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O X I D A T I V E  P H O S P H O R Y L A T I O N  IN  A Z O T O B A C T E R  V I N E L A N D I I  

}i.  G. t { ~ V I £ N K . k M I '  

Lat.~vat, Jry :~/ t'hysiofot~ical Che~iislry, Umve~'sit .  o / .  t m,~teJ'dtort (7he NetherlctJ~ds} 

( l~ . cce ived  O c t ~ b e r  r s t ,  i(.)5,n) 

~. An e x t r a c t  of Azotobavter vi~whfudii wo.~ f iac t iona ted  and  oxidat ive  phosphory-  
lat ion s tudied  with a small-part icle  fn:ction. 

2. The  phosphory la t ing  sys tem in the particles was inac t iva ted  by  suspension 
in dilute salt  solutions.  This inac t iva t ion  could be pa r t l y  reversed by  raising the  salt 
concen t ra t ion .  Biva len t  cat ions were more  ef fec t , re  for pro tec t ion  of the phosphory-  
la t ing enzymes  t~mn monova len t .  Phosphoryht t ion  was lost in sucrose solutions. 

3. The phosphory !a t ing  enzymes  were more .~cnsitiv¢ to  t empera tu re ,  surface 
inac t iva t ion  and  ageing than  the  oxidizing enzymes.  They  could be p ro tec ted  by  ad- 
di t ion of se rum a lbumin,  or of the  supe r na t an t  ob ta ined  in centr i fuging the part icles 
f rom the  ex t r ac t .  

4. No significant corre la t ion could be ol)s~,rvcd between the  phosphory la t ing  and 
the  oxidizing act ivi t ies  with D P N H ,  mala te ,  succinatc  o r  lac ta te  as subs t ra te .  

5. Phosphory la t ion  with I ) P N H  a_s subs t ra te  was not  sensit ive to  IO -4 M dini t ro-  
phenol.  I t  was pa r t ly  uncoupled  by  Io -L . l l  mcnadione.  

6. Addi t ion of Mg ++ is necessary  to obta in  phosphory la t ion .  

I N T R O D U C T I O N  

Resp i ra to ry-cha in  phosphory la t ion  in cell-free ex t r ac t s  of micro-organisms or  in 
pa r t i cu la te  f ract ions  isolated from these ex t rac t s  has been described for Alvalig'anes 
]aeaalis x-a, Azolobaatar vi,~dandii ~-s, 3fyaobaaterium phlet "~-12, Cory~,cbavtari.um creat-i- 
,,ovorens% yeas t  aa,ta and  Proteus v.JdgarisV~,t'L 

PlXCHOT t separa ted  the  e x t r a c t  of Alcalige.nes /acealis into three  f r a c t i o n s ~ a  
par t icu la te ,  a soluble and  a h e a t - s t a b l e - - a l l  of which were needed for oxidat ive  
phosphory la t ion .  The hea t -s tab le  factor  is a polynucleotide% a. BRomE ,X~D GRAY 10 
separa ted  the sys tem in ex t r ac t s  of M.vvobacterium phlM into two fractions,  bo th  of 
which were necessary for ox ida t ion  and, phosphory la t ion .  They  suggested t h a t  one 
of the  componen t s  of the  sys tem is menadione  (vi tamin K~) rcductase  x°,tx. 

Previous  papers  of the present  series~, 7 have  described the isolation from ex t r ac t s  
of Azotobaatar vindandii of a par t icuIa tc  fractioJ, which showed respira tory-chain  
phosphory la t ion  with succinate  and D P N H  as snbstrates.  The addi t ion of the  super- 
n a t a n t  fract ion to  the react ion mix tu re  increased tl,e P : O  rat io  with succinate as 

Abbreviations: DE-N, DPNH, oxidized anti reduced diphosphopyridine nucleotide; ADP, 
ATP, adenosine di- and triphosph.-~te; Tri.~. tri.~(hydroxymethx l)~zminomethane; EDTA, ethylene- 
diaminetetraacetate. 
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subs t ra te  ~, but  not  with D P N H  7. This paper  deals with the effect of several  f a c t o r s  
on the oxidat ive  and phosphory la t ive  ac t iv i ty  of the particles, and on the  s tab i l i ty  
cf the phosphory la t ing  system. 

~'~ETHODS 

Preparation o/e~z3'me/raction~ 

The  me thods  of cu l t iva t ion  of the A zotobacler vD~ela~rdi( (strain O Wisc.), of  
p repara t ion  of the  cel l4ree ex t r ac t  and  of isolation of the  par t i cu la te  f rac t ion have  
1)een descr ibed prcviouslyT, 15. The fract ions used in this paper  were:  

M.'4ium particles (~IlP). ] 'he  ex t r ac t  was cent r i fuged xo rain a t  12,ooo x g. The  
residue was discarded and  the supela ia taa t  again cent r i fuged xo rain at  12,ooo × g. 
The supe rna t an t  ob ta ined  was cent r i fuged 3o rain at  2o,ooo ~ g. Tim sed iment  (MP) 
wa~ suspended in o o 5  3J Sorensen phospha te  buffer,  pH  7.o. 

St,  the supe rna tan t  a f t e r  the  cen t r i fuga t ion  for 3o rain a t  2o,ooo × g. 
Washe~g small pat'tivles ( l l 'SP) .  S t was cent r i fuged for I 11 a t  145,ooo x g. The  

sediment  was suspended in o.o5 ,If S¢~rensen phospha t e  buffer, p H  7.o, cen t r i fuged  
again for 30 rain a t 145,ooo ;4 g and  the  residue, mfless s t a ted  otherwise,  resuspended  
to_ o.o 5 51 phospha te  buffer. 

$2, the upper  th i rd  of the  s u p e r n a t a n t  a f te r  tile cen t r i fuga t ion  of  S t for  I h a t  
.145,ooo >~ g. 

Th roughou t  this paper  centr i fugal  fields refe. to  the  b o t t o m  of the  tube.  

AmmoMum sulphate fraclionatio~ 

The  s upe rna t an t  S 1 was brought  to 3 5 - 4 o %  sa tura t ion  with satd.  (NH4)sSO 4, 
pH  7.o--7.4, and centr ihlged.  The  sediment  was suspended in o .o i  , lf  Sorensen phos- 
pha t e  buffer, pH 7.4, or 0.o5 M Sorensen phospha te  buffer,  pH  7.0, and  d ia lysed  
. '~ainst the  same buffer overnight .  The nex t  day  the  con ten t s  of the  dialysis bag 
(referred to a:; AB in Table  l) were cent r i fuged  for 3o rain at  2o,ooo x g. The  sediment  
was suspended in the  same buffe~ used for the  dialysis (fraction A), the  s u p e r n a t a n t  
was called t ract ;on B, 

Oxidase activit2es 

Succinic oxidase was measured  ~in differential  manomete r s  as descr ibed by  
TISSll'._t¢l.;StrL The r, ,action co!. was i .o  ml, the t e m p e r a t u r e  25 > and the  p H  7.o. The  
ox ida t ion  of malate  and  lac ta te  were. measured  similarly, using respect ive ly  0.02 M 
dl-malate  and o.o:~ 3I d~-lactate as substra~.e. 

D P N H  oxidase was es t imated  according to SLAVER t~ wi th  a react ion col. of 
z.5 ml. The cuve t t e  (I cm) conta ined o.o5 3I phospha te  buffm, pH  7.4 or 7.o, and  
8-1o  ~ 3 f  D P N H  (prepared by reduct ion  of Sigma "Cozymase  9o" with e thano l  in 
tbe presence of alcohol dchydrogenaseXr). The rate  of decrease in absorbance  at  340 m/.  
was cons tan t  Ior 2 .5-  4 ~;Hn under  these condi t ions.  The Qo,a 0 , 1 0 , / m g  prote in/h)  
wa~ calculated fi-om the initial velocity,  

O.ridatiw phosphorylatiou 

Oxidat ive  phosphory la t ion  with DPN H as subs t ra te  was de te rmined  as p rev ious ly  
dcscribedL The t ime needed to complete  the oxidat ion  of the  D P N H  varied from 
1 to 15 rain, but  usual ly  it was less than  5 rain. 
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Oxidat ive phosphorylat ion with  malate  was determined as previously described 
for succinate~. 

Proteht was es t imated  by the biuret  method  ~s. 
Adenosinetriphosphatase (A'l'Pase) was determined as described by MYERS AND 

S L A T E R  1-9. 

R E S U L T S  
) 

Ammonium sulphate/rc~ctionat.ion 
In agreement  with PINCHOT'S experiments  with A lcaligenes [aecalis, precii)itation 

of the ex t rac t  of Azotobacter with a m m o n i u m  "sulphate (35-4o% satn.) ,  followed by  
dialysis against  O.Ol M phosphate  buffel,  pH 7-4, brought  about  a lmost  complete  
loss of the phosphoryla t ive  ac t iv i ty  in the particles obta ined af ter  dialysis (Fraction A, 
Expts .  ~ and  3, Table I). However,  in contrast  wt th  PiNctto'r 's experience with Aica- 
ligenes ]aaaalis the phosphoryla t ive  ac t iv i ty  could not be restored by tim addi t ion of 
the soluble fract ion (B) even when a "Kochsaf t ' "  of S~ (K) was also added. 

T A B L E  l 

A ~ I , " , I O N I U M  S U L P H A T E  F R A ( : T I O ~ A ' I / I O . " ¢  O F  S 1 

See ~tETHODS fi~r p r e p a r a t i o n  o f  f r a c t i o n s  AD,  A a n d  B. K r e f e r s  t o  a " K o c h s a f t "  c . b t a i n e d  ),y 
b o i l i n g  ,S t a n d  r e m o v i n g  t h e  p p t ,  b y  c e n t r i f u g a t i o n ,  ]:~Jr m e a s u r e m e n t s  o f  t>;O r a t i o s ,  D P N H  w a s  

used  a~ s u b s t r a t e .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Cohos.  phrmphate 
E x p t .  ih*rfn~ dialy.~i~ l.'ractior~ l ~ : 0 

CM) 

I ) .  () 1 

o . o 5  

AD 0.05  
A o .o8  
. \  : l~ o ,o8  
A 7 B ~ t~ 0 .08  

N I 0 .47  
:', l-I 0 .29  
A o ,28  
B 
A -b t'~ o.:z9 

• ";I ° ' 6 3  
o . o I  ;\ |'~ o .18  
o.o 5 A I>~ o .38  

I t  was found tha t  the  ~nactivation w,',~ much less when 0.05 3" /phosphate  buffer 
was used in place of o.o1 M (Table !. Expts .  - and 3). 

An a t t emp t  to fract ionate W S P  by ammon ium sulphate was not  successful; 
the  protein was recovcred quan t i t a t ive ly  by  precipitat ion at  4 ° % satn.  followed b y  
dialysis against o.o5 M phosphate  buffer, while the P:O ratio decreased s l ight ly  from 
o.37 to o.33. In this case also, the phosphoryla t ion  was sensitive to di lute  phosphate .  
The P:O declined to o.o6 af ter  incubat ion  at  o ~ for 6o rain in o.oo5 77/buffer, followed 
by  centr i fugat ion and  resuspension in o.o5 M buffer. This value was not  increased 
by  addi t ion  oi the  " 'Kochsaf t" .  

Re]erences p.  496.  
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T A B L E  I I  

I N F I . I ' E N C ' I f - 0 t  r S U S P E N S I O N "  51ET1112,%1 O N  O , ' g . I D A ' I ' I V L  e I ' I t O S D H O R S " I . . * t T E O N  

\V.q p w a s  s u g p o l ~ d e ( l  ill  t i l e  m e d i u  :n f o r  z 2 o  i r t in  i t t  o e a n d  o x i d a t i v e  p , h o . s p h o r y l a t i i m  w i t h  I ) I ' N  11 
a s  s u b s t r a t e  t h e n  s t u d i e d .  

I D/L%-H el 1 ~ 
E a  [ , t .  ~e,g .'.l: ~/'cn~i.,tt ?Jrcd/rflPI ~.~ ;r~r;¢d 4"~tcrg]tFd ]* ." I ) pVOIOPL 11;] ' t t  uu,h'..'~ ( [ tmrd t '  

r . . . .  ~Lo 5 51 p h o ~ p h ~ t e  ~-5! ~'.5-1 '~-3 ~ 
- -  o . o o 2  3 /  p h c ~ s p h a t e  ~ ..~-I o . ( )1  0 . 0 1  

2 6 , S  0 . 0 5  5 1  p h o s p h ; , ~ e  ° t . 4 .  t o , 0 0  o . 4 ~  
4 -5  o . o u  5 2,[  p h o s p h a t e "  [ .'t-1 o . : m  o.%5 
z . o  o . l  5 .1I s u c r o s e  ] -41 0 - o 5  o_o4 
7-o  ( L o S  _11 N a C I *  x .-14 ( L 6 5  o - 4 5  
6x> o . o 8  ,1t K C l *  z . . l .  t 0 . ~ 9  o .4 ,q  

3 o , o  5 .11 p t m s p h a t e  , .4 s <>. ~S o . 3 0  
0 . 0 o  5 31 p h o s p h a t e  T .4S  o . , s  o r~ 

4 - - -  o .  u , ll  p h o s p h a t e  1 . 5 o  (J.tt2 o 4 I 
- o . ~ 5  .~1 p h o s p h a t e  ] . 5 0  o . 0 ,  o . .p~ 

- -  o.¢~,>.s .11 p h o s l ) h a t c  t . 5 0  o.  1 I t>.o.s 

5 .. . .  cLa 5 .1t p h o s p l m t c  , , 8 a  0 . 3 9  o . 2 7  
}. n o  5 .~ / p l m s p h a t e  I ,S 2 o .  | o o . o  5 

. -  o, 2 31 s u c r o s e  1 .8  a o . o  ] o.  ot ,  
O.3 3 [  .quert~ae ! . 8 2  o . o  5 o . o  t 

. . . .  I .~J .11 s t l g r o s e  I , 8 2  O . O a  O . O O  

a . o  AI  s u c r o s e  i ,~_, o.  I 7 o . o t )  

6 5 r) .o 5 .I ; I ) h o s  o h  a t e  z. 3o o .  5 2  o.  4 ° 
z : 2 o . o  5 . l l  p h u ~ p h ; t t e  t . 3 n  0 . 4 2  0 . 3 2  
.~ o . o o  5 . l I  I ) h o s p h a t e  1.3,~ o..$ 9 o . 3 o  

7 S., ,  , L i s t i l k ,  d w a t e r  ~ . 7 8  - . 3  ° o .  ~ 7 
~ . e  d i s t i l t e d  w a t e r  1.7,~ o . t ~  o . o 3  
~-4 d i s t i l l e d  w ;U ,.'l" 1,7,~ O.O,% o.<} 5 

.,~ di .~t i l '_:d v . - v t , : r  I , T S  o,  i 2 0 . o  7 

~'~ .'.~, ~;,c>,5 .11 l f l ]osp l l . ' t t~  ' 1 . 3 ~  01(~ 7 0 . 3 I )  
z.,: ~,.u 4 31 51gC!  2 i-3-1 o.{>5 o . - tS  
2. 7 o . o o  4 =l/ M g C ] ,  a ~ - 3 t  o - 7 3  o . 5  ! 
-' 7 ,, ¢}uo,~ 31 M g C I  a ~.3 t o - 3 ~  o . - l a  
2. t ~.~].~, , ! /  t > h ~ s p h a t c  .n~ ! . 3 .  t o . 0 8  o . 5 0  

o . o  4 . l l  .MR('I., 

q n " o . o .  t AI I~CI  ~ . 0 6  '~ ,73  o - 3 Y  
: . 2  o , o o S  A. r K C I  1 , ( ) ( '  11 .22  0 . 1 1  
u,q o.o),:  31 .MgCIo 1 .90  O r f' > <J " 3 5 

o.9  ~;,oooS :11 XI~,('I,, ~ . 0 ~  o . ( , 5  o . 3 3  
- 0 . 0 0 4  31 .Xln(' l~ ] . o b  ~LTI o . 3 S  

---  o , o o o S  3 1  ,M.nCI, a ~.¢)~ <;.n~> ~L34 
I " 4  0 . 0  3 A I  CaLl 2 I.<}t~ 0 . ( ) 2  < ) , 3 2  

1.4  o . o o  4 . i l  ( ' a ( ' i  2 t . O 6  0 . 7 3  o . 3 7  
) - 4  o . ~ o 0 8  ,1l  [ ' a C I  a I,('1{) o , 4 5  0 . 2 3  

, ( ,  --- o.~)5 . ~ I  I ~ l m s l ) h : ~ t e  q- 
o . o  3 A J Tr i . s  r . 7 6  o . 4 z  o . a  3 

- -  (3 o 5 31 T r i s  [ . 7 6  o , -1 4  o . 2 5  
+ o , o o  5 3 I  "['ris i . 7 6  , ) , o 2  o . o )  

" I n  '~his e x p v l i m c n t  t h e  f r a c t i , , , n s  w t r e  c e n t r i f u g e ( |  3 0  r a i n  a t  1 4 o , o o o  x g a f t e z  7 f - r a i n  i n -  
c u i ) a t i o n  a n d  r e s u s p e n d e d  i n  o . u  5 .1I p h c m p h a l . e  b u l f c r ,  i m m e d i c t t e l y  b e h ~ r c  i h e  m e a s u r e l n e n t  o f  
t h e  P : O  r a t i o .  

Rejerence.~ p.  496. 
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1.nlh~e~cc o / s u s p e n s i o ,  m e d i u m  

Fo l lowing  these  e x t m r i m e n t s ,  t h e  effec[  of i ncu l , a t ion  of  W S P  for  s h o r t  pe r iods  
in d i f f e ren t  s u s p e n s i o n  m e d i a  was  i n v e s t i g a t t  d more  s y s t e m a t i c a l l y ,  w i t h  the  resu l t s  
s h o w n  in T a b l e  ! i. I t  is c lear  t h a t  e l ec t ro ly t e s  are  nuce>sary to r e t a in  the  p h o s p h o r y l -  
a t i o n  a c t i v i t y .  P h o s p h a t e  buf fe r  m a y  !~' r ep lac6d  :)y , ) ther  sa l t s  (KCI,  NaCt,  MgCla, 
MnCI+, CaClz) or  t r i > @ w d r o x y m e t h y l ) a , n i , / m n c t h a m :  buffer  bu t  not  hy  sucrose .  
A lower  ionic s trengtt~ is r e q u i r e d  wi th  t | tc  b i v a h ' n t  c; t t ions.  The  e n z y m e  c , m c e n t r a t i o n  
is also i m p o r t a n t ,  a h igher  c o n c e n t r a t i , m  f a v o u r i n g  , t a b i l i t y  a ,  is s h o w n  in i:XD{:S. 

6 a n d  7. 
HArTM.XN, l~,rolm.: AND C,R.\'~ "~ found a lowered  1.':O r a t io  aft,+r a d d i t i o n  of o . o i  

M Ca +.+ or  o . o o I  3 [  c thylenediaminet~: t rautcet~t te  ( E I I F A )  to the i r  . tzobavter e x t r a c t s  
(a d i f f e ren t  s t ra i r t  f rom the  one  used  b y  us). Tab|,.. t I, E x p t .  0, ~how~ t h a t  (.;a -~ +- in 
low c o n c e n t r a t i o n s  has  a . p ro tec t ive  effect  on o u r  \VSP.  while  a c o n c e n t r a t i o n  as  
h igh  as  0 .o3 J I  d u c r e a s c d  the  rat,:o o n l y  f r , m  o.37 to  o.32. A d d i t i e n  of o .o3 3I  EI ) ' I 'A  
to  pa r t i c l e s ,  s u s p e n d u d  itl o .o 5 31 l)hosI)l ,atc [(, thin l)ef+)re the  r eac t i on  .~tarted, also 
h a d  no  effect .  

T a b l e  I I I  s h o w s  t h a t  the  Ioss of  phosl>l,~ryhttiiag a c t i v i t y  c a u s e d  b y  SUSl)eiision 
of  the  pa r t i c l e s  in a m e d i u m  l ack ing  e l e c t r o l y t e s  m a y  be p a r t i a l l y  rever~ed  b y  ra i s ing  
the  ion c o n c e n t r a t i o n  aga in .  "l-he P : ( )  r:~.tlo was  p i t l , ' r  r a i sed  or  a t  leas t  r e m a i n e d  the  
s a m e  a f t e r  o n e  n igh t  a t  the  high,w sa l t  c o n e u n t r a t i o n ,  c o m p a r e d  w i th  a f u r t h e r  
dec r ea se  in t he  con t ro l  hehl  a t  the  tow sa l t  conc~,nt ra t ion .  Mg ~+ s e e m e d  to  be s o m e -  
w h a t  m o r e  ef fec t ive  t h a n  K:  ( E x p t .  3}- _kdditi(m <)i ";a, A I ) P  a n d  Mg .... g a v e  a b e t t e r  
s t i m u l a t i o n  t h a n  S., a n d  ,Mg~, a lone  ( | zxp t .  4)- T h e  e n z y m e  po lynuc l eo t i dc  phos -  

T.- \  1 ~I. I': I I 1  

Rt,;Vi,.R'ql31Lrr~t" (11: L(IS.'~ ()F I'ItO~PII(IR'~'L.%TION" :~.CT1V|T%" 

~%,'S1' w ; lS  5 t l S p t ' l l ( | e d  i n  t i l e  i n d i c . ' , A c d  n t e d i u , ~ :  f , ) r  -' h n t  <, a n d  - x i d a t i v e  p h : ~ s l ) h + l r y l a t i , m  w i t h  
D t ) N I [  ;t~ s u l ) s t r a t e  t h e n  s t u d i e d .  V~l r i t ) t l s  a < h l i t i u n s  w e r e  t h e n  m a d e  t,> t h e  enz ,  v m e  s u s p e n s i o n ,  

w h i c h  w a s  s t o r e d  a t  o 5 '  f o r  i 8 h I ) e f n r e  t 'nva.~lH+c~Honl +)l < o x i d a t i v e  p h o s l ~ h o r v l a t i ~ m .  

t ' ;  0 a/t,,~" It': ¢.~ ,t/,%'r _.hhtiti+~ll d l lcr  21; 
=' h ];|~Nr,'y .'>; ,~ t . 'vfq. .gu,pen~;io)l , u ' d i  u , ' .  

1 o.0 5 AI phosphate t),38 :>.33 
l o-'c)5 3 1  p h o s p h a t e  OrZ 7 

< , .oo  5 3 1  p h ¢ ) s p h a t e  < , . z ;  I >i'a ~ ' 3 °  

o . o  5 . I I  p h o , ~ p h a t e  n . 3 t )  - -  ° - - ' 5  
<>.oo 5 . i t  p h o s p h a t e  (>.o. l o . o 5  .1( t ) h o s p h a u :  o .  t 4 

o . o S  3 1  IqCI  o . 3 5  - - -  o . 2 7  
. . . . .  ~ ) . o 6  

o . o o 8  .1I Iq.CI o . t  5 o .o .~  3 1  [ i C l  o . t  4 
+) o o 3 3  31  .MgCI._, o+ i<.; 

4 o . o 5  .11 p h , ~ s p h a t o  

o.oo 5 31 phosphate 
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u . 3 1  

I o . o o  4 M Mg(' | . . , .  
[ o . o n  4 A !  M g C I  2 -~- S_~ 

o.ol ~ 0.oo 4 31MgCL + o . I %  
s e r u m  a l b u m i n  

c>.oo 4 3 1  M g C I ~  4-  S a + 
5 . t o  ~ AI A D D  
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phoryfase ~° present  in S,, might  be expec ted  to  form polynucleot ide  under  these 
condit ions.  A polynucleo t idc-s t imula ted  phosphory la t ion  in part icles der ived f rom 
Alvalige~tc:; /aecalis has been repor ted  by PINCHOT z,z. However ,  with our  Azotobaaer 
particles the  s t imula to ry  effect was not  specific for Sz -~- ADP,  since serum albumin,  
in the presence of Mg+-,, was even more effective.  

Table  IV shows tha t  the  inac t iva t ion  b rough t  about  b y  suspension in o.oo5 M 
phospha te  is almost  comple te  in zz rain, bu t  the  reac t iva t ion  bY serum a lbumin  -k- 
Mg ++ was slower. Here  again, serum a lbumin  + Mg ++ had a g rea te r  effect than  Mg ++ 
alone, while serum a lbumin  alone was ineffective. 

T A B L E  I V  

,%PI:-EI} O F  I N A C T I % ' A T I O N  A N D  R I ~ . A . C T ! ' w ' A T I O N  O F  O X I D A T I V E  P H O S P H C ' . R Y L A T I O , ' q  

\ V S ] '  w e r e  m,sp{ n d e d  in  o . o o  5 .%1 p h o s p h ~ t t e  a n d  o x i d a t i v e  p h o s p h o r y l a t i o n  w i t h  ] ) P N H  a s  s l , b -  
s t r a t e  e s t i m a t e d  a t  d i f f e r e n t  t i m e s .  A f t e r  ~05 r a i n ,  M g C l z ,  s e r u m  a l b u m i n  o r  b D t h  w e r e  a d d e d  t o  

t h e  i n a c t i v a t e d  e n z y m e  a n d  t h e  P:C)  r a t i o s  a g a i n  e s t i m a t e d  a t  d i f f e r e n t  t i m e s .  

t~.o5 3 /  ] , h , : s l ] h a t v  

o . o o  5 3 1  I}ht},~l}h:ltc' 

T il*le ~Dh'g "l'ilrt¢" ,,.t iltCl¢~;:|l~Oll I j .  0 .4dg]iI '*'JJ r.tl¢? 195 IJIl'll f ~ . ' 0  

• 15 m i l l  o , 4 0  . . . . .  
d a y  o . z ~  - -  - -  - -  

22 m i ~  o .o7  
75 r a i n  0 . 0 4  

t,~5 t, d u  o .o  3 O ,  1°o  s e r u m  a l t m n l i n  ~ 7 l n i n  o. ! I 
-F  {}.oO4 ,~I Aag{'!.~ t 45 r a i n  o . ~ 3  

' 35 r a i n  o.zz 

I d a y  o . I  8 
x 35 r a i n  o . o  3 
135 rl-Li i1 o. 17 

~J,l ~,~ s e r t ~ n ]  a | l ) t ln lJ l~  
0 . 0 0 4  .%1 3f~( ' I~  

Ageh~g o/preparations 

The P:  O rat ios were lowered IO-SO % af te r  keeping tile W S P  fract ion (in 0.05 ,,1I 
phosphate)  one night a t  0-4% The  s tab i l i ty  was increased by  add ing  $2, koehsaf t  or  
serum albumin.  The P : O rat io was lowered 5 ° % af te r  xo rain incuba t ion  at  3o °. 

The enzymes  for ox ida t ion  02 D P N H  are more  s table  than  the  phosphory la t ion  
,enzymes.  The  rate  of D P N H  oxidat ion was no t  decreased by  keeping a suspension 
conta in ing  ~, ~g pro te in /ml  IO rain at  x5 °, or  a suspension conta in ing  2 mg pro te in /ml  
one night  at room t e m p e r a t u r e  (2o-24°),  bu t  the  ox,_'dase ac t i v i t y  was lost  a f te r  w a n n -  
ing the more dilute suspension to 6o ° for IO rain. This difference in s tab i l i ty  be tween 
ox ida t ion  and phosphory la t ion  enzymes  m a y  cause a lowered P:  O ra t io  if the  reac t ion  
occurs under  cot,ditions which are unfavourab le  for the phosphory la t ion  enzymes.  
Thus,  when D P N H  was oxidized manomet r i ca l l y  a t  25 °, wi th  a react ion t ime of 30 
min,  the  P:O ratios were lowered 5e - zoo  %. This inac t iva t ion  could  be p reven ted  b y  
adding  serum a lbumin  or  S~ to  the  react ion mixture ,  though  not  a lways comple te ly .  
Fo r  this rea:~on, P : O  rat ios ob ta ined  by  the manomet r i c  m e t h o d  wi th  succinate  or  
mala tc  as ~ub.~trate cannot  ve ry  well be compared  wi th  the values found for D P N H  
oxida t ion  by  the  spec t ropho tomet r i c  procedure  described in this paper .  

The rapid  inac t iva t ion  oi  the ox ida t ive  phosphory la t ion  and the  pro tec t ion  
afforded by  Se or serum a lbumin  makes  it difficult to dis t inguish be tween t ru ly  
specific s t imu la to ry  effects on ox ida t ive  phosphory la t ion  and  a non-specific p ro tec t ive  
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ac t ion ,  when  the  e x p e r i m e n t s  are carr ied  ou t  m a n o m e t r i c a l l y .  Fo r  example ,  the  a p -  
p a r e n t  s t imu la t i on  of o x i d a t i v e  p h o s p h o r y l a t i o n  b y  the  add i t i on  of  52 to W S P  w i t h  
succ ina t e  as  subs t r a t e ,  r epo r t ed  b y  TISSIb:RE:~ . x x ,  SL.vrEr ~, was v e r y  l ikely due  t o  
p r o t e c t i o n  of the  s y s t e m  from inac t iva t ion .  

In~uencc o/ahanges in reaotio~ ~dxture 

Table  V shows  t h a t  even  I o  -z  3 I  2 ,4 -d in i t rophcno l  caused  l i t t le uncoup l ing  of  
o x i d a t i v e  p h o s p h o r y l a t i o n .  A d d i t i o n  of v i t amin  K~ or  a - toeophero l ,  e i ther  to  phos-  
p h o r y l a t i n g  o r  n o n - p h o s p h o r y l a t i n g  par t ic les ,  h a d  no effect. A d d i t i o n  of mena(Hone 
(v i t amin  Ka) u n c o u p l e d  the  p h o s p h o r y l a f i o n  (Table V[).  Uncoup l ing  b y  m e n a d i o n e  
was  also obser~'ed by  P l x c H o r  a in Alcalige~es /aecalis, and  by  M . x r t I u s  .~xi} N~TZ- 
LITZt)'A "zl in m i t o c h o n d r i a .  Br(}I)it,:, WEI, I~R AND ('~II,.XV I! found  t h a t  v i t a m i n  K 1 cou ld  
res tore  b o t h  o x i d a t i o n  and  p h o s p h o r y l a t i o n  in particle~ of 3fyaohacteJ, ium phlai, a~tec 
i n a c t i v a t i o n  b y  u l t r av io l e t  r ad ia t ion .  

T:\t}LE V 

E F F E C T  O F  2 : 4 - D i N I T [ ~ D P H E N I ) L  O N  O X I P  ' ' r I V E  P I I { } S p t I { I l C k - L A T I O N  

E X p t .  Frac t ion  D N I *  I ) 3 , ' p t l  o~idf2ed :1 I" e~t,'rilied t;': 0 
( .] l )  (/~,~:ttlr.~ / (~ t , r o / , ' )  

. . . . . .  . . . . . . . . . . . . . . . . . . . . . .  

l S~ - -  1.41~ o..~r~ 0.55 
I o - 4  r ,  4 G (}, 7a o,49 

31P - -  1.41) o.8o o.55 
l o-t  n. 4 ° o. 74 0.40 

~,'S P - -  1.85 o. 7 ! 0.38 
] o - ~  t -'q,5 o. 7 ° 0. 3 8 
I o - a  1 .8 , 'T (>. 5~ )  o .  3 t 

T.\ [~1.1-2 VI 

I N  I " L U E N C I ~  O F  ~ I I ~ N A I } I O N E  O N  O X I I L . X T I V E  P [ I C I ~ P H O R ' t ' L . ' ~ T I O ~ ' :  

I }xldative phc~sphorylation by ~,VS t' ~vith I }I'N H as sul)str,ate Bas measu rc(I. 

Elha t to l  ('~[,) 3 . IeJutdhme { .ll  J p .. (7, 

. . . .  ~}.33 
I O  - -  0 . 2 2  

t O 1 0  - 4  O .  O O  

I .~ --- o - 3 3  
1 . 2  1 . 2 '  I ( I  ~ tO, 1 ~  

V a r i a t i o n  of the  p H  be tween  6.5 a n d  8.0 h a d  li t t le effect on  the  p h o s p h o r y l a t i o n  ; 
some  lower ing  of  the  P : O  ra t io  was  obset~ 'ed a t  p H ' s  8 .5-9 .5  (Table V I I ) .  T h e  effect  
of  v a r i a t i o n  of the  pH on the  ox idase  ac t iv i t i e s  is more  p r o n o u n c e d ,  as is shown  

in Fig .  I .  
Tab le  V I I I  s h o w s  t h a t  no  p h o s p h o r y l a t i o n  o c c u r r e d  in the  absence  of  a d d e d  

Mg++. Max ima l  P : O  ra t ios  were  o b t a i n e d  w i t h  a t o t a l  m a g n e s ! u m  c o n c e n t r a t i o n  of  
O..qO48 M (o.oo38 M Mg ++ a l lowing for m a g n e s i u m  b o u n d  b y  t a e  E D T A  presen t  in 
the  reac t ion  mix tu re ) .  H i g h e r  c o n c e n t r a t i o n s  lowered  the  P : O  ra t io .  T h e  effect  of  
v a r y i n g  the  Mg ++ c o n c e n t r a t i o n  is s imi la r  to  t h a t  f o u n d  b y  KIELL]~V ANI~. BRONK 2z 
a n d  P u R v I s  .xNI) SL:XTER za w i t h  par t ic les  de r i ved  f r o m  ra t - l iver  mitochoandria.  

Retemnces p. 496. 



4 0 2  H. G, HOVENKAMP VOL. 34 (x959) 

T A B L E  \ r l  [ 

ILt~FECT O F  ~,)1-I ON O X I D A T I V E  p H o . ~ P H O R Y L A ' Y I O N  

O x i d a t i v e  p h o s p h o r y l a t i o n  was  m e a s u r e d  as  d0sc r ibed  in  ret .  (7), e x c e p t  t h a t  0.025 31 t r i s ( h y d r o x y -  
m e t h y l ) n n d n o m e t h a u e  lmf fe r  of  t h e  deMred  p H  was  a d d e d ,  ant i  t h e  pl-I of  t h e  p h o s p h a t e  b u f f e r  

was  m a d e  t lm s a m e  as t h a t  of  t he  t r i s ( h y d r o x y m e t h y l ) a m i n o m e t h a n e ,  

I ) P I f ; V  o t i ~ t i : e d  z I P  estevi~Tcd 
I:. a pt.  Frac! /Ot l  p i t  (901t0l¢~¢~ (lt~;;ol* ") 1 "~ ." 0 

\%'.q I '  O. 5 t .66 o .8oo o,48 
7.0 ] .66 o~ 7g>o 0.46 
7-5 x,66 0.845 o - 5  I 
b . o  1 . 6 6  o. 74 ° 0.40 
8. 5 1.6b 0,670 0.4 ° 
o .o  1.66 0.705 o.42 
9 . 5  i .60 0.630 o.3S 

2 S t 6 o  J ..I o 0.97 o.1:,6 
7.4 1.4O I.o 4 O. Tr 

311 ~ 0.o 1.46 o.(~S o.0 7 
7.4 1 . 4 0  . I , ( ) L  o.69 

3 0 0 0  • 

Q O z  

~ 5 0 0  

2 0 0 0  

1500 

1000 

5 O 0  

_ I 
6,O 

) 

] . 

6.5 Z O  

r ~ I 1 1 

7. 5 8.0 8.5 9.0 pH 

I t ~%-  Fig  ] . . > . . ,  t t  o z i d a s e  a c t i v i t y  of kVSP was  e s t i m a t e d  as  d e s c r i b e d  in MV~TUODS e x c e p t  t h a t  p h o s -  
p h a t e  bu f f e r  of  t h e  d e s i r e d  p H  was  used .  

Oxi,_!a!i_o~t. o/suvvi~a!e., malale and !aerate 

T h e  o x i d a s e  a c t i v i t i e s  f o r  t h e s e  s u b s t r a t e s  a r e  g i v e n  in  T a b l e  / .X .  T h e r e  w a s  n o  

c l e a r  d i f f e r e n c e  i n  a c t i v i t y  b e t w e e n  p a r t i c l e s  s u s p e n d e d  i n  o . 0 5  M p l u ~ s p h a t e  o r  i n  

0 . 0 0 5  , l l  r p h o s p h a t e .  A d d i t i o n  o f  D P N  h a d  n o  i n f l u e n c e  o n  m a l a t e  o r  l a c t a t e  o x i -  

d a t i o n .  
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o. 125 lacz ; t to  
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O . t  ¢;, I'13 i i  1 ;A I .e 
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04 ° 
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3 - o  
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r 2 S o  

* in  w h i c h  ~,VSP w a s  .~t , .spended bef*~re assay. 
r. 3 . 1 o  a.11. 

Mala te  w a s  o x i d i z e d  w i t h  a P :O r,~tio of  0.41 by  o n e - d a y - o l d  part ic les ,  s u s p e n d e d  
in 0 .05  g l  p h o s p h a t e  btlft'l?r a n d  w i t h  a rat io  of  0 .05  b y  part ic les ,  s u s p e n d e d  in 0 .005  3 [  
p h o s p h a t e .  The, m a l a t e  w a s  q u a n t i t a t ; v e l y  c o n v e r t e d  in to  o x a l o a c e t a t e  a n d  p y r u v a t e .  
B e c a u s e  o f  t h e  c o r r e c t i o n  w h i c h  has  to  be naade for t h e s e  s u b s t a n c e s  in the  e s t i m a t i o n  t7 
of  hexose monophosphate and AI"P, t i le d e t e r m i n a t i o n  of  t h e  P : O  ra t io  w a s  less  
a c c u r a t e  t h a n  in t h e  c a s e  of  D P N H  o x : d a t i o n .  

N o  d i f ference  w a s  f o u n d  b e t w e e n  tt,e rate  of  o x i d a t i o n  of  s u c c i n a t e  in an  a t m o s -  
p h e r e  o f  air  or  o x y g e n ,  if the  e n z y m e  c o n c e n t r a t i o n s  were  k e p t  b e l o w  o. 4 nag p r o t e i n /  
ml .  W i t h  h i g h e r  c o n c e n t r a t i o n s  of  proteiv,  t h e  a c t i v i t y  in air w a s  a b o u t  1 5 - 2 o  °b less  
t h a n  t h a t  in  o x y g e n .  P r o b a b l y  t h e  d i f fus iov  ra te  o f  o x y g e n  i n t o  t h e  l iquid  in the  m a n o -  
m e t e r  f lasks  b e c a m e  ]trott ing in this  case .  T ~ e s e  resul t s  c o n t r a s t  w i t h  t h o s e  of  BRL't~t- 
MER, W I L S O N ,  G L E N N  .%ND C R A N E  21, W]IO f o u n d  w i t h  a f r a c t i o n  of  Azolobacter t h a t  

t h e  rate  o f  o x i d a t i o n  o f  s u c c i n a t e  in air  w a s  o n l y  6o  %> of  t h a t  in o x y g e n .  

A T P a s e  

T a b l e  X s h o w s  Al"Pase  v a l u e s  a t  d~ffere~t pH's in the  presence  a n d  a b s e n c e  o f  

ae[erences p 39fi. 
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2,4-dinitrophenol which had lit t le effect. The ATPase  values wese of the same order  
when the particles were suspended  in distil led wa te r  ins tead of in o.o8 M KC1. The 
ATPase  is ve ry  low compared  wi th  mitochondria ,  measured under  these condi t ions ~.  

T A B L E  X 

ATPAsI~  ACTtVlTY OF VVSP 

T h e  \VS t ~ w e r e  s u s p e n d e d  i n  o . o 8  ~1 K C I .  P r o t e i n  c o n c e n t r a t i o n ,  x . 2 6  m g / m l .  

pal 
Slaloms Ptmg prolein~'h 

witt~ DNP* witltout DNP 

6 .5  0 . 7 6  0 .93  
7 .o  0 . 9 9  J .oo  
7..5 i ,43 x .48 
8. 5 1 ,99  $, t I 
9 . o  I ' 3~  1 .63  

" ~o -4 M 2 , 4 - d i n i t r o p h e n o l .  

I ) I $ C U S S I O ~  

The except ional ly  high resp i ra tory  ac t i v i t y  of Azotob~aer,  the  highest  of  all known. 
cells, gives a special interest  to s tudies of its resp i ra tory-enzyme sys tems.  The presen t  
paper  is a cont inuat ion  of those ini t ia ted b y  TlSSI~RES into the  na tu re  and  enzymic  
ac t iv i ty  of small particles which can be isolated from ext rac t s  of Azolobaoter vi~w- 
landiiS,7, l~. These particles (called WSP) ,  which have been separa ted  from larger 
particles also present  in the  ext rac t ,  have  a higher resp i ra tory  ac t i v i t y  and a higher 
P : O  ra t io  than  the larger part icles ~. However ,  it is clear from the work  of MARR 
AND COTA-ROBLES ~5 and of  TISSII~RES AND WATSON z~ tha t  the  W S P  fraction is no t  
pure,  hu t  consists of  a t  least  two  types  of particles,  one the respi ra tory  granule,  a n d  
the other  with a high conten t  of ribonucleic acid. The prepara t ion  of the  "e lect ron-  
t ranspor t  particle (ETP}",  ob ta ined  from Azotobaaer  vi~ela,~dii b y  BRUEbIMER et el. za, 
appears  to be ra ther  similar to our  ~VSP preparat ion.  The D P N H  and  suec ina te  
oxidase activi t ies are of the  same order  of magni tude ,  b u t  the  mala te  and lac ta te  
oxidase activit ies of E T P  are much  less than  of WSP .  The cy tochrome  spec t rum of  
E T P  given b y  BRUI~MMER et al. 2~ is also similar to  tha t  of our  preparat ion.  Oxidat ive  
phosphoryla t ion in the  Azotobaater E T P  prepara t ion  has  no t  ye t  been reported.  

The present  studies have  shown tha t  e lectrolytes  are reqttired for the  m a i n t e n a n c e  
of the  phosphory la t ive  ac t i v i t y  of the  par t icula te  fraction of Azotobacter v ine land i i ,  
with D P N H ,  mala te  or  succinate as subs t ra te .  Oxida t ive  phosphory la t ion  d i sappears  
rapid ly  and  a lmost  comple te ly  a t  low sal t  concentrat ions .  Sucrose even in high con-  
centra t ion (2.0 M) cannot  replace the  electrolytes.  Biva lent  cat ions  are much  more  
effective than monovalen t  in preserving the phosphoryla t ion .  This is i l lustrated b y  
the following concentra t ions  of salts which lead to a lmost  complete  d i sappearance  of 
phosphoryla t ive  ac t iv i ty  when a suspension (2-2.5 mg protein/ml) is kept  2 h at o°:  
KC1. o .o i -o .o2  M ;  Sorensen phospha te  buffer, p H  7.o, o .oo5-o.ox M ;  CaClz, a b o u t  
0.0008 M ;  MgCI 2 or  MnClz, <~ o.ooo8 M.  I t  seems likely tha t  t he  role of  the  cat ion is 
more  impor tan t  than tha t  of the anion. 

This inact ivat ion of oxidat ive  phosphoryla t ion  can be reversed b y  subsequen t  
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addi t ion  of electrolytes, or  of the supernatant  (S~) obtained in the isolation of the 
particles from the A~.otobaaer extract .  The reactivation by Mg++ was potent ia ted  by  
the  s imultaneous addit ion of serum albumin,  or of S~ + ADP. 

BRODm :~ND GIeAY t* found tha t  phosphoryla t ing particles of Mycobactorlum phlvi 
behaved  like reversible osmotic systems. Although it is not  excluded tha~ the  particles 
used in the  present s t u d y  swell and  contrac t  like osmotic systems, this is not .~uffteient 
to explain the effect of electrolytes discussed above. I t  appears ra ther  tha t  electro- 
static bonds must  p lay  a role. 

In contras t  to the marked  effect on the P:O ratio, lowering the eMctrolyte con- 
cent ra t ion  had little effect on the rate of oxidat ion of DPNH,  succinate, mala te  or 
lac ta te .  HARTMAN, BRODIE ANI) ( ) l l A Y  ~" also found no correlation between the rate  of 
oxida t ion  and  the P :O ratios in their  Azotobacter extracts ,  with succinate, mala te  or  
fumara te  a.~ substra te ,  a l though there wa.s a correlation between oxidat ive and  phos- 
phoryla t ive  activit ies in particles isolated from ~Iycobacterhtm phleD =. 

The reversible effect of electrolytes on oxidat ive phosphorylat ion might  possibly 
be related to the requirement  for polynucleotide,  found by  PINt,tOT for Alcal~gcnes 
faecalisa, -~. I t  would be expected tha t  the properties of such a polynucleotide,  con-  
ta in ing m a n y  groups wi th  a negative charge, would be influenced by the concentra t ion 
and  charge of cations present 2~, ~s. 

The mechanism of oxidat ive  phosphory ladon  in AzotobWcter particles differs from 
tha t  in mi tochondr ia  in the following respects: (i), the cytochrome sys tem consists of 
cytochromes bt, a4, ¢~, a I and  az, in place of cytochromes b, c, ¢z, a and a a found in 
mitochondriaZs; (it), the Azotobacter sys tem is relatively very insensitive to dini t ro-  
pheuol;  (iii), the ATPase ac t iv i ty  of the Azotobacter particles is much  less t h a n  
found in mi tochondf ia l  preparat,.'~n% where it is believed to be in t imate ly  associated 
with  oxidat ive phosphoryla t ion ; (iv), the D P N H  oxidase and  succinic oxidase of the  
Azotobacter particles are ve ry  much less sensitive to antimycin2*, 29. 

There are several possible reasons for the low P :O ratios found with  Azotobacter 
particles, and  wi th  bacterial  ex t rac ts  in general. 

I.  Fewer  steps in the  bacterial  respiratory chain than in mi tochondr ia  are as- 
sociated with  phosphoryla t ion.  The suggestion of PINCHOT * tha t  the respiratory chain 
in Alcalige~zes ]aecalis is shorter  than  in mitochondria,  because only one cy tochrome 
was detected in the extracts ,  appears ra ther  unl ikely and, in a n y  case, is not  applicable 
to the Azotobacter particles, which contain four cytochromes 1~. 

2. In  view of the  fact t ha t  f ragments  isolated from mammal i an  mi tochondr ia  also 
have low P:O ratios ~*,a°, the possibili ty must  be considered t h a t  high ratios can be 
found  only in larger milts, and  tha t  f ragmenta t ion  of the bacteria inevi tably  results 
in lowering o, r the P:O ratio. I f  the  respiratory chain is located in the cell membrane,  
as m a n y  believe (a[. ref. 7), the isolation of an  undamaged  phosphorylat ive particle 
is very difficfllt~ if not  impossible. 

3 The V¢SP preparat ion is a mixture  of phosphorylat ing particles wi th  a high 
P:O rat io and  non-phosphoryla t ing but  respiting particles. 

4. The preparat ion contains an inhibitor,  l iberated by  f ragmenta t ion  of larger 
units.  NOSSAL el alY 3 found tha t  an inhibi tor  was formed after prolonged sonic 
oscilLation of P.  vtrlgaris, 

Although the P :O ratios obta ined with  the Azotobacte.r particles oxidizing D P N H  
are relat ively low, the rate of oxidat ion of D P N H  is so high v, tha t  the rate of esterifi- 
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cat ion of phospha te  (about  xoo /,moles P/rag protein/h)  is much  grea ter  t tmn found  
in ini tochondria  or ini tochondrial  f ragments  (cL 38 ;mmles P/rag prote in /h  ob ta ined  
with ra t -hear t  sarcosomes oxidizing a-ketoglutara te ,  the  highest rate given for ra t -  
hear t  sarcosomes and rat-l iver mi tochondr ia  b y  HOLTON dr. al. a~, and 6.4 tzmoles 
P/nag prote in /h  for the  rnitochondria~ sub-uni t  isolated with digitonin b y  COO~'~R 
,xsD LEHNINGERa0). Since the W S P  prepara t ion contains as m a n y  ribonucleic acid 
particles as respira tory granules,  the respi ra tory  and phosphory la t ive  ac t iv i ty  of the 
lattt:r nmst  be much greater  than  the values ca lcula ted for the XVSP preparat ion.  
The s t u d y  of the special features  of these granules  which makes  possible such high 
rates of oxidat ion and phosphoryla t ion  promises to be rewarding. 
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