv e  

a  c o n v e n ie n t r a t e  o f  oxygen consum ption . S u b s tr a te s  ( a l l  1mM) : ■ , 

fo rm a te ; □ , fo rm aldehyde; #  , m e th an o l; A , d u ro q u in o l; A ,

a s c o rb a te  (3niM)-'IÎ*TD (lml,î).
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3 .5 .2  I n h ib i t i o n  o f  th e  te rm in a l  re g io n  o f  th e  r e s p i r a t o r y  c h a in  by-

cy an id e  and a z id e

The o x id a t io n  o f  m ethano l by whole c e l l s  o f  M .m ethyl o tro p h u s  was 

i n h ib i t e d  by cy an id e  in  a  n o n -c o m p e tit iv e  manner (K, — 10pM; P ig .  3 .6 a ) ,  

w hereas i n h i b i t i o n  o f  r e s p i r a t i o n  from  th e  NAD^-1inked s u b s t r a t e  fo rm ate  

was u n c o m p e tit iv e  (K  ̂ ^27pM ; F ig .  3 .6 b ) .  D e ta i le d  a n a ly se s  o f  cyan ide  

i n h i b i t i o n  k in e t i c s  d u r in g  b a c t e r i a l  r e s p i r a t i o n  have p re v io u s ly  shown 

th a t  n o n -c o m p e tit iv e  and u n c o m p e tit iv e  i n h i b i t i o n  a re  d ia g n o s t ic  o f 

cytochrom e o x id a se s  £  and a a ^ r e s p e c t iv e ly  (M eyer, 1972; Jo n e s , 1973).

These c u r r e n t  s tu d ie s  th e r e f o r e  in d ic a te  t h a t  cytochrom e £  i s  th e  l e a s t  

s e n s i t i v e  o x id a se  d u r in g  m ethano l o x id a t io n  (V^^^ = 290ng-atom  O/min p e r  

mg d ry  w t. b a c t e r i a ) ,  w hereas cytochrom e a a ^ i s  th e  l e a s t  s e n s i t i v e  

o x id a se  d u r in g  th e  much s lo w er fo rm ate  o x id a tio n  (V^^^ = l7ng-atom /m in  p e r  

mg d ry  w t. b a c t e r i a ) .  P lo ts  o f  1/ f r a c t i o n a l  in h i b i t i o n  v e rs u s  i / [ kCn]  

f o r  th e  o x id a tio n  o f  m e th an o l, and h i ^  c o n c e n tr a t io n s  o f  fo rm a te , 

e x t r a p o la te  to  one on th e  a b s c is s a  in d i c a t in g  com plete  i n h i b i t i o n ,  b u t th e  

c u rv in g  o f  th e  Dixon p lo t s  a t  low er fo rm ate  c o n c e n tra t io n s  (P ig . 3 .6 b )  may 

in d i c a te  th e  p re sen ce  o f  an a d d i t io n a l  r e l a t i v e l y  c y a n id e - in s e n s i t iv e  

o x id a se , b u t  w ith  an a c t i v i t y  to o  low to  be p h y s io lo g ic a l ly  s i g n i f i c a n t .

The in h i b i t i o n  o f  cytochrom e c^^  has n o t p re v io u s ly  been  exam ined in  

d e t a i l ,  b u t  t h i s  cytochrom e ap p ea rs  to  be r e l a t i v e l y  i n s e n s i t i v e  to  

cy an id e  (H ig g in s  e t  ^ . , 1976; Tonge e t  , 1 9 7 7 b ,c ) , and th u s  i t  i s  l i k e l y  

t h a t  t h i s  cytochrcxne h as  a t  th e  m ost o n ly  v e ry  s l i ^ t  o x id a se  a c t i v i t y  in  

M .m eth y lo tro p h u s .

The in h i b i t i o n  o f  ascorbate-TM PD o x id a tio n  by cy an id e  (P ig .  3 .6 c )  

showed e i t h e r  n o n -c o m p e tit iv e  (Z. = 2,5}ûÆ) o r  u n c o m p e tit iv e  (Z^ ^  2,5]aM)
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(C)

40
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250/iM
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ImM
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[KCNJ (pM)

F ig . 3 .6  The e f f e c t  o f cy an id e  on r e s p i r a t i o n  from m e th a n o l,fo rm a te  

and ascorbate-TI.IPD (Dixon p l o t s ) . R e s p ir a t io n  r a t e s  were m easured as 

d e s c r ib e d  in  s e c t io n  2 .6 ,  in  a  r e a c t io n  m ix tu re  c o n ta in in g  140mîi-KCl,

2O m M -glycylglycine (pH7.4) p lu s  s u f f i c i e n t  washed c e l l  su sp e n sio n  to  g iv e  a  

c o n v en ien t r a t e  o f oxygen consum ption . The cy an id e  was added 2 min p r io r  

to  th e  a d d i t io n  o f s u b s t r a t e .  The s u b s t r a t e s  u se d , a t  th e  c o n c e n tr a t io n s  

shown on th e  p l o t s ,  were ( a ) ,  m ethano l; ( b ) ,  fo rm a te ; and ( c ) ,  a s c o rb a te -  

Tr-iPD ( th e  a s c o rb a te  c o n c e n tr a t io n  was dmîvl th ro u g h o u t and th e  T̂ ÎPD

c o n c e n tra t io n  was v a r ie d  as  shown; c o r r e c t io n  was made f o r  th e  a u to x id a t io n  

o f  t h i s  s u b s t r a t e ) .
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k i n e t i c s  depend ing  on th e  c o n c e n tr a t io n  o f  TMPD, and hence on th e  

r e s p i r a t i o n  r a t e .  Cytochrome o was a g a in  th e  l e a s t  s e n s i t i v e  o x id ase  a t  

h ig h  r e s p i r a t i o n  r a t e s  = 1 .10pg-atom  O/min p e r  mg d ry  w t. b a c t e r i a ) ,

s in c e  th e  f o r  cytochrom e a a ^ i s  v e ry  low u n d er th e s e  c o n d i t io n s .

However, a s  th e  r e s p i r a t i o n  r a t e  i s  d e c re a se d , th e  o f  cytochrom e a a ^ 

in c re a s e s  u n t i l  i t  exceeds th e  Kj o f  cytochrom e o , and hence cytochrom e 

a a ^ became th e  l e a s t  c y a n id e - s e n s i t iv e  o x id a se  a t  low r e s p i r a t i o n  r a t e s

(V < 330ng-atom  O/min p e r  mg d ry  w t. b a c t e r i a ) .

As w ith  c y a n id e , a z id e  i n h i b i t i o n  k i n e t i c s  a l s o  su g g e s te d  th e  invo lvem en t c 

two te rm in a l o x id a se s  in  ascorbate-TM PD o x id a t io n  (F ig . 3*7)• An a s id e -  

s e n s i t i v e  o x id a se  (I^ q  = 75pM) was a p p a re n t a t  h i ^  r e s p i r a t i o n  r a t e s ,  

w hereas a t  lo w er r e s p i r a t i o n  r a t e s  a l l  th e  f lu x  to  oxygen co u ld  be c a r r i e d  

by an a z id e - in s e n s i t iv e  o x id a se  (Kj = 1.2mM; n o n -c o m p e ti t iv e ) .  D e ta i le d  

in fo rm a tio n  on th e  e f f e c t  o f a z id e  on b a c t e r i a l  te rm in a l  o x id a se s  i s  b o th  

s p a r s e  and in c o n s i s t e n t ,  so  no unambiguous i d e n t i f i c a t i o n  o f  th e  cytochrom es 

'r e s p o n s ib le  f o r  th e  two phases o f i n h i b i t i o n  i s  p o s s ib le .  M ito c h o n d ria l 

cytochrom e a a ^ i s  known to  be in h ib i te d  in  a  n o n -c o m p e tit iv e  m anner by 

a z id e  (M in n ae rt, 1961; Y onetan i & Ray, 1965)» b u t th e  i n h i b i t i o n  k in e t i c s

o f th e  b a c t e r i a l  cytochrom es o and c have n o t  been exam ined.
—  —C O

3 .6  D is c u s s io n  and c o n c lu s io n s

M e th a n o l- lim ite d  M. me th y l  o tro p h u s  was found  to  c o n ta in  cytochrom es o f  

th e  a - ,  b -  and £ - ty p es , from  red u ced  minus o x id is e d  d i f f e r e n c e  s p e c t r a ,  and 

cytochrom es a a ^ , o (b - ty p e )  and c^ ^ ,fro m  red u ced  p lu s  CO m inus reduced  

d if f e r e n c e  s p e c t r a ,  i n  agreem ent w ith  th e  p re l im in a ry  r e p o r t  o f  C ross &

Anthony (1 9 7 8 ). Cytochromes o f  th e  a -  and b - ty p e s  were found to  be 

e x c lu s iv e ly  membrane-bound, w hereas a  s u b s t a n t i a l  p ro p o r tio n  o f  th e  cytochrom e c

— 1 1 4 —
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F ig . 3»7 The e f f e c t  o f a z id e  on r e s p i r a t i o n  from ascorbate-TT>IPD 

The c o n d it io n s  were as d e s c r ib e d  in  th e  le g en d  to  F ig . 3*6. A gain th e  

i n h i b i t o r  was added 2 min p r i o r  to  th e  a d d i t io n  o f s u b s t r a t e .  The 

a sc o rb a te  c o n c e n tra t io n  v/as 3mM th ro u g h o u t and th e  c o n c e n tr a t io n  o f  Tî.îPD 

was as shown on th e  p lo t s  ( c o r r e c t io n  was made f o r  a u to x id a t io n ) .
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was found  in  th e  s o lu b le  f r a c t i o n  a f t e r  c e l l  b re a k a g e . The 

c o n c e n tra t io n s  o f th e  membrane-bound cytochrom es r e l a t i v e  to  u n i ty  f o r  

cytochrom e c were a a ^ , 0 .1 3  : b , 0*55 : £ ,  1 .0 0 ; and th e  CO -binding 

cytochrom es w ere p re s e n t  in  th e  approx im ate  r a t i o  a a ^ , 0 .4 7  : o , 0 .87  : 

c^^ : 1 .0 0 . These f ig u r e s  su g g e s t t h a t  th e re  a re  a t  l e a s t  two s p e c ie s  o f 

b o th  cytochrom e b and cytochrom e c .  In d eed , a  d e t a i l e d  r e p o r t  by C ross & 

A nthony ( 1 9 8 0 b ),p u b lish e d  a f t e r  much o f  t h i s  work had been com pleted , showed 

t h a t  t h i s  organism  c o n ta in s  up  to  th r e e  s p e c ie s  o f  b o th  cytochrom e b

-1 1 0  -2 6 0  1^°® and cytochrom e c % 5 6  % 73» sub

s c r i p t s  to  b o th  b -  and £ - ty p e  cytochrom es r e f e r  to  th e  m id -p o in t redox  

p o te n t i a l s  o f  th e  membrane-bound cy to ch ro m es). C ross & Anthony ( l9 8 0 a )  have 

a ls o  p u r i f i e d  th r e e  s p e c ie s  o f  s o lu b le  cytochrom e c w hich may be th e  

same a s  th e  membrane-bound cy tochrom es. These cytochrom es were found to  

d i f f e r  in  te rm s o f th e  m o le c u la r  w e ig h t, i s o e l e c t r i c  p o in t ,  redox  

p o te n t i a l  and CO -binding p r o p e r t i e s ;  none o f th e  cytochrom es c  was r a p id ly  

a u to x id i s a b l e , though some m ethanol o x id a se  a c t i v i t y  was d e te c te d  in  th e  

s o lu b le  f r a c t i o n ,  in  which cytochrom e c i s  th e  on ly  cytochrom e p r e s e n t .

The p re se n c e  o f cytochrom e c in  fe rm e n te r  s u p e rn a ta n ts  was a l s o  n o te d  by 

C ross & Anthony ( 1980b) who showed t h a t  t h i s  cytochrom e was r e v e r s ib ly  

p h o to -o x id is e d . A m a te r ia l  r e p o r te d  h e re  to  ab so rb  s tro n g ly  in  th e  

o x id is e d  form  a t  448nm i s  p o s s ib ly  th e  f l a v i n  r e s p o n s ib le  f o r  c a t a ly s i s  

o f  t h i s  p h o to -o x id a tio n .

L i t t l e  i s  known o f  th e  non-cytochrom e com ponents o f  th e  r e s p i r a to r y  

ch a in  o f  M. me th y l  o tro p h u s  b u t ,  b e in g  Gram n e g a t iv e ,  t h i s  organism  i s  l i k e l y  

to  c o n ta in  u b iq u in o n e  (B ishop e t  , 1962) in  common w ith  th e  o th e r  

m e th y lo tro p h s  s tu d ie d  so  f a r  (s e e  s e c t io n  3*1)• M .m ethy lo trophus was found 

n o t  to  c o n ta in  a  membrane-bound tra n s h y d ro g e n a se , b u t a  s o lu b le  tra n s h y -
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d ro g en ase  was d e te c te d .  T h is  organism  p ro b ab ly  p roduces s u f f i c i e n t  NABPH 

f o r  b io s y n th e s is  from  th e  o x id a t iv e  r ib u lo s e  m onophosphate c y c le  (se e  

s e c t io n  1 .3 .3 )»  and th e  pu rpose  o f th e  s o lu b le  tra n sh y d ro g e n a se  i s  th u s  to  

a llo w  o x id a tio n  o f  ex ce ss  re d u c in g  e q u iv a le n ts  v i a  th e  r e s p i r a t o r y  c h a in .

The la c k  o f o x id a tio n  o f  ca rb o x y l i c  a c id s  such  as s u c c in a te ,  mal a te  

and p y ru v a te  by M. me th y l  o tro  phus i s  v e ry  p ro b a b ly  due to  a  p e rm e a b il i ty  

b a r r i e r ,  as  dehydrogenases f o r  a t  l e a s t  some o f th e s e  s u b s t r a te s  m ust be 

p r e s e n t .  In  common w ith  o th e r  m e th y lo tro p h s , M. me th y lo t r o  phus o x id ise d  

m u ltic a rb o n  p rim ary  a lc o h o ls ,  presum ably  v i a  a  l o o s e - s p e c i f i c i t y  m ethanol 

dehydrogenase  (Anthony & Zatman, I 965) .  C ross & Anthony ( 1980b ) re p o r te d  

NADH o x id a tio n  by w hole c e l l s  o f  M .m eth y lo tro p h u s, and t h i s  o b s e rv a tio n  was 

re p e a te d  h e r e .  O x id a tio n  o f NADH by whole b a c t e r i a  i s  u n u su a l, b u t has 

been p re v io u s ly  observed  in  Haemophilus p a ra in f lu e n z a e  ( ^ i t e  & S i n c l a i r ,  

1970) and A c e to b a c te r  suboxydans (D a n ie l, 1970). NADH o x id a tio n  by whole 

c e l l s  o f M. me th y l  o tro p h u s  was in s e n s i t iv e  to  in h i b i t i o n  by HQjNO, as  w e ll 

a s  by ro ten o n e  (Cooke, S .E . u n p u b lish e d  r e s u l t s ) ,  so  i t  i s  p o s s ib le  t h a t  

e x te r n a l ly - s u p p l ie d  NADH i s  o x id ise d  v i a  a  d i f f e r e n t  ro u te  from  i n t e r n a l l y -  

g e n e ra te d  NADH. The r o l e  o f th e  e x te r n a l  NADH-oxidising system  in  t h i s  

organism  i s  f a r  from u n d e rs to o d , and c l e a r l y  w orthy  o f f u r t h e r  i n v e s t ig a t io n .

The i n s e n s i t i v i t y  o f whole c e l l s  o f  M. me th y lo tro p h u s  to  r e s p i r a t o r y  

i n h i b i t o r s  ap p ea rs  a ls o  to  be due, a t  l e a s t  in  p a r t ,  to  a  p e rm e a b il i ty  

b a r r i e r ;  membrane p r e p a ra t io n s  a re  somewhat more s e n s i t i v e  th a n  whole 

b a c t e r i a  to  a n tim y c in  A and HQNO, and a re  a l s o  s e n s i t i v e  to  in h i b i t i o n  by 

h ig h  l e v e ls  o f  ro ten o n e  (50^^ in h i b i t i o n  o f NADH o x id a se  a c t i v i t y  o c c u rr in g  

a t  0.5niM; C ross & A nthony, 1980b). The r e s u l t s  o b ta in e d  w ith  w hole c e l l s  

w ere , how ever, c o n s i s te n t  w ith  th e  h y p o th e s is  t h a t  m ethanol d o n a te s  

re d u c in g  e q u iv a le n ts  to  th e  r e s p i r a t o r y  c h a in  o f M. me th y l  o tro  phus a t  th e
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l e v e l  o f cytochrom e c ,  a s  in  o th e r  m e th y lo tro p h s  (see  s e c t io n  3 .1 ) .

The s im p le s t  i n t e r p r e t a t i o n  o f  th e  cy an id e  i n h i b i t i o n  d a ta  i s  t h a t  

th e  r e s p i r a t o r y  ch a in  o f  M. me th y l  o tro p h u s  i s  b ranched  a t  th e  l e v e l  o f  

cytochrom e c ,  one b ran ch  le a d in g  to  cytochrom e o x id a se  a a ^ and th e  o th e r  

to  cytochrom e o x id ase  o ; b o th  o x id a ses  a re  a c c e s s ib le  to  a l l  s u b s t r a t e s ,  

th e  r e l a t i v e  o x id ase  a c t i v i t y  in  th e  p re se n c e  o f cy an id e  depend ing  on th e  

r a t e  o f  e l e c t r o n  f lu x .  An a l t e r n a t i v e  p o s s i b i l i t y  i s  t h a t  t h i s  organism  

c o n ta in s  two r e s p i r a t o r y  c h a in s  w ith  f u n c t io n a l ly  d i s t i n c t  p o o ls  o f 

cytochrom e c ,  such  t h a t  NADH i s  o x id ise d  o n ly  v i a  cytochrom e a a ^ and 

m ethanol i s  o x id ise d  o n ly  v i a  cytochrom e o , w hereas b o th  o x id a se s  a re  

in v o lv e d  in  th e  o x id a tio n  o f ascorbate-TM FD. However, t h i s  l a t t e r  

s u g g e s tio n  i s  re n d e re d  l e s s  l i k e l y  by th e  f in d in g  t h a t  cytochrom e a a ^ as 

w e ll as cytochrom e o i s  r e a d i ly  reduced  by m ethanol in  a e ro b ic  w h o le -c e ll  

su sp e n s io n s  (C ross & A nthony, 1980b). T here was l i t t l e  o r  no ev id en ce  f o r  

any c y a n id e - in s e n s i t iv e  r e s p i r a t i o n  which m ight have o ccu rred  v i a  c y to 

chrome c^^ b u t ,  on th e  o th e r  hand, s u b s t a n t i a l  a z i d e - r e s i s t a n t  r e s p i r a t i o n  

was observed  (F ig . 3 .7 ) .  C ross & Anthony (l9 8 0 b ) im p lic a te d  cytochrom e 

c^^ in  t h i s  a z i d e - r e s i s t a n t  r e s p i r a t i o n  b u t ,  in  view  o f  th e  f in d in g s  from  

th e  cy an id e  in h i b i t i o n  w ork, i t  seems more l i k e l y  t h a t  th e  two phases o f 

in h i b i t i o n  by a z id e  a re  due to  cytochrom es o and a a ^ .

P ig .  3 .8  r e p r e s e n ts  th e  s im p le s t  scheme f o r  th e  r e s p i r a t o r y  c h a in  o f  

m e th a n o l- l im ite d  M. me th y lo tro p h u s  w hich i s  c o n s i s te n t  w ith  a l l  th e  r e s u l t s  

p re s e n te d  h e r e .  The scheme p roposed  by C ross & Anthony ( l9 8 0 b ) i s  in  v e ry  

good agreem ent w ith  t h a t  d e p ic te d  h e re ,  th e  m a jo r d i f f e r e n c e  b e in g  th a t  

th e s e  a u th o rs  su g g e s t a  d i r e c t  i n t e r a c t io n  betw een ascorbate-TM PD and 

cytochrom e o . Cyanide i n h i b i t i o n  k i n e t i c s ,  how ever, in d i c a te  t h a t  

r e s p i r a t i o n  from  ascorbate-TM PD may be ro u te d  to  oxygen v i a  e i t h e r  c y to -
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F ig . 3 .8  The resp ira to ry  system of  m ethanol-lim ited  M.methylotrophus 

The symbols and abbreviations are as fo r  F ig . 3. 1.
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chrome o o r  a a ^ (F ig . 3 .6 c ) ;  and as  th e  o x id a t io n  o f  ascorbate-TM PD was 

n o t in h ib i te d  by an tim y c in  A o r  HQNO, i t  i s  m ost p ro b a b le  t h a t  t h i s  

s u b s t r a t e  i s  i n t e r a c t i n g  w ith  th e  r e s p i r a t o r y  c h a in  a t  th e  l e v e l  o f  c y to 

chrome c .  In d eed , th e r e  i s  an overw helm ing body o f  ev id en ce  t h a t  ascorbate-TM PD 

i n t e r a c t s  p r e f e r e n t i a l l y  w ith  cytochrom e £  in  b o th  b a c t e r i a  and m ito c h o n d ria  

(P ack er & M u sta fa , I 966; T y le r  e t  , I 966) ,  and w id esp read  u se  o f  th e  

Kovacs o x id a se  t e s t  (K ovacs, 1956) has shown t h a t  o n ly  th o se  b a c t e r i a  

c o n ta in in g  a  h i ^  redox  p o te n t i a l  cytochrom e £  r e a d i ly  o x id is e  t h i s  s u b s t r a t e  

(s e e  J u r ts h u k  £ t  , 1975; West e t  , 1978; W illis o n  & John , 1979).

The r e s p i r a t o r y  system  o f  m e th a n o l- l im ite d  M .m ethy lo trophus was th u s  

found to  be c lo s e ly  s im i la r  to  t h a t  o f  m e th a n o l- l im ite d  Pseudomonas 

AMI (F ig . 3 .1 a )  ex cep t t h a t  th e r e  i s  an e x t r a  o x id a se , v i z . cytochrom e £ ,  

in  th e  fo rm e r. There a re  a l s o  some s i m i l a r i t i e s  w ith  P . d e n i t r i f i c a n s  

(F ig . 3 .1 c ) ,  th e  b ra n c h -p o in t in  th e  te rm in a l  r e g io n  o f th e  r e s p i r a t o r y  

c h a in  o f t h i s  l a t t e r  o rgan ism , how ever, o c c u r r in g  a t  th e  l e v e l  o f c y to -  

"chrome b r a t h e r  th a n  cytochrom e £ .
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CHAPTER 4

RESPIRATION-LINKED PROTON TRANSLOCATION IN METHANOL-LIMITED 

METHYLOPHILÏÏS METHYLOTROPHUS

4.1  In t ro d u c t io n

The a b i l i t y  o f v a r io u s  m e th y lo tro p h ic  b a c t e r i a  to  c a ta ly s e  r e s p i r a t io n -  

l in k e d  p ro to n  t r a n s lo c a t io n  h as  r e c e n t ly  been in v e s t ig a te d  in  s e v e ra l  

l a b o r a t o r i e s .  Whole c e l l s  o f  th e  ly p e  I  m e th an o tro p h , M ethylococcus 

c a p s u la tu s , f a i l e d  to  g iv e  a  ty p i c a l  pH re sp o n se  on a d d i t io n  o f  an oxygen- 

p u ls e  to  an a n a e ro b ic  su sp e n s io n  o f  b a c t e r i a  (Tonge e t  , 1976). T h is 

w as, p e rh a p s , due to  th e  lo c a t io n  o f  th e  r e s p i r a t o r y  c h a in  o f  t h i s  

organism  w ith in  th e  d i s c - l i k e  i n t e r n a l  membrane system  (Monosov & N e tru so v , 

1975; W olfe & H ig g in s , 1979). R e s p ir a t io n - l in k e d  p ro to n  t r a n s lo c a t io n  h a s ,  

how ever, now been  d em o n stra ted  in  whole c e l l s  o f  th e  Type I I  m e thano troph , 

M eth y lo sin u s tr ic h o s p o riu m  (Tonge e t  , 1977a; Type I I  m ethano trophs 

have a  p e r ip h e r a l  membrane system  [see  s e c t io n  1 . 1 . l ]  ) ,  and in  s e v e ra l  

m e th a n o l - u t i l i s e r s  (B am es e t  , 1976; Hammond & H ig g in s , 1978; O 'K eefe 

& A nthony, 1978; van V ersev e ld  & S to u th am er, 1978; K eev il & Anthony, 1979b) 

w hich la c k  an e x te n s iv e  i n t e r n a l  membrane system  (Rokem e t  ^ . , 1978; 

see  s e c t io n  1 .1 .1  ) .

From a  com parison  o f th e s e  s tu d ie s ,  th e re  would ap p ea r to  be sub

s t a n t i a l  d i v e r s i t y  am ongst th e  m e th y lo tro p h s , a s  re g a rd s  p ro to n  t r a n s 

lo c a t io n  s to ic h e io m e tr ie s .  Schemes in c o rp o r a t in g  r e s p i r a t io n - l i n k e d  p ro to n  

t r a n s lo c a t io n  have now been  p roposed  f o r  th e  r e s p i r a t o r y  c h a in s  o f th r e e  

m ethyl o tro p h s ; M. tr ic h o sp o riu m  (P ig . 4 .1 a ) ,  Pseud cmonas AMI (F ig . 4 .1 b )
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Fig» 4 .1  R e s p ir a t io n - l in k e d  p ro to n  t r a n s  lo c a t io n  in  m ethyl o tro p h ic  

b a c t e r i a . ( a )  M .trich o sp o riu m  ( a f t e r  H ig g in s  ^  , 1977)» (b )  ca rb o n -

l im i te d  Pseudomonas AÎ 1 ( a f t e r  K eev il & A nthony, 1979b), ( c )  P . d e n i t r i f  ic a n s  

( a f t e r  van V ersev e ld  e t  , I 981) .  A b b re v ia t io n s : PQQ, p y r ro lo -q u in o l in e

quinone ( p r o s th e t i c  g roup o f m ethanol d eh y d ro g en a se ); Q, u b iq u in o n e .
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and Paranoccus d e n i t r i f  ic a n s  (P ig . 4» 1 c ) .  M. tr ic h o sp o riu m  e x h ib i t s  

-►H^/O q u o tie n ts  o f ap p ro x im a te ly  2 f o r  th e  o x id a tio n  o f  ascorbate-TM PD, 

m ethane, m e th an o l, fo im aldehyde  and fo rm a te  (Tonge e t  , 1977a). In  

o rd e r  to  e x p la in  th e se  low p r o to n - t r a n s lo c a t io n  s to ic h e io m e tr ie s ,  i t  h as  

been  proposed  (H igg ins ^  » 197&, 1977) t h a t  th e  NADH : ub iqu in o n e

o x id o re d u c ta se  re g io n  ( s i t e  I )  o f th e  r e s p i r a t o r y  c h a in  o f  t h i s  organism  

i s  n o t energy  c o n se rv in g ; re d u c in g  e q u iv a le n ts  from  NADH p ass  to  oxygen 

v i a  e i t h e r  cytochrom e c^^ o r  cytochrom e a a ^ , p ro to n  t r a n s lo c a t io n  o c c u r r in g  

betw een cytochrom es b and c^^» o r  a t  th e  l e v e l  o f  cytochrom e a a ^ , b u t n o t  

betw een cytochrom es b and c in  th e  b ran ch  o f  th e  r e s p i r a t o r y  c h a in  

te rm in a te d  by cytochrom e a a ^ . The b u lk  o f  th e  re d u c in g  e q u iv a le n ts  from  

m ethanol i s  c o n s id e re d  to  be conducted  to  oxygen v i a  cytochrom e c^^ , 

en erg y  c o n s e rv a t io n  o c c u r r in g  betw een m ethano l dehydrogenase and t h i s  

cy tochrom e. An added c o m p lic a tio n  in  t h i s  m e thano troph  i s  t h a t  cytochrom e 

may a l s o  a c t  as an e l e c t r o n  donor to  m ethane monooxygenase (Tonge e t  

- a l . ,  1975» 1977b; H igg ins e t  ^ . , 1976; b u t s e e  S t i r l i n g  & D a lto n , 1979; 

H igg ins e t  ^ . , I 98I ) ,  two p ro to n s  b e in g  t r a n s lo c a te d  p e r  e l e c t r o n  p a i r  

d o n a ted  (F ig . 4»l a ) .  L ike M. tr ic h o s p o r iu m , Pseudomonas EN a ls o  e x h ib i t s  

e q u a l p ro to n  t r a n s lo c a t io n  s to ic h e io m e tr ie s  f o r  th e  o x id a tio n  o f  m e th an o l, 

fo rm aldehyde and fo rm ate  (B am es e t  ^ . , 1 9 7 6 ), b u t in  t h i s  l a t t e r  organism  

th e  -► H^/O q u o tie n t  i s  ap p ro x im a te ly  3* These v a lu e s  a r e ,  how ever, 

d i f f i c u l t  to  i n t e r p r e t  in  th e  absence o f f u r t h e r  in fo rm a tio n  on th e  

r e s p i r a t o r y  c h a in  co m p o sitio n  o f t h i s  o rg an ism .

Pseudomonas AMI, grown in  m e th a n o l- l im ite d  co n tin u o u s  c u l tu r e ,  e x h ib i t s  

-►H'̂ ’/O q u o tie n ts  f o r  th e  o x id a tio n  o f  endogenous s u b s t r a te s  (NADH), and 

ascorbate-TM PD o f ap p ro ac h in g  6 , and 2, r e s p e c t iv e l y  (K eev il & A nthony, 

1979b ) .  The -►H^/O q u o tie n t  f o r  m ethanol o x id a t io n  was n o t m easured s in c e
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th e  - c o l l a p s in g  a g e n t (s e e  s e c t io n  1 .7 )  u sed  in  t h i s  w ork, SCN” ,

s u b s t a n t i a l l y  in h ib i te d  m ethanol o x id a se  a c t i v i t y ,  and o th e r  a g e n ts  ( e .g .

K ^ /v a lin o m y c in , NO^") d id  n o t s u c c e s s f u l ly  c o l la p s e  th e  (O 'K eefe &

A nthony, 1978). However, th e  ATP/O q u o tie n t  f o r  r e s p i r a t i o n  from  

m e th an o l, d e te rm in ed  in  in v e r te d  membrane v e s i c l e s  from  b o th  Pseudomonas 

s p .2  (N etru sov  e t  ^ . , 1977) and Pseudomonas AMI (N etru sov  & Anthony, 1979)» 

was found to  be c o n s is te n t  w ith  th e  o p e ra t io n  o f on ly  a  s in g le  s i t e  o f 

energy  c o n s e rv a t io n  d u r in g  th e  o x id a tio n  o f  t h i s  s u b s t r a t e .  In  c o n t r a s t  to  

t h a t  o f  M .tr ic h o sp o riu m , th e r e f o r e ,  th e  r e s p i r a t o r y  c h a in  o f  Pseuodomonas 

AMI ap p ea rs  to  c o n ta in  th r e e  energy  c o n se rv in g  s i t e s  : s i t e  I  (NADH : 

u b iq u in o n e  o x id o re d u c ta s e ) a c t s  to  t r a n s l o c a t e  2H ^/2e", and s i t e s  I I  p lu s  

I I I  (u b iq u in o l o x id a se )  to g e th e r  a c t  to  t r a n s l o c a te  4H ^/0. In  concordance 

w ith  th e  t h e s i s  t h a t  m ethano l dehydrogenase i n t e r a c t s  w ith  th e  r e s p i r a t o r y  

c h a in  a t  th e  l e v e l  o f  cytochrom e c (s e e  s e c t io n  3*1)» on ly  s i t e  I I I  i s  

in v o lv e d  in  m ethanol o x id a t io n ;  th e  o x id a t io n  o f  t h i s  s u b s t r a t e  i s ,  th u s ,  

p ro b ab ly  a s s o c ia te d  w ith  a  -► H^/O q u o tie n t  o f  2 (P ig . 4»1 b ). The 

f a c u l t a t i v e  m e th y lo tro p h . Pseudomonas e x to rq u o n s , e x h ib i t s  -► H^/O q u o tie n ts  

w hich a re  c lo s e ly  com parable w ith  th o se  from  Pseudomonas AMI (Hammond & 

H ig g in s , 1978) ,  and hence th e  number and arran g em en t o f  p ro to n  t r a n s lo c a t in g  

s i t e s  in  th e s e  two organ ism s i s  p ro b ab ly  s i m i l a r .

Methanol-grown P .d e n itr if ic a n s  e x h ib its  proton tra n sloca tion  

sto ich e io m etr ies  which are su b sta n tia lly  h igher than those o f the other  

methylotrophs studied so fa r  (van Verseveld & Stouthamer, 1978; van 

Verseveld e t  , I 981) ;  indeed the values determined in  th is  organism, 

which has a m itochondrion-like resp iratory  chain (John & Vfhatley, 1977)» 

are amongst the h igh est so fa r  reported in  any bacterium (see  Jones, 1977)» 

P.deni t r i f  icans ex h ib its  -►H^/O quotients fo r  the oxidation  o f endogenous
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s u b s t r a t e s  (NAD(P)H), m ethanol and ascorbate-TM PD o f  ap p ro x im a te ly  7 -10 .5»  

3*5-4 and 3»r e s p e c t iv e ly .  In  o rd e r  to  e x p la in  th e s e  h ig h  p ro to n  t r a n s 

lo c a t io n  s to ic h e io m e tr ie s ,  and p a r t i c u l a r l y  th o s e  f o r  th e  o x id a tio n  o f 

m ethanol and ascorbate-TM PD, i t  has been proposed  t h a t  th e  cytochrom e 

o x id a se  a a ^ o f  t h i s  organism  a c t s  as  a  p ro to n  pump (s e e  s e c t io n  1 .9 .4 ;  th e  

p h ra se  'p ro to n  pump' in  th e  c o n te x t o f  cytochrom e o x id a se  i s  g e n e r a l ly  used  

to  d en o te  n e t  p ro to n  t r a n s lo c a t io n  i . e .  -► H^/O > 0 , K^/O > 2 .

Cytochrome o x id a se s  w hich do n o t  c a ta ly s e  n e t  p ro to n  t r a n s lo c a t io n  i . e .

—► H^/0=0, —► K ^/0=2 would n o t be re g a rd e d  a s  "p ro to n  pumps' in  t h i s  

te rm in o lo g y , even i f  t h e i r  mechanism in v o lv ed  genu ine transm em brane p ro to n  

t r a n s l o c a t i o n ) .  The com plete  r e s p i r a t o r y  c h a in  o f  P .d e n i t r i f i c a n s  i s  th u s  

p roposed  to  c o n ta in  th r e e  e n e rg y -c o n se rv in g  s i t e s  : s i t e  I  (NADH: 

u b iq u in o n e  o x id o re d u c ta s e )  a c t s  to  t r a n s lo c a te  3E ^ /2e", s i t e  I I  (u b iq u in o l 

: cytochrom e c o x id o re d u c ta s e )  t r a n s lo c a te s  4H ^/Ze", and s i t e  I I I  

(cytochrom e c o x id a se )  t r a n s lo c a te s  2E^/0 (F ig . 4 * 1 c ).

Two m ajo r p o te n t i a l  so u rc e s  o f e r r o r  in  th e  d e te rm in a tio n  o f b a c t e r i a l  

p ro to n  t r a n s lo c a t io n  s to ic h e io m e tr ie s  a re  i n s u f f i c i e n t  a t t e n t i o n  to  grow th  

c o n d i t io n s ,  and th e  inadequacy  o f th e  oxygen -p u lse  method (M itc h e ll & 

M oyle, 1967a )  which h as  been u b iq u i to u s ly  u sed  f o r  th e  m easurem ent o f  

“ ► hVo q u o tie n ts  in  b a c t e r i a .  As re g a rd s  th e  grow th o f  b a c t e r i a  f o r  th e s e  

s tu d ie s ,  th e  u se  o f c o n tin u o u s  c u l tu r e  to  p ro v id e  c e l l s  grown u n d er 

r e p ro d u c ib le ,  w e ll -d e f in e d  c o n d it io n s  i s  e s s e n t i a l ,  as p ro to n  t r a n s lo c a t io n  

s to ic h e io m e tr ie s  a re  known to  v a ry  b o th  w ith  th e  g row th -phase  and th e  

n a tu re  o f  th e  l i m i t i n g  n u t r i e n t  (Lawford e t  ^ . , 1976; Haddock & Jo n e s , 

1977; see  s e c t io n s  1 .8 .2 ,  5*1)•

The in a d e q u a c ie s  o f  th e  o x ygen -pu lse  method as  re g a rd s  m easurem ent o f  

p ro to n  and ch arg e  t r a n s lo c a t io n  s to ic h e io m e tr ie s  have been d is c u s s e d  in
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s e c t io n  1 .7 * 1 . However, i t  i s  w orth  s t r e s s i n g  h e re  t h a t  i t  i s  v e ry  

d i f f i c u l t  to  i d e n t i f y  th e  s u b s t r a te  w hich i s  o x id is e d  d u r in g  th e  s h o r t  

b u r s t  o f  r e s p i r a t i o n  e l i c i t e d  by an oxygen p u ls e ;  and in  o rd e r  to  o b ta in  

unam biguous -► H^/O q u o tie n ts  f o r  th e  o x id a tio n  o f  added s u b s t r a t e s ,  

b a c t e r i a l  su sp e n sio n s  m ust be co m p le te ly  s ta rv e d  o f  endogenous s u b s t r a t e s .  

T h is i s  f r e q u e n t ly  d i f f i c u l t  to  a ch iev e  and , even when i t  i s  p o s s ib le ,  

p ro lo n g ed  in c u b a tio n  in  th e  absence  o f  carbon  s u b s t r a t e  may damage th e  

cy to p la sm ic  membrane a n d /o r  th e  r e s p i r a t o r y  sy stem . The o x ygen -pu lse  

method f o r  th e  e v a lu a t io n  o f —► H^/O q u o tie n ts  in  m ito c h o n d ria  has a ls o  

been c r i t i c i s e d  on th e  g rounds t h a t  e x t r a p o la t io n  p ro ced u res  a r e  in a d e q u a te  

to  c o r r e c t  f o r  a  r a p id  phase o f  decay  o f  th e  A pH, due to  p ro to n  sym port 

on th e  p h o sp h a te  c a r r i e r  (s e e  s e c t io n  I . 7 . I ) .  B a c te r ia ,  how ever, do n o t 

r e q u i r e  such  r a p id  p h osphate  t r a n s p o r t  system s as  m ito c h o n d ria  w hich must 

t r a n s p o r t  one m olecu le  o f  p hosphate  f o r  each  m olecu le  o f  ATP s y n th e s is e d ;  

and i n t e r e s t i n g l y  Cox & Haddock (1978) have shown t h a t  a  m u tan t o f 

E s c h e r ic h ia  c o l i , w hich i s  u n ab le  to  t r a n s p o r t  p h o sp h a te , e x h ib its  a  

s im i la r  -► H^/O q u o tie n t  to  th e  w ild - ty p e  o rgan ism . N e v e r th e le s s ,  i t  i s  

p o s s ib le  t h a t  r a p id  movements o f  p ro to n s , in  sym port w ith  o th e r  endogenous 

a n io n s , may le a d  to  u n d e re s tim a tio n  o f  -► H^/O q u o tie n ts  in  b a c t e r i a .

A ll th e  exp erim en ts  r e p o r te d  in  t h i s  c h a p te r  w ere perform ed u s in g  

b a c t e r i a  from  w e ll -d e f in e d  m e th a n o l- l im ite d  c o n tin u o u s  c u l tu r e s  (D =
_4

0 .1 Sh” , s e e  s e c t io n  2 . 2 .3 ) .  In  o rd e r  to  d e te rm in e  th e  p ro to n  t r a n s lo c a t io n  

s to ic h e io m e tr ie s  f o r  v a r io u s  s u b s t r a te s ,  in  M .m eth y lo tro p h u s, -► H^/O

q u o t ie n ts  have been m easured by th e  o x y g en -p u lse  m ethod, and b o th  —► H^/O 

and -► charge /O  (m easured as  —► K"*’/ 0 )  q u o t ie n ts  have been d e te rm in ed  

by an i n i t i a l - r a t e  p ro ced u re  p re v io u s ly  a p p lie d  to  m ito c h o n d ria  (see  

s e c t io n  1 .7 * 2 ) .  One ad v an tag e  o f th e  i n i t i a l - r a t e  m ethod, o v e r  th e  

o x y g en -p u lse  m ethod, i s  t h a t  r e s p i r a t i o n  i s  i n i t i a t e d  by th e  a d d i t io n  o f
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s u b s t r a t e ,  and hence th e r e  can be no am b ig u ity  ov er th e  i d e n t i f i c a t i o n  o f 

th e  r e s p i r a t o r y  s u b s t r a t e .  In  a d d i t io n ,  th e  -► charge /O  q u o tie n t  sho u ld  

be u n a f fe c te d  by movements o f p ro to n s  in  sym port w ith  a n io n s , and hence 

may be u sed  to  d e te rm in e  w h eth er th e  -► H^/O q u o tie n ts  a re  caused  to  be 

u n d e re s tim a te d  by seco n d ary  p ro to n  movements.

M .m ethy lo trophus i s  known to  c o n ta in  th r e e  C O -binding cy tochrom es, 

a a ^ , £  and c^ ^ , two o f  w hich (cy tochrom es a a ^ and o) p ro b ab ly  fu n c t io n  as  

te rm in a l o x id a se s  (se e  s e c t io n  3 *6 ). In  v iew  o f  t h i s  p o t e n t i a l  co m p lex ity , 

p a r t i c u l a r  a t t e n t i o n  h as  been p a id  to  p ro to n  t r a n s lo c a t io n  in  th e  te rm in a l 

re g io n  o f th e  r e s p i r a t o r y  c h a in . -► H^/O and -► K^/O q u o tie n ts  f o r  th e  

o x id a t io n  o f  a s c o rb a te -TTÆPD have been d e te rm in e d  by th e  i n i t i a l - r a t e  method 

(see  S ig e l  & C a r a f o l i ,  1978, 1979» 19 8 0 ), in  th e  p re sen ce  and absence o f 

c y a n id e , t h i s  i n h i b i t o r  b e in g  used  to  c o n t ro l  th e  r e l a t i v e  a c t i v i t i e s  

o f  th e  two o x id a se s .

4*2 P ro to n  t r a n s lo c a t io n  l in k e d  to  endogenous r e s p i r a t i o n  in

M. me th y lo tro p h u s

The a d d i t io n  o f a i r - s a t u r a t e d  KCl to  an a n a e ro b ic  su sp e n sio n  o f 

M. me th y lo tro p h u s  r e s u l t e d  in  r a p id  a c i d i f i c a t i o n  o f th e  e x te rn a l, medium 

(F ig . 4 * 2 ) . The e x te n t  o f  th e  A pH was maximal a t  pH6.2 (F ig . 4 * 3 a), and 

i n  th e  p re se n c e  o f Ipg  o f  v a l  inom ycin/m g d ry  w t. b a c t e r i a  (F ig . 4 .3 b ) ;  

t h i s  iono p h o re  was p r e s e n t  to  a llo w  c o l la p s e  o f  th e  A'k w hich would 

o th e rw ise  b u i ld  up and oppose f u r t h e r  p ro to n  t r a n s l o c a t i o n .  The decay  o f 

th e  A pH showed f i r s t - o r d e r  k in e t i c s  f o r  a t  l e a s t  1 m in , b u t  a f t e r  t h i s  

p e r io d  th e  r a t e  o f  decay  slow ed , and th e  pH o f te n  f a i l e d  to  r e tu r n  to  th e  

o r ig in a l  b a s e l in e  (F ig . 4 * 2 ) . The h a l f - t im e  ( ty )  o f  th e  f i r s t - o r d e r  r e g io n  

o f  decay  was 104 -  1 0 (6 )s  in  th e  absence o f  v a l  inom ycin , d e c re a s in g  to  54 

-  7 (7 )s  in  th e  p re sen ce  o f  Ip g  o f  va linom ycin /m g  d ry  w t. b a c t e r i a .
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19 n g -a tom  O

1 min

F iff. 4 .2  T y p ic a l pH re sp o n se  to  an o x y g e n -p u lse . The c o n d i t io n s  were 

as d e s c r ib e d  in  s e c t io n  2 .8 .1  in  th e  p re se n c e  o f endogenous s u b s t r a te s  

a lo n e .
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F ie .  4 .3  E f f e c t  o f pH and v a l  inom ycin c o n c e n tr a t io n  on th e  -» H ^/0  

q u o tie n t  m easured by th e  oxy^ren-pulse m ethod. q u o tie n ts  f o r

th e  o x id a tio n  o f  endogenous s u b s t r a te s  were d e te rm in e d  as d e s c r ib e d  in  

s e c t io n  2 ,8 .1 ,  ex ce p t t h a t  in  ( a )  th e  pH was v a r ie d ,  and in  (b ) th e  

c o n c e n tr a t io n  o f  v a lin o m y c in  was v a r ie d .
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The m agnitude o f  th e  -► E^/O q u o tie n t  was l e s s  when KSCN was u sed  

i n  p la c e  o f  v a l  inom ycin to  c o l la p s e  th e  A'l' component o f  th e  p ro to n  

m o tive  f o r c e ;  t h i s  was p ro b a b ly  due to  th e  r a p id  r a t e  o f  decay  o f  th e  

ApH observed  in  th e  p re se n c e  o f  th io c y a n a te  ( in  th e  p re sen ce  o f  l20mHÎ- 

KSCN, t |^  = 10 .9  -  2 .2 ( 8 ) s ) .  The r a t e  o f  decay  o f th e  ApH was in c re a s e d  

by low c o n c e n tra t io n s  o f th e  u n co u p lin g  a g en t (h'*’ io n o p h o re ) FCCP (lOnM- 

FCCP caused  a  50^ d e c re a se  in  th e  t,^  o f  d eca y , and 1pM-FCCP t o t a l l y  

a b o lish e d  th e  re sp o n se  to  su b se q u en t a d d i t io n s  o f  oxygen). B a c te r ia l  

su sp e n sio n s  w hich had been in c u b a te d  w ith  1pg o f  n i g e r i c i n /  mg d ry  w t. 

b a c t e r i a  f o r  15 m in, in  th e  p re sen ce  o r  absence  o f v a lin o m y c in , showed no 

pH re sp o n se  to  th e  a d d i t io n  o f  oxygen. (N ig e r ic in  f a c i l i t a t e s  H^/K* 

a n t i p o r t ,  and hence a llo w s  th e  c o l la p s e  o f  th e  ApH).

Under th e  optimum c o n d i t io n s ,  th e  E^/O q u o tie n t  f o r  th e  o x id a tio n  

o f  endogenous s u b s t r a te s  was found to  be 5*92 -  0 .1 7 (9 )  g - io n  H'*’/g -a tcan  0 . 

T h is v a lu e  was n o t s i g n i f i c a n t l y  a f f e c te d  when b a c t e r i a l  su sp e n s io n s  w ere 

washed u n d er a n a e ro b ic  c o n d i t io n s  in  an a t te m p t to  d e p le te  th e  c e l l s  o f 

perm eant a n io n s  w hich m igh t o th e rw ise  cause  u n d e re s tim a tio n  o f th e  H^/O 

q u o tie n t  (se e  s e c t io n  1 .7 * 1 ; a f t e r  two w ashes, -► h V o  = 6 .0 4  -  0 . l8 ( 5 )  

g - io n  H ^/g-atom  O). N -e th y lm a le im id e , a  t h i o l  b lo c k in g  re a g e n t vdiich 

in c re a s e s  th e  v a lu e  o f th e  -► H^/O q u o tie n t  in  m ito c h o n d ria , p o s s ib ly  by 

i n h i b i t i n g  H ^/phosphate  sym port (s e e  s e c t io n  1 .7 * 1 )» caused  th e  -► h V o  

q u o tie n t  f o r  th e  o x id a tio n  o f endogenous s u b s t r a te s  in  M .m ethy lo trophus 

to  d e c re a se  s t e a d i l y  a t  c o n c e n tra t io n s  above 10nmol/mg d ry  w t. b a c t e r i a  

( in  th e  p re se n c e  o f  100 nmol o f  N -ethy lm ale im ide/m g d ry  w t. b a c t e r i a ,

—̂ H^/O = 1 .6  g - io n  n V g -a to m  O).
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4 .3  S to ic h e io m e try  o f  p ro to n  t r a n s lo c a t io n  lin k e d  to  th e  o x id a tio n  o f

added s u b s t r a te s  in  M .m eth y lo tro p h u s . m easured by th e  o x ygen -pu lse

method

A lthough p r e f e r a b le  when p erfo rm in g  th e s e  e x p e rim e n ts , i t  d id  n o t  

p rove p o s s ib le  to  s ta r v e  b a c t e r i a  o f  a l l  t h e i r  endogenous s u b s t r a te s  by 

sh a k in g  b a c t e r i a l  su sp e n s io n s  in  140mM-KCl, 1 .5m M -glycy lg lycine  (pH 7.0) 

f o r  s e v e ra l  h o u rs . When b a c t e r i a  were s u f f i c i e n t l y  s ta rv e d  to  g iv e  no 

pH re sp o n se  to  an oxygen p u ls e ,  i t  was n o t  p o s s ib le  to  r e s to r e  th e  re sp o n se  

by th e  a d d i t io n  o f s u b s t r a t e .  B a c te r ia  h a rv e s te d  from  m e th a n o l- l im ite d  

co n tin u o u s  c u l tu r e s ,  how ever, e x h ib i te d  v e ry  low r a t e s  o f  r e s p i r a t i o n  from  

endogenous s u b s t r a t e s  ( I .4  -  0 .1  (lO )ng-atom  O/min p e r  mg d ry  w t. b a c t e r i a  

a f t e r  30 min in c u b a tio n  w ith  v a l  inom ycin) w hich cou ld  be m arked ly  

s t im u la te d  by th e  a d d i t io n  o f s u b s t r a t e .

F ig .  4 .4 a -d  shows th e  e f f e c t s  o f fo rm a te , m e th an o l, fo rm aldehyde and 

d u ro q u in o l on th e  w h o le -c e ll  r e s p i r a t i o n  r a t e  and -► H^/O q u o t ie n t .  The 

r a t e s  o f r e s p i r a t i o n  from  fo rm ate  and d u ro q u in o l, m easured a f t e r  th e  30 

min in c u b a tio n  w ith  v a lin o m y c in , w ere com parable to  th o s e  r e p o r te d  in  T able 

3 . 3 , b u t th e  r a t e s  o f o x id a t io n  o f m ethanol and form aldehyde were 

s i g n i f i c a n t l y  low er h e r e .  T h is  d e c re a se  ap p ea rs  to  be due to  th e  l a b i l i t y  

o f  m ethanol o x id a se  d u r in g  in c u b a tio n  a t  40°C, r a t h e r  th a n  th e  com p o sitio n  

o f  th e  r e a c t io n  m ix tu re . The assum ption  m ust be made, in  th e  i n t e r p r e t a t i o n  

o f  th e  -► E^/O q u o tie n ts  f o r  r e s p i r a t i o n  from  m ethanol and fo rm aldehyde, 

t h a t  th e  a c t i v i t y  rem a in in g  a f t e r  in c u b a tio n  i s  r e p r e s e n ta t iv e  o f  th e  

t o t a l ,  in  te rm s o f i t s  c o u p lin g  to  p ro to n  t r a n s l o c a t i o n .

The r a t e  o f  decay  o f  th e  ApH w hich r e s u l t e d  from  an o x y g en -p u lse , 

in  th e  p re sen ce  o f  th e s e  s u b s t r a t e s ,  was in  a l l  c a se s  s im i la r  to  th a t
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F ig .  4»4 -►hV o q u o t ie n ts ,  m easured by th e  o x ygen -pu lse  m ethod, and 

r e s p i r a t i o n  r a t e s  f o r  th e  o x id a tio n  o f  added s u b s t r a t e s . 

q u o t ie n ts  and r e s p i r a t i o n  r a t e s  were m easured as d e s c r ib e d  in  s e c t io n s

2 ,8 .1  and 2 ,6  r e s p e c t iv e ly .  R e s p ir a t io n  r a t e s  were d e te rm in ed  in  th e  

same r e a c t io n  m ix tu re , and a f t e r  s im i la r  in c u b a tio n  p e r io d s ,  as  used  f o r  

th e  o x y g en -p u lse  m ethod. The s u b s t r a te s  u sed  were ( a ) ,  fo rm a te ; ( b ) ,  

m e th an o l; ( c ) ,  fo rm aldehyde; and ( d ) ,  d u ro q u in o l ( th e  r a t e  o f  r e s p i r a t i o n  

from  t h i s  s u b s t r a t e  was c o r r e c te d  f o r  a u to x id a t io n ) .  Symbols ; A  , 

r e s p i r a t i o n  r a t e ;  #  , E^/O q u o t ie n t .
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o b serv ed  in  th e  p re sen ce  o f  endogenous s u b s t r a t e s  a lo n e ;  an d , w ha tev e r 

th e  s u b s t r a t e ,  th e  p re se n c e  o f  FCCP (lpM) a b o lis h e d  th e  pH re sp o n se  to  an 

o x y g en -p u lse .

The -► H^/O q u o tie n t  f o r  r e s p i r a t i o n  from  th e  NAD^-linked sub

s t r a t e ,  fo rm ate  (F ig . 4 * 4 a ) , d e c re a se d  as  a  f u n c t io n  o f  in c r e a s in g  sub 

s t r a t e  c o n c e n tr a t io n ,  even beyond th e  r e g io n  where th e re  was a  la rg e  

in c re a s e  in  r e s p i r a t i o n  r a t e  w ith  in c r e a s in g  c o n c e n tr a t io n  o f  fo rm a te .

There a r e  s e v e ra l  l i n e s  o f ev id en ce  which in d ic a te  t h a t  th e  u p ta k e  o f  

fo rm ate  by M. me th y lo tro p h u s  i s  lin k e d  to  th e  e n t ry  o f a  p ro to n  i . e .  a s  th e  

n e u t r a l  s p e c ie s ,  fo rm ic  a c id .  F i r s t l y ,  sm all a l k a l i n i s a t i o n s  o f  th e  

e x te r n a l  medium were observed  when fo rm ate  (a s  an a n a e ro b ic  s o lu t io n )  was 

added to  an an a e ro b ic  su sp e n s io n  o f b a c t e r i a .  S econd ly , fo rm a te  added 

d u r in g  th e  e a r ly  s ta g e  o f  decay  o f th e  ApH induced  by an oxygen -p u lse  

caused  th e  r a p id  c o l la p s e  o f  th e  ApH. T h ird ly ,  fo rm ate  o x id a tio n  was 

in h ib i t e d  by n ig e r i c in ,  w hich d i s s ip a t e s  th e  ApH a c ro s s  th e  membrane, 

and by FCCP w hich d i s s i p a t e s  b o th  th e  ApH and A\k , b u t  n o t  by

v a l  inom ycin w hich d i s s ip a t e s  o n ly  th e  A'k component o f th e  p ro to n m o tiv e

f o r c e .  G arland  ^  a l ,  (1975) observed  b ip h a s ic  decays o f  th e  ApH induced  

by an oxyg en -p u lse  in  E . c o l i , in  th e  p re se n c e  o f fo rm a te , and a t t r i b u t e d  

th e  i n i t i a l  r a p id  phase o f  decay  to  movement o f fo rm ic  a c id  i n to  th e  

b a c t e r i a ,  in  re sp o n se  to  th e  ApH e s ta b l i s h e d  by p ro to n  t r a n s l o c a t i o n .

I f  t h i s  i n i t i a l  phase o f  decay  were more r a p id  in  M. me th y l  o tro p h u s  th an  in  

E . c o l i , i t  m igh t n o t  be re s o lv e d  in  th e s e  e x p e rim e n ts . F u rth e rm o re , shou ld  

th e  e x te n t  o f  th e  r a p id  phase o f decay  v a ry  in  acco rdance  w ith  th e  fo rm ate  

c o n c e n tr a t io n ,  th en  th e  outcome would be a  d e c re a se  in  -► H^/O q u o tie n t  

w ith  in c r e a s in g  fo rm ate  c o n c e n tr a t io n ,  a s  seen  h e re  (F ig . 4 « 4 a ) . A ttem pts 

to  re s o lv e  an i n i t i a l  r a p id  phase o f decay  by d e c re a s in g  th e  te m p e ra tu re  o f  

th e  a ssa y  w ere u n s u c c e s s fu l .
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The p re se n c e  o f  m ethanol had l i t t l e  e f f e c t  on th e  s to ic h e io m e try  o f 

p ro to n  t r a n s lo c a t io n ,  c a u s in g  o n ly  a  s l i ^ t  d e c re a se  in  th e  -► H^/O 

q u o tie n t  below  th e  endogenous v a lu e  (P ig .  4»4 b ) .  A somewhat low er 

s to ic h e io m e try  o f  p ro to n  t r a n s lo c a t io n  had been  ex p ec ted  f o r  r e s p i r a t i o n  

from  m e th an o l, as  t h i s  s u b s t r a t e  i s  t h o u ^ t  to  d o n a te  re d u c in g  e q u iv a le n ts  

to  th e  r e s p i r a t o r y  c h a in  a t  th e  l e v e l  o f cytochrom e c (se e  s e c t io n s  3 .1 ,  

3 .6 ) .  However, s in c e  th e  b a c t e r i a  co u ld  n o t  be f u l l y  s ta rv e d  o f endogenous 

s u b s t r a t e s ,  i t  i s  n o t  p o s s ib le  co m p le te ly  to  r u le  o u t in te r f e r e n c e  by 

endogenous s u b s t r a t e  o x id a tio n  d u r in g  th e  m easurem ent o f  th e  —► H^/O 

q u o tie n t  f o r  r e s p i r a t i o n  from  m ethano l, d e s p i te  th e  3 0 -fo ld  s t im u la t io n  o f  

th e  r e s p i r a t i o n  r a t e  observed  on th e  a d d i t io n  o f  t h i s  s u b s t r a t e .

In  th e  p re sen ce  o f 75'^-HQNO to  i n h i b i t  f lu x  th ro u g h  th e  r e s p i r a t o r y

c h a in  p r io r  to  cytochrom e c (se e  s e c t io n  3 .5 .1 ) ,  p ro to n  t r a n s i o c a tio n  

lin k e d  to  th e  o x id a tio n  o f endogenous s u b s t r a t e s  was s low , and th e  e x te n t  

o f p ro to n  movement was v e ry  s m a ll .  However, a f t e r  th e  a d d i t io n  o f m ethanol 

(l-IOmM), p ro to n  t r a n s lo c a t io n  became r a p id  and in c re a s e d  in  e x te n t  to  g iv e  

an -► H^/O q u o tie n t  o f  1 .59  -  0 .1 1 (5 )  g - io n  H ^/g-atom  0 . T here was some

in c re a s e  in  th e  r a t e  o f  decay  o f  th e  ApH, in  th e  p re sen ce  o f  HQJTO,

m aking e x t r a p o la t io n  o f  th e  pH resp o n se  d i f f i c u l t  ( s e e  s e c t io n  2 .8 .1 ) ,  b u t 

t h i s  cou ld  n o t  t o t a l l y  acco u n t f o r  th e  low -► H^/O q u o tie n t  t h a t  was 

observed  f o r  m ethanol o x id a t io n .  (A ntim ycin A co u ld  n o t  be u sed  in  p la c e  

o f HQJTO as  t h i s  i n h i b i t o r  a l s o  caused  th e  r a p id  c o l la p s e  o f  th e  ApH 

fo llo w in g  an oxygen p u ls e ) .

I t  i s  e v id e n t ,  from  th e  work d is c u s s e d  above, t h a t  endogenous sub

s t r a t e  o x id a tio n  may i n t e r f e r e  w ith  th e  m easurem ent o f  p ro to n  t r a n s lo c a t io n  

s to ic h e io m e tr ie s  f o r  th e  o x id a tio n  o f  added s u b s t r a t e s ,  even when a d d i t io n  

o f s u b s t r a t e  cau ses  a  v e ry  la rg e  s t im u la t io n  o f th e  r e s p i r a t i o n  r a t e .  In
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th e  an a e ro b ic  in c u b a tio n  p e r io d  betw een th e  a d m in is t r a t io n  o f  oxygen 

p u ls e s ,  red u ced  redox  c a r r i e r s  ( p r in c i p a l l y  NAD(P)h ) w i l l  s lo w ly  

accum ula te  owing to  r e d u c t io n  by endogenous s u b s t r a t e s .  T h is  pool o f 

r e d u c ta n t  w i l l  th en  be r a p id ly  o x id ise d  when an oxygen p u lse  i s  

in tro d u c e d . R e s p ir a t io n  from  added s u b s t r a te s  m ust com pete w ith  th e  r a p id  

o x id a tio n  o f th e  r e d u c ta n t  p o o l, r a t h e r  th an  w ith  th e  slow  endogenous 

r e s p i r a t i o n  m easured c o n tin u o u s ly  u n d er a e ro b ic  c o n d i t io n s .  In d eed , t h i s  

l a t t e r  r a t e  i s  i n s u f f i c i e n t  to  acco u n t f o r  th e  r a p id  p ro to n  t r a n s lo c a t io n  

e l i c i t e d  by an oxygen p u ls e  in  th e  p re sen ce  o f endogenous s u b s t r a te s  a lo n e  

(F ig . 4 * 2 ). E x p e rim e n ta lly , i t  was p o s s ib le  to  d e p le te  th e  r e d u c ta n t  poo l 

by f r e q u e n t ly  in t ro d u c in g  la r g e  oxygen p u ls e s ,  such  t h a t  endogenous 

r e s p i r a t i o n  was i n s u f f i c i e n t l y  r a p id  to  r e f i l l  th e  poo l betw een p u ls e s .

In  th e  absence  o f  added s u b s t r a t e s ,  th e re  was l i t t l e  pH re sp o n se  to  added 

oxygen s i f te r  th e  f i r s t  two p u ls e s  (F ig . 4 * 5 a); how ever, in  th e  p re sen ce  o f  

m e th an o l, f u r t h e r  oxygen p u ls e s  y ie ld e d  -► H^/O q u o tie n ts  in  th e  range  

2 -3  g - io n  H ^/g-atom  0 , a f t e r  th e  r e d u c ta n t  poo l had been d e p le te d  by th e  

f i r s t  two p u ls e s  (F ig . 4 . 5 b ) . An e s t im a te  o f 2nmol NADH/mg d ry  w t. b a c t e r i a  

can be made f o r  th e  s iz e  o f  th e  r e d u c ta n t  p o o l.

No change in  pH was observ ed  when m ethanol (sis an a n a e ro b ic  s o lu t io n )  

was swided to  an a n a e ro b ic  su sp e n sio n  o f b a c t e r i a ,  th u s  s u g g e s tin g  t h a t  

m ethanol may c ro s s  th e  c o u p lin g  membrane, i f  n e c e s s a ry , w ith o u t H* 

c o t r a n s p o r t .  In  c o n t r a s t  to  fo rm ate  o x id a t io n ,  r e s p i r a t i o n  from  m ethanol 

wsLS s l i ^ t l y  s t im u la te d  by FCCP, p o s s ib ly  owing to  th e  a l l e v i a t i o n  o f 

r e s p i r a t o r y  c o n t r o l .

The o x id a tio n  o f  fo rm aldehyde in  M .m ethy lo trophus may o c c u r , a t  l e a s t  

i n  v i t r o , e i t h e r  v i a  m ethanol o x id a se , o r  v i a  th e  re d u c t io n  and r e 

o x id a t io n  o f NAD  ̂ (se e  s e c t io n s  1 .3 * 3 , 3*5*1 )* Ifeasurem ent o f  th e  -► hV o
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F ig .  4*5 pH re sp o n se  o f  an a n a e ro b ic  su sp e n s io n  o f  M. me th y  1 o t r  ophus

to  f r e q u e n t  « l a r g e  oxygen p u ls e s ,  in  th e  p re se n c e  o r  absence  o f  m e th an o l. 

B a c t e r ia l  su sp e n s io n s  (2 -3  mg d ry  w t. b a c t e r ia /m l)  w ere in c u b a te d  as  f o r  

th e  m easurem ent o f —► H^/O q u o tie n ts  by th e  o x y g en -p u lse  method (se e

s e c t io n  2 . 8 .1 ) ;  ( a ) ,  w ith  no added s u b s t r a t e ;  and ( b ) ,  in  th e  p re sen ce  o f 

ImM -methanol. The arrow s in d i c a te  th e  a d d i t io n  o f 50p l o f  a i r - s a t u r a t e d  

140mM-KCl (l9 n g -a to m  O).
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q u o tie n t  f o r  form aldehyde o x id a tio n  m i ^ t  a l s o  be ex p ec ted  to  be s u b je c t  

to  in t e r f e r e n c e  by endogenous s u b s t r a t e  o x id a t io n ,  as d is c u s s e d  above.

The E^/O q u o tie n t  o f ap p ro x im ate ly  4 * 5 g -io n  /g -a to m  0 f o r  th e  

o x id a tio n  o f * s a t u r a t i n g '  c o n c e n tra t io n s  o f  fo rm aldehyde (F ig . 4» 4c; 

c o n c e n tra t io n s  o f form aldehyde above 1mM were found to  be in h ib i to r y )  

sh o u ld  th u s  be re g a rd e d  as  a  maximum e s t im a te .  A v a lu e  f o r  th e  -► H^/O 

q u o tie n t  f o r  th e  o x id a tio n  o f  form aldehyde v i a  m ethanol o x id a se  may be 

o b ta in e d  in  th e  p resen ce  o f HQJTO — a  v a lu e  o f  2 .0 8  -  0 .1 3 (5 )  g - io n  E ^ /g -  

atom 0 was observed  u n d e r th e s e  c o n d i t io n s ,  a lth o u g h  i t  sh o u ld  be n o te d  

t h a t  th e  i n h i b i t o r  a g a in  caused  an in c re a s e  in  th e  r a t e  o f decay  o f th e  

A pB. Sm all a c i d i f i c a t i o n s  were o b served  on th e  a d d i t io n  o f form aldehyde 

(a s  an a n a e ro b ic  s o lu t io n )  to  an a n a e ro b ic  su sp e n s io n  o f  b a c t e r i a .  The 

so u rc e  o f th e s e  a c i d i f i c a t i o n s  i s  u n c le a r ,  b u t  th e y  w ere a l s o  observed  in  

Pseudomonas AMI by O 'K eefe & Anthony (1 9 7 8 ). PCCP caused  a  s l i g h t  

s t im u la t io n  i n  th e  r a t e  o f  form aldehyde o x id a t io n ,  a g a in  p o s s ib ly  owing to  

"the a l l e v i a t i o n  o f r e s p i r a t o r y  c o n t r o l .

D uroquino l d o n a te s  re d u c in g  e q u iv a le n ts  to  th e  r e s p i r a t o r y  ch a in  a t  

th e  le v e l  o f  th e  endogenous qu inone, o r  cytochrom e b (se e  s e c t io n  3*5*1)• 

The h i ^  r a t e  o f  r e s p i r a t i o n  from  d u ro q u in o l (F ig . 4*4d; K^ = 0.15niM,

^max “  190ng-atom  O/min p e r  mg d ry  w t. b a c t e r i a ) ,  compared to  t h a t  from  th e  

p h y s io lo g ic a l  s u b s t r a t e s ,  su g g e s ts  t h a t  th e  o x id a t io n  o f  t h i s  s u b s t r a te  

sho u ld  com pete e f f e c t i v e l y  w ith  o x id a tio n  o f  th e  endogenous r e d u c ta n t  poo l 

d u r in g  an 03^gen p u ls e .  The -► E^/O q u o tie n t  f o r  th e  o x id a tio n  o f 

s a tu r a t i n g  c o n c e n tra t io n s  o f  d u ro q u in o l was 3*&5 -  O .IO ( l l )  g - io n  B ^ /g - 

atom 0 .
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4»4- D e te rm in a tio n  o f  p ro to n  and ch arg e  t r a n s lo c a t io n  s to ic h e lo m e tr ie s  in  

M .m eth y lo tro p h u s, u s in g  th e  i n i t i a l - r a t e  method

4 ,4 .1  S to ic h e io m e try  o f  r e s p i r a t i o n - l i n k e d  p ro to n  t r a n s l o c a t i o n ,  m easured 

by th e  i n i t i a l - r a t e  method

F ig .  4 .6  shows ty p i c a l  t r a c e s  o f  th e  changes in  pH and oxygen 

c o n c e n tra t io n  w hich w ere o b ta in e d  when m ethanol was added to  an a e ro b ic  

su sp e n s io n  o f  b a c t e r i a ,  in  th e  p re sen ce  o f  K ^ /v a lin o m y c in . The pH t r a c e  

was l i n e a r  f o r  ap p ro x im a te ly  10s and , a f t e r  an i n i t i a l  la g  o f  2 -3 s ,  a  

c o n s ta n t  r a t e  o f  oxygen u p ta k e  was o b served  ( t h i s  r a t e  b e in g  used  in  th e  

d e te rm in a tio n  o f  th e  -► H^/O q u o t i e n t ) .  V alues f o r  th e  H^/O q u o tie n t  

w ere c o n s ta n t  o v er a  w ide ran g e  o f oxygen-up take r a t e s ,  th u s  s u g g e s tin g  

t h a t  th e  re sp o n se  tim es o f  th e  e le c t ro d e s  were n o t l i m i t i n g  u n d e r th e s e  

c o n d i t io n s .

T ab le  4 .1  shows th e  v a lu e s  o f th e  —► E^/O q u o tie n t  f o r  r e s p i r a t i o n  

from  fo rm a te , m eth an o l, fo rm aldehyde and d u ro q u in o l, m easured by th e  

i n i t i a l - r a t e  m ethod. T here i s  no p o s s i b i l i t y  o f  in t e r f e r e n c e  by endogenous 

s u b s t r a t e  o x id a tio n  when u s in g  t h i s  method s in c e ,  in  c o n t r a s t  to  th e  

s i t u a t i o n  in  th e  o x ygen -pu lse  m ethod, th e  r e d u c ta n t  p o o ls  a re  o x id ise d  

b e fo re  th e  a d d i t io n  o f  s u b s t r a t e .  F u rth e rm o re , as  on ly  i n i t i a l  r a t e s  

a re  c o n s id e re d , th e re  a re  no problem s due to  r e s p i r a t i o n  frcxn th e  p ro d u c ts  

o f  th e  f i r s t  s u b s t r a te  o x id a t io n .  In  th e  p re se n c e  o f  IpM-FCCP, no r a p id  

pE changes w ere observed  in  re sp o n se  to  th e  a d d i t io n  o f  any o f  th e  above 

s u b s t r a t e s .

The v a lu e  o f th e  -► E'*’/0  q u o tie n t  f o r  fo rm ate  o x id a tio n  o f  

a p p ro x im a te ly  3 .5 g -io n  E ^/g-a tom  0 (T ab le  4 .1  ) i s  p ro b ab ly  u n d e re s tim a te d  

owing to  th e  movemait o f  fo rm ic  a c id  a c ro s s  th e  membrane, a s  d is c u s s e d  in
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métFranol

2 0 0  ng-atom  O

2 5 0  ng - ion H

I-
10s

F iff. 4 .6  I n i t i a l - r a t e  method f o r  th e  m easurem ent o f  —► E^/O q u o tie n ts  

The changes in  pH and oxygen c o n c e n tra t io n  w ere re c o rd e d  as  d e s c r ib e d  in  

s e c t io n  2 ,8 .2 .  The arrow s in d ic a te  th e  a d d i t io n  o f  m ethanol to  a  f i n a l  

c o n c e n tra t io n  o f  1mM.

—146“



R e s p ira to ry

s u b s t r a te

-►H^/O q u o tie n t  

( g - io n  E ^/g-atom  O)

—►kV o q u o t ie n t  

(g - io n  K ^/g-atom  O)

Form ate

D uroquinol

Form aldehyde

M ethanol

3 .46 + 0 ,2 8 (10) 6 .27 — 0 .1 4 (39)

3 .48 +
0 .1 3 (8 ) n .d .

3.42 +
0 .3 4 (8 ) 3 .12 1 0 .1 6 (11)

1 .99
+ 0 ,1 9 (9 ) 1 .78 Î  0 .0 9 (8 )

T ab le 4 .1 hV o and —̂  K^/O q u o tie n ts  f o r  th e  o x id a tio n  o f

fo rm a te , d u ro q u in o l , fo rm aldehyde and m e th an o l, m easured by th e  i n i t i a l -  

r a t e  m ethod. The -► H^/O and -► K^/O  q u o t ie n ts  w ere d e te rm in ed  in  

s e p a ra te  e x p e rim e n ts , by th e  i n i t i a l - r a t e  m ethod, in  th e  p re se n c e  o f  140mM- 

KCl o r  10mM-KCl p lu s  1 4 0 m M -liC l,re sp e c tiv e ly  (s e e  s e c t io n  2 ,8 ,2 ) .  The 

f i n a l  c o n c e n tra t io n  o f  s u b s t r a t e  was in  a l l  c a se s  1mM, e x c e p t f o r  

measurem ent o f  th e  -► K^/O q u o tie n t  f o r  fo rm ate  o x id a t io n ,  when th e  

fo rm ate  c o n c e n tr a t io n  was v a r ie d  betw een 1 and 10mM.

A b b re v ia tio n ; n . d . ,  n o t  d e te rm in e d .

— 147—



th e  p re v io u s  s e c t io n  ( s e c t io n  4*3)« However, th e  E^/O q u o tie n t  o f 

ap p ro x im a te ly  3*4g-ion  E ^ /g -a tom  0 f o r  th e  o x id a t io n  o f  fo rm aldehyde i s  

c o n s is te n t  w ith  th e  v iew  t h a t  t h i s  s u b s t r a t e  may be o x id is e d  in  v i t r o  

e i t h e r  v ia  th e  re d u c t io n  and r e o x id a t io n  o f NAD**", o r  d i r e c t l y  v i a  m ethanol 

o x id a se  (se e  s e c t io n s  1 .3 * 3 , 3*5*1 )• F u rth e rm o re , th e  E^/O q u o tie n t  

o f  ap p ro x im a te ly  3*5g-ion  E"*"/g-atom 0 f o r  r e s p i r a t i o n  from  d u ro q u in o l i s  

s im i la r  to  t h a t  o b ta in e d  u s in g  th e  oxygen -p u lse  method (F ig . 4 .4& ), and 

in d ic a te s  t h a t  up to  4H'*' may be t r a n s lo c a te d  d u r in g  th e  p assag e  o f  2e” from  

th e  quinone re g io n  o f  th e  r e s p i r a t o r y  c h a in  to  oxygen. The -► E^/O 

q u o tie n t  o f c lo s e  to  2 f o r  m ethanol o x id a tio n  was n o t  s i g n i f i c a n t l y  

a f f e c te d  by N -e thy lm ale im ide  up to  a  c o n c e n tra t io n  o f 10Onmol/mg d ry  w t. 

b a c t e r i a .

4*4*2 S to ic h e io m e try  o f  r e s p i r a t i o n - l i n k e d  ch arg e  t r a n s l o c a t i o n ,  m easured

by th e  i n i t i a l - r a t e  method

U n fo r tu n a te ly ,  i t  was n o t  p o s s ib le  to  m easure charge /O  q u o tie n ts  

(a s  K^/O q u o t ie n ts )  by th e  o xygen -pu lse  m ethod, as c o n s i s te n t  movements 

o f  n e i th e r  K'*’ n o r  E^ co u ld  be o b ta in e d  a t  th e  v e ry  low c o n c e n tra t io n s  

( l e s s  th a n  ImM) which w ere n e c e s s a ry  to  a llo w  ad eq u a te  s e n s i t i v i t y  o f  th e  

K ^ -s e le c t iv e  e le c t ro d e  in  t h i s  p ro c e d u re . The m agnitude o f  th e  ion  

movements m easured in  th e  i n i t i s J - r a t e  m ethod, how ever, i s  c o n s id e ra b ly  

g r e a t e r  th a n  in  th e  o x y g en -p u lse  m ethod, th u s  a llo w in g  a  h ig h e r  

c o n c e n tr a t io n  to  be u se d . The -► K^/O q u o tie n t  f o r  th e  o x id a tio n  o f 

m ethanol was found to  be in d ep en d en t o f  th e  c o n c e n tr a t io n  betw een 10 and 

20mM, though a t  c o n c e n tra t io n s  o f  below  lOmM, th e  -► K^/O q u o tie n t  was 

s i g n i f i c a n t l y  d e c re a se d  (20mM was th e  h i p e s t  c o n c e n tra t io n  o f  t h a t  was 

co m p a tib le  w ith  u se  o f th e  K"*"-selective e le c t r o d e  in  t h i s  p ro c e d u re ) .
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T ab le  4*1 shows th e  -► K^/O q u o tie n ts  t h a t  were o b ta in e d  f o r  th e  

o x id a tio n  o f  fo rm a te , m ethanol and fo rm aldehyde in  th e  p re se n c e  o f  lOmM- 

KCl (l40mM-LiCl b e in g  p re s e n t  to  m a in ta in  th e  io n ic  s t r e n g t h ) .  No 

movements w ere observed  in  re sp o n se  to  th e  a d d i t io n  o f  any o f  th e se  sub 

s t r a t e s  in  th e  p resen ce  o f 1|aM-FCCP. The -► K^/O q u o tie n t  f o r  th e  

o x id a tio n  o f  th e  NAD^-1 inked  s u b s t r a t e ,  fo rm a te , weis c lo s e  to  6 g -io n  K ^/g- 

atom 0 , and was in d ep en d en t o f  th e  fo rm ate  c o n c e n tr a t io n  betw een 1 and 10mM. 

T h is  r e s u l t  con firm s th a t  a re  t r a n s lo c a te d  d u r in g  th e  o x id a tio n  o f  one 

m olecu le  o f NADH, and t h a t  th e  H^/O q u o tie n t  f o r  fo rm ate  o x id a tio n ,

m easured b o th  by th e  i n i t i a l - r a t e  method and, a t  h ig h e r  fo rm ate  c o n c e n tra t io n s  

by th e  oxygen-pu lse  m ethod, was u n d e re s tim a te d  owing to  th e  u p ta k e  o f  

fo rm ic  a c id .

The -► K^/O q u o t ie n ts  f o r  th e  o x id a tio n  o f m ethanol and fo rm aldehyde 

w ere s im i la r  in  m agnitude to  th e  —► H^/O q u o tie n ts  re p o r te d  in  th e  

p re v io u s  s e c t io n  ( s e c t io n  4 .4 * 1 ) ,  i . e .  a p p ro x im a te ly  1 .8  and 3*1 g - io n  K ^/g- 

atom 0 r e s p e c t iv e ly .  The K"*’/ 0  q u o tie n t  f o r  m ethano l o x id a tio n  was

n o t  s i g n i f i c a n t l y  a f f e c te d  by th e  p re se n c e  o f  up to  lOOnmol o f  N- 

e thy lm ale im ide/m g  d ry  w t. b a c t e r i a .  U n fo r tu n a te ly ,  i t  was n o t  p o s s ib le  to  

m easure th e  K^/O q u o tie n t  f o r  d u ro q u in o l o x id a tio n  s in c e  th e  o rg an ic

s o lv e n t  (DMP) in  which t h i s  s u b s t r a te  was d is s o lv e d  app ea red  to  i n t e r f e r e  

w ith  th e  re sp o n se  o f th e  K ^ -s e le c tiv e  e l e c t r o d e .
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4 .5  P ro to n  and charge  t r a n s lo c a t io n  s to ic h e io m e tr ie s  in  th e  cytochrom e

G o x id a se  re g io n  o f  th e  r e s p i r a t o r y  c h a in  o f  M .m ethy lo trophus

4 . 5.1 S to ic h e io m e try  o f  p ro to n  t r a n s lo c a t io n  lin k e d  to  th e  o x id a tio n  o f

ascorhate-TM PL and DADH ,̂ m easured by th e  o x y g en -p u lse  method

Ascorbate-TMPD and DADBg b o th  d o n a te  e le c t r o n s  to  th e  r e s p i r a t o r y  

c h a in  a t  th e  l e v e l  o f  cytochrom e c (se e  s e c t io n  3 .6 ) .  At p h y s io lo g ic a l  

pH, f o r  each  2e*’ donated  by TMPD, IH'*’ i s  r e le a s e d  d u r in g  th e  reredcuc-l'ioa : 

o f  TMPD by a s c o rb a te .  T here i s  some d is p u te ,  how ever, as  to  w hether 2H'*’ 

(Moyle & M itc h e l l ,  1978; M itc h e ll  & M oyle, 1979)» o r  s u b s t a n t i a l l y  l e s s  

th a n  2H^ (se e  Wikstrom& K rab, 1979) a re  r e le a s e d  p e r  2 e” d o n a ted  by DADHg.

T here i s  l i t t l e  l ik e l ih o o d  o f in t e r f e r e n c e  by endogenous s u b s t r a te  

o x id a tio n  d u r in g  m easurem ent o f  th e  -► H^/O q u o tie n t  f o r  r e s p i r a t i o n  from 

th e  r a p id ly  o x id ise d  s u b s t r a t e  ascorbate-TM PD (F ig . 4 . 7a; = 0 .4 b)M,

^max "  1 .7)ig-atom  O/min p e r  mg d ry  w t. b a c t e r i a ) .  However, a t  c o n c e n tra t io n s  

above 100pM, TMPD s u b s t a n t i a l l y  in c re a s e s  th e  p e rm e a b il i ty  o f  th e  c o u p lin g  

membrane to  p ro to n s , as  shown by a  d e c re a se  in  th e  t ^  o f  decay  o f th e  A pH 

induced  by an o x ygen -pu lse  (F ig . 4 .7 a ) .  The v a lu e  o f  ap p ro x im a te ly  0 .8 g -  

io n  H ^/g-atom  0 f o r  th e  -► H^/O q u o tie n t  a t  s a tu r a t i n g  c o n c e n tra t io n s  o f  

TMPD (F ig . 4 . 7a )  m ust th e r e f o r e  be re g a rd e d  as  a  minimum e s t im a te .  As th e  

ascorbate-TM PD o x id ase  r e a c t io n  i s  a s s o c ia te d  w ith  an o v e r a l l  s to ic h e io m e try  

o f  -1H ^/0 , th e  A pH induced  by an o x y g en -p u lse  would be ex p ec ted  to  decay 

below th e  o r ig i n a l  b a s e l in e ;  and in  th e  p re se n c e  o f  FCCP, an a l k a l i n i s a t i o n  

c o rre sp o n d in g  to  1H^/0 would be p re d ic te d  in  re sp o n se  to  an o x y g en -p u lse .

No o v e r a l l  a l k a l i n i s a t i o n  w as, how ever, observ ed  e i t h e r  in  th e  p re sen ce  o r  

absence o f  u n c o u p lin g  a g e n t .  These f in d in g s  may be p a r t l y  e x p la in e d  by th e
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F i# .  4 .7  R e s p ir a t io n  r a t e s ,  -»• H'*'/0 q u o t i e n ts ,  and h a l f - t im e s  o f  th e  

decay  o f  th e  A pH r e s u l t i n g  from  an oxygen p u ls e  ( t i ) ,  i n  th e  p re se n c e

o f  ascorbate-TM PD  o r DADHg, -► E^/O q u o t ie n ts  and t^^’S w ere m easured a s  

d e s c r ib e d  in  s e c t io n  2 .8 .1 .  R e s p ira t io n  r a t e s  ( c o r r e c te d  f o r  a u to x id a t io n )  

were d e te rm in e d  as d e s c r ib e d  in  s e c t io n  2 .6  in  th e  same r e a c t io n  m ix tu re , 

and a f t e r  s i m i l a r  in c u b a tio n  p e r io d s ,  as u sed  f o r  th e  o x y g en -p u lse  m ethod. 

The s u b s t r a t e s  u sed  w ere ( a ) ,  ascorbate-TM PD ( th e  a s c o rb a te  c o n c e n tr a t io n  

was 3mM th ro u g h o u t) ;  and ( b ) ,  DADH .̂ Sym bols; ▲ , r e s p i r a t i o n  r a t e ;

#  , H^/O q u o t ie n t ;  ■ , t ^ .
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decay  o f  d eh y d ro a sc o rb a te  to  2 , 3 -d ik e  to - t - g u lo n a te  and s u b se q u e n tly  to  

p ro d u c ts  w hich a re  s t r o n g e r  a c id s  th a n  d e h y d ro a sc o rb a te  (Borsook e t  , 

1937) '  However, i t  a l s o  seems l i k e l y  t h a t  a t  l e a s t  some o f  th e  o x id ise d  

TMPD i s  re - re d u c e d  by endogenous s u b s t r a t e s ,  as  opposed to  by a s c o rb a te .

T his phenomenon would te n d  to  le a d  to  o v e re s t im a tio n  o f  th e  —► H*/0 

q u o t ie n t ,  b u t may be more th an  c o u n te red  by th e  in c re a s e d  p e rm e a b il i ty  o f 

th e  membrane to  p ro to n s , in  th e  p re sen ce  o f  TMPD.

Compared to  ascorbate-TM PD, DADHg h as  th e  ad v an tag e  th a t  i t  does n o t 

a c t  as an u n c o u p lin g  a g e n t ,  b u t th e  d isa d v a n ta g e  th a t  i t  i s  o x id ise d  l e s s  

r a p id ly  (F ig . 4 . 7b; = 0.26mM, = 600ng-atom  O/min p e r  mg d ry  w t.

b a c t e r i a ) ,  and hence may a llo w  concom itan t o x id a tio n  o f  endogenous sub 

s t r a t e s .  The H^/O q u o t ie n t  a t  s a tu r a t i n g  DADHg c o n c e n tra t io n s  was 

found to  be a p p ro x im a te ly  2 .2 g - io n  H ^/g-atom  0 (F ig . 4* 7 b ).

The ->■ H"*’/0  q u o tie n ts  f o r  th e  o x id a tio n  o f ascorbate-TM PD and DADHg 

were no g r e a t e r  th a n  co u ld  be e x p la in e d  by s c a l a r  r e l e a s e  o f  p ro to n s  in to  

th e  e x te rn a l  medium on th e  d o n a tio n  o f e l e c t r o n s  to  cytochrom e c .  T here i s  

th u s  no n eed , a t  t h i s  s ta g e ,  to  im p lic a te  a  p ro to n  pump mechanism f o r  

e i t h e r  o f  th e  two cytochrom e o x id a se s  p r e s e n t  in  M .m eth y lo tro p h u s. Indeed  

th e  r e s u l t s  p re s e n te d  above a r e  c o n s i s te n t  w ith  a  s im p le  redox  arm mechanism 

in  which cytochrom e c i s  s i t u a t e d  on th e  p e r ip la s m ic  fa c e  o f  th e  membrane, 

and cytochrom e o x id a se s  a a ^ and o have t h e i r  r e a c t io n  s i t e s  on th e  c y to 

p lasm ic  f a c e ,  th e  e le c t ro n -d o n a t io n  and o x y g e n -re d u c tio n  r e a c t io n s  b e in g  

connec ted  v i a  in w ard ly  d i r e c te d  e le c t r o n  flow  (F ig . 4 . 8 ) .

-1 5 3 -



Periplasm Membrane Cytoplasm

♦  2K

DADH

2e“1 or 2H

Ascorbate
2 e“ 2e"

2 e -
2TMPD

F ig .  4*8 P ro b ab le  a rrangem en t o f th e  ascorbate-TM PD and DADB̂  o x id a se  

system s in  M » me th y lo tro p h u s
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4* 5 .2  S to ic h e io m e try  o f  p ro to n  and ch arg e  t r a n s lo c a t io n  l in k e d  to  th e  

o x id a tio n  o f  ascorbate-TM PD , m easured by th e  i n i t i a l - r a t e  method 

F ig .  4*9ab shows ty p i c a l  t r a c e s  o f and movements o b ta in e d  when 

ascorbate-TM PD was added to  an a e ro b ic  su sp e n s io n  o f  M .m eth y lo tro p h u s, in  

th e  p re sen ce  o r  absence o f  th e  u n co u p lin g  a g e n t , FCCP. I t  sh o u ld  be n o te d  

t h a t  th e  TMPD c o n c e n tra t io n  in  th e se  ex p erim en ts  (lOOpM) was i n s u f f i c i e n t  

to  cau se  s u b s t a n t i a l  u n co u p lin g  (see  F ig .  4 * 7 a ), and in d eed  s im i la r  v a lu e s  

f o r  th e  H^/O and K^/O  q u o tie n ts  were o b ta in e d  u s in g  TMPD

c o n c e n tra t io n s  an low as  10pM (se e  F ig . 4 * 1 0 ). The E^/O and -► K*/0 

q u o tie n ts  shown in  F ig .  4*9ab a re  f u l l y  c o n s i s te n t  w ith  th e  redox  arm 

mechanism p roposed  f o r  energ y  c o n s e rv a t io n  a t  s i t e  I I I  o f  th e  r e s p i r a t o r y  

c h a in  (F ig . 4 * 8 ) . The i n i t i a l  u n c o u p le r - s e n s i t iv e  a c i d i f i c a t i o n  co rresp o n d s  

to  th e  s c a l a r  p ro to n  r e le a s e d  d u r in g  a s c o rb a te  o x id a t io n ,  and th e  n e t  

a l k a l i n i s a t i o n ,  c h a r a c t e r i s t i c  o f  th e  ascorbate-TM PD o x id a se  r e a c t io n ,  i s  

r e f l e c t e d  by th e  su b seq u en t a l k a l i n i s a t i o n  p h ase , and by im m ediate 

a l k a l i n i s a t i o n  in  th e  p re sen ce  o f  u n c o u p le r . (T h is  a l k a l i n i s a t i o n  con firm s 

t h a t ,  u n d e r th e  a e ro b ic  c o n d it io n s  o f t h i s  ex p e rim en t, o x id ise d  TMPD i s  

re - re d u c e d  by a s c o rb a te  as  opposed to  by endogenous s u b s t r a t e s  [ s e e  

s e c t io n  4 * 5*1] )• The transm em brane e l e c t r o n  flow  i s  b a lan ced  by th e  

u n c o u p le r - s e n s i t iv e  inw ard t r a n s lo c a t io n  o f  a p p ro x im a te ly  2K ^/0 .

4*5*3 E f f e c t  o f  cy an ide  on th e  s to ic h e io m e try  o f  p ro to n  and charge  

t r a n s lo c a t io n  l in k e d  to  th e  o x id a tio n  o f ascorbate-TM PD 

A lthough th e  r e s u l t s  d e s c r ib e d  in  s e c t io n s  4*5*1 and 4*5*2 a re  f u l l y  

c o n s i s te n t  w ith  th e  scheme d e p ic te d  in  F ig .  4*8, th e y  cou ld  a l t e r n a t i v e l y  

r e f l e c t  a  com posite  s i t u a t i o n  in  w hich th e r e  a re  c o n t r ib u t io n s  from th e  

two m ajo r te rm in a l o x id a se s  (cy tochrom es a a ^ and o) a c t in g  d i s s im i l a r l y  in
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F ig .  4«9 Changes o f pH and pK on th e  a d d i t io n  o f  ascorbate-TI.lPD to  an 

a e ro b ic  su sp e n s io n  o f  M .m eth y lo tro p h u s. The pH and pK changes were 

re c o rd e d  s im u lta n e o u s ly  as d e s c r ib e d  in  s e c t io n  2 .8 .2 .  The arrow s 

in d i c a te  th e  a d d i t io n  o f ascorbate-TM PD to  a  f i n a l  c o n c e n tr a t io n  o f  3niM- 

a s c o rb a te  and 100^-TÎÆPD, and th e  numbers on th e  t r a c e s  a re  H^/O 

o r  -k  K^/O q u o tie n ts  ( g - io n  H ^(K ^)/g-atom  O) c a lc u la te d  u s in g  th e  

s im u lta n e o u s ly  d e te rm in ed  r e s p i r a t i o n  r a t e  ( s e e  s e c t io n  2 .6 ) .  In  ( b ) ,  th e  

b a c t e r i a  w ere p re in c u b a te d  w ith  FCCP (5pM) f o r  5 min p r io r  to  th e  

a d d i t io n  o f  ascorbate-Tî.tPD .
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te rm s o f en e rg y  c o n s e rv a t io n . For exam ple, one o x id a se  may be s i tu a te d  

w ith  i t s  r e a c t io n  s i t e  on th e  e x te rn a l  fa c e  o f  th e  membrane such  t h a t  th e  

cytochrom e c o x id ase  r e a c t io n  i s  a s s o c ia te d  w ith  a  c h a rg e /0

q u o tie n t  o f z e ro  ( -► hV o = - 2 ) ,  w hereas th e  o th e r  o x id a se  may a c t  as a  

p ro to n  pump as  w e ll as  b e in g  a s s o c ia te d  w ith  transm em brane e le c t r o n  flow  

( i . e .  charge/O  > 2 ,  —► H^/O > O).

U n fo r tu n a te ly ,  i t  was n o t p o s s ib le  to  in v e s t ig a t e  th e  p o s s i b i l i t y  o f 

p ro to n  pumping v i a  th e  u se  o f DCCD, w hich a p p e a rs  to  be a  p o te n t  i n h i b i t o r  

o f  th e  cytochrom e o x id a se  p ro to n  pump in  m ito c h o n d ria  (Casey a t  a l . ,  1979» 

I 98O; b u t see  Coin & H in k le , 1979), as t h i s  r e a g e n t caused  l y s i s  o f  th e  

b a c t e r i a ,  even a t  low c o n c e n tra t io n s  (25nm oles/m g d ry  w t. b a c t e r i a ) .  I t  

w as, how ever, p o s s ib le  to  in v e s t ig a t e  w hether th e  two o x id a se s  have s im i la r  

p ro to n  and ch a rg e  t r a n s l o c a t i n g  p r o p e r t i e s  by u s in g  cy an id e  to  s e l e c t i v e ly  

i n h i b i t  cytochrom e o x id a se  o . Under th e  c o n d i t io n s  o f  th e  exp erim en t shown

in  F ig .  4*10 (lOpM-TMPD to  y ie ld  low r e s p i r a t i o n  r a t e s ) ,  i t  can  be

p re d ic te d  from  F ig . 3*6c th a t  th e  I^pÿ f o r  cytochrom e o x id a se s  a a ^ and o 

w i l l  be ap p ro x im a te ly  AOpM. and 2.5}iM r e s p e c t iv e ly .  F ig .  4*10 shows t h a t

1OpM -cyanide, which sh o u ld  r e s t r i c t  e l e c t r o n  f lu x  a lm o st e n t i r e l y  to

cytochrom e o x id a se  a a ^ , had no e f f e c t  on e i t h e r  th e  -► H'*’/ 0  o r  th e  

“ ► K^/O q u o tie n t  f o r  ascorbate-TM PD o x id a t io n .  U n fo r tu n a te ly ,  i t  was n o t  

p o s s ib le  to  perform  th e  co n v erse  exp erim en t in  w hich cytochrom e o x id ase  

a a ^ i s  s e l e c t i v e l y  in h ib i t e d  by c y a n id e , a t  h ig h  r a t e s  o f ascorbate-TM PD 

o x id a t io n ,  due to  th e  u n c o u p lin g  p r o p e r t i e s  o f  th e  h ig h  c o n c e n tra t io n s  o f 

TMPD w hich would be r e q u ir e d  f o r  t h i s  ex p erim en t (F ig . 4 * 7 a ). N e v e r th e le s s ,  

i t  seems l i k e l y  t h a t  th e  two cytochrom e o x id a se s ,  a a ^ and o , a re  s im i la r  

in  term s o f  t h e i r  energy  c o n s e rv a tio n  p r o p e r t i e s ,  each  e x h ib i t in g  a  

c h a rg e /0 q u o tie n t  o f 2 and a  —► H*^/0 q u o t ie n t  o f  z e ro  a t  s i t e  I I I .
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Fi^« 4 .1 0  E f f e c t  o f  cy an id e  on th e  —► H^/O and —► K~^/0 q u o t ie n ts  

f o r  th e  o x id a tio n  o f  ascorbate-TM PD . The —► H"*"/0 and -►K'^/O q u o tie n ts  

w ere d e te rm in ed  s im u lta n e o u s ly  by th e  i n i t i a l - r a t e  method as  d e s c r ib e d  in  

s e c t io n  2 .8 .2 .  The ascorbate-TM PD c o n c e n tr a t io n  was 3m M -ascorbate, 1 0 ^ -  

TîdPD. Symbols: A , r e s p i r a t i o n  r a t e ;  #  , -► E^/O q u o t ie n t ;  O ,

-► K^/O q u o t ie n t .
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4»6 D isc u ss io n  and c o n c lu s io n s

The oxygen -pu lse  method d id  n o t  p rove to  be a  p a r t i c u l a r l y  u s e fu l  

te c h n iq u e  f o r  th e  i n v e s t ig a t io n  o f  r e s p i r a t i o n - l i n k e d  p ro to n  t r a n s lo c a t io n  

in  M .m eth y lo tro p h u s. D e sp ite  th e  v e ry  low r a t e  o f o x id a tio n  o f  endogenous 

s u b s t r a t e s ,  and th e  s u b s t a n t i a l  in c re a s e  in  r e s p i r a t i o n  r a t e  on a d d i t io n  

o f  s u b s t r a t e ,  th e re  was c l e a r l y  in t e r f e r e n c e  by endogenous s u b s t r a te  

o x id a tio n  d u r in g  th e  m easurem ent o f  -► H"*’/ 0  q u o tie n ts  f o r  th e  o x id a tio n  

o f  added s u b s t r a t e s .  The i n i t i a l - r a t e  method was found to  be a  much more 

u s e f u l  te c h n iq u e  on two c o u n ts  — f i r s t l y ,  i d e n t i f i c a t i o n  o f  th e  r e s p i r a t o r y  

s u b s t r a t e  was unam biguous, and se c o n d ly , i t  was p o s s ib le  to  m easure 

—► charge/O  (-► K^/O) q u o tie n ts  in  a d d i t io n  to  —► H^/O q u o t ie n ts .

A n a ly s is  o f th e  —► H**’/ 0  and —► K^/O q u o tie n ts  o b ta in e d  shows t h a t ,  

e x c e p t in  th e  ca se  o f  fo rm ate  o x id a tio n  when movement o f  fo rm ic  a c id  in to  

th e  b a c t e r i a  caused  u n d e re s t im a tio n  o f th e  —► H^/O q u o t ie n t ,  th e re  was no 

ev id en ce  f o r  in te r f e r e n c e  in  th e  m easurem ent o f  —► E^/O  q u o t ie n ts  by r a p id  

seco n d ary  p ro to n  movements in  sym port w ith  an io n s  (a s  i s  p o s s ib ly  th e  ca se  

in  m ito c h o n d ria  [ s e e  s e c t io n  1 .7 .1  ]  )•  I t  i s  u n l ik e ly  t h a t  th e  - »  K^/O 

q u o tie n ts  w ere a f f e c te d  by K ^/an ion  sy m port, s in c e  th e  K"*" movements 

o c c u rr in g  in  th e s e  ex p e rim en ts  a re  sm a ll compared w ith  th e  t o t a l  p r e s e n t ,  

and hence would n o t e s t a b l i s h  a  s u b s t a n t i a l  K"*" g r a d ie n t ;  fu r th e rm o re  n e i th e r  th e  

A pH n o r  (which i s  anyway m in im ised  in  th e  p re se n c e  o f  K ^/valinom ycin )

i s  a b le  to  d r iv e  K ^/an ion  sym port. N -B thy lm aleim ide , a t  s im i la r  

c o n c e n tra t io n s  to  th o s e  u sed  to  i n h i b i t  p h o sp h a te  t r a n s p o r t  in  m ito c h o n d ria , 

d id  n o t  cause  any in c re a s e  in  e i t h e r  th e  -► H^/O q u o tie n t  f o r  th e  

o x id a tio n  o f  endogenous s u b s t r a t e s  (m easured by th e  o x y g en -p u lse  m ethod), 

o r  th e  -► H^/O o r  K^/O q u o tie n t  f o r  m ethanol o x id a tio n  (m easured by

th e  i n i t i a l - r a t e  m ethod). I t  i s  n o t known w h eth er th e  ph o sp h a te  t r a n s p o r t
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s y s te m (s )  o f t h i s  organism  i s  s e n s i t i v e  to  i n h i b i t i o n  by N -e th y lm ale im id e , 

b u t no ev id en ce  was o b ta in e d  f o r  an in c re a s e d  H"*’/ 0  q u o tie n t  caused  by 

th e  in h i b i t i o n  o f  /p h o sp h a te  sym port.

The o x id a tio n  o f  one m olecu le  o f NADH by th e  r e s p i r a t o r y  c h a in  o f 

M .m ethy lo trophus i s  a s s o c ia te d  w ith  th e  t r a n s lo c a t io n  o f  6H^ outw ards 

a c ro s s  th e  c o u p lin g  membrane. This c o n c lu s io n  i s  su p p o rte d  by oxygen- 

p u ls e  ex p erim en ts  w hich y ie ld e d  -►H^/O q u o tie n ts  o f ap p ro x im a te ly  6 f o r  

th e  o x id a tio n  o f  b o th  endogenous s u b s t r a t e s  (NAD(p )H; i t  sh o u ld  be n o te d  

h e re  t h a t  t h i s  organism  c o n ta in s  on ly  a  s o lu b le  e n e rg y -in d ep en d en t 

tra n sh y d ro g e n a se  [ s e e  s e c t io n  3 .3 ]  , and hence NADH and NADPH a re  e n e rg e t

i c a l l y  e q u iv a le n t  as  r e s p i r a t o r y  s u b s t r a t e s ) ,  and low c o n c e n tra t io n s  o f  

fo rm ate  (v ia  NAD^-1 inked  fo rm ate  d eh y d ro g en a se ) . F u rth e rm o re , th e  

q u o tie n t  o f  ap p ro x im a te ly  6 f o r  fo rm ate  o x id a t io n  i s  n u m e ric a l ly  eq u a l to  

th e  t r u e  number o f p ro to n s  t r a n s lo c a te d  d u r in g  th e  o x id a tio n  o f one m o lecu le  

o f  fo rm a te , and i s  u n a f fe c te d  by movements o f  th e  n e u t r a l  s p e c ie s ,  fo rm ic  

a c id .

M ethanol o x id a tio n  y ie ld e d  a  —►H**’/ 0  q u o tie n t  o f  c lo s e  to  2 , m easured 

e i t h e r  by th e  o x y g en -p u lse  m e th o d ,in  th e  p re se n c e  o f HQNO to  i n h i b i t  

e l e c t r o n  f lu x  from  endogenous s u b s t r a te s  th ro u g h  th e  r e s p i r a t o r y  c h a in  

p r io r  to  cytochrom e c ,  o r  by th e  i n i t i a l - r a t e  m ethod. By t h i s  l a t t e r  

m ethod, a  -► K^/O q u o t ie n t  o f  ap p ro x im a te ly  2 weis a l s o  o b ta in e d .

The o x id a tio n  o f fo rm aldehyde i s  a s s o c ia te d  w ith  -►H'*’/ 0  and 

-► K^/O q u o tie n ts  o f 3-3*5 (m easured by th e  i n i t i a l - r a t e  m ethod) w hich 

s u r e ly  r e f l e c t s  th e  two modes o f  o x id a tio n  o f t h i s  s u b s t r a t e  in  v i t r o  

(s e e  s e c t io n  1.3*3)» i . e .  v i a  e i t h e r  NAD**" r e d u c t io n  and r e  o x id a tio n  

(-► H^/O = kV o = 6 ) o r  d i r e c t l y  v ia  m ethano l o x id a se  (-► H ^O  =

►kV o = 2 ) .
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R e s p ir a t io n  from d u ro q u in o l y ie ld e d  an H'^/O q u o tie n t  o f  

ap p ro x im a te ly  3.5» m easured by b o th  th e  o x y g en -p u lse  and i n i t i a l - r a t e  

m ethods. The e x a c t n a tu re  o f  th e  i n t e r a c t i o n  o f  d u ro q u in o l w ith  th e  

r e s p i r a t o r y  c h a in  o f  M. me th y l  o tro  phus i s  unknown, b u t t h i s  v a lu e  i s  con

s i s t e n t  w ith  th e  t r a n s lo c a t io n  o f up to  4H^ when 2e” p ass  from th e  quinone 

re g io n  to  oxygen.

The -w H^/O q u o tie n t  f o r  th e  o x id a tio n  o f  e i t h e r  ascorbate-TM PD o r  

DADHg was n e v e r  g r e a t e r  th a n  cou ld  be acc o u n ted  f o r  by s c a l a r  p ro to n  

r e le a s e  from th e s e  s u b s t r a t e s .  The o c c u rre n c e  o f o n ly  transm em brane e le c t r o n  

f lo w , and la c k  o f  p ro to n  pumping, a t  s i t e  I I I  o f  t h i s  organism  was a ls o  

su p p o rte d  by th e  -► K^/O  q u o t ie n t  o f  ap p ro ac h in g  2 f o r  ascorbate-TIÆPD 

o x id a t io n .  The u se  o f c y an id e  to  c o n f in e  e l e c t r o n  f lu x  to  cytochrom e 

o x id a se  a a ^ in d ic a te d  t h a t  t h i s  cytochrom e c e r t a i n l y  does n o t  a c t  as  a  

p ro to n  pump; and u n le s s  r e s p i r a t i o n  from  ascorbate-TM PD (and a l s o  m e th an o l) 

i s  p r e f e r e n t i a l l y  ro u te d  v i a  cytochrom e a a ^ u n d e r  th e se  c o n d i t io n s ,  even 

in  th e  absence o f  c y a n id e , one can a l s o  i n f e r  t h a t  cytochrom e o x id a se  o 

does n o t a c t  a s  a  p ro to n  pump.

I n t e r e s t i n g l y ,  th e  o x id a tio n  o f e x t e r n a l l y  su p p lie d  NADH by 

M .m ethy lo trophus was a s s o c ia te d  w ith  v e ry  low p ro to n  and ch a rg e  t r a n s  lo c a t io n  

s to ic h e io m e tr ie s  ( H^/O = I .96  -  0 .1 1 (5 )  g - io n  H ^/g-atom  0 , —► k V o  =

1.19  -  O .1 3 (7 )g -io n  H ^/g-atom  0 , as  m easured by th e  i n i t i a l - r a t e  method 

[  Cooke, S .E . and J o n e s , C.W. u n p u b lish e d  r e s u l t s ] ) .  I t  i s ,  how ever, 

ex tre m e ly  d i f f i c u l t  to  i n t e r p r e t  th e s e  s to ic h e io m e tr ie s  in  th e  absence o f  

in fo rm a tio n  a s  to  i f  and how NADH i s  ta k e n  up  in to  th e  b a c te r iu m .

F ig . 4.11 d e p ic ts  th e  s im p le s t  scheme f o r  th e  r e s p i r a t o r y  system  o f 

M .m ethy lo trophus w hich i s  c o n s i s te n t  w ith  th e  r e s u l t s  p re s e n te d  h e r e .  I t  

i s  p roposed  t h a t  th e re  a re  th r e e  energy  c o n se rv in g  s i t e s ,  each  w ith  a
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F ig .  4»11 P roposed  scheme f o r  r e s p i r a t i o n  l in k e d  p ro to n  t r a n s lo c a t io n

in  M .m eth y lo tro p h u s.
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-► c h a r g é / s i t e  q u o tie n t  o f  2 . S i t e  I  i s  a s s o c ia te d  w ith  NADH : 

ub iq u in o n e  o x id o re d u c ta se  ( -► H ^/2e" = 2 ,  -► c h a rg e /2 e "  = 2 ) ,  s i t e  I I

i s  a s s o c ia te d  w ith  u b iq u in o l ; cytochrom e c o x id o re d u c ta se  ( —►H'^/2e* = 4>

—► c h a rg e /2 e ” » 2 ) ,  and s i t e  I I I  i s  a s s o c ia te d  w ith  cytochrom e c o x id a se  

( -► E^/O a 0 , -k  c h a rg e /0 = 2 ) .  Only t h i s  t h i r d  s i t e  o f  energy  

c o n s e rv a t io n  i s  in v o lv ed  in  m ethanol o x id a t io n .  I t  sho u ld  be n o te d  t h a t ,  

a lth o u g h  th e  H ^/2e” q u o tie n t  i s  d i f f e r e n t  a t  each  e n e rg y -c o n se rv in g

s i t e ,  i t  i s  th e  -► c h a rg e /2 e ” q u o tie n t  w hich i s  im p o rta n t in  term s o f  

energy  c o n s e rv a t io n , and s i t e s  I - I I I  a re  th u s  e q u iv a le n t  in  t h i s  re sp e c t*

As d is c u s s e d  in  s e c t io n  1*9» th e  m agn itude o f  th e  -► H**’/2 e ” and 

-► c h a rg e /2 e ” q u o tie n ts  g iv e s  us a  l im i t e d  amount o f  in fo rm a tio n  ab o u t th e  

mechanism o f p ro to n  t r a n s lo c a t io n  a t  each s i t e  o f  en erg y  c o n s e rv a t io n . I t  

sh o u ld  be n o te d , how ever, t h a t  s c a l a r  p ro to n  r e le a s e  o r  consum ption i s  

a s s o c ia te d  w ith  r e a c t io n s  such as th e  o x id a t io n  o f  m ethanol to  fo rm aldehyde , 

and t h i s  m ust be ta k en  in to  acco u n t when d raw ing  c o n c lu s io n s  from  m easured 

p ro to n  and ch a rg e  t r a n s lo c a t io n  s to ic h e io m e tr ie s .  On th e  b a s i s  o f th e  

s to ic h e io m e tr ie s  c o n s id e re d  in  P ig .  1 .6 ,  s i t e  I  may fu n c t io n  by e i t h e r  a  redox  

lo o p  o r  a  p ro to n  pump mechanism (see  s e c t io n  1 .9 * 2 ); s i t e  I I  may com prise  

a  p ro to n m o tiv e  quinone c y c le ,  o r  may in v o lv e  a  p ro to n  pump in  c o n ju n c tio n  

w ith  outw ard e le c t r o n  f lo w , and p o s s ib ly  a  red o x  lo o p  (se e  s e c t io n  1 .9 * 3 ); 

and s i t e  I I I  p ro b ab ly  c o n s t i t u t e s  a  redox  arm , though th e  a l t e r n a t i v e  

p o s s i b i l i t y  t h a t  th e  s i t e  o f oxygen consum ption  i s  e x t e r n a l ,  and th e  p ro to n s  

consumed in  th e  o x id ase  r e a c t io n  a re  d e l iv e r e d  from  th e  i n t e r n a l  phase by 

a  p ro to n  pump mechanism, would r e s u l t  in  th e  same p ro to n  and ch arg e  t r a n s 

lo c a t io n  s to ic h e io m e tr ie s  ( i . e .  -► H^/O = 0 ; -► charge/O  = 2 ; see

s e c t io n  1 .9*4)*
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The m ethanol dehydrogenase  o f P .d e n i t r i f l e a n s  ap p ea rs  to  be lo c a te d  

on th e  p e r ip la s m ic  fa c e  o f  th e  c o u p lin g  membrane, as  i t  i s  r e a d i ly  r e le a s e d  

d u r in g  th e  p r e p a ra t io n  o f  s p h a e ro p la s ts  from  t h i s  organism  (A lefo u n d er & 

F erguson , 1981) .  Comparable ex p erim en ts  have shown t h a t  th e  m ethanol 

dehydrogenase o f  M .m ethy lo trophus i s  s im i la r l y  lo c a te d ,  a lo n g  w ith  a  

s u b s t a n t i a l  p ro p o r tio n  o f  th e  t o t a l  cytochrom e c  (K ingsbury , S.A . and 

J o n e s ,  C.W ., u n p u b lish e d  r e s u l t s ) .  In  view  o f  th e se  f in d in g s ,  i t  seems 

l i k e l y  t h a t  th e  m ethanol o x id a se  system  o f  M. me th y l  o tro p h u s  c o n s i s t s  o f a  

red o x  arm, in  w hich m ethano l dehydrogenase and cytochrom e £  a r e  s i tu a te d  

on th e  p e r ip la s m ic  s id e  o f  th e  membrane and cytochrom e o x id a se s  a a ^ and o 

have t h e i r  r e a c t io n  s i t e s  on th e  cy to p lasm ic  s id e ,  th e  two p r o to l y t i c  

r e a c t io n s  b e in g  connec ted  v i a  inw ard ly  d i r e c te d  e le c t r o n  t r a n s f e r

(P ig ,  4 , 12) .

The scheme in  F ig .  4*11 has many s i m i l a r i t i e s  w ith  t h a t  proposed  by 

K eev il & Anthony (l9 7 9 b ) f o r  c a rb o n - l im ite d  c u l tu r e s  o f Pseudomonas AM1 

(F ig . 4 .1 b ) .  The scheme p roposed  by H igg ins e t  (1976, 1977), how ever, 

f o r  r e s p i r a t o r y  c h a in  en erg y  c o n s e rv a t io n  in  M .tr ich o sp o riu m  (F ig . 4* l a )  i s  

r a t h e r  d i f f i c u l t  to  r e c o n c i le  w ith  th e  r e s u l t s  from  o th e r  m e th y lo tro p h s . 

U n less  th e  i n t e r a c t io n  o f  m ethanol dehydrogenase  w ith  th e  r e s p i r a t o r y  c h a in  

o f  M .tr ich o sp o riu m  i s  s u b s t a n t i a l l y  d i f f e r e n t  th a n  in  M .m eth y lo tro p h u s, 

Pseudomonas AMI o r P .d e n i t r i f i c a n s , th en  i t  i s  n o t  e a sy  to  s e e  how th e re  

cou ld  be energ y  c o n s e rv a t io n  in  a  m ethanol o x id a se  system  te rm in a te d  by 

cytochrom e c ^ ^ . In d eed , t h i s  would r e q u i r e  th e  cytochrom e c^^  to  be lo c a te d  

on th e  i n t e r n a l  fa c e  o f  th e  c o u p lin g  membrane, o r  th e  m ethanol dehydrogenase 

o f  M .trich o sp o riu m  to  a c t  a s  a  p ro to n  pump. F u rth e rm o re , in  v iew  o f  i t s  

ex tre m e ly  h ig h  a p p a re n t K^ f o r  oxygen (250joM; Tonge e t  a l . ,  1977b), w hich
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F ig .  4 .12  P roposed  arran g em en t o f m ethanol o x id a se  i n  M .m eth y lo tro p h u s.

A b b re v ia tio n : PQQ, p y r ro lo -q u in o l in e  quinone ( p r o s th e t i c  group  o f  m ethanol

d eh y d ro g en ase ) .
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co rre sp o n d s  to  a p p ro x im a te ly  1 .5  tim es a i r - s a t u r a t i o n ,  i t  seems u n l ik e ly  

t h a t  th e  cytochrom e c^^ o f  t h i s  organism  w i l l  have s u b s t a n t i a l  o x id ase  

a c t i v i t y  u n d e r p h y s io lo g ic a l  c o n d i t io n s ;  and i t  i s  c l e a r l y  n o t  f e a s ib l e  

t h a t  t h i s  cytochrom e i s  r e s p o n s ib le  f o r  m ethanol o x id a se  a c t i v i t y  u n d er 

th e  c o n d it io n s  o f v e ry  low oxygen c o n c e n tra t io n  p re v a le n t  d u r in g  th e  

m easurem ent o f  p ro to n  t r a n s lo c a t io n  s to ic h e io m e tr ie s  by th e  o x ygen -pu lse  

m ethod. The low p ro to n  t r a n s lo c a t io n  s to ic h e io m e tr ie s  d e te rm in ed  in  

M .tr ic h o sp o riu m  (Tonge e t  a l . ,  1977a) may w e ll r e f l e c t  a  p a r t i a l  

l o c a l i s a t i o n  o f  th e  p ro to n  c u r r e n t  w ith in  th e  e x te n s iv e  i n t e r n a l  membrane 

system  o f  t h i s  organism  (s e e  s e c t io n  1 .5 .2 ) .

The scheme proposed  h e re  (F ig . 4*11) f o r  r e s p i r a t io n - 1  inked  p ro to n  

t r a n s lo c a t io n  in  M .m ethy lo trophus d i f f e r s  from  t h a t  p roposed  f o r  

P .d e n i t r i f i c a n s  (F ig . 4 .1 c ;  van  V ersev e ld  e t  ^ . , 1981) in  th r e e  r e s p e c t s .  

F i r s t l y ,  P .d e n i t r i f i c a n s  i s  c la im ed  to  e x h ib i t  an —► E^/O q u o tie n t  o f  3 

a t  s i t e  I ,  t h o u ^  t h i s  may w e ll r e f l e c t  th e  p re se n c e  o f an en erg y -d ep en d en t 

" tran sh y d ro g en ase  ( s i t e  o) in  th e  r e s p i r a t o r y  membrane o f t h i s  organism  

(S ch o les  & M itc h e l l ,  1970b; Edwards e t  a l . ,  1977). S econd ly , th e  b ran ch 

p o in t  to  cytochrom e o x id a se s  a a ^ and o i s  a t  th e  l e v e l  o f cytochrom e b in  

P . d e n i t r i f i c a n s , as opposed to  cytochrom e £  in  M .m eth y lo tro p h u s. T h ird ly ,  

th e  cytochrom e a a ^ o f  P .d e n i t r i f i c a n s  ap p ea rs  to  a c t  as  a  p ro to n  pump 

(se e  s e c t io n  1 ,9 .4 ) .  The f in d in g  t h a t  th e  two te rm in a l  o x id a se s  o f 

M. me th y l  o tro p h u s  (cytochrom es a a ^ and £ )  a re  a s s o c ia te d  w ith  e q u a l 

e f f i c i e n c i e s  o f  energy  c o n s e rv a t io n , a lth o u g h  d i f f e r e n t  from th e  s i t u a t i o n  

found in  P .d e n i t r i f i c a n s , i s  c o n s i s te n t  w ith  th e  work o f  Jo n es  and co

w orkers (Jo n es  £ t  ^ . , 1975; Jo n e s , 1977) who showed th a t  b a c t e r i a l  

r e s p i r a t o r y  system s te rm in a te d  by one o r  th e  o th e r  o f th e s e  o x id a se s  ap p ea r 

to  be e q u iv a le n t  in  term s o f  grow th y ie ld s  and p ro to n  t r a n s lo c a t io n
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s to ic h e io m e t r ie s .  F u rth e rm o re , th e  f in d in g  t h a t  th e  cytochrom e a a ^ o f  

M .m ethy lo trophus p ro b ab ly  does n o t a c t  a s  a  n e t  p ro to n  pump s u g g e s ts  t h a t  

th e r e  may be two c la s s e s  o f  b a c t e r i a l  cytochrom e o x id a se s  a a ^ — th o s e  from  

organ ism s such  as  P . d e n i t r i f  i c a n s , B. s te a ro th e rm o p h ilu s  and th e  therm o- 

p h i l e  PS3 (s e e  s e c t io n  I . 9 . 4 ) w hich c a ta ly s e  n e t  p ro to n  t r a n s l o c a t i o n  

( —►H^/O ^  0 , —► c h a rg e /0 > 2 ) ,  and th o s e  from  M .m eth y lo tro p h u s , and

p ro b a b ly  s e v e r a l  o th e r  l e s s  w e l l - c h a r a c te r i s e d  b a c t e r i a ,  w hich a c t  o n ly  as 

transm em brane e le c t r o n  c a r r i e r s  ( —► H^/O = 0 , —► charge /O  = 2 ) .
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CHAPTER 5

RESPIRATORY CHAIN COMPOSITION AND ENERGY CONSERVATION IN OXYGEN- 

AND AMMONIUM-LIMITED METHYLOPHILÏÏS METHYLOTROPHUS

5.1  In  tro d u c  t i  on

As d is c u s s e d  in  s e c t io n  1 .8 .2 ,  th e  a b i l i t y  e x p e r im e n ta l ly  to  v a ry  

th e  co m p o sitio n  o f b a c t e r i a l  r e s p i r a t o r y  c h a in s ,  b o th  p h e n o ty p ic a l ly  and 

g e n o ty p ic a l ly ,  i s  one o f th e  m ost p o te n t  to o l s  a v a i la b le  in  th e  s tu d y  o f 

r e s p i r a t o r y  c h a in  energ y  c o n s e rv a t io n . The s tu d y  o f grow th in  oxygen- 

l im i te d  co n tin u o u s  c u l tu r e  h as  proved e s p e c i a l l y  u s e f u l  in  p ro v id in g  an 

u n d e rs ta n d in g  o f th e  fu n c t io n  o f th e  te rm in a l r e g io n  o f th e  r e s p i r a t o r y  

c h a in ,  as  th e  co m p o sitio n  o f t h i s  re g io n  a p p e a rs  to  be p a r t i c u l a r l y  v a r ia b le  

w ith  r e s p e c t  to  th e  d is s o lv e d  oxygen te n s io n  in  th e  grow th medium.

The e f f e c t s  of o x y g e n -lim ite d  grow th on th e  grow th y i e ld ,  r e s p i r a to r y  

c h a in  co m p o sitio n , and p ro to n  t r a n s lo c a t io n  s to ic h e io m e try  o f a  number o f 

b a c t e r i a  have now been  s tu d ie d  (se e  J u r ts h u k  £ t  , 1975» H a rr is o n , 19?6a; 

Haddock & J o n e s , 1977)* I t  sh o u ld , how ever, be n o te d  t h a t  o x y g e n -lim ite d  

and carbon  s u b s t r a t e - l im i te d  c u l tu r e s  d i f f e r  in  th e  c o n c e n tra t io n s  o f b o th  

oxygen and carbon  s u b s t r a t e ,  and t h a t  any d i f f e r e n c e s  observed  in  th e  

en e rg y  c o n s e rv a tio n  p a ram e te rs  m entioned  above may be due to  e i t h e r  one o r  

b o th  o f  th e se  f a c t o r s .  T h e re fo re , in  o rd e r  to  g a in  a  f u l l e r  i n s ig h t  in to  

th e  f a c t o r s  c o n t r o l l i n g  r e s p i r a to r y - c h a in  co m p o sitio n  and energ y  

c o n s e rv a t io n ,  a  s tu d y  o f a t  l e a s t  one o th e r  n u t r i e n t - l i m i t a t i o n  ( e .g .  

am m onium -lim ita tion  — ex cess  carbon  and oxygen) i s  r e q u ir e d .
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The e f f e c t s  o f o x y g e n -lim ite d  grow th in  d i f f e r e n t  s p e c ie s  o f  b a c t e r i a

ap p ea r to  be f a r  from  un ifo rm  b u t a  number o f g e n e ra l p o in ts  can be made:

(1 )  In  m ost o b l ig a te  a e ro b e s , oxygen-1 im i ta t io n  i s  accom panied by an 

in c re a s e  in  th e  t o t a l  l e v e l  o f  membrane-bound cy toch rom es, p a r t i c u l a r l y  

th e  cytochrom e o x id a se s  (s e e  J u r ts h u k  e t  a l . ,  1975» H a rr is o n , 1976a).

(2 ) In  many f a c u l t a t i v e  a n a e ro b e s , on d e c re a s in g  th e  d is s o lv e d  oxygen 

te n s io n ,  th e re  i s  a t  f i r s t  an in c re a s e  in  th e  t o t a l  l e v e l  o f membrane- 

bound cytochrom es and cytochrom e o x id a se s ,  b u t a t  s t i l l  low er oxygen 

te n s io n s  th e r e  may be a  d e c re a se  in  th e  t o t a l  amount o f  cytochrom es 

a n d /o r  a  sw itc h  to  th e  components o f  th e  a n a e ro b ic  r e s p i r a t o r y  ch a in  

( e .g .  Wimpenny & N eck len , 1971)•

(3 )  In  th o se  b a c t e r i a  cap a b le  o f s y n th e s is in g  cytochrom e d , th e  l e v e l  o f 

t h i s  cytochrom e i s  in c re a s e d  d u r in g  o x y g e n -lim ite d  grow th (se e  C a s to r  

& Chance, 1959» J u r ts h u k  £ t  ^ . , 1975; H a rr is o n , 1976a). In  th o se  

b a c t e r i a  c o n ta in in g  a  h ig h - p o te n t i a l  membrane-bound cytochrom e c ,  th e  

rep la cem e n t o f cytochrom e o x id ase  a a ^ a n d /o r  o by d le a d s  to  d e c re a se d  

p ro to n  t r a n s lo c a t io n  s to ic h e io m e tr ie s  and grow th y i e ld s ;  w hereas in  

th e  absen ce  o f cytochrom e c ,  th e  in d u c tio n  o f  cytochrom e d does n o t 

p e r  se  e if fe c t  en erg y  c o n s e rv a t io n  (se e  J o n e s , 1977).
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(4 )  In  some b a c t e r i a  c o n ta in in g  cytochrom e o x id a se s  a a ^ and £ ,  d ec re ase d  

oxygen c o n c e n tr a t io n s  le a d  to  th e  com plete o r  p a r t i a l  rep la cem e n t o f 

cytochrom e o x id a se  a a ^ by o ( e .g .  P aracoccus d e n i t r i f i c a n s ;

Sapshead & Wimpenny, 1972), w hereas in  o th e r  b a c t e r i a  th e  l e v e l s  o f 

b o th  o x id a ses  a r e  in c re a s e d  ( e .g .  B a c i l lu s  m egaterium  D440» Downs & 

Jo n e s , 1975). The energy  c o n se rv in g  p r o p e r t i e s  o f th e s e  two o x id a se s  

a re  d is c u s se d  in  s e c t io n  4 .6 .

(5 )  In  some f a c u l t a t i v e  a n a e ro b e s , th e  NADH:ubiquinone o x id o re d u c ta se  

segm ent o f th e  r e s p i r a t o r y  c h a in  ( s i t e  l )  lo s e s  i t s  c a p a c i ty  to  

con serv e  energy  d u r in g  o x y g e n -lim ite d  grow th ( e .g .  E s c h e r ic h ia  c o l i ; 

Haddock & Jo n e s , 1977; b u t see  Farm er & Jo n e s , 1976; R ice  & H em pfling, 

1978).

The changes d e s c r ib e d  above presum ably  r e f l e c t  a t te m p ts  to  c o u n te r  

oxygen in s u f f ic i e n c y  by in c r e a s in g  th e  c a p a c i ty  to  u t i l i s e  low c o n c e n tra t io n s  

o f  oxygen. A l th o u ^  th e  cytochrom e c o n te n t does n o t  g e n e r a l ly  have a  

p ro found  in f lu e n c e  on th e  maximum r a t e  o f r e s p i r a t i o n  a t  h ig h  oxygen 

c o n c e n tra t io n s  (se e  H a rr is o n , 1976^» i t  i s  p ro b ab le  t h a t ,  a t  th e  lo w er 

oxygen c o n c e n tra t io n s  p re v a le n t  in  o x y g e n -lim ite d  c u l t u r e s , th e  cy tochrom es, 

and cytochrom e o x id a se s  in  p a r t i c u l a r ,  may become l i m i t i n g  f o r  r e s p i r a t i o n  

( se e  W hite , 1963). The mechanism o f th e  in c re a s e  in  o x y g e n - u t i l i s in g  

c a p a c i ty  may be tw o -fo ld  -  th e r e  i s  a lm o st u b iq u i to u s ly  an in c re a s e  in  th e  

t o t a l  l e v e l  o f  r e s p i r a t o r y  c h a in  com ponents, p a r t i c u l a r l y  te rm in a l  o x id a se s , 

and t h i s  i s  o f te n  accom panied by a  sw itc h  to  o x id a se s  w ith  h ig h e r  a f f i n i t i e s  

( lo w e r K^) f o r  oxygen. T his l a t t e r  s ta te m e n t i s  r a t h e r  d i f f i c u l t  to  v e r i f y
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a s  th e  m easurem ent o f a b s o lu te  v a lu e s  o f  th e  Kj  ̂ f o r  oxygen o f cytochrom e 

o x id a se  i s  t e c h n ic a l ly  d i f f i c u l t ,  and c o n f l i c t i n g  r e s u l t s  have been 

o b ta in e d  ( e .g .  W hite , 1963; Meyer & Jo n e s , 1973; W eston e t  a l . ,  1974;

L in to n  e t  ^ . , 1977). However, b a c t e r i a  c o n ta in in g  cytochrom e o x id ase  

d in v a r i a b ly  outgrow  c o m p e tito rs  c o n ta in in g  cytochrom e o x id a se s  a a ^ a n d /o r  

£  in  o x y g e n -lim ite d  co n tin u o u s  c u l tu r e  (Jo n e s , C.W ., B r ic e ,  J.M . & Edwards, 

C. u n p u b lish e d  r e s u l t s  c i t e d  in  J o n e s , 1979)» th u s  s u g g e s tin g  th a t  th e  

a f f i n i t i e s  o f b a c t e r i a l  cytochrom e o x id a ses  f o r  m o le c u la r  oxygen a re  in  th e  

o rd e r  d >  o o r  aa-,.

In  f a c u l t a t i v e  a n a e ro b e s , an in c re a s e d  c a p a c i ty  to  u t i l i s e  low 

c o n c e n tra t io n s  o f oxygen i s  o f te n  accom panied by a  lo w e rin g  o f th e  e f f ic ie n c y  

o f  energy  c o n s e rv a t io n , p ro b ab ly  in  o rd e r  to  a llo w  r a p id  r e o x id a t io n  o f 

red u ce d  coenzymes d u r in g  fe rm e n ta t iv e  m etabo lism . In  th e  p re sen ce  o f an 

a l t e r n a t i v e  e le c t r o n  a c c e p to r ,  how ever, th e re  may be a  sw itc h  to  th e  

com ponents o f th e  a n a e ro b ic  r e s p i r a t o r y  c h a in .

The e f f e c t  o f d i f f e r e n t  n u t r i e n t  l i m i t a t i o n s  on r e s p i r a to r y - c h a in  

en e rg y  c o n s e rv a tio n  h as  so f a r  been s tu d ie d  in  d e t a i l  f o r  o n ly  one 

m e th y lo tro p h . Pseudomonas AMI (K eev il & A nthony, 1979b). When t h i s  

o rgan ism  i s  grown in  m ethano l— o r  s u c c in a te - l im i te d  c o n tin u o u s  c u l t u r e ,  i t  

c o n ta in s  a  h ig h - p o te n t i a l  membrane-bound cytochrom e £  w hich i s  a s s o c ia te d  

w ith  a  t h i r d  s i t e  o f energy  c o n s e rv a t io n  (K eev il & A nthony, 1979b; se e  

J o n e s ,  1977). However, d u r in g  grow th in  b a tc h  c u l tu r e ,  o r  in  oxygen- o r  

am m onium -lim ited c o n t in u o u s -c u l tu r e ,  no membrane-bound cytochrom e c can be 

d e te c te d ,  though s o lu b le  cytochrom e £  i s  p re s e n t  (K eev il & A nthony, 1979b), 

and lo s s  o f  th e  t h i r d  s i t e  o f  energy  c o n s e rv a tio n  i s  r e f l e c t e d  in  d e c re a se d  

p ro to n  t r a n s lo c a t io n  s to ic h e io m e tr ie s  and grow th y ie ld s  (MacLennan e t  a l . ,  

1971; O’K eefe & A nthony, 1978; K eev il & Anthony, 1979b). T h is re sp o n se  to
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d i f f e r e n t  n u t r i e n t  l i m i t a t i o n s  i s  so  f a r  u n iq u e , and i n t e r e s t i n g l y  th e se  

changes ap p ea r to  be c o n t ro l le d  by th e  c o n c e n tra t io n  o f  carb o n  s u b s t r a te  

r a t h e r  th an  o f oxygen. A nother u n u su a l f e a tu r e  o f Pseudomonas AM1 i s  t h a t ,  

from  th e  s in g le  d e te rm in a tio n  r e p o r te d  by K eev il & Anthony ( l9 7 9 b ) ,  th e re  

a p p e a rs  to  be no in c re a s e  in  th e  t o t a l  l e v e l  o f membrane-bound cytochrom es 

d u r in g  o x y g e n -lim ite d  g row th , in  c o n t r a s t  to  th e  s i t u a t i o n  found w ith  o th e r  

o b l ig a te  ae ro b e s  (se e  ab o v e). I t  rem ains to  be seen  w hether th e  re sp o n se  o f 

t h i s  organism  to  d i f f e r e n t  n u t r i e n t  l im i t a t i o n s  i s  in d eed  u n u s u a l , o r  

w h e th e r i t  i s  f o r  some re a so n  ty p i c a l  o f th e  m e th y lo tro p h s .

Brooks & Meers (1973) n o te d  t h a t  when th e  p u ls e  fre q u e n c y  o f d i s 

co n tin u o u s  m ethanol a d d i t io n  to  ’m e th a n o l- lim ite d *  c o n tin u o u s  c u l tu r e s  o f 

M. m eth.vlotrophus was d e c re a se d , th e  grow th y ie ld  w ith  r e s p e c t  to  m ethanol 

d e c re a se d  c o r re s p o n d in g ly . These a u th o rs  su g g es ted  t h a t  th e  d e c re a se d  y ie ld  

m ight be due to  t r a n s i e n t  c o n d it io n s  o f m ethanol ex ce ss  a n d /o r  oxygen- 

l i m i t a t i o n .  In  l a r g e - s c a le  s i n g l e - c e l l  p ro te in  p ro d u c tio n  i t  i s  d e s i r a b le  

to  m a in ta in  th e  d is s o lv e d  oxygen c o n c e n tra t io n  a t  a  low le v e l  in  o rd e r  to  

m axim ise oxygen t r a n s f e r ,  as th e  c o s t  o f a ir -c o m p re s s io n  may be a  s u b s t a n t i a l  

f r a c t i o n  o f th e  t o t a l  p ro d u c tio n  c o s ts  (see  s e c t io n  1 .1 1 .3  )• However, 

in  a  la rg e  fe rm e n ta t io n  v e s s e l ,  i t  i s  im p o ss ib le  to  p re v e n t lo c a l  

f l u c tu a t io n s  o f th e  m ethanol and oxygen c o n c e n tr a t io n s ;  and a  s tu d y  o f th e  

e f f e c t  o f grow th c o n d it io n s  on en erg y  c o n s e rv a tio n  in  M.m e th y lo tro p h u s  i s

th u s  p a r t i c u l a r l y  a p p o s i te .

T h is c h a p te r  d e s c r ib e s  an in v e s t ig a t io n  o f th e  co m p o sitio n  and en e rg y - 

c o n se rv in g  p r o p e r t i e s  o f  th e  r e s p i r a t o r y  c h a in  o f  o x y g e n -lim ite d  c u l tu r e s  

o f  M .m eth y lo tro p h u s, w ith  a  view  to  id e n t i f y in g  any f a c t o r s  w hich m igh t 

le a d  to  a  d e c re a se  in  th e  grow th y i e l d ,  a s  compared to  m e th a n o l- l im ite d
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c u l t u r e s .  The co m p o sitio n  o f th e  r e s p i r a t o r y  c h a in  o f am m onium -lim ited 

M. me th y l  o tro p h u s has a l s o  been in v e s t ig a t e d ,  in  o rd e r  to  d e te rm in e  w hether 

any d i f f e r e n c e s  observ ed  betw een m e th an o l- and o x y g e n -lim ite d  c u l tu r e s  a re  

due to  d i f f e r e n c e s  in  th e  c o n c e n tr a t io n  o f  oxygen, o r  o f  m e th an o l.

A f te r  m ost o f  t h i s  work had been  co m p le ted . C ross & Anthony (l9 8 0 b ) 

p u b lish e d  a  s tu d y  o f th e  r e s p i r a t o r y  c h a in  co m p o sitio n  o f  M. me th y l  o tro p h u s  

grown u n d er v a r io u s  c o n d i t io n s .  T h is  work w i l l  be d is c u s s e d  in  th e  

c o n c lu s io n  to  t h i s  c h a p te r  ( s e c t io n  5* 8 ), a s  w i l l  some f u r t h e r  d a ta  on the  

grow th  y ie ld  o f t h i s  organism  in  o x y g e n -lim ite d  co n tin u o u s  c u l tu r e  w hich 

h a s  r e c e n t ly  become a v a i l a b l e .

5*2 Cytochrome c o n te n t  o f oxygen- and am m onium -lim ited M. me th y l  o tro  phus

F ig .  5 .1 a  shows th e  red u ced  minus o x id is e d  d i f f e r e n c e  spectrum  o f th e  

membrane f r a c t i o n  from  o x y g e n -lim ite d  M .m eth y lo tro p h u s . The p re sen ce  o f 

membrane-bound cytochrom es b and c i s  c l e a r ly  in d ic a te d  by th e  sh o u ld e r  a t  

555nm and peak a t  547nm r e s p e c t iv e ly .  No peak in  th e  600-605nm re g io n  

w hich m ight co rresp o n d  to  cytochrom e a a ^ was o b se rv ed , b u t th e re  was a  s t ro n g  

peak  a t  428nm and tro u g h  a t  442nm in  th e  red u ce d  p lu s  CO m inus reduced  

d i f f e r e n c e  spectrum  (F ig . 5* 1 b ), th u s  in d i c a t i n g  t h a t  cytochrom e a a ^ was 

in  f a c t  th e  m ost abundant C O -binding cytochrom e d u r in g  o x y g e n -lim ite d  

g row th . I t  i s  n o t  e asy  to  e x p la in  t h i s  p e c u l i a r  s p e c t r a l  b e h a v io u r o f  th e  

a - ty p e  cytochrom e d u r in g  o x y g e n -lim ite d  g ro w th , b u t Lanyi (1968) o bserved  

s im i la r  b e h a v io u r w ith  th e  a - ty p e  cytochrom e from  H alo b ac teriu m  c u tiru b ru m . 

The peak a t  412nm in  F ig .  5* 1b c l e a r l y  co rre sp o n d s  to  cytochrom e c ^ ^ , and 

cytochrom e o was a l s o  p re s e n t  ( s h o u ld e r  420nm, b ro ad  tro u g h  560nm). There 

was no in d ic a t io n  t h a t  cytochrom e d may be p r e s e n t  from  e i t h e r  th e  reduced
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F ig .  5*1 D if fe re n c e  s p e c t r a  o f th e  membrane f r a c t i o n  o f o x y g e n -lim ite d  

M. me th y lo t r o  p h u s. ( a )  Low te m p e ra tu re  red u ced  minus o x id is e d  d i f f e r e n c e

spec tru m  (21,2mg p r o te in /m l) ;  (b )  Room te m p e ra tu re  reduced  p lu s  CO 

m inus reduced  d i f f e r e n c e  spectrum  (8.2mg p r o te in /m l) .
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m inus o x id ise d  d i f f e r e n c e  spec trum  (cytochrom e d i s  c h a r a c te r i s e d  by a  peak 

a t  a p p ro x im a te ly  430nm), o r  th e  red u ced  p lu s  CO minus reduced  d if f e r e n c e  

sp ec tru m  (cytochrom e d-CO does n o t have a  d i s t i n c t  a b s o rb tio n  band in  th e  

S o re t  r e g io n ,  b u t y ie ld s  a  r e a d i ly  o b se rv a b le  peak a t  647nm w ith  a  

c o rre sp o n d in g  tro u g h  a t  630nm), As w ith  m e th a n o l- l im ite d  c u l tu r e s ,  the  

s o lu b le  f r a c t i o n  from  o x y g e n -lim ite d  M * me th y lo t r o  phus c o n ta in e d  on ly  c y to 

chrome £  (a  sm all f r a c t i o n  o f w hich bound CO), and fe rm e n te r  s u p e rn a ta n ts  

c o n ta in e d  cytochrom e £  and p o s s ib ly  f l a v i n  (see  s e c t io n  3 .2 ) .

Ammonium-limited c u l tu r e s  o f M .m ethy lo trophus a l s o  c o n ta in e d  membrane-

bound cytochrom es b ( s h o u ld e r  5$8nm) and £  (peaks 550, 520nm )(Fig. 5 .2 a ) .

The p resen ce  o f cytochrom e aa^ in  am m onium -lim ited c u l tu r e s  was v a r i a b le .
— j

A sm all peak was som etim es observed  a t  ap p ro x im ate ly  600nm in  th e  reduced  

minus o x id ise d  d i f f e r e n c e  sp ec tru m , and when such  a  peak d id  a p p e a r , th e  

p re se n c e  o f  cytochrom e aa^ was a ls o  in d ic a te d  by th e  reduced  p lu s  CO minus 

red u ce d  d if f e r e n c e  spectrum  —a sh o u ld e r  a p p e a rin g  on th e  peak in  th e  S o re t 

r e g io n  a t  ap p ro x im a te ly  428nm w ith  a  co rre sp o n d in g  tro u g h  a t  ap p ro x im ate ly  

442nm. However, in  o th e r  b a tc h e s  o f c e l l s  no peak was observed  a t  c i r c a  

60Qnm in  th e  reduced  minus o x id ise d  d i f f e r e n c e  sp ec trum  (F ig . 5 .2 a ) ,  and 

th e  tro u g h  in  th e  S o re t  re g io n  o f  th e  reduced  p lu s  CO minus reduced  

d if f e r e n c e  spectrum  appeared  a t  ap p ro x im ate ly  430nm (P ig . 5 .2 b ) .  On th e s e  

o c c a s io n s , th e  s p e c t r a l l y  dom inant C O -binding cytochrom e was cytochrom e 

£^^ (peak 412nm), and cytochrom e £  was a ls o  p r e s e n t  (sh o u ld e r  419nni» t r o u ^  

43Qnm). As w ith  m e th an o l- and o x y g e n -lim ite d  c u l t u r e s ,  th e  s o lu b le  f r a c t i o n  

o f  am m onium -lim ited M. m eth y lo tro p h u s c o n ta in e d  o n ly  cytochrom e £ .

Q u a n ti ta t iv e  e s t im a te s  o f  th e  cytochrom e c o n te n ts  o f  th e  membrane and 

s o lu b le  f r a c t io n s  o f oxygen- and am m onium -lim ited c u l tu r e s  a re  shown in  

T ab le  5 .1 .  The cytochrom e c o n te n t  o f  m e th a n o l- l im ite d  M .m ethy lo trophus (see  

T ab le  3 .1 )  i s  in c lu d e d  f o r  com parison .
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5 .2  Room te m p e ra tu re  s p e c t r a  o f  th e  membrane f r a c t i o n  o f  ammonium — 

l im i t e d  M .m eth y lo tro p h u s. ( a )  Reduced minus o x id is e d  d i f f e r e n c e  spectrum

(6 .9  mg p ro te in /m l) ;  (b )  red u ced  p lu s  CO minus red u ced  d i f f e r e n c e  

spec trum  (6 .9  mg p r o te in /m l) .
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5*3 T ranshydrogenase  a c t i v i t y  o f o x y g e n -lim ite d  M .m ethy lo trophus

In  common w ith  m e th a n o l- l im ite d  c u l tu r e s  (s e e  s e c t io n  3 * 3 ), oxygen- 

l im i t e d  M. me th y lo tro p h u s  c o n ta in s  o n ly  a  s o lu b le  n ic o tin a m id e  n u c le o t id e  

tr a n s h y d ro g e n a se . The s p e c i f i c  a c t i v i t y  in  th e  s o lu b le  f r a c t i o n  (1 9 «3 o r  

6 .6  nm oles NADPH o x id ise d /m in  p e r  mg p r o te in ,  m easured by oxygen-consum ption 

o r  3-acetylpyridine-NAD**" r e d u c t io n  r e s p e c t iv e ly )  was v e ry  c lo s e  to  t h a t  

observ ed  in  m e th a n o l- l im ite d  c u l t u r e s .

5*4 R e s p ira to ry  a c t i v i t y  o f whole c e l l s  o f o x y g e n -lim ite d  M.me th y lo  tro p h u s

The r e s p i r a t i o n  r a t e s  o f o x y g e n -lim ite d  c u l tu r e s  o f  M. me th y l  o tro  phus 

from  s e le c te d  s u b s t r a t e s  a re  shown in  T able 5 .2 .  The r a t e s  o f  o x id a tio n  o f 

m e th an o l, fo rm ald eh y d e , ascorbate-TM PD and DADHg were s im i la r  in  oxygen- 

l im i te d  and m e th a n o l- l im ite d  b a c t e r i a  ( s e e  T ab le  3*3)» b u t th e  r a t e s  o f 

r e s p i r a t i o n  from  endogenous s u b s t r a te s  and d u ro q u in o l w ere a p p ro x im a te ly  2 - 

f o ld  more r a p id  in  th e  fo rm er th an  in  th e  l a t t e r .  The r a t e  o f fo rm ate  

o x id a tio n  was ap p ro x im a te ly  3 - fo ld  s lo w er in  o x y g e n -lim ite d  c u l tu r e s  th a n  in  

m e th a n o l- l im ite d  c u l tu r e s .

5 .5  E f f e c t  o f  i n h i b i t o r s  on th e  r e s p i r a t o r y  a c t i v i t y  o f w hole c e l l s  o f

o x y g e n -lim ite d  M. m ethyl o tro p h u s

The m id -ch a in  i n h i b i t o r ,  HQ^O, had s im i la r  r e l a t i v e  e f f e c t s  on th e  

o x id a tio n  o f  p h y s io lo g ic a l  s u b s t r a t e s  in  o x y g e n -lim ite d  c u l tu r e s  o f 

M .m ethy lo trophus as in  m e th a n o l- l im ite d  c u l tu r e s  (s e e  F ig . 3 .5 ) .  R e s p ira t io n  

from  th e  NAD^-1 inked  s u b s t r a te  fo rm a te  was s u b s t a n t i a l l y  a f f e c te d  by 75pM- 

EQfTO (81^  i n h i b i t i o n ) ,  w hereas r e s p i r a t i o n  from  m ethano l was v i r t u a l l y  

u n a f fe c te d  (o n ly  14^ i n h i b i t i o n ) ;  in te rm e d ia te  i n h i b i t i o n  o f  r e s p i r a t i o n
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S u b s tr a te R e s p ir a t io n  r a t e

(ng-atom  O/min p e r  mg d ry  w t. b a c t e r i a )

Endogenous 10 -  1 (9 )

M ethanol 310 ± 5 (3 )

Form aldehyde 380 t  21 (5 )

Form ate 12 t  1 (6 )

Ascorbate-TMPD 1600

DADEg 400

D uroquino l 428 t  28 (7 )

T ab le  5 .2  R e s p ira to ry  a c t i v i t y  o f  w hole c e l l s  o f  o x y g e n -lim ite d  

M .m eth y lo tro p h u s. R e s p ir a t io n  r a t e s  were m easured a s  d e s c r ib e d  in  s e c t io n

2 ,6  in  a  r e a c t io n  m ix tu re  c o n ta in in g  140mM-KCl, 20m M -glycylglycine (pH7.4) 

p lu s  s u f f i c i e n t  washed c e l l  su sp e n s io n  to  g iv e  a  co n v e n ie n t r a t e  o f oxygen 

consum ption . A ll s u b s t r a te s  were u se d  a t  s a tu r a t i n g  c o n c e n tra t io n s  

(m eth an o l, lOmM; fo rm aldehyde , 2niM; fo rm a te , 5mM; a s c o rb a te ,  3mM-TMPI),

3niM; DADI^, 1mM; d u ro q u in o l , 1mM), and r e s p i r a t i o n  r a t e s  w ere c o r r e c te d  f o r  

th e  endogenous r e s p i r a t i o n .  The v a lu e s  o f th e  r e s p i r a t i o n  r a t e s  from  

ascorbate-TM PD and DADĤ  w ere ta k e n  from  p lo t s  o f th e  r e s p i r a t i o n  r a t e  

( c o r r e c te d  f o r  a u to x id a t io n )  v e rs u s  th e  s u b s t r a te  c o n c e n tr a t io n .
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from  form aldehyde (549^ in h i b i t i o n  by 75pM-EQN0) was a g a in  observed  due to  

th e  two ro u te s  o f o x id a tio n  o f  t h i s  s u b s t r a te  m  v i t r o  i . e .  e i t h e r  v i a  th e  

r e d u c t io n  and r e o x id a t io n  o f  NAD  ̂ o r  d i r e c t l y  v i a  m ethano l o x id a se  (s e e  

s e c t io n  1 .3 * 3 ) . R e s p ira t io n  from  ascorbate-TM PD was s l i g h t l y  s t im u la te d  by

in  o x y g e n -lim ite d  c e l l s ,  p o s s ib ly  due to  th e  a l l e v i a t i o n  o f r e s p i r a t o r y  

c o n t ro l  v i a  th e  u n co u p lin g  p r o p e r t i e s  o f t h i s  i n h i b i t o r  (s e e  s e c t io n  4 .5 .1 ) .  

D uroquino l o x id a tio n  was in h ib i te d  to  a  l e s s e r  d eg ree  by 75iiM-HQ̂ (rO in  

o x y g e n -lim ite d  c u l tu r e s  (66% i n h i b i t i o n )  th an  in  m e th a n o l- l im ite d  c u l tu r e s .

F ig .  5 .3 ab  shows th e  e f f e c t  o f cy an id e  on r e s p i r a t i o n  from  a s c o rb a te -  

TMPD, and m e th an o l, in  o x y g e n -lim ite d  M .m eth y lo tro p h u s. As d is c u s s e d  in  

s e c t io n  3 .5 .2 ,  th e  d u a l k i n e t i c s  o f in h i b i t i o n  o f ascorbate-TM PD o x id a tio n  

(F ig .  5*3a) in d ic a te  t h a t  e le c t r o n  f lu x  from  t h i s  s u b s t r a t e  may be 

conducted  to  oxygen v i a  e i t h e r  cytochrom e a a ^ (u n c o m p e titiv e  i n h i b i t i o n ,

Kj ^  3pM) o r  cytochrom e o (n o n -c o m p e titiv e  i n h i b i t i o n ,  E. =  3p^0* In  

c o n t r a s t  to  th e  s i t u a t i o n  in  m e th a n o l- l im ite d  c u l tu r e s  (see  F ig .  3 .6 a ) ,  

m ethanol o x id a tio n  in  o x y g e n -lim ite d  M .m ethy lo trophus was in h ib i te d  in  an 

u n c o m p e tit iv e  manner (K. ^  6pM) by cy an id e  (F ig . 5 .3 b ) ;  and i t  would a p p e a r ,

th e r e f o r e ,  t h a t  t h i s  s u b s t r a te  i s  o x id ise d  p red o m in an tly  v i a  cytochrom e 

a a ^ in  o x y g e n -lim ite d  c u l tu r e s .  T h is  f in d in g  was n o t a l to g e th e r  u n ex p ec ted  

a s  t h i s  cytochrom e com prises a  s u b s t a n t i a l l y  l a r g e r  p ro p o r tio n  o f th e  t o t a l  

CO -binding cytochrom e in  o x y g e n -lim ite d  c u l tu r e s  th a n  in  m e th a n o l- l im ite d  

c u l tu r e s  (se e  T able 5 .1 ) .  The k i n e t i c s  o f i n h i b i t i o n  o f  fo rm a te  o x id a tio n  

cou ld  n o t  be a s c e r ta in e d  due to  th e  v e ry  low r e s p i r a t i o n  r a t e  from  t h i s  

s u b s t r a t e  d u r in g  o x y g e n -lim ite d  g row th .

No ev id en ce  was found f o r  s i g n i f i c a n t  c y a n id e - in s e n s i t iv e  r e s p i r a t i o n  

w hich m ight have o c c u rre d  v i a  e i t h e r  cytochrom e c^^ (se e  s e c t io n  3 .5 * 2 ) o r 

cytochrom e d (se e  s e c t io n  5*1» Arima & Oka, 1965, Jones & R e d fe a m , 1967).
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F ig .  3>3 The e f f e c t  o f cy an id e  on r e s p i r a t i o n  from  ascorbate-TM PD and 

m ethano l in  o x y g e n -lim ite d  M. me th y lo tro p h u s  (Dixon p l o t s ) .

R e s p ir a t io n  r a t e s  w ere d e te rm in ed  as d e sc r ib e d  in  s e c t io n  2 .6 ,  in  a  m ix tu re  

c o n ta in in g  140mM-KCl, 2O m M -glycylglycine (pH ?.4) p lu s  s u f f i c i e n t  washed c e l l  

su sp e n s io n  to  g iv e  a  c o n v en ien t r a t e  o f  oxygen consum ption . The c y an id e  was 

added 2 min p r i o r  to  th e  a d d i t io n  o f s u b s t r a t e .  The s u b s t r a te s  u s e d , a t  th e  

c o n c e n tr a t io n s  shown on th e  p l o t s ,  were ( a ) ,  ascorbate-TT.IPD ( th e  a s c o rb a te  

c o n c e n tra t io n  was 3niîiî th ro u g h o u t, and th e  TMPD c o n c e n tr a t io n  was v a r ie d  as 

shown; c o r r e c t io n  was made f o r  th e  a u to x id a t io n  o f t h i s  s u b s t r a t e ) ;  and (b ) ,  

m e th a n o l.
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3 .6  S to ic h e io m e try  o f r e s p i r a t io n - l i n k e d  p ro to n  t r a n s l o c a t i o n  in  oxygen-

l im i te d  M .m eth y lo tro p h u s , m easured by th e  o x y g en -p u lse  method

The optimum pH and v a lin o m y cin  c o n c e n tra t io n s  f o r  th e  d e te rm in a tio n  

o f  H^/O q u o tie n ts  in  o x y g e n -lim ite d  M. me th y l  o tro  phus w ere found to  be

th e  same as  f o r  b a c t e r i a  grown in  m e th a n o l- l im it  a t  io n  i . e .  pH 6.2, 1pg

v alinom ycin /m g  d ry  w t. b a c t e r i a  (se e  s e c t io n  4 * 2 ). The ->■ H^/O q u o tie n t  

f o r  th e  o x id a t io n  o f endogenous s u b s t r a te s  in  o x y g e n -lim ite d  c u l tu r e s  was 

found  to  be 5 .7 4  -  0 . 09(7 )» and t h i s  v a lu e  cou ld  be in c re a s e d  to  6 .21 -

0 .1 4 (  5) i f  b a c t e r i a l  su sp e n s io n s  w ere washed u n d e r a n a e ro b ic  c o n d it io n s

i n  o rd e r  to  d e p le te  th e  c e l l s  o f  any perm eant a n io n s  w hich m ight o th e rw ise  

c au se  u n d e re s tim a tio n  o f th e  -► H^/O q u o tie n t  (s e e  s e c t io n  4 .1 ) .  The 

k i n e t i c s  o f decay  o f th e  A pH fo llo w in g  an oxygen p u ls e  w ere v e iy  s im i la r  

to  th o s e  o b serv ed  in  m e th a n o l- l im ite d  c u l tu r e s  (s e e  s e c t io n  4 .2 ) ;  th e  f i r s t  

o r d e r  re g io n  o f  decay  had a  h a l f - t im e  o f 70 -  9 (6 )s  in  th e  p re sen ce  o f  

v a lin o m y c in .

T able 5*3 shows th e  v a lu e s  o f th e  —► H^/O q u o tie n t  f o r  th e  o x id a tio n  

o f  v a r io u s  s u b s t r a t e s  in  o x y g e n -lim ite d  M .m eth y lo tro p h u s. The r a t e  o f  

d ecay  o f th e  A pH fo llo w in g  an oxygen p u lse  was s im i la r  to  t h a t  observed  

i n  th e  p re sen ce  o f  endogenous s u b s t r a t e s  a lo n e , e x c e p t in  th e  p re se n c e  o f  

ascorbate-TM PD ( in  th e  p resen ce  o f  3niM -ascorbate -  ImM-HÆPD th e  t ^  was 

ap p ro x im a te ly  1 7 s ) . As was d is c u s s e d  in  some d e t a i l  in  s e c t io n  4*3» 

endogenous s u b s t r a t e  o x id a tio n  s e r io u s ly  i n t e r f e r e s  w ith  th e  m easurem ent 

o f  —► H^/O q u o t ie n ts  f o r  th e  o x id a tio n  o f added s u b s t r a t e s .  The t r u e  

H^/O q u o t ie n t  f o r  m ethanol o x id a tio n  cou ld  o n ly  be m easured in  th e  

p re se n c e  o f HQNO to  i n h i b i t  endogenous s u b s t r a te  o x id a tio n  (se e  T ab le  5*3); 

t h i s  i n h i b i t o r ,  how ever, caused  a  s u b s t a n t i a l  in c re a s e  in  th e  r a t e  o f decay 

o f  th e  A pH fo l lo w in g  an oxygen p u ls e .
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. . .  --------------  -  ----  ------

R e s p ira to ry  s u b s t r a te -►kV o q u o t ie n t  (g - io n  H'*'/g-atom O)

No a d d i t io n + 75vĴ T EQNO

Endogenous 5 .7 4  -  0 .0 9  (7 ) n .d

F orm ate

1
5 .3 n .d

.

D uroqu ino l 3 .97  -  0 .1 4  (5 ) n .d

Form aldeliyde 5 .2 6  i  0 .2 6  (6 ) 2 .4 5  -  0 .2 5  (8 )

! M eth?,nol
1
1

5 .6 4  -  0 .1 6  (5 ) 2 .01  t  0 .1 4  (8 )

11
1 .7 n .d  . ♦

DADHg 2 .0 n .d

T ab le  5*3 q u o tie n t  o f  o x jr ^ n - l im ite d  M * me th y l  o tro  p h u s , m easured

by th e  oxygen -pu lse  m ethod. H^/O q u o tie n ts  w ere d e te rm in ed  as

d e s c r ib e d  in  s e c t io n  2 .8 ,1 .  The s u b s t r a t e  c o n c e n tra t io n s  were fo rm a te , 

1mM; d u ro q u in o l, ImH; fo rm aldehyde , 2mîÆ; m e th an o l, lOaî.î; a s c o rb a te ,  3niî.î — 

TÎ.ÎPD, 3siî.î; DADEg» 1ml,I. The v a lu e s  o f  th e  H^/O q u o tie n ts  f o r  fo rm a te , 

ascorbate-TIvlPD and DADĤ  o x id a tio n  w ere ta k e n  from  p lo t s  o f  th e  H^/O 

q u o t ie n t  v e rs u s  th e  s u b s t r a te  c o n c e n tr a t io n .

A b b re v ia t io n  : n .d ,  n o t  d e te rm in e d .
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5 .7  S to ic h e io m e try  o f r e s p i r a t io n - l i n k e d  p ro to n  and ch a rg e  t r a n s lo c a t io n

in  oxygen-lim ited M.methylotrophus, measured by the in i t ia l - r a t e  method 

The add ition  of methanol, formaldehyde, formate or duroquinol to  an 

aerobic suspension o f oxygen-lim ited M.methylotrophus ( in  the presence of 

K^/valinomycin) e l i c i t e d  resp ira tio n  and a c id if ic a t io n  of the extern al 

medium (F ig . 5 * 4 )• The oxygen-consumption rate  became constant a f te r  a 

la g  o f 2-3s but, in  contrast to  the s itu a t io n  found w ith m ethanol-lim ited  

b a c te r ia  (see  F ig . 4»6)» the ra te  o f a c id if ic a t io n  decreased w ith time a fter  

the rapid increase e l i c i t e d  by the add ition  of su b stra te . The n o n -lin ea r ity  

o f the a c id if ic a t io n  was most pronounced in the case of resp ira tio n  from 

form ate and duroquinol. —► H /̂O quotients obtained from the lin e a r  phase of 

oxygen-consumption and the in i t ia l - r a t e  of a c id if ic a t io n  are shown fo r  

variou s su b strates in  Table 5«4> a lso  shown are -► K^/O quotients  

determined in  p a r a lle l experiments but in  low E  ̂ medium. The pH response 

to  the add ition  of ascorbate-TMPD was va r ia b le ; a c id if ic a t io n  rare ly  

occurred but there was gen era lly  a delay of up to 10s prior  to  the onset of 

the a lk a lin is a t io n  phase c h a r a c te r is t ic  of the ascorbate-TMPD oxidase  

rea c tio n . E  ̂ uptake = 1 .3 0  -  0 .1 3 (7 ) )  confirmed th at there i s

transmembrane e lec tro n  flow  between cytochrome c and a t le a s t  one of the 

cytochrome ox id ases, during growth in  oxygen-1 im itâ t ion .

The v a lu e s  o f th e  -► H /̂O and E^/O q u o tie n ts  (m easured by th e  

i n i t i a l - r a t e  m ethod) f o r  th e  o x id a tio n  o f fo rm a te , d u ro q u in o l and a s c o rb a te -  

TMPD, were s u b s t a n t i a l l y  low er in  o x y g e n -lim ite d  c u l tu r e s  th a n  in  m e th an o l- 

l im i t e d  c u l tu r e s  ( s e e  Table 4*1, F ig .  4*9)» d e s p i te  th e  f a c t  t h a t  -► H*/0 

q u o t ie n ts  d e te rm in ed  by th e  oxyg en -p u lse  method w ere found to  be s im i l a r  f o r  

b a c t e r i a  grown in  th e s e  two modes o f  n u t r i e n t - l i m i t a t i o n  (se e  s e c t io n s  4 .2 ,  

4 .3 ,  4 . 5 . 1 » 5 . 6 ) .  T h is  d is c re p a n c y , to g e th e r  w ith  th e  f a i l u r e  to  o bserve  a
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F ig .  5 .4  R e s p ira t io n  and p ro to n  t r a n s l o c a t i o n  fo llo w in g  th e  a d d i t io n  o f  

d u ro q u in o l to  an a e ro b ic  su sp e n s io n  o f o x y g e n -lim ite d  M .m eth y lo tro p h u s. 

The changes in  pH and oxygen c o n c e n tra t io n  w ere d e te rm in ed  as  d e s c r ib e d  

i n  s e c t io n  2 ,8 .2  in  th e  h ig h  (l40mM-KCl) medium. The arrow s in d i c a te  

th e  a d d i t io n  o f  d u ro q u in o l to  a  f i n a l  c o n c e n tra t io n  o f 1m?A.
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R e s p ira to ry  s u b s t r a t e -►H'*’/ 0  q u o tie n t  

(g - io n  n V s-a to m  O)

-► K^/O q u o tie n t  

(g - io n  x V s-a to m  O)

Form ate 1 .73  -  0 .1 7 (6 ) 3 .07  - 0 .1 9 (6 )

D uroquino l 2 .3 8  i  0 .2 7 (9 ) n .c I

Form aldehyde 3 .46  Î  0 .1 9 (6 ) 0 .9 7  - 0.11 (10)

M ethanol 1 .96  -  0 .1 5 (5 ) 1 .23  t 0 .15 (10)

Ascorbate-TMPD a p p ro x . 0 1 .3 0  t 0 .1 3 (7 )

T ab le  5 .4  E^/O and -► kV q q u o t ie n ts  o f o x y g e n -lim ite d

M .m eth y lo tro p h u s , m easured by th e  i n i t i a l - r a t e  m ethod. -► H^/O and

—► K"*’/0  q u o tie n ts  were m easured in  s e p a ra te  ex p erim en ts  by th e  i n i t i a l -  

r a t e  m ethod, in  h ig h  (l40mM-KCl) and low ( 10mM-KCl, 140mM-LiCl) m edia, 

r e s p e c t iv e ly ,  a s  d e s c r ib e d  in  s e c t io n  2 .8 .2 .  The s u b s t r a t e  c o n c e n tra t io n  

was 1mM th ro u g h o u t, e x c e p t a s c o rb a te  (3mM)-TMPD (lOOpM).

A b b re v ia tio n  : n .d ,  n o t d e te rm in e d .
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w e ll-d e f in e d  l i n e a r  phase o f a c i d i f i c a t i o n  on th e  a d d i t io n  o f s u b s t r a t e ,  

and th e  f in d in g  t h a t  th e  endogenous r e s p i r a t i o n  r a t e  o f  b a c t e r i a  grown in  

o x y g e n - lim ita t io n  ( 5 .0  -  0 .7 (1 1 )  ng-atom  O/min p e r  mg d ry  w t. b a c t e r i a ,  

a f t e r  th e  30 min in c u b a tio n  p e r io d  in  th e  p re sen ce  o f  v a lin o m y c in  re q u ire d  

f o r  b o th  th e  oxygen -p u lse  and i n i t i a l - r a t e  m ethods) was 3 - to  4 - f o ld  h ig h e r  

th a n  t h a t  o f m e th a n o l- l im ite d  b a c t e r i a  ( l . 4  -  0 .1 (10 ) ng-atom  O/min p e r  mg 

d ry  w t. b a c t e r i a ) ,  s u g g e s ts  th& t th e r e  m igh t be s u f f i c i e n t  endogenous 

r e s e rv e s  in  o x y g e n -lim ite d  M .m ethy lo trophus to  e s t a b l i s h  a  s i g n i f i c a n t  

p ro to n m o tiv e  f o r c e ,  even in  th e  absence  o f added s u b s t r a t e .  The p re 

e x is te n c e  o f  a  p ro to n m o tiv e  fo rc e  would be e x p ec ted  to  oppose p ro to n  t r a n s 

lo c a t io n  on th e  a d d i t io n  o f  s u b s t r a t e ,  th u s  le a d in g  to  n o n - l in e a r  a c id 

i f i c a t i o n  and u n d e re s tim a tio n  o f th e  -► H^/O and -► K^/O q u o t ie n ts .

In  o rd e r  to  t e s t  t h i s  h y p o th e s is ,  an a tte m p t was made to  examine th e  

e f f e c t  o f the  m agnitude o f th e  endogenous r e s p i r a t i o n  r a t e  on th e  —► H**’/0  

q u o t ie n t  m easured by th e  i n i t i a l - r a t e  m ethod. Endogenous r e s p i r a t i o n  was 

mimicked by th e  a d d i t io n ,  to  m e th a n o l- l im ite d  b a c t e r i a ,  o f  e i t h e r  low 

c o n c e n tra t io n s  o f  TMPD in  th e  p re se n c e  o f 3m M -ascorbate (P ig . 5 .5 a ) ,  o r  

low c o n c e n tra t io n s  o f fo rm ate  (P ig . 5 .5 b ) .  I t  i s  c l e a r  from P ig . 5 .5 a b , 

t h a t  th e  im p o s itio n  o f a  p r e e x i s t in g  r e s p i r a t i o n  r a t e  d e c re a se d  th e  v a lu e s  

o f  th e  -► H^/O q u o t ie n ts  f o r  th e  o x id a tio n  o f  a l l  s u b s t r a t e s ;  and th e  

a c i d i f i c a t i o n  observ ed  on th e  a d d i t io n  o f  th e  a ssa y  s u b s t r a t e  became non

l i n e a r  when a  p r e - e x i s t in g  r e s p i r a t i o n  r a t e ,  com parable to  th e  endogenous 

r e s p i r a t i o n  r a t e  o f o x y g e n -lim ite d  b a c t e r i a ,  was im posed. The -► H^/O 

q u o tie n ts  f o r  th e  o x id a tio n  o f fo rm ate  and d u ro q u in o l were a f f e c te d  

c o n s id e ra b ly  more by ‘endogenous ' r e s p i r a t i o n  th a n  th o s e  f o r  r e s p i r a t i o n  

from  m ethanol and fo rm aldehyde . No a c i d i f i c a t i o n  p h a se , on ad d in g

- 189-



100

80
0)3
§

2
C

8
60

I
I
CT

40 —

20
+

X

t

302010

Rate of respiration prior to substrate addition

( n g - a to m  0 /  m in per m g )

- 1 9 0 -



80

O
60cou

40
ï

I
O’

p 204-
X
t

303 10 20 

Rate of respiration prior to substrate addition

( n g - a to m  O / m i n  per  mg)

F ig .  3 «5 E f f e c t  o f r e s p i r a t i o n  r a t e  p r io r  to  s u b s t r a t e  a d d i t io n  on th e  

-»■ q u o t ie n t ,  m easured by th e  i n i t i a l - r a t e  m ethod. —► H^/O

q u o tie n ts  were d e te rm in e d  in  m e th a n o l- l im ite d  b a c t e r i a  as d e s c r ib e d  in  

s e c t io n  2 ,8 .2 ,  in  th e  h ig h  ( 140mlJl-KCl) medium. 2 min b e fo re  th e

a d d i t io n  o f s u b s t r a t e  to  i n i t i a t e  r e s p i r a t i o n  and p ro to n  t r a n s l o c a t i o n ,  low 

c o n c e n tr a t io n s  o f e i t h e r  ( a ) ,  TMPD in  th e  p re se n c e  o f  3m M -ascorbate, o r  

( b ) ,  fo rm a te , were added to  impose a  low b a s a l  r a t e  o f  r e s p i r a t i o n .  The 

a s s a y  s u b s t r a te s  w ere #  , m e thano l; I , fo rm a te ; O  , fo rm aldehyde;

A  , d u ro q u in o l.
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ascorbate-TM PD (a s  th e  a s s a y  s u b s t r a t e ) ,  was o b served  in  th e  p re sen ce  o f 

a  p r e - e x i s t in g  r e s p i r a t i o n  r a t e  g r e a t e r  th a n  th e  I .4  -  0 .1  (IO ) ng-atom  0 /  

min p e r  mg d ry  w t. b a c t e r i a  w hich r e p r e s e n ts  th e  endogenous r e s p i r a t i o n  

r a t e  o f  b a c t e r i a  grown in  m e th a n o l- l im ite d  co n tin u o u s  c u l tu r e .

I t  i s  c l e a r  from  th e s e  ex p erim en ts  t h a t ,  u n le s s  th e  endogenous 

r e s p i r a t i o n  r a t e  i s  e x tre m e ly  low , endogenous r e s p i r a t i o n  may s u p p o r t a  

p ro to n m o tiv e  fo rc e  w hich w i l l  oppose p ro to n  t r a n s l o c a t i o n  l in k e d  to  

r e s p i r a t i o n  from  added s u b s t r a t e s ,  and hence cause  u n d e re s tim a tio n  o f th e  

-► E^/O and -► K^/O q u o t ie n ts ,  when m easured by th e  i n i t i a l - r a t e  m ethod.

I t  i s  u n l ik e ly ,  how ever, t h a t  th e  -► H^/O and -► K^/O q u o t i e n ts , 

m easured by th e  i n i t i a l - r a t e  method in  m e th a n o l- l im ite d  M. me th y lo tro p h u s  

(se e  Table 4 .1 ,  F ig . 4*9)» were u n d e re s tim a te d , a s  th e  endogenous r e s p i r a t i o n  

r a t e  o f  th e s e  b a c t e r i a  i s  ex tre m ely  low , and a  w e ll -d e f in e d  l i n e a r  phase of 

a c i d i f i c a t i o n  o c c u rre d  on th e  a d d i t io n  o f s u b s t r a t e  u n d er th e s e  c o n d i t io n s .

I t  i s  s i g n i f i c a n t  t h a t  th e  —► E^/O q u o tie n ts  f o r  fo rm a te , d u ro q u in o l and 

ascorbate-TM PD o x id a tio n  were th e  ones m ost a f f e c te d  by th e  p r e - e x is te n c e  o f 

a  p ro to n m o tiv e  f o r c e ,  a s  th e  s to ic h e io m e try  o f p ro to n  and ch a rg e  t r a n s 

lo c a t io n  l in k e d  to  r e s p i r a t i o n  from  th e s e  s u b s t r a t e s ,  in  p a r t i c u l a r ,  was 

lo w er in  o x y g e n -lim ite d  c u l tu r e s  th a n  in  m e th a n o l- l im ite d  c u l tu r e s ;  and , 

fu r th e rm o re , th e  a c i d i f i c a t i o n  e l i c i t e d  by th e  a d d i t io n  o f  fo rm ate  o r  

d u ro q u in o l to  a e ro b ic  su sp e n sio n s  o f  o x y g e n -lim ite d  M .m ethy lo trophus 

d e v ia te d  s u b s t a n t i a l l y  from  l i n e a r i t y .

I t  fo l lo w s , from  th e  above d is c u s s io n s ,  t h a t  th e  v a lu e s  o f  th e  —► E^/O 

and —► K^/O q u o tie n ts  shown in  T ab le  5 «4 m ust be re g a rd e d  as  minimum 

e s t im a te s ,  and th e re  i s  no co n v in c in g  ev id en ce  f o r  lo w er p ro to n  o r  ch a rg e  

t r a n s lo c a t io n  s to ic h e io m e tr ie s  in  b a c t e r i a  grown in  oxygen- as opposed to  

m e th a n o l- l im ite d  co n tin u o u s  c u l tu r e .
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5 .8  D isc u ss io n  and c o n c lu s io n s

Both th e  t o t a l  l e v e l  o f membrane-bound cy toch rom es, and th e  le v e l  o f  

CO -binding cytochrom es were 2 -  to  3 - fo ld  h ig h e r  in  M .m ethy lo trophus grown 

in  oxygen-1 im i ta t io n  th an  in  m e th an o l- o r  am m onium -lim ited c u l t u r e s . These 

r e s u l t s  a re  c o n s i s te n t  w ith  th e  a lm o st u b iq u i to u s  f in d in g  t h a t ,  in  

o b l ig a te  a e ro b e s , d e c re a se d  oxygen te n s io n s  le a d  to  in c re a s e d  s y n th e s is  of 

membrane-bound cytochrom es and cytochrom e o x id a se s  (s e e  s e c t io n  5*1)• In  

c o n t r a s t  to  th e  s i t u a t i o n  found in  some b a c t e r i a  (se e  s e c t io n  5*1 )» th e  le v e l  

o f  cytochrom e a a ^ was p a r t i c u l a r l y  in c re a s e d  in  o x y g e n -lim ite d  c u l tu r e s ,  

th e  l e v e l  o f cytochrom e o b e in g  ap p ro x im a te ly  s im i la r  u n d e r a l l  grow th 

c o n d i t io n s .  I t  i s  f a r  from  c l e a r  why no peak o c c u rre d  a t  ap p ro x im a te ly  

600nm in  th e  reduced  minus o x id ise d  d i f f e r e n c e  spec trum  o f o x y g e n -lim ite d  

b a c t e r i a ,  b u t th e  p re se n c e  o f cytochrom e a a ^ i s  s u r e ly  in d ic a te d  by th e  

red u ce d  p lu s  CO minus reduced  d if f e r e n c e  sp ec tru m , by th e  k i n e t i c s  o f  

i n h i b i t i o n  by c y a n id e , and by th e  v e ry  d i f f e r e n t  red u ced  p lu s  CO minus 

red u ced  d if f e r e n c e  spectrum  o b served  in  am m onium -lim ited c u l tu r e s  when 

cytochrom e a a ^ i s  t r u l y  a b s e n t .  T here was no ev id en ce  f o r  th e  p ro d u c tio n  o f  

cytochrom e d in  M. me th y lo tro p h u s  u n d e r any grow th  c o n d i t io n s .

In  c o n t r a s t  to  th e  s i t u a t i o n  found w ith  th e  membrane-bound cy tochrom es, 

th e  l e v e l  o f  th e  s o lu b le  cytochrom e c was 2 -  to  3 - fo ld  low er in  oxygen- 

and am m onium -lim ited c u l tu r e s  th a n  d u r in g  m e th a n o l- l im ite d  g row th . I t  

seems p ro b ab le  t h a t  th e  l e v e l  o f t h i s  s o lu b le  cytochrom e i s  c o n t r o l le d  by 

th e  m ethanol c o n c e n tr a t io n ,  r a t h e r  th a n  by th e  oxygen o r  ammonium 

c o n c e n t r a t io n .

A f te r  m ost o f t h i s  work had been com p le ted . C ross & Anthony ( l9 8 0 b ) 

p u b lish e d  a  r e p o r t  on th e  r e s p i r a t o r y  ch a in  o f  M. me th y lo tro p h u s  grown 

u n d e r  v a r io u s  c o n d i t io n s .  T here a r e ,  how ever, a  number o f d is c re p a n c ie s
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betw een  th a t  work and th e  work r e p o r te d  h e re .  C ross & Anthony ( l9 8 0 b ) 

r e p o r te d ;—

( i )  no in c re a s e  in  th e  t o t a l  l e v e l  o f  membrane-bound cytochrom es in  

o x y g e n -lim ite d  g row th ,

( i i )  no d i f f e r e n c e  in  th e  l e v e l  o f th e  s o lu b le  cytochrom e c u n d er d i f f e r e n t  

grow th c o n d i t io n s ,  and

( i i i )  t h a t  cytochrom e sia^ was co m p le te ly  re p la c e d  by cytochrom e o d u r in g  

grow th in  m e th an o l-e x cess  c u l tu r e s .

The f in d in g  o f s im i la r  cytochrom e c o n te n ts  in  a l l  m e th an o l-e x cess  

c u l t u r e s ,  r e g a r d le s s  o f th e  n u t r i e n t  -1  im i t a t  io n , le d  Cross & Anthony ( 1980b ) 

to  s p e c u la te  t h a t  th e  m ethanol c o n c e n tra t io n  may be a  m ajo r c o n t r o l l i n g  

f a c t o r  w ith  r e s p e c t  to  th e  c o n te n t  o f  membrane-bound cytochrom es in  

M. m e th y lo tro p h u s . K eev il & Anthony ( l9 7 9 b ) re p o r te d  a  s im i la r  s i t u a t i o n  

in  Pseudomonas AM1, b u t th e  r e s u l t s  o f t h i s  p r e s e n t  i n v e s t ig a t io n  a re  n o t  

co m p a tib le  w ith  a  c o n t r o l l i n g - r o l e  f o r  th e  m ethanol c o n c e n tra t io n  in  

M. me th y l  o tro  p h u s . In d eed , as has been  found a lm o st u b iq u i to u s ly  am ongst 

o b l ig a te  ae ro b es  (se e  s e c t io n  5»1)» th e  c o n c e n tr a t io n  o f  oxygen was found 

h e re  to  e x e r t  th e  m ost profound  in f lu e n c e  ov er th e  membrane-bound cytochrom e 

c o n te n t .

The re a so n  f o r  th e  d is c re p a n c ie s  betw een th e  r e s u l t s  p re se n te d  h e re  

and th o s e  r e p o r te d  by C ross & Anthony ( 1980b) p ro b ab ly  l i e s  in  m inor 

d i f f e r e n c e s  in  th e  grow th c o n d i t io n s .  In  p a r t i c u l a r ,  th e  c o n c e n tra t io n  o f  

i r o n  in  th e  grow th medium i s  known to  e x e r t  a  pow erfu l c o n t r o l l i n g  

in f lu e n c e  o v e r th e  cytochrom e c o n te n t o f  b a c t e r i a  (see  E a in n ie  & B ragg,

1973; Jurtshuk e t  ^ . , 1975)« The concentration o f iron in  the growth 

medium used at Billingham  fo r  the production o f b a c ter ia  used fo r  the 

determ ination of the cytochrome contents reported here, was 160-21Opnoles/g
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d ry  w t. b a c t e r i a ,  w hereas t h a t  em ployed f o r  th e  rem a in d er o f  th e  

ex p erim en ts  d e s c r ib e d  h e re  (and c a r r i e d  ou t a t  L e ic e s te r )  was 14-22pm oles/ 

g  d ry  w t. b a c t e r i a  (s e e  s e c t io n s  2 . 2 .3 - 2 .2 .5 ) .  C o n tro l ex p erim en ts  showed 

t h a t  th e  cytochrom e c o n te n ts  o f b a c t e r i a  grown u n d er th e  s l i g h t l y  

d i f f e r e n t  c o n d it io n s  employed a t  L e ic e s te r  and a t  B i l l i n ^ a m  w ere s im i l a r .  

However, i f  th e  c o n c e n tra t io n  o f i r o n  in  th e  grow th  medium u sed  a t  L e ic e s te r  

was f u r t h e r  d e c re a se d  to  7pm oles/g  d ry  w t. b a c t e r i a ,  th e  l e v e l  o f  membrane- 

bound cytochrom es in  o x y g e n -lim ite d  c u l tu r e s  f e l l  s u b s t a n t i a l l y ,  w hereas 

t h a t  in  m e th a n o l- l im ite d  c u l tu r e s  was v i r t u a l l y  u n a f f e c te d .  The 

c o n c e n tra t io n s  o f i r o n  in  th e  m edia employed by C ross & Anthony ( l9 8 0 b )  

and K eev il & Anthony (1979%) may be c a lc u la te d  to  t e  on ly  9 and 4*5pm oles/g  

d ry  w t. b a c t e r i a ,  r e s p e c t iv e ly .  In  v iew  o f th e  c r i t i c a l  e f f e c t  o f  th e  

i r o n  c o n c e n tra t io n  on th e  cytochrom e c o n te n t o f M. m e th y lo tro p h u s  r e p o r te d  

h e r e ,  we can perhaps r a t i o n a l i s e  th e  f a i l u r e s  o f  C ross & Anthony ( l9 8 0 b )  

and K eev il & Anthony (1979%) to  ob serv e  h ig h e r  cytochrom e c o n te n ts  in  

o x y g e n - lim ite d , th a n  in  c a rb o n - l im i te d ,  co n tin u o u s  c u l tu r e s  o f  M. me th y l  o - 

tro p h u s  and Pseudomonas AMI, r e s p e c t iv e ly ,  as  b e in g  due to  th e  low 

c o n c e n tra t io n s  o f i r o n  employed f o r  b a c t e r i a l  g row th , by th e se  w o rk e rs .

I t  i s  n o t  c l e a r  w h eth er th e  d is c re p a n c y  betw een th e  work r e p o r te d  h e r e ,  and 

by C ross & Anthony ( 1980b), as re g a rd s  th e  e f f e c t  o f  grow th c o n d i t io n s  on 

th e  r e l a t i v e  le v e l s  o f  cytochrom e o x id a se s  a a ^ and o in  M .m eth y lo tro p h u s , 

may be s im i la r l y  r a t i o n a l i s e d .  N e ith e r  in  t h i s  i n v e s t ig a t io n ,  n o r  i n  th e  

work o f  C ross & Anthony ( 1980b) was th e re  any ev id en ce  f o r  th e  lo s s  o f 

membrane-bound cytochrom e c (as  was found by K eev il & Anthony (1979%) in  

m e th an o l-e x cess  c u l tu r e s  o f Pseudomonas AMI ) u n d e r  any grow th c o n d i t io n s .
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R e s u lts  u s in g  r e s p i r a t o r y  c h a in  i n h i b i t o r s  su g g e s t t h a t  th e  

s e q u e n t ia l  o r g a n is a t io n  o f th e  r e s p i r a t o r y  ch a in  com ponents, and th e  le v e ls  

a t  w hich th e  v a r io u s  s u b s t r a te s  d o n a te  t h e i r  re d u c in g  e q u iv a le n ts ,  a r e  th e  

same in  o x y g e n -lim ite d  as in  m e th a n o l- l im ite d  c u l tu r e s  o f  M. me th y l  o tro  phus 

(se e  s e c t io n  3 *6 ). M easurement o f  th e  s to ic h e io m e try  o f p ro to n  and 

ch arg e  t r a n s l o c a t i o n ,  in  o x y g e n -lim ite d  M. m e th y lo tro p h u s , was co m p lica ted  

by th e  3- to  4 - fo ld  h ig h e r  endogenous r a t e  found in  o x y g e n -lim ite d  as  

compared to  m e th a n o l- l im ite d  c u l t u r e s , u n d er th e  c o n d it io n s  o f th e s e  

e x p e rim e n ts . N e v e r th e le s s ,  ev id en ce  was o b ta in e d , from  o x y g e n -lim ite d  

c u l tu r e s ,  f o r  —► H^/O q u o tie n ts  o f ap p ro x im a te ly  6 and 2 f o r  th e  

o x id a tio n  o f NADH and m ethanol r e s p e c t iv e ly ,  in  agreem ent w ith  th e  r e s u l t s  from  

m e th a n o l- l im ite d  c u l tu r e s  (se e  s e c t io n  4 .6 ) .

I t  would a p p e a r , th e r e f o r e ,  t h a t  th e  d e c re a se d  grow th y ie ld s  m easured

by Brooks & Meers (1973) u n d er c o n d it io n s  of t r a n s i e n t  m ethanol e x c e s s ,

and p ro b ab ly  o x y g e n - l im ita t io n ,  can n o t be e x p la in e d  in  term s o f a  reduced

e f f ic ie n c y  o f r e s p i r a t o r y  c h a in  energy  c o n s e rv a t io n . In d eed , more r e c e n t

g row th  s tu d ie s  have shown t h a t ,  a lth o u g h  th e  y ie ld  w ith  r e s p e c t  to  m ethanol

(^methanol ) lo w er in  o x y g e n -lim ite d  th a n  in  m e th a n o l- l im ite d  co n tin u o u s

c u l t u r e ,  th e  y ie ld  w ith  r e s p e c t  to  oxygen (Yq^ ) s im i la r  u n d e r th e se  two

grow th  l i m i t a t i o n s ,  o r  even h ig h e r  d u r in g  o x y g e n -lim ite d  grow th (V asey, R.B.

u n p u b lish e d  r e s u l t s ) .  I t  i s  th e  r a t h e r  th a n  th e  Y_ .. , which^2 rn6th3nol

more sim ply  r e f l e c t s  th e  e f f ic ie n c y  o f r e s p i r a to r y - c h a in  en erg y  c o n s e rv a t io n , 

and hence th e  n e a r  e q u a l i ty  o f  th e  Yq  ̂ d u r in g  03{ygen- and m e th a n o l- l im ite d  

grow th  i s  in  agreem ent w ith  th e  p r e s e n t  f in d in g  th a t  th e  v a lu e  o f th e  

—► H^/O q u o tie n t  i s  s im i la r  d u r in g  grow th u n d e r  th e s e  two n u t r i e n t -  

1 im i ta t io n s .  The d e c re a se d  in  o x y g e n -lim ite d  c u l tu r e s  was

accom panied by an in c re a s e  in  th e  l e v e l  o f non-m ethano l carbon  in  th e
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fe rm e n te r  s u p e rn a ta n t .  I t  i s  i n t e r e s t i n g  in  t h i s  c o n te x t  t h a t  fo rm ate

i s  r e le a s e d  in to  th e  su sp en d in g  medium d u r in g  th e  o x id a tio n  o f  m ethanol

in  v i t r o  in  washed c e l l  su sp e n s io n s  o f  M. me th y lo tro p h u s  (se e  s e c t io n  6 .4*2 ), 
n n /

In d e e d , Haggstrom & D o sta lek  ( 1981) have r e c e n t ly  o b ta in e d  ev id en ce  f o r  

fo rm ate  p ro d u c tio n  d u r in g  grow th o f Methylomonas m e th an ica  in  m e th an o l- 

e x c e ss  c o n d i t io n s ,  o r  d u r in g  p u lse d  m ethanol a d d i t io n  to  'm e th a n o l- l im i te d * 

co n tin u o u s  c u l tu r e s .  C le a r ly  f u r t h e r  in v e s t ig a t io n  o f  th e  n a tu re  o f  th e  

carbon  compounds r e le a s e d  in to  th e  grow th medium d u r in g  o x y g e n -lim ite d  

g row th  o f M .m eth y lo tro p h u s, and th e  mechanism o f  th e  f a l l  in  Y^ethanoi 

u n d e r  th e se  c o n d it io n s ,  i s  r e q u ir e d .
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CHAPTER 6

MAGNITUDES OF THE PROTONMOTIVE FORCE ( AjiH"*") AND PHOSPHORYLATION 

POTETTTIAL ( AGp) IN METHANOL-LIMITED METHYLOPHILUS METHYLOTROPHUS

6.1  In t ro d u c t io n

In  C h ap te r 4» th e  d e te rm in a tio n ,  in  m e th a n o l- l im ite d  M .m ethylo

tro p h u s  , o f two im p o rta n t k in e t i c  p a ram e te rs  o f r e s p i r a t o r y  c h a in  energy  

c o n s e rv a t io n  -  th e  -► H^/O and -► charge/O  q u o tie n ts  -  was r e p o r te d .  

T h is  c h a p te r  d e s c r ib e s  th e  d e te rm in a tio n  o f two thermodynamic p a ram e te rs  

o f  en erg y  c o n s e rv a tio n  -  th e  p ro to n m o tiv e  fo r c e  ( ApH^) and th e  

p h o sp h o ry la tio n  p o te n t ia l  ( AGp. th e  f r e e  energy  of h y d ro ly s is  o f  ATP).

From a  therm odynam ic v ie w p o in t, th e  Chemiosmotic h y p o th e s is  (see  

s e c t io n  1 .5 * 1 ) s t a t e s  t h a t  th e  energy  r e le a s e d  d u r in g  s u b s t r a t e  o x id a tio n  

i s  c o n v e rte d  to  a  transm em brane e le c tro c h e m ic a l g r a d ie n t  o f  p ro to n s , and 

th e  l a t t e r  e x e r t s  a  p ro to n m o tiv e  fo rc e  w hich d r iv e s  ATP s y n th e s is  to  

e s t a b l i s h  a  p h o sp h o ry la tio n  p o t e n t i a l .  T h e re fo re , in  a  p e r f e c t ly  co up led  

system  a t  e q u i l ib r iu m :

-  2 A E^̂  = -  Apl"*" = -  ^Gp (6 .1 )

-^H"^/2e" F.-»H+/ATP

w here AE^  ̂ i s  eq u a l to  th e  redox  p o te n t i a l  o f  th e  s u b s t r a t e  cou p le  l e s s  

t h a t  o f th e  c o u p le , -► E^/2e~  i s  th e  s to ic h e io m e try  o f

r e s p i r a t io n - l i n k e d  p ro to n  t r a n s lo c a t io n  (se e  C hap ter 4)» and -► H^/ATP i s  

th e  number o f  p ro to n s  t r a n s lo c a te d  v i a  th e  ATP phosphohydro lase  p e r 

m olecu le o f  ATP s y n th e s is e d  (o r  h y d r o l i s e d ) .
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E q u a tio n  (6 .1 )  d e s c r ib e s  an e q u il ib r iu m  o r  's t a t i c - h e a d '  s i t u a t i o n  

in  w hich th e r e  i s  no n e t  f lu x  th ro u g h  th e  sy stem . C le a r ly  o x id a tiv e  

p h o sp h o ry la tio n  w i l l  o n ly  o ccu r when th e  d r iv in g  fo rc e  exceeds th e  opposing  

f o r c e ,  i . e . ;

-  2  ̂ (6 .2 ) 

E^/2e" F. -*  hV aTP

When th e  d r iv in g  fo rc e  g r e a t ly  exceeds th e  opposing  f o r c e ,  th e  on ly  l i m i t  

on th e  r a t e  o f f lu x  th ro u g h  th e  system  i s  th e  maximum c a t a l y t i c  a c t i v i t y  

( i . e .  th e  maximum a c t i v i t y  o f th e  r e s p i r a t o r y  ch a in  o r  th e  ATP 

p h o sp h o h y d ro la se ) , and t h i s  s t a t e  i s  known as ' l e v e l - f l o w '. In  v iv o , 

u n d er noim al r e s p i r i n g  c o n d i t io n s ,  th e  e n e rg y -c o n se rv in g  a p p a ra tu s  o f 

bo th  b a c t e r i a  and m ito c h o n d ria  i s  p o ised  somewhere betw een 's t a t i c - h e a d '  

and ' l e v e l - f l o w ' , such  th a t  th e  d i f f e r e n c e  betw een th e  d r iv in g  and opposing  

fo r c e s  c o n t ro l s  th e  r a t e  o f f lu x  th ro u g h  th e  system , and t h i s  r e g u la t io n  

i s  known as r e s p i r a t o r y  c o n t r o l .

Only a t  e q u i l ib r iu m , how ever, can k i n e t i c  and therm odynam ic p aram ete rs  

be eq u a te d ; and , th e r e f o r e ,  when m easu ring  th e  ApH'*’ and AGp, i t  i s  

u su a l to  chose ex p e rim e n ta l c o n d it io n s  w hich a llo w  th e  system  to  approach  

a  ' s t a t i c - h e a d ' .  T his i s  b e s t  ach iev ed  by su sp e n d in g  w ashed, e n e rg ise d  

b a c t e r i a  in  non-perm ean t b u f f e r s  o f  s im p le  io n ic  co m p o sitio n , so  as to  

m inim ise ATP u t i l i s a t i o n  and d i s s ip a t io n  o f th e  A^"*" by io n -c y c l in g .

In  p r a c t i c e ,  i t  may w e ll be im p o ss ib le  to  a ch iev e  n e a r -e q u i l ib r iu m  

betw een th e  AE^ and ApH^, as th e  p ro to n  p e rm e a b il i ty  o f th e  c o u p lin g  

membrane i s  known to  in c re a s e  r a p id ly ,  and become non-ohm ic, above a  

th re s h o ld  o r  breakdown p o te n t i a l  (N ic h o lls ,  1974)» On th e  o th e r  hand, 

th e re  i s  good ev idence  t h a t  n e a r - e q u i l ib r iu m  can be ach iev ed  betw een th e
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ApH"*" and AGp (M ichel & O e s te r h e l t ,  198O; L em as te rs , 198O), and t h i s  

a llo w s e s t im a t io n  o f th e  -► H^/ATP q u o tie n t  from th e  r a t i o  AGp/ApH'*’.

The redox  p o te n t i a l s  o f th e  s u b s t r a t e  co u p le s  in v o lv e d  in  th e  work 

r e p o r te d  h e re ,  and th e  redox  p o te n t i a l  d i f f e r e n c e s  f o r  th e  o x id a tio n  of 

th e s e  s u b s t r a t e s  a re  shown in  T ab le 6 .1 .

M easurement o f th e  ApH^ u s u a l ly  in v o lv e s  s e p a ra te  d e te rm in a tio n s  o f 

th e  component p a r t s ,  a Y and ApH, w hich may be summed sis fo llo w s ;

^ ^ ^ ( i n - o u t )  = ( in - o u t )  '  2 -303  ^  (6 .3 )

The fo u r  p r in c ip a l  m ethods w hich have been  employed f o r  th e  

d e te rm in a tio n  o f th e  A Y (se e  R o tte n b e rg , 1975» 1979) a re  d is c u s se d  below ;

(1 ) M ic ro e le c tro d e s  -  th e  u se  o f m ic ro e le c tro d e s  to  m easure th e  a Y

has g e n e r a l ly  y ie ld e d  v e ry  low v a lu e s ,  th e  p o l a r i t y  o f te n  b e in g  th e

r e v e r s e  o f t h a t  p re d ic te d  by th e  Chem iosmotic h y p o th e s is  (se e  T ed e sc h i, 

1980) .  Most w orkers have a t t r i b u t e d  t h i s  to  membrane damage, caused  by 

th e  i n s e r t i o n  o f  th e  e l e c t r o d e s ,  b u t o th e rs  have u sed  th e s e  n e g a t iv e  

r e s u l t s  to  deny th e  e x is te n c e  o f a  aY  a c ro s s  th e  c o u p lin g  membrane 

(T ed e sc h i, 198O). F e l le  e t  a l . ( 198O), how ever, have r e c e n t ly  d e te rm in ed  

a  v a lu e  f o r  th e  aY  in  g ia n t  c e l l s  o f  E s c h e r ic h ia  c o l i  (grown in  the  

p re sen ce  o f m e c ill in a m ), u s in g  m ic ro e le c tro d e s ,  w hich was s im i la r  to  t h a t  

o b ta in e d  u s in g  o th e r  m ethods.

(2 ) S p e c t ra l  s h i f t s  o f  i n t r i n s i c  and e x t r i n s i c  chrom ophores -  W itt

and cow orkers (se e  W it t ,  1971) have shown t h a t  th e  a p p l ic a t io n  o f  an

e l e c t r i c a l  p o te n t i a l  d i f f e r e n c e  a c ro s s  a  membrane can cau se  a  s h i f t  in  

th e  a b s o rb tio n  spectrum  o f chrom ophores w ith in  th e  membrane. T his 

e le c tro c h ro m ic  s h i f t  has been used  e x te n s iv e ly  t o  m o n ito r th e  a Y in
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S u b s tr a te  couple Eo (V) AE^ (V)

fo rm aldehyde/m ethano l -0 .1 9 -1 .0 1

f  o rm a te /f  orm aldehyde —0 .4 5 -1 .2 7

carbon  d io x id e /fo rm a te - 0 .42 -1 .2 4

d e h y d ro a s c o rb a te /a sc o rb a te + 0 .06 -0 .7 6

NAdV nADH + H'*’ -0 .3 2 -1 .1 4

T able 6 .1  S tan d a rd  redox  p o te n t i a l s  (E^) and redox  p o te n t i a l  d i f f e r e n c e s

( a E^) f o r  th e  o x id a tio n  o f  some s u b s t r a te s  u t i l i s e d  by M .m eth y lo tro p h u s.

The d a ta  w ere ta k en  from  Ribbons e t  (1970) and M ahler & Cordes 

(1 9 7 1 ).
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photosynthetic b a cter ia  where there are in t r in s ic  chromophores such as 

the caroten oid s. However, in  order to  obtain an absolute value fo r  the 

a Y , the sp ectra l s h i f t s  must be ex tern a lly  ca lib ra ted , u su a lly  by th e  

im position o f a potassium d iffu s io n  p o te n t ia l, and there i s  some dispute  

as to  the v a l id ity  of th is  ca lib ra tio n  procedure (see  Rottenberg, 1979;

Symons e t  a l . , 1979; T edeschi, 198O).

When u sin g  e x tr in s ic  chromophores, there i s  the ad d ition a l problem 

that the lo ca tio n  of the chromophore w ith in  the m em brane/interface/bulk- 

phase system i s  d i f f i c u l t  to  a scer ta in , and th is  may lead to  problems of 

in terp re ta tio n  (see Rottenberg, 1979 )• N everth eless , values fo r  the a Y , 

obtained u sin g  both in tr in s ic  and e x tr in s ic  chromophores, are c o n s is te n tly  

higher than those obtained usin g  other methods (see Ferguson e t  a l . ,  1979)» 

and a p o ss ib le  reason fo r  th is  discrepancy i s  d iscussed  in  the conclusion  

to  th is  chapter.

( 3 ) D istr ib u tion  of permeant ions -  assuming th at they are n e ith er  

bound nor acted on by energy-linked transport system s, permeant ions 

should d is tr ib u te  across the coupling membrane in  accordance w ith  the 

N em st equation:

( in - o u t )  "  2 .3 0 3  ET lo g  ( c a t l o ^ „ _ ,
zF (ca tio n

, o r  = 2 .3 0 3  lo g  (anion_^21jn  (6*4)
zF (a n io n  ^~)

ou t

where ( io n ) , and (io n ) . are the a c t iv i t i e s  of the permeant ion in sid e  ' ' in  ' 'ou t
and outside the b a cter ia , or v e s ic le s .  Provided th at the a c t iv i ty  co

e f f ic ie n t  i s  the same in  the in tern a l and extern al phases, the a Y may be
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d e te rm in e d  from  th e  io n  accu m u la tio n  r a t i o .  C le a r ly ,  in  o rd e r  to  observe  

io n -u p ta k e , c a t io n s  m ust be u sed  when th e  i n t e r n a l  phase i s  n e g a t iv e  

(whole c e l l s ,  r i g h t - s i d e  o u t v e s i c l e s ) ,  and an io n s  when th e  i n t e r n a l  phase 

i s  p o s i t i v e  ( in v e r te d  membrane v e s i c l e s ) .  The perm eant io n  m ust be p re s e n t  

a t  v e ry  low c o n c e n tra t io n  so t h a t  io n  movements do n o t  p e r tu rb  th e  a Y ,

A number o f  m ethods have been u sed  f o r  th e  d e te rm in a tio n  o f th e  io n  

d i s t r i b u t i o n  in c lu d in g  c e n t r i f u g a t io n ,  f i l t r a t i o n ,  flow  d i a l y s i s  and 

m o n ito r in g  w ith  i o n - s p e c i f i c  e l e c t r o d e s .  W ith th e  f i r s t  th r e e  m ethods, i t  

i s  norm al to  u se  r a d io l a b e l le d  perm eant io n s  in  o rd e r  to  a llo w  sim p le  and 

s e n s i t i v e  d e te rm in a tio n .  The io n - s p e c i f ic  e le c t ro d e  and flow  d i a l y s i s  

m ethods have th e  advan tage  th a t  th e y  av o id  th e  p o s s i b i l i t y  o f 

r e d i s t r i b u t i o n  o f io n s  d u r in g  c e l l  s e p a r a t io n ,  b u t th e se  m ethods a re  n o t 

as  s e n s i t i v e  as c e n t r i f u g a t io n  o r  f i l t r a t i o n .  Plow d i a l y s i s  h as  been 

employed in  t h i s  s tu d y  f o r  d e te rm in a tio n  o f th e  a Y in  M .m ethylo trophus 

(se e  s e c t io n  6 .2 ) .

(4 ) Changes in  io n  d i s t r i b u t i o n  on de- e n e r g i s a t io n  -  in  th e  p re sen ce  

o f  K ^/va l in  omy c i n , th e  A Y and ApH may be d e te rm in ed  from  th e  changes

in  th e  e x t r a c e l l u l a r  pK (-lo g ^^K * ]) and pH, r e s p e c t iv e ly ,  when a  b a c t e r i a l

su sp e n s io n  becomes d e -e n e rg is e d  (see  M itc h e ll  & Moyle, 1969; C o ll in s  & 

H am ilton , 1976). I t  sh o u ld  be n o ted  t h a t ,  u n le s s  th e  c o n c e n tr a t io n  o f  K'*’ 

i s  v e ry  low ( < lOOpM), th e  r e l a t i v e  c o n t r ib u t io n s  o f th e  a Y and ApH

to  th e  ApH'*’ a re  l i k e l y  to  be p e r tu rb e d  by K'*’ movements. T h is  method may

a l t e r n a t i v e l y  be u se d , in  th e  absence o f v a lin o m y c in , f o r  m easurem ent o f 

th e  ApH a lo n e , and t h i s  l a t t e r  p ro ced u re  has been u sed  h e re  to  

d e te rm in e  th e  ApH in  M .m ethylo trophus (se e  s e c t io n  6 . 4 ) .

In  m ethods (2 -4 ) ,  above, th e  in t e r n a l  volum e o f  th e  b a c t e r i a / v e s i c l e s  

must be known in  o rd e r  to  c a l c u la te  th e  AY . The in t e r n a l  volume i s
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u s u a l ly  d e te rm in ed  by com paring th e  u p ta k e  o f two d i f f e r e n t l y - r a d i o -  

l a b e l l e d  s p e c ie s ,  one o f w hich i s  f r e e l y  perm eant th ro u g h o u t th e  b a c t e r i a  

o r  v e s i c l e s  ( e .g .  [^E] H^O), and th e  o th e r  o f  which can perm eate  on ly  

as f a r  a s  th e  b a c t e r i a l  in n e r  membrane (o r  th e  v e s ic u l a r  membrane; e .g .  

[^ ^ c ]  m a n n ito l ,  [ ^ ^ c ]  su c ro se  [se e  R o tte n b e rg , 1979 ]  )•  In  method

(4 ) ,  above, a  v a lu e  f o r  th e  i n t r a c e l l u l a r  b u f f e r in g  c a p a c i ty  i s  r e q u ire d  

f o r  th e  c a lc u la t io n  o f  th e  ApH -  th e  d e te rm in a tio n  o f th e  i n t r a c e l l u l a r  

b u f f e r in g  c a p a c i ty  o f M.me t h y l 0tro p h u s  i s  d e s c r ib e d  in  s e c t io n  6 .4*1•

The m a jo r i ty  o f d e te rm in a tio n s  o f th e  AY have been c a r r i e d  ou t in  

membrane v e s ic l e s  (o f  b o th  r i g h t - s i d e  o u t and in v e r te d  o r i e n t a t i o n s ) ,  b u t 

some m easurem ents have been made in  whole c e l l s ,  and s p h a e r o p la s t s .  A 

r e p r e s e n ta t iv e  s e le c t io n  o f th e  v a lu e s  w hich have been o b ta in e d  i s  shown 

in  T ab le  6 .2 .

In  a d d i t io n  to  m easu ring  th e  change in  pH on d e - e n e rg i s a t io n  o f a  

c e l l  s u sp e n s io n , th r e e  o th e r  methods have been  employed f o r  th e  

d e te rm in a tio n  o f th e  ApH in  b a c t e r i a ,  and th e s e  a re  d is c u s s e d  below ;

( 1 ) ^^P-NMR -  t h i s  method i s  based  on th e  f a c t  t h a t  th e  p o s i t io n  o f

th e  peak due to  in o rg a n ic  p h o sp h a te , o r  p h o s p h a te -c o n ta in in g  compounds, in  

th e  ^^P-NMR spectrum , depends on th e  pH -  th e  ApH may th u s  be e s tim a te d  

from th e  d i f f e r e n c e  betw een th e  peaks c o rre sp o n d in g  to  pho sp h o ru s- 

c o n ta in in g  s p e c ie s  in  th e  in t e r n a l  and e x te r n a l  phases (see  Ogawa ^  ,

1978) .  A m ajo r drawback o f  t h i s  m ethod, how ever, i s  t h a t  th ic k  su sp e n sio n s  

o f  b a c t e r i a  a re  r e q u ire d  in  o rd e r  to  overcome th e  r e l a t i v e l y  low 

s e n s i t i v i t y  o f  th e  a p p a ra tu s ,  th u s  making i t  d i f f i c u l t  to  m a in ta in  th e  

e n e rg is e d  s t a t e .  N e v e r th e le s s ,  v a lu e s  f o r  th e  A p H , which a r e  com parable 

w ith  th o s e  d e te rm in ed  by o th e r  m ethods, have been  r e c e n t ly  o b ta in e d  by 

^^P-NMR (se e  N ico lay  e t  a l . ,  1981) .
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(2 )  D is t r ib u t io n  o f weak a c id s /b a s e s  -  t h i s  method i s  analogous 

to  th e  perm eant io n  d i s t r i b u t i o n  method f o r  th e  d e te rm in a tio n  o f  th e  A Y , 

and s im i la r  m easu ring  te c h n iq u e s  may be u se d . The b a s is  o f t h i s  method 

i s  t h a t  o n ly  th e  uncharged  s p e c ie s  ( i . e .  u n d is s o c ia te d  a c id  o r  

d e p ro to n a te d  b a se )  i s  a b le  to  c ro s s  th e  c e l l  membrane, and th e  charged 

sp e c ie s  w i l l  th u s  p a r t i t i o n  a c ro s s  th e  membrane in  acco rd an ce  w ith  

th e  d i f f e r e n c e  betw een th e  pK and th e  pH in  each  com partm ent. When th e  

i n t e r n a l  pH i s  g r e a t e r  th a n  th e  e x te rn a l  pH ( u s u a l ly  whole c e l l s ,  r i g h t -  

s id e  o u t v e s i c l e s ) ,  weak a c id s  may be u se d , and th e  i n t e r n a l  pH may be 

c a lc u la te d  from  th e  e q u a tio n ;

T.
PHin -  log ,„ Cl .) in f io** + 10’̂ °“'') -  10"* 

(a" ), ^ ^o u t

(6 .5 )

where (A^) and (A^) a re  th e  t o t a l  a c t i v i t i e s  o f a l l  s p e c ie s  o f th e  
in 'o u t

a c id  in s id e  and o u ts id e  th e  b a c t e r i a / v e s i c l e s .  Again th e  assum ptions 

m ust be made th a t  th e re  i s  no e n e rg y - l in k e d  t r a n s p o r t  system , and th a t  

th e  a c t i v i t y  c o e f f i c i e n t  i s  s im i la r  in  th e  i n t e r n a l  and e x te r n a l  p h a se s .

Where th e  in t e r n a l  pH i s  l e s s  th a n  th e  e x te rn a l  pH (u s u a l ly  in v e r te d  

membrane v e s i c l e s ) ,  an analogous approach  may be used  w ith  weak b a se s .

(3 ) I n d ic a to r  dyes -  in d i c a to r  dyes may have a p p l ic a t io n s  f o r  th e  

s tu d y  o f  r a p id  changes in  th e  i n t e r n a l  pH o f  w e ll -b u f fe re d  sy stem s, b u t 

th e y  a re  o f  l im i te d  u se  f o r  th e  d e te rm in a tio n  o f a b s o lu te  v a lu e s  o f th e  

A pH. In  m ost c a s e s ,  i t  i s  d i f f i c u l t  to  d e te rm in e  th e  lo c a t io n  o f th e  

dye in  th e  i n t e r n a l  o r  e x te r n a l  p h a se s , o r  w ith in  th e  membrane i t s e l f ,  and 

an unam biguous c a l ib r a t i o n  o f th e  dye re sp o n se  i s  d i f f i c u l t  to  o b ta in  

(se e  R o tte n b e rg , 1979 )•
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Some o f th e  v a lu e s  o f  th e  ApH w hich have been d e te rm in ed  by th e se

v a r io u s  m ethods a re  shown in  T ab le 6 .3 .

In  o rd e r  to  d e te rm in e  th e  AGp i t  i s  n e c e s s a ry  to  d e te rm in e  b o th

o ̂th e  s ta n d a rd  f r e e  energ y  o f  ATP h y d ro ly s is  ( AG ) ,  and th e  

c o n c e n tr a t io n s  o f  ATP, ADP and in o rg a n ic  p h o sp h a te :

p  [a dpJ [p i]
AGp = AG°' -  2 .3 0 3  lo g ,g , ( 6 .6 )

.o 'The m agnitude o f th e  AG depends on th e  in t e r n a l  pH, and to  a  l e s s e r  

e x te n t  on th e  te m p e ra tu re , io n ic  s t r e n g th  and c o n c e n tra t io n  o f  Mg^*

(se e  R osing  & S l a t e r ,  1972). The AGp s u s ta in e d  by in v e r te d  membrane 

v e s ic l e s  from  a  number o f b a c t e r i a  has been d e te rm in e d , b u t th e r e  have been 

r e l a t i v e l y  few d e te rm in a tio n s  o f th e  AGp in  whole c e l l s  ( e .g  . E re c in sk a  

e t  a l . , 1 9 7 9 ) ' A s e le c t io n  o f  v a lu e s  f o r  th e  AGp in  v a r io u s  b a c t e r i a  

i s  shown in  T ab le 6.4» and th e s e  a re  compared w ith  th e  AjîH^ to  y ie ld  

th e  -► H^/ATP q u o t ie n t .  The v a lu e s  o b ta in e d  f o r  th e  l a t t e r  v a ry  from

2.1  to  13 g - io n  H^/mol ATP, and a  p o s s ib le  re a so n  f o r  t h i s  w ide v a r i a t i o n  

i s  d is c u s s e d  in  th e  c o n c lu s io n  to  t h i s  c h a p te r .  As y e t ,  n e i t h e r  th e  

A^"*" n o r  th e  AGp h as  been d e term ined  in  a  me th y l  o tro  ph.

As w e ll as  u n d e r 's t a t i c - h e a d '  c o n d i t io n s ,  i t  would be i n t e r e s t i n g  

to  o b ta in  a  v a lu e  f o r  th e  AGp in  grow ing b a c t e r i a ,  a s  t h i s  would a llo w  

e s tim a t io n  o f  th e  therm odynam ic e f f ic ie n c y  o f  o x id a t iv e  p h o sp h o ry la tio n  

d u r in g  g row th . U n fo r tu n a te ly ,  i t  i s  d i f f i c u l t  to  d e te rm in e  th e  i n t r a 

c e l l u l a r  c o n c e n tra t io n  o f in o rg a n ic  p h o sp h a te , in  th e  p re sen ce  o f 

r e l a t i v e l y  h ig h  c o n c e n tra t io n s  o f phosphate  in  th e  grow th medium; how ever, 

th e  a d e n y la te  energy  ch arg e  (EC, A tk in son  & W alton , 1967» A tk in so n , 1968) 

o f a  number o f grow ing b a c t e r i a  has been d e te rm in ed  (Knowles, 1977):
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EC -  [aTP] + i  [  ADP] (6 .7 )

[ATP] + [ADP] + [ amp]

The d e te rm in a tio n  o f th e  energy  charge  in  grow ing M. me th y l  o t r o  phu s i s  

r e p o r te d  in  s e c t io n  6 .6 .

6 .2  Transmembrane e l e c t r i c a l  p o te n t i a l  d i f f e r e n c e  (aY) in  M. me th y lo  t r o  phus

F ig .  6 .1  d e p ic ts  a  ty p i c a l  flow  d i a l y s i s  ex p e rim en t. S h o r t ly  a f t e r  

th e  a d d i t io n  o f  [^^c] TRÎP'*’ to  th e  u p p e r chamber o f  th e  flow  d i a ly s i s  

c e l l ,  th e  r a d i o a c t i v i t y  a p p e a rin g  in  th e  d ia ly s a te  in c re a s e d ,  re a c h in g  a 

maximum v a lu e  a f t e r  ap p ro x im a te ly  4 m in. I f  no f u r t h e r  a d d i t io n s  were 

made, th e  l e v e l  o f r a d i o a c t i v i t y  in  th e  d ia ly s a te  d e c re a se d  a t  a  c o n s ta n t  

slow  r a t e  (F ig . 6 .1 a ) .  In  th e  experim en t d e p ic te d  in  F ig .  6 .1 b , how ever, 

th e  a d d i t io n  o f 200pl o f a  c e l l  su sp e n s io n , to  th e  r e a c t io n  cham ber, 

r e s u l t e d  in  a  r a p id  f a l l  in  th e  r a d i o a c t i v i t y  in  th e  d i a l y s a t e .  This f a l l  

r e f l e c t s  b o th  th e  d i l u t i o n  o f th e  TPMP^ due to  th e  a d d i t io n  o f

c e l l  s u sp e n s io n , and th e  u p ta k e  o f TPMP"*" in to  th e  b a c t e r i a .  A f te r

ap p ro x im a te ly  3 m in, a  s te a d y  le v e l  was a c h ie v e d , and th e  r a t e  o f  d e c re a se  

o f r a d i o a c t i v i t y  in  th e  d ia ly s a te  became com parable w ith  t h a t  in  th e  

c o n t ro l  ex p erim en t (F ig . 6 .1 a ) .

The a d d i t io n  o f FCCP to  th e  r e a c t io n  cham ber, caused  th e  le v e l  o f  

r a d i o a c t i v i t y  in  th e  d ia ly s a te  to  r i s e  back to  t h a t  which would be 

ex p ec ted  sim p ly  due to  th e  d i l u t i o n  e f f e c t  o f th e  added c e l l  su sp e n sio n  

(dashed  l i n e ) .  The r e tu r n  o f th e  r a d i o a c t i v i t y  to  t h i s  l e v e l  co n firm s 

t h a t  th e re  was n e g l ig ib le  b in d in g  o f [ ^ ^ c ]  TPMP^ to  th e  b a c t e r i a .

The r e l a t i o n s h ip  betw een th e  c o n c e n tra t io n  o f f r e e  [ ^ ^ c ]  TPMP'*' 

in  th e  r e a c t io n  cham ber, and th e  l e v e l  o f  r a d i o a c t i v i t y  in  th e  d i a ly s a t e ,
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Fip-. 6.1 D eterm ination of M e ]  TR.TTPT.T uptake by flow  d i a l y s i s . The flow

d ia ly s is  experim ents were carr ied  out as described  in  se c t io n  2 .9 ,  1ml 

samples being c o l le c te d  every 30s. The 0.8ml rea c tio n  m ixture contained  

140mîrî-KCl, 50m M -glycylglycine (pHT.O) and 25my-methanol. At sample 0,

4;al of M o ]  TR.IP'*’ ( 1 1 .2 9m?,I in  eth an o l) was added. In experiment (a ) ,  

no fu rth er a d d ition s were made, but in  experiment (b ), 200^1 o f a suspension  

of M. me thy lo tr o  phus (l2.5m g dry w t./m l in  50m M -g]ycylglycine, 140mî,î- 

KCl), and 25 nmoles o f FCCP were added a t samples 9 and 24, r e s p e c t iv e ly .

The dashed l in e  in d ic a te s  the pred icted  le v e l  o f r a d io a c t iv ity  due s o le ly  

to  the d i lu t io n  caused by the added c e l l  suspension .
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was d e te rm in ed  from th e  maximum le v e l  o f  r a d i o a c t i v i t y  a c h ie v e d , e x t r a 

p o la te d  back to  th e  p o in t  o f  a d d i t io n  o f  th e  [ ^ ^ c ]  TPMP'*’. The 

c o n c e n tra t io n s  o f f r e e  [^ ^ c ]  TFMP^, in  th e  e n e rg ise d  and d e -e n e rg is e d  

c e l l  su sp e n s io n s , were d e te im in ed  from  th e  l e v e l  o f r a d i o a c t i v i t y  p r io r  

to  FCCP a d d i t io n ,  and th e  dashed  l i n e ,  r e s p e c t iv e ly ;  and th e  amount o f  

TPMP"*" in s id e  th e  e n e rg is e d  b a c t e r i a  was th e n  c a lc u la te d  from 

th e  d i f f e r e n c e  betw een th e s e  two c o n c e n tr a t io n s .  The i n t r a c e l l u l a r  [ ^ ^ c ]  

TPM?'*’ c o n c e n tr a t io n ,  and hence th e  acc u m u la tio n  r a t i o ,  were c a lc u la te d  

u s in g  th e  c e l l  d e n s i ty  and th e  known in t e r n a l  volume o f  M .m ethy lo trophus 

(l.0 6 } il/m g  d ry  w t. b a c t e r i a ;  see  s e c t io n  2 * 9 ) , and a  v a lu e  f o r  th e  A 'f 

was th e n  o b ta in e d  u s in g  th e  N e m s t e q u a tio n  ( 6 .4 ) ;  i . e .  from F ig .  6 .1 :

56.3pM [1 4 c ]  TPMP"̂  s  3550 c .p .m .

T h e re fo re , th e  c o n c e n tra t io n  o f f r e e  [^ ^ c ] TPMP^ in  th e  e n e rg is e d  c e l l

su sp e n s io n , a t  f r a c t i o n  23 = 1800 x 56 .1x10” ^ = 28.55uM
3550

And th e  c o n c e n tr a t io n  o f f r e e  [^^c] TPMP^ in  th e  d e -e n e rg is e d  c e l l  

su sp e n s io n , e x t ra p o la te d  back to  f r a c t i o n  23 (dashed  l i n e )

= 2725 X 56 .3x10“^ = 43.22uM
3550

T h e re fo re , th e  i n t r a c e l l u l a r  c o n c e n tra t io n  o f [ ^ ^ c ]  TPMP'*’, a t  f r a c t i o n  23 

( 43 .22  -  2 8 .5 5 ) x 10"^ x 10~^ = 5.536mM

2 . 5  X 1 . 0 6  X 1 0 “

And A f  » 2 .303  RT lo g ,^  / 5 .536x10“ ^ \  -  142mV

F \  28 .55  X 10“ V

F ig .  6 .2 ab  shows th e  e f f e c t s  o f th e  c e l l  d e n s i ty  and ^ c ]  TPMP  ̂

c o n c e n tra t io n  on th e  a T . The A 'f was found  to  be c o n s ta n t  a t  c e l l
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Fjp-. 6 .2  E ffe c t  o f c e l l  d en sity  .and.a [H e ] TP,IP con cen tration  on

the AY . The flow  d ia ly s is  experiments were carr ied  out in  140m?T-KCl, 

50mîvî-glycylglycine b u ffer  (pH ?.0), u s in g  ]  TPÎ.îP'*', as described  in

se c t io n  2 .9 ,  except th at in  (a ) ,  the c e l l  d en s ity  w.as v a r ied , and in  

(b ), the amount of TF’T"̂  used was v a r ied .
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d e n s i t i e s  in  th e  range  1 to  3mg d ry  w t. b a c te r ia /m l ,  b u t th e  v a lu e  

o b ta in e d  d e c re a se d  a t  h ig h e r  c e l l  d e n s i t i e s ,  p ro b ab ly  due to  th e  

d i f f i c u l t y  o f m a in ta in in g  a e ro b io s is  in  th e  r e a c t io n  cham ber. Maximum 

v a lu e s  o f th e  a M' were o b ta in e d  a t  [ ^ ] TPMP^ c o n c e n tr a t io n s  o f 45 to  

55yM, w hereas , above and below  t h i s  c o n c e n tr a t io n  ra n g e , lo w er v a lu e s  

were m easured . The d e c re a se  in  th e  m agnitude o f th e  AY a t  lov/ 

c o n c e n tra t io n s  o f  TFMP"*" i s  n o t r e a d i ly  r a t i o n a l i s e d  (u n le s s  th e

p ro to n  c u r r e n t  i s  p a r t i a l l y  l o c a l i s e d ,  and th e  [^ ^ c ]  TPM?"*" i s  r e s p o n s ib le  

f o r  c a u s in g  p a r t i a l  d e l o c a l i s a t i o n ,  a s  w e ll as  f o r  m o n ito r in g  th e  

d e lo c a l i s e d  ApH^ [ s e e  s e c t io n  6 . 9] ) ,  b u t ,  a t  h ig h e r  c o n c e n tr a t io n s ,

[ l ^ c ]  TPMP'*’ u p ta k e  may i t s e l f  cause  p a r t i a l  c o l la p s e  o f th e  A 'f .  A c e l l  

d e n s i ty  o f 2 .5  to  3 .0  mg d ry  w t. b a c te r ia /m l ,  and [^ ^ c ]  TPMP**’ 

c o n c e n tra t io n  o f 45jnM were adop ted  f o r  a l l  f u r t h e r  d e te rm in a t io n s .

A second permeant ca tio n , [ ^ ]  TPP^, was a lso  used fo r  the 

determ ination of the AY in  M.me thylotrophus. The r e s u lt s  o f flow  

d ia ly s is  experiments usin g  th is  cation  were very s im ila r  to those depicted  

in  F ig . 6 .1 .  F ig . 6 .3  shows that the e f f e c t s  o f the [^ h]  TPP**" concentration

on the value o f the A'f were q u a lita t iv e ly  s im ila r  to those o f [^^c]

TP Îpt l60pmoles o f [^H]  TPP  ̂ were used in  a l l  further experim ents.

T ab le  6 .5  shows v a lu e s  o f  th e  AY s u s ta in e d  by r e s p i r a t i o n  from  

m e th an o l, in  M .m eth y lo tro p h u s, a t  pH?.0 .  There was no s i g n i f i c a n t  

d i f f e r e n c e  betw een th e  v a lu e s  o f  th e  a Y o b ta in e d  u s in g  [^ ^ c ]  TPÎ IP’*’ and 

[^ h ] tPP***. The m agnitude o f th e  a Y o b ta in e d  in  d i f f e r e n t  b u f f e r s ,  how

e v e r ,  v a r ie d  s u b s t a n t i a l l y ,  and p o s s ib le  re a s o n s  f o r  t h i s  v a r i a t i o n  a re

d is c u s s e d  in  th e  c o n c lu s io n  to  t h i s  c h a p te r .

- 216-



t

150

100

50

100 200 300
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F i^ . 6 .3  E ffe c t  of the TPP'*' con cen tration  on the AY . The flow

d ia ly s i s  experiments were carried  out in  140mî:î-KCl, ^Om li-glycylglycine 

b u ffer  (pHT.O). u sin g  [  TPP^, as d escrib ed  in  se c t io n  2 . 9 ,  except 

th a t the amount of l k̂J TFP"*’ used was v a r ied .
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6 .3  E f f e c t  o f  io n ophores on th e  AY

In  th e  p re sen ce  o f  e i t h e r  PCCP (25pM), o r  K ^/valinom ycin  (ipg/m g 

d iy  w t. b a c t e r i a ) ,  th e re  was no m easn reab le  u p ta k e  o f  p e m e a n t c a t io n  

in to  th e  b a c t e r i a  ( i t  sho u ld  be n o te d , how ever, t h a t  th e  l i m i t  o f  d e te c t io n  

o f  th e  flow  d i a l y s i s  method c o rre sp o n d s  to  an accu m u la tio n  r a t i o  o f  

ap p ro x im a te ly  10 i . e .  = 62mV). These r e s u l t s  a re  c o n s i s te n t  w ith

th e  known e f f e c t s  o f FCCP and va lin o m y cin  which r e n d e r  th e  c o u p lin g  

membrane perm eable to  and K^, r e s p e c t iv e ly .

N ig e r ic in  c a ta ly s e s  a n t i p o r t ,  and would hence be ex p ec ted  to

d i s s i p a t e  th e  A pH component o f th e  a JIh'*’, th u s  a l lo w in g  th e  t o t a l  AjiH'*’ to  

be ex p re sse d  as a  a 4 '. At pH?.0 ,  th e  A f , m easured in  th e  p resen ce  o f 

K ^ /n ig e r ic in ,  was a p p ro x im a te ly  20mV low er th a n  in  th e  absence  o f  t h i s  

ionophore  (se e  T ab le 6 .5 ) •  T h is  may in d ic a te  t h a t  th e  i n t e r n a l  pH o f 

e n e rg is e d  c e l l s  ( in  th e  absence o f n ig e r i c in )  i s  l e s s  th an  7 .0 ,  i . e .  

ap p ro x im a te ly  6 .? ;  b u t ,  a l t e r n a t i v e l y ,  i t  i s  p o s s ib le  t h a t  n ig e r i c in  i s  

c a u s in g  p a r t i a l  u n co u p lin g , in  a d d i t io n  to  i t s  w ell-know n H^/K^ exchange 

p r o p e r t i e s .

6 .4  Transmembrane pH d if f e r e n c e  ( ApH) in  M. m e th y lo tro p h u s

I t  d id  n o t  prove p o s s ib le  to  e s t im a te  th e  ApH, in  M .m eth y lo tro p h u s, 

from  th e  transm em brane d i s t r i b u t i o n  o f  a c e ta t e ,  [ l - ^ ^ c ]

pheny l ace t  a t e  o r  [2 -^ ^ c ]  M O. A lthough a c e ta t e  was tak en

up  in to  th e  c e l l s ,  th e re  was no r e le a s e  on ad d in g  PCCP, th u s  in d ic a t in g  

t h a t  th e  [ l - ^ ^ c ]  a c e ta te  was p ro b ab ly  m e ta b o lis e d  ( t h o u ^  lOmM -acetate 

d id  n o t su p p o r t r e s p i r a t i o n  in  oxygen-up take e x p e r im e n ts ) .  No 

accu m u la tio n  o f  e i t h e r  [ l - ^ ^ c ]  p h e n y la c e ta te  o r  [2 -^ ^ c ]  MO was 

o b se rv ed , even a t  low pH (6 .2 )  and in  th e  p re se n c e  o f  v a lin o m y c in , when
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th e  ApH sh o u ld  be m axim al. Under th e se  c o n d i t io n s ,  a  ApH o f  

a p p ro x im a te ly  1 .0  and 1 .3  sh o u ld  have been r e a d i ly  d e te c ta b le  u s in g  

[l-**^c] p h e n y la c e ta te  and [^H]-DMO, r e s p e c t iv e ly .

Owing to  th e  la c k  o f su c c e ss  o f  th e  weak a c id  d i s t r i b u t i o n  

ex p e rim e n ts , th e  i n t e r n a l  pH o f M. m e th y lo tro p h u s  was e s tim a te d  from th e  

change in  e x te r n a l  pH on d e - e n e rg is a t io n  o f  a  c e l l  s u sp e n s io n . In  o rd e r  

to  d e te rm in e  th e  i n t e r n a l  pH in  th e se  e x p e rim e n ts , i t  was f i r s t  n e c e s s a ry  

to  o b ta in  a  v a lu e  f o r  th e  i n t r a c e l l u l a r  b u f f e r in g  c a p a c i ty .

6 . 4 .1  I n t r a c e l l u l a r  b u f f e r in g  c a p a c ity  o f M. me th y l  o t r  ophus

F ig . 6 , A d e p ic ts  a  ty p i c a l  d e te rm in a tio n  o f th e  i n t r a c e l l u l a r

b u f f e r in g  c a p a c i ty  o f M .m eth y lo tro p h u s. The t o t a l  b u f f e r in g  c a p a c i ty ,

T* T R\c o r r e c te d  f o r  added re a g e n ts  (B = B -  B ) ,  was s im i la r  r e g a r d le s s  o f 

w hether FCCP p lu s  v a lin o m y c in , o r  FCCP p lu s  v a lin o m y cin  p lu s  T r i to n  

X-100, was u sed  to  p e rm e a b il is e  th e  b a c t e r i a .  I t  i s  u n l ik e ly ,  th e r e f o r e ,  

t h a t  th e  a d d i t io n  o f T r i to n  X-100 caused  s u b s t a n t i a l  a r t i f a c t u a l  changes 

in  th e  b u f f e r in g  c a p a c i ty  due to  th e  s o l u b i l i s a t i o n  o f  membrane p r o te in s ,  

as  n o te d  e lsew h ere  (se e  M itc h e ll  & M oyle, I 9 6 9 ; R o tte n b e rg , 1975).

In  some e x p e rim e n ts , th e  e x t r a c e l l u l a r  b u f f e r in g  c a p a c i ty  (B^) was 

d e te rm in ed  in  an a e ro b ic  c e l l  su sp e n s io n  ( in  th e  absence o f s u b s t r a t e ) .

The a e ro b ic ,  e x t r a c e l l u l a r  b u f f e r in g  c a p a c i ty  was found to  be c o n s id e ra b ly  

l e s s  th a n  t h a t  o f  an a n a e ro b ic  c e l l  su sp e n s io n , and hence th e  i n t r a 

c e l l u l a r  b u f f e r in g  c a p a c i ty  (B^) was found to  be s u b s t a n t i a l l y  g r e a t e r  in  

a e ro b ic ,  th a n  in  a n a e ro b ic  c e l l s .  I t  sh o u ld  be n o te d , how ever, t h a t  th e  

d i f f e r e n c e  betw een th e  t o t a l  and e x t r a c e l l u l a r  b u f f e r in g  c a p a c i t i e s
m * g

(B -  B ) i s  on ly  eq u a l to  th e  i n t r a c e l l u l a r  b u f f e r in g  c a p a c i ty  u n d er
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F ig . 6 .4  I n t r a c e l l u l a r  b u f f e r in g  c a p a c i ty  o f  M .m ethy lo trophus. The e x t r a 

c e l l u l a r  (B^, □ ) and t o t a l  (B* ,̂ O ) b u f f e r in g  c a p a c i t i e s  o f  an an a e ro b ic  

su sp e n sio n  o f  M. me th y lo  t r o  phus ( 3 .Omg d ry  w t . /m l ) ,  and th e  b u f f e r in g  

c a p a c ity  o f  th e  re a g e n ts  u sed  to  p e rm e a b il is e  th e  b a c t e r i a  (1OpM-FCCP p lu s  

Ijig o f valinom ycin /m g d ry  w t. b a c t e r i a  p lu s  0.4% (v /v )  T r i to n  X-100 •

B , A ) ,  were m easured as d e s c r ib e d  in  s e c t io n  2 .1 0 .1 .  The i n t r a 

c e l l u l a r  b u f f e r in g  c a p a c i ty  ( B ^ , # )  was d e te rm in ed  from  th e  d i f f e r e n c e  

betw een th e  t o t a l  and e x t r a c e l l u l a r  b u f f e r in g  c a p a c i t i e s ,  c o r r e c te d  f o r  th e  

added r e a g e n ts  i . e .  B^ = (B ^-B ^)-B^.
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c o n d i t io n s  w here th e r e  i s  no transm em brane ApH, o r  when th e  ApH 

does n o t  v a ry  w ith  th e  e x te r n a l  pH. When n e i t h e r  o f  th e s e  re q u ire m e n ts  

i s  m et, th e  t r u e  in t e r n a l  b u f f e r in g  c a p a c i ty  i s  g iv en  by ;

( s e e  s e c t io n  2 .1 0 .1 ) .  Under a n a e ro b ic  c o n d i t io n s ,  th e re  was no ApH 

in  M .m eth y lo tro p h u s , r e g a r d le s s  o f th e  e x te r n a l  pH (se e  s e c t io n  6 .4 * 2 ) , 

b u t i t  i s  q u i te  p ro b ab le  t h a t  a e ro b ic  c e l l s  w i l l  m a in ta in  a  ApH, even 

in  th e  absence o f added s u b s t r a t e .  In d eed , i f  th e  d ApH/dpH^ term  were 

a s  h ig h  (n e g a t iv e )  as in  th e  p resen ce  o f  m ethanol ( - 1 .0 ;  see  s e c t io n  

6 . 5 )» th e  i n t e r n a l  b u f f e r in g  c a p a c ity  o f  a e ro b ic  c e l l s  would be ov er

e s tim a te d  by as  much as  100%.

A second p o s s ib le  re a so n  f o r  th e  a p p a re n tly  h ig h e r  i n t r a c e l l u l a r  

b u f f e r in g  c a p a c i ty  (B^ -  B^) o f a e ro b ic  c e l l s ,  as compared to  a n a e ro b ic

c e l l s ,  i s  t h a t  endogenous r e s p i r a t i o n  m i ^ t  be s u f f i c i e n t  to  r e t a i n  many 

b u f f e r in g  io n s  w ith in  th e  c e l l ,  and th e s e  io n s  may th e n  le a k  from th e  

b a c t e r i a  on a n a e r o b io s is . When a  c e l l  su sp e n s io n  was made an a e ro b ic  by 

r e s p i r a t i o n  from  m e th an o l, th e  a p p a re n t e x te r n a l  b u f f e r in g  c a p a c i ty  

changed from  t h a t  ty p ic a l  o f an a e ro b ic  c e l l  su sp e n s io n , to  t h a t  ty p ic a l  

o f an a n a e ro b ic  c e l l  su sp e n s io n , w ith in  2 to  3 m in, th u s  in d i c a t in g  th a t  

th e  r e l e a s e  o f  b u f f e r in g  io n s ,  a n d /o r  th e  c o l la p s e  o f th e  ApH, o ccu rs 

r a p id ly  a f t e r  a n a e ro b io s is  i s  re a c h e d . In  view  o f t h i s ,  th e  in t e r n a l  

b u f f e r in g  c a p a c i ty  o f a n a e ro b ic  c e l l s  was u sed  e x c lu s iv e ly  in  th e  

d e te rm in a tio n  o f th e  in t e r n a l  pH o f M. me th y l  o t r o  p hus, as  e lsew h ere  

(M itc h e ll & M oyle, 19^9» C o ll in s  & H am ilton , 1976).
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6.4*2  I n te r n a l  pH o f  M. m e th y lo tro p h u s

The a d d i t io n  o f H^Og to  an a n a e ro b ic  su sp e n s io n  o f M* m ethy l o tro p h u s , 

in  th e  p re se n c e  o f c a t a la s e  and m e thano l, caused  r a p id  a c i d i f i c a t i o n  o f 

th e  e x te r n a l  medium (F ig . 6 .5 a b c ) .  The pH re sp o n se  to  th e  e x h a u s tio n  o f 

oxygen depended on th e  e x te r n a l  pH. At low pH (5*9 to  6 .8 ;  F ig .  6 .5 a ) ,  

th e  a c i d i f i c a t i o n  o f th e  e x te r n a l  medium changed to  a l k a l i n i s a t i o n  on 

a n a e ro b io s is .  I f  no f u r t h e r  a d d i t io n s  w ere made, th e  a l k a l i n i s a t i o n  

co n tin u e d  f o r  10 to  20 min u n t i l  a  f i n a l  a n a e ro b ic  pH le v e l  ( p ^ )  was 

re a c h e d . The s im p le s t  i n t e r p r e t a t i o n  o f  t h i s  b eh a v io u r i s  t h a t ,  d u r in g  

r e s p i r a t i o n ,  th e  c e l l  i n t e r i o r  was a lk a l in e  w ith  r e s p e c t  to  th e  e x te rn a l  

medium, so t h a t  when a n a e ro b io s is  was re a c h e d , p ro to n s  moved in to  th e  

b a c t e r i a  to  c o l la p s e  th e  ApH. In d eed , i f  FCCP (lOpM) was added , a t  any 

s ta g e  d u r in g  th e  20 min p e r io d  a f t e r  th e  c e s s a t io n  o f  r e s p i r a t i o n ,  th e  

e x te rn a l  pH changed r a p id ly  to  th e  same f i n a l  pH (pB^) as  was observed  

in  th e  absence o f  u n c o u p lin g  a g e n t. As th e  pH^ was n o t  a f f e c te d  by a  

com bination  o f  FCCP (lOpM), va lin o m y cin  (ipg /m g d iy  w t. b a c t e r i a )  and 

T r i to n  X-100 (0.4%  ( v / v ) ) ,  i t  can be assumed t h a t  th e re  was no ApH in  

t h i s  f i n a l  a n a e ro b ic  s t a t e .

When th e  e x te rn a l  pH, on th e  p o in t  o f a n a e ro b io s is  (pH ^), wae c lo s e  

to  7*0 (F ig . 6 . 5b ) ,  th e  pH became c o n s ta n t  a f t e r  th e  c e s s a t io n  o f  

r e s p i r a t i o n ,  th u s  i n d i c a t in g  th a t  th e  i n t e r n a l  pH was a l s o  c lo s e  to  7*0; 

and fu r th e rm o re , a t  h ig h e r  e x te r n a l  pH (F ig . 6 .5 c ) ,  th e  medium c o n tin u ed  

to  a c id i f y  a f t e r  a n a e ro b io s is  was re a c h e d , th u s  i n d i c a t in g  t h a t ,  u n d er 

th e se  c o n d i t io n s ,  th e  i n t e r n a l  pH was l e s s  th a n  th e  e x te r n a l  pH.

The in t e r n a l  pH o f  M. me th y l  o tro p h u s was c a lc u la te d  u s in g  th e  i n t e r n a l  

b u f f e r in g  c a p a c i ty ,  d e te rm in ed  in  th e  same b a tc h  o f  c e l l s  (se e  s e c t io n
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F ig . 6.3 Changes in  external pH fo llo w in g  an aerobic -  anaerobic 

tr a n s it io n  in a suspension of M .methylotrophus. These experiments were

carried  out, as described in  sec tio n  2 .1 0 .2  in  (a ) , .140mM-KCl, 50oiM- 

g ly cy lg ly c in e  b u ffer , or (b, c ) ,  140mI.Î-KCl, lOmM-glycylglycine b u ffer . 

50p l of 2 vol HgOg were added to  in i t i a t e  r e sp ir a tio n , and two or three  

fu rth er  50^1 additions were made in  order to m aintain a erob iosis  fo r  7 

to 8 min. FCCP, valinomycin and T riton X-100 were added, as in d icated , 

to  f in a l  concentrations o f lOpM, 1|ig/mg dry wt. b a c ter ia  and 0.4% (v /v ), 

r e sp e c tiv e ly .
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6 .4 .1 ) .  F o r exam ple, from  F ig .  6 .5 a , 956ng -ion  H'*' were ta k e n  up  in to  th e  

b a c t e r i a  d u r in g  th e  change in  e x te r n a l  pH from  6 .044  to  6 .1 0 6 .

C a lc u la t in g  th e  a re a  u n d e r th e  p lo t  o f th e  i n t r a c e l l u l a r  b u f f e r in g  c a p a c i ty  

v e rsu s  pH, in  F ig . 6 .4 ,  from  pH6.106 upw ards, we can s e e  t h a t :

'6 .9 5 0

J B^dpH = 956ng-ion  H*
6.106

and th e r e f o r e  th e  i n t r a c e l l u l a r  pH, j u s t  b e fo re  the  c e l l  su sp e n sio n  became 

a n a e ro b ic , was 6 .9 5 . I t  d id  n o t  p rove p o s s ib le  to  r e l i a b l y  e s t im a te  th e  

i n t e r n a l  pH a t  e x te r n a l  pH v a lu e s  o f g r e a t e r  th a n  6 .9  a s ,  when th e  

medium c o n tin u e s  to  a c i d i f y  a f t e r  a n a e ro b io s is  i s  re a c h e d , i t  i s  d i f f i c u l t  

to  i d e n t i f y  th e  pH from  w hich t h i s  c o n tin u e d  a c i d i f i c a t i o n  sh o u ld  be 

m easured ( i . e .  pH^). N e v e r th e le s s ,  th e  i n t e r n a l  pH o f  M .m ethy lo trophus 

was found to  be c o n s ta n t  o v e r a  range  o f  e x te r n a l  pH from 5 .9  to  6.9» 

and to  have a  v a lu e  o f 7 .0 0  -  0 .03  (8 ) .

In  a l l  o f  th e  ex p erim en ts  d e s c r ib e d  above, th e  f i n a l  a n a e ro b ic  pH 

(pH^) was c o n s id e ra b ly  low er th an  th e  pH a t  th e  b e g in n in g  o f  th e  ex p e rim en t, 

th u s  i n d i c a t in g  t h a t  th e  p ro d u c ts  o f m ethano l o x id a tio n  were a c i d i c .  T h is  

o v e r a l l  a c i d i f i c a t i o n ,  w hich was l a r g e ly  FCCP-in d e p en d en t, may have been 

p a r t l y  due to  th e  s o lu t io n  o f carbon d io x id e ,  b u t  th e  l e v e l  o f  fo rm ate  in  

th e  r e a c t io n  m ix tu re  (a ssay ed  as p e r  s e c t io n  2 .7 .4 ,  a f t e r  rem oval o f  th e  

b a c t e r i a  by f i l t r a t i o n )  a ls o  in c re a s e d  th ro u g h o u t th e  a e ro b ic  in c u b a tio n  

p e r io d  to  a  l e v e l  o f  ap p ro x im a te ly  0.60mM a f t e r  7*5 m in. I t  i s  q u ite  

p ro b ab le  t h a t  t h i s  r e l a t i v e l y  h ig h  c o n c e n tr a t io n  o f th e  weak a c id ,  fo rm a te , 

w i l l  have a  b e a r in g  on th e  m agnitude o f  th e  ApH s u s ta in e d  by 

M .m eth y lo tro p h u s, u n d er th e s e  c o n d it io n s  ( c . f .  K e ll e t  ^ . , 1 9^1 ).
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The c o n d it io n s  f o r  th e  d e te rm in a tio n  o f th e  ApH were chosen  to  

a llo w  d i r e c t  com parison  w ith  th e  v a lu e s  o f th e  A 'f  d e te rm in e d  from th e  

d i s t r i b u t i o n  o f perm eant c a t io n s  (se e  T able 6 .5 ) ;  how ever, in  some c a s e s ,  

i t  proved n e c e s s a ry  to  u se  low er b u f f e r  c o n c e n tra t io n s  in  o rd e r  to  a llo w  

a c c u ra te  m easurem ent o f th e  pH changes fo llo w in g  th e  c e s s a t io n  o f 

r e s p i r a t i o n .  The ex p erim en ts  d e s c r ib e d  above were perform ed in  10mM o r 

50m M -glycylglycine b u f f e r ,  in  th e  p re sen ce  o f  140mM-KCl, and th e  in t e r n a l  

pH was found to  be s im i la r  when th e se  two b u f f e r  c o n c e n tra t io n s  were u se d . 

The e x c lu s io n  o f from  th e  r e a c t io n  medium ( i . e .  10m M -glycy lg lycine/ 

LiOH) d id  n o t s i g n i f i c a n t l y  a f f e c t  th e  i n t e r n a l  pH (7 .0 4  -  0 .0 6  (5 ) ;  

c o n s ta n t  ov er th e  pH ran g e  6 .0  to  6 .8 ) ;  how ever, in  140mM-KCl, 10mM-

P ip es  b u f f e r ,  th e  i n t e r n a l  pH was s i g n i f i c a n t l y  low ered  ( 6 .58  -  0 .02 (4 ) ;

c o n s ta n t  o v e r th e  pH ran g e  6.1  to  6 . 4 ) .  I t  i s  n o t  obvious why th e

i n t e r n a l  pH o f  M. me th y lo tro p h u s  shou ld  be s u b s t a n t i a l l y  low er when th e  

b u f f e r  u sed  i s  P ip es  r a t h e r  th a n  g ly c y lg ly c in e .

6 .5  E f f e c t  o f th e  e x te r n a l  pH on th e  AY , ApH and ApH^

F ig .  6 .6  shows th e  e f f e c t  o f  th e  e x te r n a l  pH on th e  AY , ApH and

AjîH^, in  M .m eth y lo tro p h u s. The c o n t r ib u t io n  o f  th e  ApH to  th e  ApH^ 

f e l l  w ith  in c re a s in g  e x te r n a l  pH from ap p ro x im a te ly  50mV, a t  pH 6.2, to  

o n ly  l2mV, a t  pH 6.8. On th e  o th e r  hand , th e  A f was found  to  in c re a s e  

w ith  th e  e x te r n a l  pH o v er th e  pH range  6 .2  to  7 .8 .  Between pH6.2 and 

6 .8 ,  th e  f a l l  in  th e  ApH was a lm ost m atched by th e  in c re a s e  in  th e  AY , 

such  t h a t  th e  a JSh'*’ d e c re a se d  o n ly  s l i g h t l y  w ith  th e  e x te r n a l  pH from  

155mV, a t  pH 6.2, to  143mV a t  pH6 .8 . Between pH6.8 and 7 .8 ,  how ever, th e  

a Y in c re a s e d  a t  a  r a t e  o f  on ly  14mV/pH u n i t ,  and , i f  i t  i s  assumed t h a t  

th e  i n t e r n a l  pH was c o n s ta n t  a t  pH7.0, th e n  th e  ApH^ d e c re a se d  from 

143mV a t  pH6.8 to  106mV a t  pH7*8.
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F ig .  6 .6  E f f e c t  of th e  e x te r n a l  pH on th e  AY , ApH and AyiH'**.

The A Ÿ  ( A )  and ApH (JB-) w ere d e te rm in ed  from  th e  transm em brane 

d i s t r i b u t i o n  o f TPT.T^ (se e  s e c t io n  2 .9 ) ,  and from th e  pH changes

fo llo w in g  an a e ro b ic -a n a e ro b ic  t r a n s i t i o n  ( s e e  s e c t io n  2 .1 0 ) ,  r e s p e c t iv e ly .  

A ll d e te rm in a tio n s  were c a r r i e d  ou t in  140mM-KCl, 5 OmI.!-glycyl g ly c in e  

b u f f e r ,  e x c e p t t h a t  th e  c o n c e n tra t io n  o f g ly c y lg ly c in e  was reduced  to  

lOmT̂ I f o r  t h e  d e te rm in a tio n  o f th e  ApH a t  e x te r n a l  pH v a lu e s  o f g r e a t e r  

than  6 .6 .  The AjîH^ ( ® )  was c a lc u la te d  from  th e  r e l a t i o n s h ip  A^H^

= AY -  62.1 ApH (s e e  e q u a tio n  6 .3 ) .  The dashed  l i n e s  in d ic a te  

p ro je c te d  v a lu e s  o f th e  ApH, and ApH^, assum ing th a t  th e  i n t e r n a l  pH 

i s  c o n s ta n t  a t  7 .0  ov er th e  e x te rn a l  pH ran g e  6 .8  to  7 .8 .
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6 .6  Energy ch arg e  and AGp s u s ta in e d  by M. me th y l  o t r o  phus

T ab le  6 .6  shows th e  i n t r a c e l l u l a r  c o n c e n tra t io n s  o f ad en in e  

n u c le o t id e s  and in o rg a n ic  p h o sp h a te , in  M .m eth y lo tro p h u s, e i t h e r  grow ing 

in  m e th a n o l- l im ite d  co n tin u o u s  c u l tu r e ,  o r  h a rv e s te d  and in c u b a te d  u n d e r 

v a r io u s  c o n d i t io n s .  I t  was assum ed, f o r  th e  pu rpose  o f  th e se  

d e te rm in a t io n s ,  t h a t  a l l  o f th e  ad en ine  n u c le o t id e s  and p h o sp h a te , in

th e  c e l l  su sp e n s io n s , v/as lo c a te d  i n t r a c e l l u l a r l y .  î ÿ p i c a l l y ,  how ever, 

a p p ro x im a te ly  5^ o f th e  t o t a l  aden ine  n u c le o t id e s  was lo c a te d  e x t r a -  

c e l l u l a r l y  a f t e r  c e n t r i f u g a t io n  o r  f i l t r a t i o n ;  th e  e x t r a c e l l u l a r  

c o n c e n tra t io n  o f pho sp h ate  was to o  low to  be m easured a c c u r a te ly .  Not

more th a n  yfo o f  th e  b a c t e r i a ,  in  c e l l  s u sp e n s io n s , w ere ly se d  a t  th e  end 

o f  th e  in c u b a tio n  p e r io d ,  as  a s s e s se d  by th e  a c t i v i t y  o f th e  i n t r a c e l l u l a r  

m arker enzyme, g lu c o se -6 -p h o sp h a te  dehyd ro g en ase , in  f i l t r a t e s ,  o r  in  

th e  s u p e rn a ta n t  a f t e r  c e n t r i f u g a t io n .

I t  can be se e n , from  T able 6 .6 ,  t h a t  th e  t o t a l  c o n c e n tra t io n  o f  

ad en in e  n u c le o t id e s  was n o t s i g n i f i c a n t l y  a f f e c te d  by h a r v e s t in g  o f th e  

b a c t e r i a .  However, s l i ^ t l y  low er t o t a l  ad en in e  n u c le o t id e  l e v e l s  were 

found in  a e ro b ic  washed c e l l  su sp e n sio n s  th a n  u n d er an a e ro b ic  c o n d i t io n s ,  

o r  in  th e  p re se n c e  o f FCCP. In  a e ro b ic  c e l l s ,  th e  ad en in e  n u c le o t id e s  

w ere p red o m in an tly  in  th e  form o f ATP (75?^ o f  t o t a l ) ,  w hereas AMP form ed 

up to  74^ o f th e  t o t a l  ad en in e  n u c le o t id e s  in  an a e ro b ic  o r  F C C P -treated  

c e l l s .  Under th e se  l a s t  two c o n d i t io n s ,  th e  c o n c e n tr a t io n  o f in o rg a n ic  

p ho sp h ate  was s u b s t a n t i a l l y  h ig h e r  th a n  in  a e ro b ic ,  e n e rg ise d  c e l l s ,  th e  

d i f f e r e n c e  b e in g  on ly  p a r t l y  a c c o u n ta b le  to  th e  change in  th e  amount o f  

ph o sp h a te  e s t e r i f i e d  in  th e  aden ine  n u c le o t id e s .
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A lso  shown in  T ab le 6 .6  a re  th e  a d e n y la te  energ y  ch arg e  (se e  s e c t io n

6 . 1) ,  and th e  p h o sp h o ry la tio n  p o te n t i a l  (A G p ). V alues o f  th e  s ta n d a rd

f r e e  energ y  o f  h y d ro ly s is  o f  ATP ( AG° ) ,  u n d e r  a  w ide ran g e  o f  c o n d i t io n s ,

a r e  a v a i la b le  in  th e  l i t e r a t u r e ,  b u t th e  v a lu e s  quoted  by d i f f e r e n t

w orkers  show q u i te  a  w ide v a r i a t i o n  ( e .g .  P h i l l i p s  e t  , 1969; R osing

& S l a t e r ,  1972; Guynn & V eech, 1973). The d a ta  o f R osing  & S l a t e r  (1972)

have been u sed  m ost f r e q u e n t ly ,  in  r e c e n t  work ( e .g .  K e l l ,  1978ab;

G u ffa n ti  e t  , 198I ;  McKay e t  a l . ,  198I ;  see  S l a t e r ,  1979)» and hence

th e se  v a lu e s  a re  used  h e re  f o r  com para tive  p u rp o ses ; though i t  shou ld  be

o *n o te d  th a t  th e  v a lu e s  o f th e  AG , quoted  by th e s e  w o rk e rs , a re  tow ards 

th e  low er end o f th e  ran g e  o f v a lu e s  in  th e  l i t e r a t u r e .

In  d e r iv in g  a  v a lu e  o f th e  AG , u n d e r th e  c o n d i t io n s  u sed  h e re ,  

from  th e  e x te n s iv e  t a b u la t i o n  o f  R osing  & S l a t e r  (1 9 7 2 ), i t  was assumed 

t h a t  th e  i n t e r n a l  pH, Mĝ "*" c o n c e n tra t io n  and io n ic  s t r e n g th  w ere 7 .0

(se e  s e c t io n  6 . 4 . 2 ) ,  lOmM and 0 .1 0 , r e s p e c t iv e ly ;  th e  ex p erim en ts  w ere

o o ̂c a r r i e d  o u t a t  40 C. The v a lu e  o f th e  AG i s  n o t c r i t i c a l l y  dependen t

on th e  c o n c e n tra t io n  o f  Mĝ "*", between 1 and 25mM, o r  on th e  io n ic  s t r e n g th ,

betw een 0 .0 5  and 0 .2 0 , so i t  i s  u n l ik e ly  t h a t  in a c c u ra c ie s  in  th e  v a lu e s

assumed f o r  th e s e  p a ram e te rs  w i l l  in tro d u c e  m ajo r e r r o r  in to  th e  v a lu e  o f  
o ̂th e  AG ch o sen . T aking  th e  above eissum ptions in to  a c c o u n t, th e  b e s t

0 *e s t im a te  o f th e  AG , u n d e r th e  c o n d i t io n s  o f  th e s e  e x p e rim e n ts , i s  

-2 8 .5  k j/m o l.

The AGp and en erg y  ch a rg e  s u s ta in e d  by M .m eth y lo tro p h u s, d u r in g  

r e s p i r a t i o n  from  m e th an o l, w ere found to  be -45*8 k j/m o l and O .85I ,  

r e s p e c t iv e ly .  As e x p e c te d , b o th  o f th e s e  p a ram e te rs  were c o n s id e ra b ly  

d e c re a se d  u n d e r a n a e ro b ic  c o n d i t io n s ,  o r  in  th e  p re sen ce  o f FCCP. F u r th e r -

- 232-



more, the near eq u a lity  o f the values obtained under th ese l a s t  two

conditions suggests th at there i s  l i t t l e  or no su b str a te - le v e l

phosphorylation, during resp ira tio n  from methanol, in  th is  organism. The 

energy charge in  growing c e l l s  was found to  be s ig n if ic a n t ly  lower than 

th a t in  energised  washed c e l l  suspensions. This i s  probably due to the 

fa c t  th at the ra te  of u t i l i s a t io n  of ATP i s  su b sta n tia lly  more rapid in  

the former than in  the la t t e r ,  and ox id ative  phosphorylation i s  thus 

operating c lo se r  to  s ta tic -h ea d  conditions in  washed c e l l  suspensions  

than in  growing c e l l s .

6 .7  E f f e c t  o f th e  e x te r n a l  pH and iono p h o res  on th e  AG^

F ig . 6.7 shows the e f f e c t  of the extern al pH on the AGp in  the
o*presence of various ionophores. In d er iv in g  a value fo r  the AG , i t

has again been assumed th at the in tr a c e llu la r  io n ic  strength  and Mg^*

concentration were 0.10 and lOmM, r e sp e c tiv e ly  (see sec tio n  6 .6 ) .  The

in tern a l pH has a profound e f f e c t  on the AG . In the absence of

ionophores, i t  has been assumed that the in tern a l pH was 7 .0 , regard less

of the extern al pH (see  sec tio n  6 . 4 . 2 ) ,  whereas, in  the presence of e ith e r

n ig e r ic in  or FCCP, the in tern a l and extern al pH have been assumed to  be

equal. In the presence of valinom ycin, the A^**” of -140 to  -150mV might

be expected to be composed e n t ir e ly  of a ApH of approximately 2.5pH

u n its .  However, the p H /a ctiv ity  p r o f ile s  o f the resp iratory  enzymes w il l

presumably impose an upper l im it  on the in tern a l pH, and th us, in  d eriv in g
o *a value fo r  the AG in  the presence of valinom ycin, the in tern a l pH 

has been assumed to be 8 .0 , regardless of the external pH.

In the absence of added ionophores, the AGp increased to  a maximum
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F ig . 6 .7  E f f e c t  o f th e  e x te r n a l  pH and iono p h o res  on th e  A . Washed 

c e l l  su sp e n sio n s  (3nig d ry  w t. b a c te r ia /m l  in  140mM-KCl, 10m M -glycylglycine^ 

pH7.0 ) w ere in c u b a te d  a e r o b ic a l ly ,  w ith  r a p id  s t i r r i n g ,  in  th e  p re sen ce

o f 20inM-niethanol ( • ) .  Some o f  th e  su sp e n s io n s  a lso  c o n ta in e d  n ig e r i c in  

(lpg/m g d ry  w t. b a c t e r i a ;  ■ ) ,  v a lin o m y cin  (ipg/m g d ry  w t. b a c t e r i a ;

A ) or FCCP {3p̂ -U O ) .  A fter 5 min incubation , the c e l l s  were quenched, 

and the adenine n u cleo tid es were extracted  and assayed, as described in  

sec tio n  2 .1 1 . The assumptions involved in  the ca lcu la tio n  of the AC  ̂

values are d iscussed  in  sec tio n  6.7»
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v a lu e  o f -4 6 .6  k j/m o l a t  pH 6.2, and th e n  f e l l  s l i g h t l y  w ith  in c re a s in g  

e x te r n a l  pH; t h i s  b e h a v io u r  q u i te  c lo s e ly  m atches t h a t  o f  th e  AjôH"*’

(se e  P ig . 6 .6 ) .

V alinom ycin , had l i t t l e  e f f e c t  on th e  v a lu e  o f  th e  AGp a t  pH5.8 

to  6 .2 ,  b u t t h i s  io nophore  caused  a  s i g n i f i c a n t  d e c re a se  in  th e  A Grp 

a t  h ig h e r  pH. These r e s u l t s  in d ic a te  t h a t  a  ApH a lo n e  i s  f u l l y  

com petent to  d r iv e  ATP s y n th e s i s ,  b u t ,  a t  e x te r n a l  pH v a lu e s  o f  g r e a t e r  

th a n  6 .2 ,  th e  r e s t r i c t i o n s  on th e  i n t e r n a l  pH d is c u s se d  above l i m i t  th e

m agnitude o f th e  ApH, and hence o f th e  AGp.

N ig e r ic in  d id  n o t a f f e c t  th e  m agnitude o f th e  AGp o v er th e  pH

ran g e  7 .0  to  7*8, th u s  in d i c a t i n g  t h a t  a  AY a lo n e  i s  f u l l y  com petent

to  d r iv e  ATP s y n th e s is ;  how ever, a t  low er e x te r n a l  pH, t h i s  ionophore  

caused  a  s ig n i f i c a n t  d e c re a se  in  th e  AGp, th u s  su g g e s tin g  t h a t  ATP 

s y n th e s is  i s  l e s s  e f f i c i e n t  a t  low in t e r n a l  pH.

In  th e  p re sen ce  o f  th e  u n c o u p lin g  a g e n t ,  FCCP, th e  m agnitude o f th e  

AGp was l e s s  th an  40 k j /m o l ,  r e g a r d le s s  o f  th e  e x te r n a l  pH. Under th e se  

c o n d i t io n s ,  th e  AGp p resum ably  r e f l e c t s  th e  minimum le v e l  a t  which th e  

ATP u t i l i s i n g  r e a c t io n s  can o p e ra te .  The v a r i a t i o n  o f  th e  AGp w ith  th e  

e x te r n a l  pH, in  uncoup led  c e l l s ,  s u g g e s ts  t h a t  th e  ATP u t i l i s a t i o n  

r e a c t io n s  a re  s e n s i t i v e  to  th e  ad en in e  n u c le o t id e  c o n c e n tr a t io n s ,  r a t h e r  

th a n  to  th e  AGp.

6 .8  AGp s u s ta in e d  by r e s p i r a t i o n  from  v a r io u s  s u b s t r a te s

T ab le 6 .7  shows th e  v a lu e s  o f  th e  AGp s u s ta in e d  by r e s p i r a t i o n  from 

v a r io u s  s u b s t r a t e s ,  in  M. me th y l  o tro  p h u s . The o p t imum c o n c e n tra t io n  and 

p e r io d  o f in c u b a tio n  f o r  each  s u b s t r a te  w ere f i r s t  d e te rm in ed  and then  

u sed  in  a l l  f u r t h e r  e x p e rim en ts  (see  le g en d  to  T able 6 .7 ) .  A lso  shown a re
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T ab le  6 .7  A s u s ta in e d  by r e s p i r a t i o n  from  v a r io u s  s u b s t r a te s  « and 

com parison  w ith  k in e t i c  and them odynam ic p a ra m e te rs . F or th e  measurem ent 

o f  th e  AGp, c e l l  su sp e n s io n s  were in c u b a te d  a e r o b ic a l ly  in  140mM-KCl,

5Om M -glycylglycine b u f f e r  (pH7*0), as  d e s c r ib e d  in  s e c t io n  2 .1 1 . The 

s u b s t r a t e  c o n c e n tr a t io n s ,  and p e r io d s  o f  in c u b a tio n  u s e d , w ere , endogenous 

s u b s t r a t e s ,  5 m in; fo rm ate  (5nAî)t 10 m in; a s c o rb a te  (20mM) -  TRÎPD (50pM),

5 m in; form aldehyde (lOmM), 5 min; m ethanol (20mM), 5 m in; and NADH (2mM),

3 m in. Where in d ic a te d ,  FCCP was p re s e n t  th ro u g h o u t th e  in c u b a tio n  p e rio d  

a t  a  c o n c e n tr a t io n  o f

The ad en in e  n u c le o t id e s  and pho sp h ate  w ere e x t r a c te d  and assay ed  as 

d e s c r ib e d  in  s e c t io n  2 ,1 1 ; and th e  AGp was c a l c u la te d ,  a c c o rd in g  to  

e q u a tio n  6 .6 ,  u s in g  a  AG° o f  -2 8 .5 k j /m o l .  The r a t e  o f r e s p i r a t i o n -  

l in k e d  ch arg e  t r a n s lo c a t io n  ( j^ + )  was d e te rm in e d  from  th e  p ro d u c t o f  th e  

r e s p i r a t i o n  r a t e ,  m easured u n d e r th e  above c o n d i t io n s  (see  s e c t io n  2 .6 ) ,  

and th e  -► K^/O  q u o t ie n t  w hich was ta k e n  to  be 6 , f o r  endogenous sub

s t r a t e s  and fo rm a te , 3 .12  f o r  fo rm aldehyde , and 2 f o r  m ethanol and 

ascorbate-TklPD  (see  C h ap te r 4)» Both th e  AE^ and -► K^/O v a lu e s ,  

u sed  f o r  m ethanol and fo rm aldehyde , w ere av e rag e  v a lu e s  assum ing equ a l 

c o n t r ib u t io n s  from  each  s ta g e  in  th e  com plete  o x id a tio n  o f th e se  s u b s t r a te s  

to  carbon  d io x id e .
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th e  r a t e  o f  r e s p i r a t i o n - l i n k e d  charge  t r a n s lo c a t io n  ( j^ + ) ,  and th e  redox  

p o te n t i a l  d i f f e r e n c e  o f s u b s t r a t e  o x id a tio n  p e r  t r a n s lo c a te d  ch arg e  

(-2  A E ^/ K ^/0 ; t h i s  i s  e q u a l in  m agnitude to  th e  ApH'*’, a t  e q u i l ib r iu m , 

assum ing  t h a t  AE^ = AE^ , see  e q u a tio n  6 .1  ) .

The AGp s u s ta in e d  d u r in g  th e  o x id a tio n  o f  v a r io u s  s u b s t r a t e s  showed 

l i t t l e  c o r r e l a t i o n  ( "\ = + 0 .1 6 )  w ith  th e  v a lu e  o f -2  A E ^/ -► K^/O, 

th u s  i n d i c a t in g  t h a t ,  even when c o n d it io n s  a re  chosen to  m in im ise b o th  th e  

d i s s ip a t io n  o f  th e  A ^ ^  and ATP u t i l i s a t i o n ,  ATP s y n th e s is  does n o t 

come in to  e q u i l ib r iu m  w ith  r e s p i r a t i o n .  F u rth e rm o re , i f  a  -► H'*’/ATP 

q u o tie n t  o f  2 g - io n  H^/mol ATP i s  assum ed, th e  o v e ra l l  therm odynam ic 

e f f i c i e n c y  o f  o x id a t iv e  p h o sp h o ry la tio n  ( -► ATP/O XAGp/2 a E^) , in  t h i s  

o rgan ism , wan o n ly  29 to  $0^. T hat th e  v a lu e  o f  th e  AGp i s ,  in d e e d , 

s u b je c t  to  k i n e t i c  c o n tro l  i s  confirm ed by th e  good c o r r e l a t i o n  

( ^  = + 0 .8 4 )  betw een th e  AGp and th e  J^ + . Much o f th e  energy  lo s s  would 

seem to  o ccu r betw een r e s p i r a t i o n  and p ro to n  t r a n s lo c a t io n  an , a t  

e q u i l ib r iu m , therm odynam ic c o n s id e ra t io n s  would p r e d ic t  a  AjüH'*’

( =  2 AE^/-^K'*’/ 0 )  o f  -413  to  -760mV. In d eed , th e s e  r e s u l t s  do n o t r u le

o u t th e  p o s s i b i l i t y  t h a t  th e  A ^ ^  i s  in  n e a r -e q u i l ib r iu m  w ith  ATP 

s y n th e s is ,  as r e p o r te d  e lsew h ere  (M ichel & O e s te r h e l t ,  198O; L em aste rs ,

1980).
The u b iq u i to u s ly  low v a lu e  f o r  th e  AGp, o b ta in e d  in  th e  p re sen ce  

o f  FCCP, in d i c a te s  t h a t  th e re  i s  l i t t l e  o r  no s u b s t r a t e - l e v e l  phosphory

l a t i o n  d u r in g  r e s p i r a t i o n  from  any o f th e s e  s u b s t r a t e s .
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6 .9  D is c u s s io n  and c o n c lu s io n s

M. me th y l  o tro p h u s  was found to  s u s t a in  a  AjâH'*’, d u r in g  r e s p i r a t i o n

from  m e th an o l, o f  up to  -155mV. The r e l a t i v e  c o n t r ib u t io n s  o f  th e  A'f

and ApH to  th e  A^"*" v a r ie d  w ith  th e  e x te r n a l  pH -  a t  pH6.2 ( in  50mIÆ-

g ly c y lg ly c in e ,  140mM-KCl), th e  ApH^ was composed o f a  a V o f  -105mV,

and a  ApH o f  0 .8  ( -2 .3 0 3  M  ApH = -50mV), w hereas a t  pH?.0 th e  ApH'*’
F

wan composed e n t i r e l y  o f  a  AV' o f -143mV. The m agnitude o f  th e  A'f , 

in  M. me th y l  o tro p h u s , was w e ll w ith in  th e  ran g e  o f v a lu e s  d e te rm in e d  in  

o th e r  b a c t e r i a  (s e e  T ab le  6 .2 ) ,  b u t th e  i n t e r n a l  pH o f  t h i s  organ ism  

(7 . 0 ) was found to  be low er th a n  t h a t  o f  m ost r e s p i r i n g  n e u t ro p h i le s  

(se e  T ab le 6 .3 ) .  A p o s s ib le  re a so n  f o r  th e  low v a lu e  o f  th e  i n t e r n a l  pH, 

in  M .m eth y lo tro p h u s, i s  t h a t  th e  weak a c id ,  fo rm ate  -  a  p ro d u c t o f  th e  

in co m p le te  o x id a tio n  o f m ethano l -  may ten d  to  c o l la p s e  th e  transm em brane 

A pH  ( c . f .  K e ll e t  a l . ,  1981) .

The u n co u p lin g  a g e n t ,  FCCP, caused  th e  c o l la p s e  o f b o th  th e  AY and 

ApH com ponents o f th e  A^"*". F u rth e rm o re , v a lin o m y c in , b u t n o t  

n i g e r i c i n ,  caused  th e  c o l la p s e  o f  th e  AY ; th e  e f f e c t  o f  th e se  io n o p h o res  

on th e  ApH was n o t in v e s t ig a te d  due to  la c k  o f tim e . The s l i g h t  

d e c re a s e ,  caused  by n i g e r i c i n ,  in  th e  v a lu e  o f th e  a Y a t  pH 7.0, was 

p ro b ab ly  due to  a  seco n d ary  u n co u p lin g  p ro p e r ty  o f t h i s  io n o p h o re , as 

th e  ApH'*’ was found to  be composed e n t i r e l y  o f  a  a Y , u n d e r th e s e  

c o n d i t io n s .

M .m ethy lo trophus s u s ta in e d  a  AGp, d u r in g  r e s p i r a t i o n  from  m e th an o l, o f 

up to  -4 5 .8  K j/m o l, a t  pH 7.0. T his v a lu e  i s  somewhat low er th a n  has  been 

found in  m ost b a c t e r i a  (se e  T ab le  6 . 4 ) ,  b u t th e  m a jo r i ty  o f  th e s e  

d e te rm in a tio n s  have been c a r r i e d  o u t in  v e s i c u l a r  p r e p a ra t io n s  r a t h e r
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than in  whole c e l l s .  The low value o f the AGp sustained  by whole c e l l s  

of M.methylotrophus thus probably r e f le c t s  the fa c t  th at *s ta t ic -h e a d ' 

conditions may be more c lo s e ly  reached in  v e s ic u la r  preparations than in  

whole b a c ter ia . E ither the AY or the A pH, a lone, was f u l ly  

competent to  drive ATP syn th esis  in  th is  organism.

Comparison o f the AGp sustained by resp ira tio n  from various sub

s tr a te s  with the AEJ fo r  substrate ox id a tion , showed that ATP 

syn th esis  was not in  equilibrium  with resp ir a tio n , in  M.methylotrophus.

Much of the 'in e ffic ien cy *  appeared to occur between resp ira tio n  and 

proton tra n sloca tion  i . e .

-2  AE^  ̂ ^ -  Aj[lH'*' _  -  _ ^ p  ( 6 . 8 )

nV2e“ hV aTP

In Table 6 .8 , the ApH**̂  and AGp susta ined  by resp ira tio n  from 

methanol, in  d if fe r e n t reaction  media, are compared to y ie ld  the -► H /̂ATP 

qu otien t. Although the values o f the AGp sustained  in  d if fe r e n t  reaction  

media were qu ite s im ila r , there was a large v a r ia tio n  in the AuH^, and 

hence in  the -► H /̂ATP q u otien t. This behaviour, which has a lso  been 

noted in  submitochondrial p a r tic le s  (Sorgato e t  a d ., 1978), i s  d i f f i c u l t  

to  reco n c ile  w ith the Chemiosmotic h yp oth esis. The independent v a r ia tio n  

of the AGp and ApH'*’ i s ,  however, r ea d ily  exp lainable by the L ocalised  

Proton hypothesis i f  the degree of in tera c tio n  between the ' lo c a lis e d  

protons' and the bulk aqueous phases depends on the reaction  conditions  

(see K e ll, 1979). The ApH'*’ measured across the bulk aqueous phases i s  

thus l ik e ly  to be a var iab le  underestim ate of the true d riv in g  force fo r  

ATP sy n th esis; and i t  i s  in te r e st in g , in  th is  con text, th at va lu es of the 

A Y , measured using intramembrane probes ( e .g .  by the carotenoid band
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s h i f t ) ,  a re  r o u t in e ly  h ig h e r  th a n  th o se  m easured betw een th e  b u lk  aqueous 

phases ( e .g .  by th e  d i s t r i b u t i o n  o f  perm eant io n s  [ s e e  T ab le  6 .2 ;

Ferguson  e t  ^ . , 1 979 ] )•  The L o c a lis e d  P ro to n  h y p o th e s is  i s  g iv e n  f u r t h e r  

su p p o r t by th e  wide ran g e  o f -► H^/ATP q u o tie n ts  w hich have been 

d e te rm in e d  by com parison o f  th e  AGp and th e  ApH**" in  v a r io u s  b a c t e r i a  

(s e e  T able 6 . 4 ) .

I f  th e  b u lk  transm em brane ApH"*" i s  in d eed  an u n d e re s tim a te  o f th e  

t r u e  d r iv in g  fo rc e  f o r  ATP s y n th e s is ,  th e n  th e  v a lu e s  o f  th e  -► hV aTP 

q u o t ie n ts ,  shown in  T ab le 6 .8 ,  a re  l i k e l y  to  be o v e re s tim a te d . The t r u e  

m e c h a n is tic  —► H^/ATP q u o tie n t  i s  th e r e f o r e  l i k e l y  to  be 2 g - io n  H^/mol 

ATP. T his v a lu e  has some s u p p o r t from  k i n e t i c  d e te rm in a tio n s  in  bo th

b a c t e r i a  and m ito c h o n d ria  (se e  s e c t io n  1 .1 0 .2 ) .

The o b s e rv a tio n  of r e s p i r a t io n - l i n k e d  p ro to n  t r a n s l o c a t i o n ,  in  

M. me th y lo tro p h u s  (se e  C hap te rs  4> 5)» i s  n o t  in c o m p a tib le  w ith  th e  

L o c a lis e d  P ro to n  h y p o th e s is .  K e ll (1979) has su g g e s te d  t h a t  K^, in  th e  

p re se n c e  o f v a lin o m y c in , w i l l  e f f e c t i v e l y  d is p la c e  th e  p ro to n  c u r r e n t  

from  lo c a l i s e d  ch an n e ls  on th e  membrane s u r f a c e  in to  th e  b u lk  aqueous 

p h a se s . Two q u e s tio n s  would seem to  be o f  m a jo r im portance  in  c o n s id e r in g  

th e  L o c a lis e d  P ro to n  h y p o th e s is  v i s  a  v i s  th e  Chemiosmotic h y p o th e s is ;

( 1 ) To w hat e x te n t  i s  th e  p ro to n  c u r r e n t  l o c a l i s e d  in  v iv o ?

(2 ) To w hat e x te n t  can th e  p ro to n  c u r r e n t  be fo rc e d  in to  th e  b u lk  aqueous

p h a se s , ^  v i t r o , such  t h a t  th e  Chem iosm otic h y p o th e s is  p ro v id e s  a  

u s e f u l  q u a n t i t a t iv e  model f o r  th e  s tu d y  o f  energy  c o n s e rv a tio n ?

The f i r s t  q u e s tio n  would a p p ea r to  be somewhat r e c a l c i t r a n t  to  

i n v e s t ig a t io n ,  b u t some o b se rv a tio n s  on th e  second  q u e s tio n  fo l lo w . The 

s to ic h e io m e tr ie s  o f r e s p i r a t io n - l i n k e d  p ro to n  t r a n s l o c a t i o n ,  m easured in
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v a r io u s  b a c t e r i a ,  u n d er c o n d it io n s  w hich would be e x p ec ted  to  d is p la c e  

th e  p ro to n  c u r r e n t  in to  th e  b u lk  aqueous p h ases  (se e  K e ll ,  1979)» v a ry  

w ith  r e s p i r a t o r y  c h a in  co m position  and grow th y ie ld  in  a  lo g i c a l  manner 

(se e  J o n e s , 1977). T h is su g g e s ts  t h a t  th e  m easured s to ic h e io m e tr ie s  a r e ,  

a t  th e  v e ry  l e a s t ,  p ro p o r t io n a l  to  th e  t r u e  s to ic h e io m e tr ie s  o f  charge  

s e p a r a t io n ,  and t h a t  th e  m easurem ent o f r e s p i r a t i o n - l i n k e d  p ro to n  t r a n s 

lo c a t io n  s to ic h e io m e tr ie s  i s ,  th u s ,  a  v a l id  q u a n t i ta t iv e  approach  to  th e  

s tu d y  o f  energ y  c o n s e rv a t io n . On th e  o th e r  h and , th e  c o n d it io n s  used  f o r  

th e  m easurem ent o f th e  AjïH'*’ app ear to  be l e s s  e f f e c t i v e  in  d e l o c a l i s a t io n  

o f  th e  p ro to n  c u r r e n t .

I would l ik e  to  thank Miss Sarah E. Cooke and Miss Jacquie A. Q uilter  

fo r  performing some o f the experiments described in  th is  chapter.
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CHAPTER 7

SUMMARY AND DISCUSSION

7.1 Summary o f r e su lts

(1) M ethanol-lim ited M.methylotrophus contains membrane-bound cytochromes 

aag, b and c , and so lu b le  cytochrome c . The membrane-bound cyto

chromes aa^, o and c , are able to  bind carbon monoxide.— 3 — -~co

(2) As in  other m ethylotrophs, methanol i s  ox id ised  v ia  a methanol 

dehydrogenase which donates reducing equ ivalen ts to the resp iratory  

chain a t the le v e l  of cytochrome c ,

( 3) The resp ira tory  chain o f M.methylotrophus branches a t the le v e l  o f  

cytochrome c to  two term inal ox id ases, v iz  cytochromes aa  ̂ and o. 

Cytochrome c^^ probably does not fu nction  as a terminal oxidase.

(4 ) The resp iratory  chain of M.methylotrophus contains three energy 

conserving s i t e s .  S ite  1, NADH : ubiquinone oxidoreductase, i s  

a sso c ia ted  with -► H^/2e" and charge/2e" quotients o f 2; s i t e

11, ub iquinol : cytochrome c oxidoreductase, i s  a sso c ia ted  with

-► H^/2e" and -► charge/2e"" quotients of 4 and 2 , r e sp e c tiv e ly ;  

and s i t e  111, cytochrome c oxidase, i s  a sso c ia ted  with -► H /̂O 

and -► charge/O quotients of 0 and 2 , r e sp e c tiv e ly .
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(5 )  R e s p ir a t io n  v ia  th e  two te rm in a l o x id a s e s , cytochrom es a a ^ and o , 

a p p e a rs  to  be a s s o c ia te d  w ith  equal e f f i c i e n c i e s  o f  en erg y  

c o n s e rv a t io n .  N e ith e r  o x id a se  c a ta ly s e s  n e t  p ro to n  t r a n s l o c a t i o n .

(6 ) Only th e  t h i r d  s i t e  o f  energy  c o n s e rv a t io n  i s  in v o lv e d  in  th e  

o x id a tio n  o f m e th an o l, w hich i s  a s s o c ia te d  w ith  -► H^/O and

-► c h a rg e /0 q u o tie n ts  o f  2 . M ethanol o x id a se , t h e r e f o r e ,  p ro b ab ly  

form s a  redox  arm in  w hich m ethanol dehydrogenase  and cytochrom e c 

a r e  s i t u a t e d  e x t e r n a l ly ,  and th e  p ro to n  consum ption s i t e s  o f c y to 

chrome o x id a se s  a a ^ a n d /o r  o a re  s i t u a t e d  i n t e r n a l l y ;  th e  two 

p r o to l y t i c  r e a c t io n s  b e in g  connec ted  by inw ard transm em brane e le c t r o n  

f lo w .

(7 ) Growth in  o x y g e n -1 im ita tio n  cau ses  a  2 to  3 - fo ld  in c re a s e  in  th e  

l e v e l  o f membrane-bound cy tochrom es, and cytochrom e o x id a s e s ,  as 

compared to  m e th a n o l- l im ite d  co n tin u o u s  c u l tu r e ;  w hereas grow th 

u n d e r c o n d it io n s  o f  m e th an o l-e x cess  ( o x y g e n -1 im ita tio n  o r  n i t r o g e n -  

l im i  t a t i  on) i s  accom panied by a  2 to  3 - fo ld  d e c re a se  in  th e  l e v e l  o f 

th e  s o lu b le  cytochrom e c .  Cytochrome a a ^ i s  som etim es a b s e n t in  

am m onium -lim ited co n tin u o u s  c u l tu r e .

(8 ) The low grow th y ie ld s  o b ta in e d  in  oxygen-1 im i ta t io n  a s  com pared to  

m e th a n o l- l im i ta t io n  (Brooks & M eers, 1973) can n o t be e x p la in e d  in  

te rm s o f  a  d e c re a se d  e f f ic ie n c y  o f  r e s p i r a to r y - c h a in  energ y  

c o n s e rv a t io n .
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(9 )  M. me th y l  o t  ro  phus s u s ta in s  a  AjÎH'*’ o f up to  -l65mV d u r in g  

r e s p i r a t i o n  from  m e th an o l. The m agnitude o f th e  depends on

th e  co m p o sitio n  o f  th e  r e a c t io n  medium, and on th e  e x te rn a l  pH.

The r e l a t i v e  c o n t r ib u t io n s  o f th e  AY and ApH to  th e  ApH^ 

a l s o  v a ry  w ith  th e  e x te r n a l  pH, th e  in te m s d  pH b e in g  m a in ta in ed  a t  

7 .0  ( in  g ly c y lg ly c in e -b u f fe re d  m e d ia ) .

( 10) M. m ethyl o tro p h u s s u s ta in s  a  AG^ d u r in g  r e s p i r a t i o n  from  m ethanol 

o f  - 4 2 .5  to  -4 5 * 8 k j/m o l. ATP s y n th e s is  i s  n o t in  e q u i l ib r iu m  w ith  

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

( 11) The v a lu e  o f th e  ApH^ v a r ie s  w ith  th e  com p o sitio n  o f  th e  r e a c t io n  

medium in d e p e n d e n tly  o f  th e  AGp w hich i s  r e l a t i v e l y  c o n s ta n t .

T h is  b e h a v io u r i s  in c o m p a tib le  w ith  th e  Chemiosmotic h y p o th e s is .  

V alues f o r  th e  -► H^/ATP q u o tie n t  ra n g in g  from 2 .6  to  4 .1  g - io n  H^/ 

mol ATP, o b ta in e d  from com parison o f th e  AGp and ApH^, r e p r e s e n t  

o v e re s tim a te s  o f th e  t r u e  m e c h a n is tic  s to ic h e io m e try  w hich i s  

p ro b ab ly  2 g -io n  H^/mol ATP.

( 12) I f  i t  i s  assumed t h a t  th e  -► H^/ATP q u o tie n t  i s  2 g -io n  H^/mol ATP, 

th e n  M .m ethy lo trophus e x h ib i t s  ATP/O q u o tie n ts  o f 3 and 1 mol ATP/g- 

atom 0 d u r in g  r e s p i r a t i o n  from NADH and m eth an o l, r e s p e c t iv e ly .
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7 .2  Growth e n e r g e t ic s  o f  M. me th y l  o t  ro  phus

Assuming t h a t  NAD(P)H i s  th e  r e  duo t a n t  f o r  b io s y n th e s i s ,  t h a t  NADH 

and NADPH a re  e n e r g e t i c a l ly  e q u iv a le n t  (M .m ethylo trophus has o n ly  a 

s o lu b le  tra n s h y d ro g e n a se ) , and t h a t  th e  fo rm u la  f o r  c e l l  b iom ass i s  

^4^8^2^ (MW 102; see  A nthony, 1978), th e  fo llo w in g  e q u a tio n  can  be 

c o n s tru c te d  to  d e s c r ib e  th e  grow th o f  M .m eth y lo tro p h u s;

4CH^0H + NH  ̂ + (102/Y ^^p) ATP + 0 . 5  NADH ( 7 - l )

■+ C^HgOgN (I0 2 g ) + 2HgO + 4 P Q ^

where Y ^ ^  i s  th e  m olar grow th y ie ld  w ith  r e s p e c t  to  ATP (g  c e l ls /m o l  

ATP). (Only th e  reduced  form s o f  th e  coenzymes a re  shown f o r  s im p l i c i t y ) .  

By a p p ly in g  th e  -► H^/O q u o tie n ts  o f a p p ro x im a te ly  6 and 2 g - io n  H"*"/g- 

atom 0 , d e te rm in ed  in  t h i s  s tu d y , f o r  th e  o x id a tio n  o f NADH and m ethano l, 

r e s p e c t iv e l y ,  i t  i s  p o s s ib le  to  c a lc u la te  th e  amount o f  m ethanol t h a t  

m ust be co m p le te ly  o x id ise d  to  carbon  d io x id e  to  p ro v id e  th e  0 .5  moles o f 

NADH and (1 0 2 /Y ^ ^ )  m oles o f  ATP re q u ire d  f o r  a s s im i la t io n ,  a s  a  fu n c tio n  

o f  th e  -+  H^/ATP q u o t ie n t .  Assuming t h a t  th e  com plete  o x id a tio n  o f 

m ethanol to  carbon  d io x id e  y ie ld s  one mole o f PQQRg and 2 m oles o f NADH, 

0 .2 5  m oles o f m ethanol m ust be f u l l y  o x id ise d  to  produce th e  0 .5  m oles o f 

NADH re q u ire d  f o r  a s s im i la t io n .  O m ittin g  th e  NH  ̂ and HgO f o r  s im p l ic i ty :

4 .2 5  CHjOH + (102 /Y ^jp ) ATP (7 .2 )

♦  C.HgOgN (I0 2 g ) + 4 .2 5  PqOPg + 0 .2 5  COg
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The 4 .2 5  m oles o f  PQQRg th e  r i g h t  hand s id e  o f  e q u a tio n  ( 7 .2 )  w i l l  

y i e ld  (4 .2 5  x 2 /  - »  H^/ATP) m oles o f  ATP on o x id a t io n .  T h e re fo re , 

( 102/ Y ^ ^  -  8 . 5/  g+y^ îrpp) m oles o f ATP m ust be produced from f u r t h e r

com plete  o x id a tio n  o f m e th an o l, in  o rd e r  to  su p p ly  th e  en erg y  req u ire m e n t 

f o r  a s s im i la t io n .  The com plete  o x id a tio n  o f  one mole o f  m ethanol y ie ld s  

a  t o t a l  o f  (2+ 6+ 6)/ -+  E^/ATP moles o f  ATP, th e r e f o r e

( 102/ Y ^ ^  -  8 . 5/  h V a t p ^

1 4 / -► H+/ATP

m oles o f  m ethanol m ust be f u l l y  o x id ise d  to  su p p ly  th e  ATP re q u ire m e n t f o r  

a s s im i la t io n .  T aking  in to  acco u n t th e  0 .2 5  m oles o f  m ethanol which m ust 

be o x id is e d  to  su p p ly  th e  NADH re q u ire m e n t, and th e  4 m oles o f  m ethanol 

d i r e c t l y  r e q u ire d  f o r  a s s im i la t io n ,  and o m it t in g  th e  carbon  d io x id e  

produced f o r  s im p l ic i ty :

( /  ATP ■ '5 /  -► hV aTP^
4  2 5  +   T-------------------

14/  -► HVATP

 ► Ĉ SgOgN (I02g)

CH^OH (7 .3 )

T ab le  7 .1  shows v a lu e s  f o r  th e  o f  M .m eth y lo tro p h u s, as

p re d ic te d  from  e q u a tio n  ( 7 .3 ) ,  assum ing v a r io u s  v a lu e s  f o r  th e  Y ^ ^ , and 

th e  -► /ATP q u o t ie n t .  Under s im i la r  grow th c o n d it io n s  to  th o se  u sed  

in  t h i s  s tu d y , t h i s  organism  e x h ib i t s  a  grow th y ie ld  o f  0 .5 3 g  c e l l s / g  

m ethanol (V asey, R.B, u n p u b lish e d  r e s u l t ) .  F u rth e rm o re , by com paring th e  

grow th y ie ld  o f  w ild - ty p e  M. me th y l  o t  ro  phus w ith  t h a t  o f a  m utan t r e q u i r in g  

one l e s s  mole o f ATP p e r  mole o f  ammonia f ix e d ,  S e n io r  & W indass 

(u n p u b lish e d  r e s u l t )  have o b ta in e d  a  v a lu e  o f  6 .0 g  c e l ls /m o l  ATP f o r  th e
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Y
ATP

(g c e llo /m o l AT?)

H^/ATP q u o tie n t  (g - io n  KV m ol ATP)

2 3
1

&

1

■< 0.438 0 .350

............ !
!

0.292

5 0 .486 0 .398 0 .337

0 .525 0.437 0 .375
•

1
i

7 0 .557 0.471 0 .408

8 0 .5 8 3 0 .500 0 .438
i

0 0 .606 1 n coc
1

0 .455

1

0 .625 0 . h 4 1' 0 .466

T ab le  7 .1  P re d ic te d  grov:th y ie ld  o f M. m e th y lo tro p h u s . The f i g u ï e s  in

:c v a lu e c  o f  th e  in e la r gxeu tli j i c l d  On niellicuiui

g  c e l l s / g  m e th an o l) c a lc u la te d  from  e q u a tio n  (7*3) u s in g  v a r io u s  v a lu e s  

f o r  th e  and th e  -► / ATP q u o t ie n t .
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^ATP* can be seen  from  T ab le  7*1 » t h a t  th e s e  v a lu e s  s t r o n g ly  fa v o u r  

a  -► hV aTP q u o t ie n t  o f  2 g - io n  H^/mol ATP, in  t h i s  o rgan ism . In d eed , 

i f  th e  -► H^/ATP q u o tie n t  were to  be 3 g -io n  E^/mol ATP, th e n  th e  

would have to  be as h ig h  as  9g c e l ls /m o l  ATP.

7 .3  Reasons f o r  th e  low grow th y ie ld s  o f th e  m e th a n o l - u t i l i s e r s

L in to n  & S tephenson (1977) p o in te d  o u t t h a t  th e  grow th y i e ld s  o f 

th e  m e th y lo tro p h s  a re  low er th a n  th o se  o f  m ost h e te ro tro p h s  when compared 

to  th e  h e a ts  o f com bustion o f t h e i r  s u b s t r a t e s .  In  th e  ca se  o f  th e  

m e th a n o l - u t i l i s e r s ,  m ost a t te m p ts  to  e x p la in  t h i s  d is c re p a n c y  have been 

based  on th e  c o n te n tio n  t h a t  m ethanol o x id a se  i s  the rm odynam ica lly  

i n e f f i c i e n t .  In d eed , th e  f o u r th  column o f T ab le  7*2 com pares th e  

therm odynamic e f f i c i e n c i e s  o f  th e  f i r s t  s ta g e s  o f  o x id a tio n  o f  a  number o f 

carbon  s u b s t r a t e s ,  b ased  on s ta n d a rd  f r e e  en erg y  chan g es, and i t  i s  c l e a r  

t h a t ,  on t h i s  b a s i s ,  m ethanol compares u n fa v o u ra b ly  w ith  m ost h e " ^ o tro p h ic  

s u b s t r a t e s .

In  o rd e r  to  r a t i o n a l i s e  t h i s  a p p a re n t in e f f i c i e n c y  o f m ethanol 

o x id a se , s e v e ra l  a u th o rs  ( e .g .  Drozd & Wren, 198O) have p o in te d  o u t t h a t  

th e re  may be l i t t l e  s e l e c t io n  p re s s u re  f o r  h ig h e r  grow th y ie ld s  in  a  

n a tu r a l  en v iro m en t, though t h i s  argum ent does n o t  d i f f e r e n t i a t e  betw een 

grow th on d i f f e r e n t  s u b s t r a t e s .  I t  has a l s o  been su g g e s te d  t h a t  grow th 

on m ethanol may be l im i te d  by th e  su p p ly  o f NAD(P)H r a t h e r  th a n  by th a t  

o f ATP ( p a r t i c u l a r l y  when th e  s e r in e  pathway i s  u sed  f o r  carbon  

a s s im i la t io n ;  e .g .  A nthony, 1978), and hence an in c re a s e  in  th e  ATP y ie ld  

from  m ethanol o x id a se  would be o f l i t t l e  ad v an tag e  u n d e r th e s e  c o n d i t io n s .  

T his a rgum en t, how ever, i s  n o t a p p l ic a b le  to  M .m eth y lo tro p h u s, th e  grow th
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Table 1,2  Theimodynamic e f f ic ie n c ie s  o f the f i r s t  s tages o f  

oxidation  of various carbon su b stra tes . The thermodynamic data were 

obtained from Rauen (1 9 6 9 ), Sober (1 9 7 0 ), Mahler & Cordes (1971 ) and 

lehninger (1 9 7 5 )• In c a lc u la tin g  the thermodynamic e f f ic ie n c ie s  of

substrate oxidation  /  AGp . ATP/O \  i t  has been assumed th at the value

W . A E  »o

o f the AGp i s  -  48.2 kj/m ol ( i . e .  AGp/F » -500 mV), and th at the ATP/O 

quotients fo r  the oxidation  of NADH, su ccin ate (FADE )̂ and methanol, are 

2 -3 , 1-2 and 1 mol ATP/g-atom 0, r e sp e c tiv e ly . In correctin g  the thermo

dynamic e f f ic ie n c ie s  fo r  energy expenditure on substrate transp ort, i t  has 

been assumed th at the uptake of methanol, Hg and g ly cero l does not require  

energy, th at the uptake o f one mole of g lu co se , formate and la c ta te  

requires the equivalent of ^ mole o f ATP, and that the uptake o f one mole 

of succinate and malate requires the equivalent of one mole o f ATP.
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o f  w hich i s  known to  he e n e rg y - l im ite d  as  a  m utan t w hich u t i l i s e s  one l e s s  

mole o f ATP p e r  mole o f  ammonia a s s im i la te d  e x h ib i t s  a  s i g n i f i c a n t l y  

h i ^ e r  grow th y ie ld  th a n  does th e  w ild - ty p e  organism  (S e n io r  & W indass

1980) .

I t  sh o u ld  be n o te d  h e re  t h a t  th e  therm odynamic in e f f i c i e n c y  o f  

m ethanol o x id a s e , as i l l u s t r a t e d  by th e  f o u r th  column o f  T ab le  7*2, i s  

somewhat o v e r s ta t e d .  The a b i l i t y  to  com pete f o r  low c o n c e n tra t io n s  o f 

s u b s t r a t e ,  w hich i s  th o u g h t to  be a  m ajo r s e l e c t i v e  f a c t o r  f o r  m icro 

organism s in  n a tu r a l  env ironm en ts  (Jan n asch  & M a te le s , 1974; H ard er e t  

a l . , 1977) ;  depends on two f a c to r s  -  v iz  a  h ig h  a f f i n i t y  f o r  th e  grow th 

s u b s t r a t e ,  and th e  therm odynam ic c a p a c ity  to  u t i l i s e  low c o n c e n tra t io n s  

o f s u b s t r a t e  ( i . e .  when th e  a E  f o r  s u b s t r a te  o x id a tio n  i s  c o n s id e ra b ly  

l e s s  th a n  u n d e r s ta n d a rd  c o n d i t io n s ) .  Two b a s ic  s t r a t e g i e s  e x i s t  f o r  

f u l f i l l i n g  th e s e  re q u ire m e n ts :

( 1 ) A h ig h  a f f i n i t y  (low  K ^ ), e n e rg y - l in k e d  u p ta k e  system  c o n c e n tra te s  

th e  s u b s t r a t e  w ith in  th e  c e l l  th e re b y  in c r e a s in g  i t s  chem ical 

p o t e n t i a l .  The s u b s t r a t e  i s  th e n  m e ta b o lis e d  v ia  a  h ig h  system  

w hich i s  the rm odynam ically  e f f i c i e n t  in  term s o f  s ta n d a rd  f r e e  

energy  ch an g es.

(2 ) The s u b s t r a t e  i s  d i r e c t l y  m e ta b o lis e d , w ith o u t e n e rg y - l in k e d  u p ta k e , 

by an enzyme system , w ith  a  low K ^, w hich w i l l  ap p ea r to  be therm o

d y n am ica lly  i n e f f i c i e n t ,  when s ta n d a rd  f r e e  energy  changes a re  

c o n s id e re d , b ecause  i t  m ust be a b le  to  o p e ra te  when i t s  s u b s t r a te

i s  p r e s e n t  a t  a  low chem ical p o t e n t i a l .
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The m a jo r i ty  o f grow th s u b s t r a te s  ( e .g .  s u c c in a te ,  g lu c o s e )  a re  

u t i l i s e d  v i a  th e  f i r s t  s t r a t e g y .  M ethanol, how ever, a s  a  sm a ll uncharged  

m o lecu le  w hich i s  f r e e l y  perm eant a c ro s s  th e  c e l l  membrane, c an n o t be 

accu m u la ted , and m ethanol o x id a tio n  m u st, t h e r e f o r e ,  fo llo w  th e  second 

s t r a t e g y .  (M ethanol dehydrogenase  i s ,  in  f a c t ,  s i t u a t e d  on th e  o u te r  

fa c e  o f th e  c o u p lin g  m em brane).

I t  i s  c l e a r l y  u n re a so n a b le  to  compare d i r e c t l y  therm odynam ic 

e f f i c i e n c i e s  o f  energy  c o n s e rv a t io n , b ased  on s ta n d a rd  f r e e  energy  

ch an g es, f o r  s u b s t r a te s  which a re  o x id ise d  v i a  th e se  two d i f f e r e n t  

s t r a t e g i e s ,  w ith o u t ta k in g  in to  acco u n t th e  energ y  expended on t r a n s p o r t  

in  s t r a t e g y  ( l ) .  In  th e  f i f t h  column o f T ab le  7 .2 ,  th e  e f f i c i e n c i e s  o f  

th e  f i r s t  s ta g e s  o f  o x id a tio n  o f v a r io u s  s u b s t r a te s  have been c o r r e c te d  

f o r  th e  e x p e n d itu re  o f energy  on s u b s t r a te  u p ta k e . Once t h i s  c o r r e c t io n  

has been made, i t  can be seen  t h a t  th e  therm odynam ic e f f i c i e n c y  o f  m ethanol 

o x id a se  f a l l s  w ith in  -  a l b e i t  tow ards th e  lo w er end -  th e  w ide ran g e  o f  

e f f i c i e n c i e s  o f  th e  f i r s t  s ta g e s  o f  u t i l i s a t i o n  o f o th e r  ca rb o n  s u b s t r a t e s .

A m ajo r re a so n  f o r  th e  low grow th y ie ld s  o f  th e  m e th a n o l - u t i l i s e r s  

may w e ll l i e  in  th e  o n e-ca rb o n  n a tu re  o f th e  m ethanol m o le c u le . As 

d is c u s s e d  above, i t  m ust be c o n s id e re d  th a t  th e re  i s  an energy  e x p e n d itu re  

f o r  th e  s e c u r in g  o f a  s u b s t r a t e  from  i t s  en v iro n m en t, w hether t h i s  en erg y  

i s  expended d i r e c t l y  on e n e rg y - l in k e d  u p ta k e , o r  i n d i r e c t l y  v i a  an 

a p p a re n tly  i n e f f i c i e n t  f i r s t  s ta g e  o f  u t i l i s a t i o n .  At low s u b s t r a t e  

c o n c e n tr a t io n s ,  t h i s  en erg y  e x p e n d itu re  i s  a b s o lu te ly  n e c e s s a ry  to  

com pensate f o r  th e  low ch em ica l p o t e n t i a l  a t  w hich th e  s u b s t r a t e  i s  

p re s e n t ;  fu r th e rm o re  t h i s  energ y  e x p e n d itu re  g e n e r a l ly  p e r s i s t s  a t  h ig h e r  

s u b s t r a te  c o n c e n tr a t io n s ,  and th e  m a jo r i ty  o f  m icroorgan ism s do n o t a d ju s t  

th e  b io e n e rg e t ic  y ie ld s  o f t h e i r  s u b s t r a t e  u t i l i s a t i o n  pathw ays to  changes
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i n  th e  chem ical p o te n t ia l  a t  w hich th e  s u b s t r a t e  i s  s u p p lie d .  (A n o ta b le  

e x c e p tio n  i s  p ro v id ed  by K le b s ie l la  a e ro g e n e s , grow ing on g ly c e r o l ,  w hich 

u se s  a  low b io e n e rg e t ic  y ie ld  pathway d u r in g  g ly c e r o l - l im i te d  grow th , 

b u t sw itc h e s  to  a  h ig h e r  y ie ld  pathway u n d e r c o n d i t io n s  o f g ly c e ro l- e x c e s s  

[ N e i j s s e l  e t  ^ . , 1975] )• R e tu rn in g  to  th e  ca se  in  p o in t ,  th e  energy  

e x p e n d itu re  f o r  s e c u r in g  from th e  env ironm ent a  one-ca rb o n  compound such 

as  m e th an o l, i s  th e  same as f o r  a  m u ltic a rb o n  compound, such as s u c c in a te  

o r  g lu c o se  (though  th e  en erg y  may be expended in  d i f f e r e n t  w ays). I t  fo llo w s  

t h a t  th e  m e th a n o l - u t i l i s e r s  w i l l  u se  a  d is p r o p o r t io n a te  amount o f  t h e i r  

a v a i la b le  en erg y  in  t h i s  way.

7 .4  P o te n t ia l  f o r  im provement o f  th e  r e s p i r a t o r y  c h a in  energ y  

c o n s e rv a t io n  system  o f M .m ethylo trophus

7 . 4*1 M ethanol o x id ase

As d is c u s s e d  in  th e  p re v io u s  s e c t io n ,  m ethanol o x id a se  i s  therm o

d y n am ica lly  i n e f f i c i e n t ,  and t h i s  has a  p a r t i c u l a r l y  d e l e te r io u s  e f f e c t  

on th e  grow th y ie ld  b ecause  t h i s  in e f f i c ie n c y  m ust be borne f o r  ev e ry  atom 

o f  carbon  u t i l i s e d .  There i s  no therm odynam ic re a so n  why m eth an o l, when 

p re s e n t  in  e x c e s s ,  should  n o t donate  re d u c in g  e q u iv a le n ts  to  th e  r e s p i r a t o r y  

c h a in  v i a  a  m ethano l dehydrogenase which i n t e r a c t s  w ith  th e  l a t t e r  a t  th e  

l e v e l  o f th e  endogenous quinone ( r a th e r  th an  a t  th e  l e v e l  o f cytochrom e 

c ) ,  o r  p o s s ib ly  even v i a  an N A D (P)^-linked d eh y d ro g en ase .
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7 .4 .2  Cytochrome c o x id a se

N e ith e r  cytochrom e o x id a se  a a ^ n o r  o , o f  M .m eth y lo tro p h u s, ap p ea rs  

to  c a ta ly s e  n e t  p ro to n  t r a n s l o c a t i o n ,  in  c o n t r a s t  to  th e  te rm in a l
H

o x id a se s  o f m ito c h o n d ria  (se e  W ikstrom & K rab, 1979) and o f  some o th e r  

b a c t e r i a  ( e .g .  P aracoccus d e n i t r i f i c a n s  [van  V ersev e ld  e t  ^ . , 1981]  ; 

B a c i l lu s  s te a ro th e rm o p h ilu s  [Chicken e t  ^ . , 1981] ) .  The t h i r d  s i t e  o f  

energy  c o n s e rv a t io n , in  M .m eth y lo tro p h u s, may th u s  be o p e ra t in g  a t  l e s s  

th an  i t s  maximum p o te n t i a l  e f f i c i e n c y .

7 .3  P o s s ib i l i t ie s  for  future work

The s u b je c t  o f r e s p i r a to r y - c h a in  energ y  c o n s e rv a t io n  i s  a  c o n t ro v e r s ia l  

one in  which d i f f e r e n t  e x p e rim en ta l ap p roaches o f te n  y ie ld  c o n f l i c t i n g  

r e s u l t s .  T h e re fo re , in  o rd e r  to  o b ta in  u s e f u l  in fo rm a tio n , i t  i s  

n e c e ss a ry  to  in v e s t ig a t e  each  f a c e t  o f th e  s u b je c t  by as  many approaches 

as p o s s ib le .  T his p h ilo so p h y  has been fo llo w e d  in  t h i s  s tu d y , as f a r  as 

tim e has a llo w ed , b u t in e v i ta b ly  a  number o f  ex p e rim en ta l app roaches rem ain  

to  be t r i e d ,  and some o f th e  more p e r t i n e n t  ones a re  d is c u s s e d  below .

( 1) The d i f f e r e n t  s i t e s  o f energy  c o n s e rv a t io n ,  in  M .m eth y lo tro p h u s,

have been s tu d ie d  h e re  by fu n c t io n a l  s e p a r a t io n ,  u s in g  a  v a r i e ty  of 

re d u c in g  e q u iv a le n t  donors and s p e c i f i c  r e s p i r a t o r y  i n h i b i t o r s .  An 

a l t e r n a t i v e  approach  i s  to  p h y s ic a l ly  s e p a ra te  th e s e  s i t e s ,  as has 

been  a tte m p te d  w ith  some su c c e ss  in  m ito c h o n d ria  (se e  Coin & H in k le ,

1 9 7 9 ) ' T h is approach  may be p a r t i c u l a r l y  u s e fu l  in  f u r t h e r  

in v e s t ig a t io n s  o f th e  b ranched  te rm in a l o x id a se  system  o f t h i s  

o rg an ism .
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(2 ) The ATP/O q u o tie n t  h as  been  d e te rm in ed  h e re  from  th e  -► H^/O 

and -► charge/O  q u o t i e n ts ,  m easured d i r e c t l y ,  and th e  H^/ATf 

q u o tie n t  d e r iv e d  from  a  com parison o f  th e  AGp and AjiH'*’. The 

ATP/O q u o tie n t  has a ls o  been e s tim a te d  from  th e o r e t i c a l  grow th 

c a l c u la t io n s .  A f u r t h e r  approach  would be to  d e te rm in e  th e  ATP/O 

q u o tie n t  by d i r e c t  m easurem ent o f  ATP s y n th e s is  and oxygen 

consum ption , in  e i t h e r  w hole c e l l s  o r  in v e r te d  membrane v e s i c l e s ,

( 3 ) T h is s tu d y  has in d ic a te d  t h a t  ATP s y n th e s i s ,  in  M .m eth y lo tro p h u s, i s  

n o t  in  e q u i lib r iu m  w ith  r e s p i r a t i o n .  F u rth e rm o re , some d oub t has 

been  c a s t  on th e  r o le  o f th e  b u lk  transm em brane ApH'*’ as  an 

o b l ig a to ry  in te rm e d ia te  betw een r e s p i r a t i o n  and ATP s y n th e s i s .  T h is  

p o in t  i s  c l e a r l y  w orthy  o f f u r th e r  s tu d y , and i t  would be o f  i n t e r e s t  

to  m easure th e  b u lk  transm em brane ApH'*’ s u s ta in e d  by r e s p i r a t i o n  

from  d i f f e r e n t  s u b s t r a t e s ,  and to  see  w h eth er t h i s  c o r r e l a t e s  w ith  

th e  AGp which has a l re a d y  been m easured .

The r e s u l t s  o f  th e  in v e s t ig a t io n s  r e p o r te d  in  t h i s  t h e s i s  have

r a i s e d  a  number o f  p o in ts  which a re  a ls o  w orthy  o f f u r t h e r  s tu d y .

( 1) M ethanol o x id ase  ap p ea rs  to  be a  r e l a t i v e l y  sim ple  en erg y  c o n se rv in g  

sy stem , and i t s  f u r t h e r  r e s o lu t io n  and r e c o n s t i t u t i o n  would be o f  

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

(2 ) C ross & Anthony ( 1980b) f i r s t  r e p o r te d  t h a t  M .m ethy lo trophus w i l l  

o x id is e  e x te r n a l ly - s u p p l ie d  NADH. I t  h as  been shown h e re  t h a t  th e  

o x id a tio n  o f e x te r n a l ly - s u p p l ie d  NADH w i l l  d r iv e  ATP s y n th e s is  in  an 

u n co u p le r-d ep en d en t f a s h io n .  F u rth e rm o re , r e s p i r a t i o n  from  

e x te r n a l ly - s u p p l ie d  NADH does n o t ap p e a r to  in v o lv e  th e  cytochrom e 

b , c re g io n  o f th e  r e s p i r a t o r y  c h a in , and i s  l in k e d  to  low
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s to ic h e io m e tr ie s  o f  p ro to n  and ch arg e  t r a n s lo c a t io n  (Cooke, S .E . 

u n p u b lish e d  r e s u l t s ) .  I t  seem s, t h e r e f o r e ,  t h a t  NADH s u p p lie d  to  

whole c e l l s  may be o x id is e d  by a  d i f f e r e n t  ro u te  from  i n t e r n a l l y -  

g e n e ra te d  NADH, and a  f u r t h e r  in v e s t ig a t io n  o f  b o th  th e  mechanism 

and p h y s io lo g ic a l  r o le  o f  t h i s  system  may be re w a rd in g .

( 3 ) There are a t le a s t  three p o ssib le  fa te s  fo r  formaldehyde in

M. me th y l  o t  ro  phus -  t h i s  compound may be o x id ise d  to  fo rm a te  by 

m ethanol d eh yd rogenase , o r  by an NAD^-1 inked  fo rm aldehyde dehydro 

g en ase , o r  may a l t e r n a t i v e l y  be condensed w ith  r ib u lo s e -5 -p h o s p h a te  

to  y ie ld  h e x u lo se -6 -p h o sp h a te  in  a  r e a c t io n  c a ta ly s e d  by h ex u lo se  

p hosphate  s y n th a s e . The r e g u la t io n  o f  t h i s  b ra n c h p o in t i s  co m p lica ted  

by th e  f a c t  t h a t ,  a t  l e a s t  in  v i t r o , m ethanol dehydrogenase  c a ta ly s e s  

th e  fo u r  e q u iv a le n t  o x id a tio n  o f  m ethano l to  fo rm ate  w ith o u t 

d e te c ta b le  fo rm aldehyde p ro d u c tio n  (Duine e t  ^ . , 1978» se e  Q uayle,

1980) .  Form aldehyde, how ever, i s  o n ly  a  s u b s t r a te  f o r  m ethanol 

dehydrogenase  when h y d ra te d  (S p e rl e t  ^ . , 1974), and th u s ,  i f  th e  

a c t iv e  s i t e  o f t h i s  enzyme were lo c a te d  in  a  hydrophobic env ironm ent 

in  v iv o , th e n  m ethanol o x id a tio n  would be ex p ec ted  to  s to p  a t  form 

a ld eh y d e . I t  i s  i n t e r e s t i n g  to  s p e c u la te  t h a t  th e  h ig h ly - r e a c t iv e  

fo rm aldehyde m o lecu le  m igh t th e n  be c h a n n e lle d  s a f e ly  th ro u g h  th e  

membrane to  th e  h ex u lo se  p hosphate  sy n th a se  lo c a te d  on th e  in t e r n a l  

f a c e .

The o x id a tio n  o f fo rm aldehyde , in  M .m eth y lo tro p h u s, i s  th o u g h t to  

p roceed  p r im a r i ly  v i a  th e  c y c l ic  BMP pathway r a t h e r  th a n  by l i n e a r  

o x id a tio n  v i a  fo rm ate  (Beardsm ore & Q uayle, 1978). However, th e  

p ro d u c tio n  o f  s u b s t a n t i a l  amounts o f fo rm ate  d u r in g  th e  o x id a tio n  o f
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m e th an o l, in  v i t r o , su g g e s ts  t h a t  th e  r e g u la t io n  o f  fo rm aldehyde 

u t i l i s a t i o n  may b re a k  down u n d er c o n d i t io n s  o f  m e th a n o l-e x c e s s .

As t h i s  may be a  c o n t r ib u to r y  f a c t o r  to  th e  low grow th y ie ld s  

o b ta in e d  in  m e th an o l-e x cess  c u l tu r e s ,  th e  r e g u la t io n  o f t h i s  

im p o r ta n t b ra n c h p o in t i s  c l e a r ly  w orthy  o f  f u r t h e r  in v e s t ig a t io n ,
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A-DD r r U lL /1

RESPIRATORY CILA.IN ENERGY CONSERVATION Tf. THE METHYLOTROPHIC BACTERIUT.’ 

METHYLOPHILUS ITETHYIOTROPHI'S

Mi chae1 J . Raw son

j.i.mc uii.y Li.vE.us i s  cu, o R u . c l j  a e r o b ic , Graz n e g a tiv e  n c th y lc  ~ 
trop h ic  bacterium  which grows p r e fe r e n t ia l ly  on methanol as the carbon 
and energy so u rce , and u ses  the r ib u lo se  monophosphate pathway fo r  carbon 
a s s im ila t io n .  This organism i s  used fo r  s i n g l e - c e l l  p ro te in  producLi un 
in  the I .C .I .  'PRNTESN' p r o c e ss . The com position  and s e q u e n tia l  
o r g a n isa tio n  of the r e sp ir a to r y  chain o f M. me th y1otroohu s have been 
stu_died. and both k in e t ic  ( —» H'/C, K ^/o  q u o t ie n ts / and thermoC]m.am].c 
( Aji H^; ' AG^} n̂x CAmieters o f  energy co n serv a tio n  have been detcrm inca.
In a d d it io n , the e f f e c t  o f the grov/th c o n d itio n s  on some o f th ese

Tile i-caplraLuiy oliaiii uf M. Lieth/'lutrophuc was foui'id to  branch a t  the 
l e v e l  o f cy Lu chrome c to"̂  Lwô tcii;ixiiaT“ ox iuaecS , CytoulA erne and" c .
Methanol i s  o x id ise d  v ia  a methanol denydrogcnaoc which 
donates red u cin g  e q u iv a le n ts  to  the r e sp ir a to r y  chain  a t  the le v e l  o f  
cytochrome c ,  as in  o th er  m eth y lo trop h s. Protcn and charge x ra n sio ca x icn  
s to ic h e io m e tr ie s  in d ic a te  the presence o f th ree  energy co n serv in g  s i t e s  
between NARH and oxygen, each o f which tr a n s lo c a te s  two charges; on ly  the  
th ir d  co u p lin g  s i t e ,  which appears to  fu n c tio n  by a redox arm mechanism, 
i s  in v o lv ed  in  r e s p ir a t io n  from m ethanol.

m ethanol, o f  approxim ately  -45 k j/m o l, but the A jiK ' varied  with the 
r e a c tio n  c o n d i t i o n s  such th a t aupprent v a lu e s  o f the —► H /ATF q u o tien t  
rangAifi from 2 .6  to 4» i g -lu :i H / d:u 1 ATP ublaxiieu. I t  Wa.a uuUv,] udcd
th a t the proton cu rren t, in  th is  organism , i s  a t  l e a s t  p a r t ia l ly  lo c a l i s e d ,
n w a  +  ( T Y C W t h  r> 1 /7, n  1 C31 -I c n Q  p n c c r p s t  T . C a T ,  T , h c  T - r u p  v p . j i i p  c f  r , h p

—p- K /̂ ATP (quotient rs probably 2 g—ron H / mol n.j.x. Cn î hu.o ua^j-^,
ATP/O q u o tien ts  fo r  r e s p ir a t io n  from NARH and methanol are l i k e l y  to  be 
3 and 1 mol ATP/g-atom C, r e s p e c t iv e ly .

There was no ev idence th a t the low growth y ie ld s  o f  m eth an ol-excess  
c u ltu r e s  could  be exp la in ed  by a reduced e f f ic ie n c y  o f r e sp ir a to r y  chain  
energy c o n se r v a tio n .


