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ABSTRACT 
, 

- f 
i 

The Sephadex centkifuge column technique introduced by 

Penefsky was modified and used t o  perform preincubation and 

pulse-chase type experiments with soluble beef heart  mitochon- 

d r i a l  adenosine triphosphatase, F1 . In the preincubation-type - 
expe-iments, F1 was labelled by incubation with [ 3 2 ~ ] ? i  

* -- / -. 
-- before biin4 applied t o  Sephadex G-50 columns whiche contained d 

/-. . . 
. , 

1.0 cm nucleotide equilibrated middle section. Under these 
/' D 

experimental 'condi,tions, ATP and AMPPNP bound equally well t o  
+ 

. 
F1 but ADP d i d  ndt bind as well. .The order of effectiveness of 

the nucleotides i n  promoting the release of approximately 70% 

( i . e .  the steep flhase of the biphasit. re lease)  of the -bound - 
f 1  

P i  ( 4 5  mole pi/mole F l )  from F1 was ATP > AMPPNP > >  
1 I r 

4 ADP. High oo&entrations o f '  nucleo'tides werb able t o  ef fec t  

the t o t a l  release of P i  from F1.. I t  was concluded tha t  
4 

bindi* of -nucleotide, not hydrolysis, was necessary t o  af fec t  
a 

P i  release. 

In the pulse-chase type experiment, F1 was labelled when 

it' passed through a 1.0 cm nucleotide equilibrated gel a t  the 
3 

top (pulse sect ion)  of the column. The labelled F1 was exposed 

t o  unlabelled nucleotide present i n  *the t h i rd .  section (chase 

sect ion)  of the column. when F1 was given a C ~ - ~ ~ P ] A T P  pulse 

(0.1 mole ~TP/mole F1 ) ,  the release of P i  ( w i t h  ADP present . 



., ' 
a t  the  same s i t e )  was effected equally well by chase ATP and 

-/ * 

AMPPNP. Here a lso  the release of P i  was biphasic with about k 

B 70% of the bokd  label  being released i n  tde f i r s t  phase. 

using [ 3 ~ ] ~ ~ ~ .  label  i n  the pulse, it was shown tha t  ADP release 

was similar t o  tha t  of P i b i n  the presence of .  chase ATP. With 

a  [ 3 ~ ] m ~ ~ ~ ~  purse (0.1 mole A M P P N P / ~ o ~ ~  F l  ) ,  chase AMPPNP was 

n d t  e f fec t ive '  ( l e s s  than -- 30%) i n  the release of bound 

AMPPNP . 
A comparison of the r d u l t s  from the  two modes of inves- 

t iga t ion  reveal tha t :  ( i )  AMPPNP was more ef fec t ive  i n  

P i  release when ADP is present (mse -chase  mode) 

than when ADP i s  absent (preincubation mode); and (ii) ATP was 

more ef fec t ive  i n  promoting P i  release when ADP is abs,en< 

(preincubation mode) than when ABff I" i s  present (pulse-chase 

mode ) . 
> \ 

The resu l t s  are  rationalized i n  terms of the binding- 

change mechanism for the F1 catalyzed hydrolysis of ATP involv- 

i n g  the ( i)  nature of the nukleoti.de bound, ( i i)  number of 
_* 

occupied . s i t e s  of F I  before exposure t o  incoming nucleotides, 

and (iii) the  a b i l i t y  of the nucleotides t o  produce conforma- 

t iona l  changes necessary t o  ef fec t  the release of P i  and/or 

ADP . 
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Introduction 

In this research project the dissociation of bound mole- 
t 

cules (ATP, ADY, AMPPNP, and Pi) from beef heart mitochondria1 

adenosine triphosphatase was studied in the presence of other 
4' 

molecules (ATP, ADP, AMPPNP, and Pi). These studies were 

performed with the modified Sephadex centrifige c~lumn~technique 

described here. 

(1) Beef Heart Mitochondria1 Adenosine Triphosphatase 
a 

Mitochondria1 adenosine triphosphatase (ATPase - E.C. 
3.b.1.3) can be separated to give two fundamental units: one, a 

water-soluble unit, displays ATP hydrolytic activity; and the 

other, a water-insoluble "~embr'ane sector", is without ATP 

hydrolytic activity, but is able to alter the 

ties of the soluble ATPase (for appropriate 
h - 18). The catalytically active soluble 

referred to as F1-ATPase, or ,simply as F1; whereas the membrdne 

sector of the complex is referred to as F o ,  intact com- 

plex (or membran bound form of the enzyme) as ATPase (8) - - 7- 
, other names include FI Fo -ATPase, H+-ATP~S~. ATP synthase. and 

r ;  

Complex V (19,20,21). These two fractions were first recognized 

by Racker and .co-workers (22,23) as playing essen,tial roles in 

the coupling of oxidation to phosphorylation (see also Refs. - 

19,24). Table I summarizes the reactions (or processes) in ,, 

which Fr is known to be involved (7). In the investigations 
-. 



T a b l e  I 

R e a c t i o n s  o f  b O x i d a t i v e  p h o s i h o r y l a t i o n  f o r  which Fl i s  r e q u i r e d  

1. ATP s y n t h e s i s  

2. ATP hydrolysis- _ 

( 3 .  Exchange r e a c t i o n s :  

ATP + 3 2 ~  2 
i 

( c )  ~~~~0 ATP. A T P + H 2 1 8 0 +  4- 

ATP ( y - 3 2 ~ )  + P 
i 

4. ATP-dependent r e a c t i o n s  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 )  R e v e r s a l  o f  t h e  r e s p i r a t o r y  . c h a i n s  - 
S u c c i n a t e  + NAD+ Fumarate  + NADH + fi+ 

. .. 
( b )  I o n  t r a n s p o r t .  

(Taken from Ref.  7 .  ) 



b 
r e p o r t e d  h e r e ,  o n l y  the ATP h y d r o l y t i c  a c t i v i t y  o f  the enzyme 

@ 

was u t i l i z e d ,  and s o l u b l e  bee f  h e a r t  m i t o c h ~ n d r ~ i a l  adeno2 ine  

t r i p h o s p h a t a s e ,  Fl , w a s  used.  

Q 
Although t h i s  eizyme has been i n t e n s i v e l y  s t u d i e d  ( the re  ~~ * 

h a s  been an i n c r e a s e  i n  A T P a s e  p u b l i c a t i o n s  from a b o u t  500 p e r *  

y e a r  i n  t h e  e a r l y  s e v e n t i e s  t o  o v e r  1500 p e r  y e a r  i n  the e a r l y  

e i g h t i e s  ( 1 3 )  ) by many ' w o r k e r s  from d i f f e r e n t  l a b o r a t o r i e s ,  7 

t h e r e  s t i l l  remain s e v e r a l  d e f i c i e n c i e s  i n  o u r  knowledge o f  F1 

( - 9 ) .  What remains  most e l u s i v e  is  an u n d e r s t a n d i n g  o f  the  -- r 

r e s c t i o n  bmechanism o f  F1 . No doubt  some o f  the ' c u r r e n t  uncer -  

t a i n t i e s  conce rn ing  the r e a c t i o n  mechanism r e s u l t  from the  

complex i t y  o r  t h e  pathways  o f  ATP h y d r o l y s i s  by F1 ( '17.25). 

Some o f  t h e  p r o p e r t i e s  o f  F1 t h a t  must be c o n s i d e r e d  when 

s t u d y i n g  t h i s  c o l d - l a b i l e  enzyirle, i n c l u d e  i t s  s p e c i f i c  a c t i v i t y ,  

mo lecu l a r  we igh t ,  and s t r u c t u r e .  I n  a d d i t i o n ,  i n  these p a r t i c u -  

l a r  i n v e s t i g a t i o n s  w i t h  F1 r e p o r t e d  here, some knowledge o f  t h e  - C 

t i g h t l y  bound n u c l e o t i d e s  .and i n o r g a n i c  phospha t e  ( e g .  t he i r  

number and p o s s i b l e  r o l e ( s ) ) ,  w a s  h e l p f u l  ( 4 , 7 , 1 0 ) .  

The s p e c i i f i c  a c t i v i t y  of F1 seems t o  depend on  ' i ts  h i s t o r y ,  

which is  i n f l u e n c e d  by the  (1) s o u r c e  of  m i t o c h o n d r i a  and  method 

o f  p r e p a r a t i o n ,  (ii) method o f  p r e p a r a t i o n  o f  F1 from the mito-  

c h o n d r i a ,  (iii) method o f  sto;age o f  F1,  and ( i v )  a s s a y  cond i -  

t i o n s  of  F1 ( 7 ) .  I n  the  i n v e s t i g a t i o n s  d e s c r i b e d  here, beef  

h e a r t  m i tochondr i a  .were p r e p a r e d  by t h e  mod i f i ed  method o f  Smith  



( 2 6 )  ; and  t h e  P1 prepared a c c o r d i n g  t o  t h e  method o u t l i n e d  by 

P e n e f s k y  ( 2 7 , 2 8 ) .  The p u r i f i e d  F1 w a s  s t o r e d  a t  4 " ~  as a * 
\ 

- s u s p e n s i o n  i n  ammonium s u l p h a t e  ( 2 , 2 9 ) .  The F1-ATPase a s s a y  

p r o c e d u r e  w a s  t h e  r e g e n e r a t i n g  s y s t e m  a s s a y  ( 2 , 3 0 1  c o u p l e d  -to 

. . + 
t h e  o x i d a t i o n  o f  NADH ( 3 1 )  ( d e t a i l s  are g i v e n  i n  t h e   ater rials 

d 

and Methods s e c t i o n )  . 
'b 

D i f f e r e n t  m o l e c u l a r  w e i g h t s  ( r a n g i n g  from 310 ,000  t o  

400,000)s. d e t e r m i n e d  by d i f f e r e n t  t e c h n i q u e s ,  h a v e  b e e n  r e p o r t e d  

f o r  F1 f rom v a r i o u s  s o u r c e s .  However, f o r  beef h e a r t  

m i t o c h o n d r i a 1  F1 ,  t h e  a c c e p t e d  m o l e c u l a r  w e i g h t  v a l u e s  seem t o  

be  347 ,000  ( d e t e r m i n e d  by  e q u i l i b r i u m  s e d i m e n t a t i o n  u l t r a c e n t r i -  
8' 

f u g q t i o n  ( 3 2 )  ) and 360 ,000  ( d e t e r m i n e d  by g e l  ' f i l t r a t i o n  ( 3 3 )  ) . 
The . s t r u c t u r e  o f  t h i s  m u l t i - s u b u n i t  enzyme, F1,  is  complex 

( 1 , 3 , 5 , 7 , 1 1 , 1 ) .  T h e r e  are f i v e  d i f f e r e n t  r e c o g n i z e d  s u b u n i t s  

( a ,  p ,  y ,  6 ,  and E )  o f  F1 , which  h a v e  b e e n  d e t e r m i n e d  and  c h a r a c -  

t e r i z e d  by  sodium d o d e c y l  s u l p h a t e ,  SDS, g e l  e l e c t r o p h o r e s i s ,  

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

m e n t a t i o n  s t u d i e s  ( 3 2 , 3 4 ,  3 5 ) .  A l l  t h e  a p p r o a c h e s  g a v e  s imi la r  
ib 

5 

t h e  m o l e c u l a r  w e i g h t  o f  e a c h  t y p e  o f  s u b u n i t  ( 5 4 , 0 0 0 ,  
.. 

1 7 , 5 0 0  and 5 , 7 0 0 3 . ~  e x c e p t  t h e  SDS g e l  electro- 

p h o r e s i s  s t u d i e s  which  g a v e  v a l a e S  higher or lower t h a n  t h o s e  

o b t a i n e d  b y  t h e  b t h e r  me thods .  However, t h e  e x a c t  s t ~ i c h i o r n e t r ~  

o f  t h e  s u b u n i t  c o m p o s i t i o n  o f  F1 is s t i l l  u n c l e a r ,  d e s p i t e  

i n v e s t i g a t i o n s  i n v o l v i n g  d i f f e r e n t  methods ,  e .  g . ,  SDS g e l  
.I t 



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

we igh t  ( 3 6 ) ,  g measurement ( 3 7 ) ,  and chemica l  

/ 
cross -14 ink jng  s t u d i e s  ( 3 8 ) .  The c h o i c e s  f o r  t h e  s u b u n i t  

@ 
n a t i o n s ) ;  however,  e v i d e n c e  h a s  accumula ted  i n  f a v o u r  of  

3 $ 3 y 6 ~  s u b u n i t  compos i t i on  ( 1 , 3 , 4 , 7 , 8 , 1 0 , 1 7 , 2 1 ) .  
\ 

$ h i s  enzyme on i s o l a t i o n  c o n t a i n s  " t i g h t l y  bound" a d e n i n e  
. . 

8 

' n u c l e o t i d e s  (AI'P a n d / o r  ADP)  - t h e s e  $re bound non -cova l en t l y  t o  

Fl , s i n c e  t h e y .  are los t  t u r a t i o n  of  F1 (3w. NucPeot ides  I 

are c o n s i d e r e d  t o  be "tightly bound" i f  t h e y  are r e t a i n e d  by F l  
~. 

-0 
t 

d e s p i t e    ow ex or c h a r c o a l  t r e a t m e n t ,  ammonium s u l p h a t e  p r e c i p i -  

t a t i o n ,  o r  g e l  f i l t  t i o n  w i t h  EDTA i n  a low i o n i c  s t r e n 3 t h  -% 
b u f f e r  ( 4 0 ) .  I n  a d d i t i o n ,  t i g h t l y  boun4 ATP m o l e c u l e s  are in -  

accesible t o  A T P - u t i l i z i n g  enzymes such  as h e x o k i n a s e  o r  

l u s i f e r a s e  ( 4 1 ) .  These  n u c l e o t i d e s  a r e  r e l e a s e d  on t h e  d e n ~ t u r -  

a t i o n  o f  5 by c o l d  ( 0 " ~ )  or a c i d  t r e a t m e n t  ( e . 9 .  4% HC10,  ) .. A 

non-dena tur ing  way of removing t h e  " t i g h t l y  bound" n u c l e o t  i d e s  

from F1 is t o  p a s s  t h e  enzyme t h r o u g h  a column o f  Sephadex G-25, 

which h a s  been p r e - e q u i l i b r a t e d  w i th '  EDTA i n  t h e  a p p ~ p r i a t e  

b u f f e r  o f  h i g h  i o n i a  s t r e n g t h  ( 4 2 , 4 3 ) .  

The e x a c t  number of " t i g h t l y  bound" a d e n i n e  n u c l e o t i d e s  p e r  

m o l e  o f  F is unknown, t h e  numbers r e p o r t e d  v a r y ,  e . g . , two 

( 0  ATP and 2  mole F1 (34 )  ) ,  t h r e e  (1 ATP and 2  mole F1 

( 4 0 ) ,  and 2 ATP and 1  mol mole F1 ( 3 3 )  ) ,  and f i v e  ( 3  ATP and 2 



-- 

- 6 - 

- * ? 

~ ~ ~ / m o l e  F1 ( 3 2 ) )  n u c l e o t i d e s  ( 7 , 1 7 , 4 1 , 4 5 , 4 6 ) .  G a r r e t t  and 

P e n e f s k y  ('47) h a v e  s u g g e s t e d  t h a t  f i v e  n u c l e o t i d e  b i n d i n g ' - s i t e s  
. - 

are- found on E'l : @!hree o f  t h e s e  c o n t a i n  " t i g h t l y  bound" nucleo-r 

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

b i n d i n g  o f  added a d e n i n e  n u c l e o t i d e s .  C r o s s  .and ~ d l i n  b(48) have  , '  

found s i x  n u c l e o t i d e  b i n d i n g  s i tes  on Fl  , t h r e e  sites- ' p a r t i c i -  

p a t e  i n  non-exchangeable  b i n d i n g  and t h r e e  s i tes  i n  e x c h a n g e a b l e  , 
3 -  

b i n d i n g .  , T h i s  v a r i a t i o n  i n  amounts/numbers < o f  " t i g h t l y  bound" 

n u c l e o t i d e  a s  w e l l  as t o t a l  bound n u c l e o t i d e  p e r  mole of  F1 .'frb~n 

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

t h e  enzyme ( 7  ) . 

The s i t e s  o f  t h e  t i g h t  b i n d i n g  o f  a d e n i n e  n u c & e o t i d e s  on  F, 

a r e  a lso u n c e r t a i n  ( 4 1 , 4 5 ) ,  though  most l i k e l y  t h e  a and p sub- 

u n i t s  a r e  i n v o l v e d .  S t u d i e s  w i t h  p h o t o a f f i n i t y  l a b e l s ,  e .  g . ,  . 
8-azido-ATP and 8-azido-ADP, have  shown t h a t  t h e s e  s u b u n i t s  a r e  

6 

i n v o l v e d  i n  n u c l e o t i d e  b i n d i n g  ( 4 9 - 5 2 ) .  The - .  r o l e  of t h e  sub- 

u n i t s  h a s  .been s t u d i e d  w i t h  a n t i b o d i e s ,  c h e m i c a l  m o d i f i c a t  i o n ,  

p a r t i a l  p r o t e o l y s i s ,  r e c o n s t i t u t i o r ~ ,  b i n d i n g ,  and p Q o t o a f f i n i t y  ' 
a 

l a b e l l i n g  e x p e r i % e n t s .  The n o n c a t a l y t i c  nuc leot  i d e  b i n d i n g  

s i t e s  are t h o u g h t  t o  be on t h e  s u b u n i t s  ( 4 8 , 5 3 - 5 5 ) ,  and t h e  
--- 

' c a t a l y t i c  s i t e s  on the $ s u b u n i t s  (45,56-59): k'or example, 

Kozlov and Milgrom p r o v i d e d  s t r o n g  e v i d e n c e  when t h e y  showed 

t h a t  the  c o v a l e n t  b i n d i n g  of  t h e  d i a l d e h y d e  d e r i v a t i v e  o f  ADP 

(OXADP,  formed as a r e s u l t  o f  t r e a t m e n t  o f  ADP w i t h  p e r i o d a t e )  ' 

4 
P 



t o  t h e  a s u b u n i t  o f  Fl o c c u r r e d  w i t h o u t  loss i n  t h e  h y d r o l y t i c  
\ i / 

4 $ 

a c t i v i t y  o f  F1 ( 5 4 ) .  I n  a d d i t i o n ,  Dunn and F u t a i ,  i n  t h e i r  

s t u d i e s  w i t h  i s o l a t e d  s u b u n i t s - o f  

ATPase, found by e q u i l i b r i u m  

a  s u b u n i t  ( n o t  i s o l a t e d  p ,  y ,  8-~H]ATP or 

[ 4  , 1 - 3 ~ p ] ~ ~ ~  ( a p p r o x i m a t e l y '  

"I 'heir r e s u l t s  s u g g e s t e d  t h a t  e a c h  a  s u b u n i t  c o n t a i n s  a s i n g l e  

t i g h t  n u c l e o t i d e  b i n d i n g  s i t e .  I t  must  be n o t e d  t h a t  Kagawa a n d  
4 

co-worke r s  found i n  t h e i r  c i r c u l a r  d i c h r o i s m  s t u d i e s  t h a t  b o t h  

- i s o l a t e d  a and 6 s u b u n i t s  o f  t h e  t h e r m o p h i l i c  b a c t e r i u m  P S 3  

bound A D Y  and ATP ( 6 0 )  . However, it w a s  found  by Harr is  -- e t  a l .  

i n  t h e i r  s t u d i e s  w i t h  b e e f  , h e a r t  m i t o c h o n d r i a 1  ATPase t h a t  ' o n l y  

15-30% o f  t h e  bound n u c l e o t i d e  h a d  exchanged  w i t h  l a b e l l e d  

medium n u c l e o t i d e  ( L 3 ~ ] ~ l ' p  o r  L 3 ~ ] ~ ~ p ) ,  e v e n  a f t e r  24 h o u r s  i n  

t h e  p r e s e n c e  o f  klg2+ ( 3 9 , 4 1 ' ) ;  t h u s  t h e  p o s s i b i l i t y  o f  t h e  a c t i v e  

i n v o l v e m e n t  o f  t h e  t i g h t  n u c l e o t i d e  b i n d i n g  s i t e s  i n  the cata- 

l y t i c  mechanism o f  F1 is  r e s t r i c t e d  ( 4 , 1 0 , 2 4 , 3 9 , 4 1 ) .  The 

n u c l e o t i d e s  bound a t  t h e  n o n c a t a l y t i c  s i tes  o f  the  a  s u b u n i t s '  ' 

may be  s e r v i n g  a  s t r u c t u r a l  ( t h e  n u c l e o t i d e  AT? is  r e q u i r e d  f o r  
C 

t h e  r e c o n s t i t u t i o n  o f  F1 f rom t h e  t h r e e  major s u b u n i t s  a ,  p ,  and  

( 5 3 ) )  o r .  r e g u l a t o r y  role  ( 4 1 , 4 8 , 5 5 ) .  Ohta e t .  a l .  t h o u g h t  - - 

t h a t  t .he b i n d i n g  o f  ADP t o  t h e  s u b u n i t s  o f  TF1 (thermostable 

F1 - s o l u b l e  ATPase from t h e r m o p h i l i c  b a c t e r i u m  P S ~ )  w a s  r egu-  
--r 

l a t e d  by t h e  b i a d i n g  o f  AUP t o  t h e  a s u b u n i t s  o f  TF1, p o s s i b l y  

t h r o u g h  a l l o s t e r i c  i n t e r a c t i o n s  ( 6 0 ) .  
?, 



The n u c l e o t i d e s  bound a t  t h e  p s u b u n i t s  a r e  t h o u g h t  t o  ex- 

change  r a p i d l y  w i t h  t h e  medium n u c l e c t i d e s ,  t h e r e b y  r e f l e c t i w  * 

t h e  p r o c e s s  o f  t h e  s u b s t r a t e  b i n d i n g  a t  t h e  c a t a l y t i c  s i tes  ( 4 8 ,  , 

60). C r o s s  and N a l i n  i n  t h e i r  s t u d i e s  w i t h  5 ' - a d e n y l y l - @ , y -  

i m i d o d i p h o s p h a t e  (AMPPNP, a n o n - h y d r o l y s a b l e  a n a l o g  o f  ATP i n  
i 

which t h e  oxygen b r i d g e  between t h e  @ and y -phosphorus  atoms h a s  

been  r e p l a c e d  by a NH g r o u p )  were a b l e  t o  d e m o n s t r a t e  # t h a t  t h r e e  
s 

e x c h a n g e a b l e  n u c l e o t i d e  b i n d i n g  s i tes  ( p r o b a b l y  @ - s u b u n i t s )  a re  t+ 

\ 

m i t o c h o n d r i a 1  and t h a t  t h e s e  s i tes  are 
/ 

from t h r e e  n o n c a t a l y t i c  si .I 's  - ( p r o b a b l y  a - ~ ~ b "  

. Grubmeyer and p&nefsky  used t h e  r i b o s e - m o d i f i e d  

n u c l e o t i d e s  2 ' , 3 ' - 0 - ( 2 , 4 , 6 - t r  i t r o p h e n y l )  a d e n o s i n e  5 ' - t r i p h o s -  P .  
p h a t e  (TNP-ATP) and TNP-ADP i n  t h e i r  s t u d i e s  and showed t h e  . 

- -. 
- 

' p r e s e n c g  o f  t w o  h i g h  a f f i n i t y  n u c l e o t i d e  b i n d i n g  s i t e s  on 

I 
The role  o f  t h e  n u c l e o t i d e  b i n d i n g  s i tes  i n  t h e  mechanism 

- - 
I of mPtochondr ia1  ATPase is  au a r e a  o f  a c t i t r e  r e s e a r c h  (see a l s o  

I J 

Refs'. 63 -68) .    he m u l t i p l i c i t y  o f ' , b i n d i n g  s i tes  r a i s e s  some 
<- ,. 

/ 
- v e r y  i n t e r e s t i n g  q u e s t i o n s ,  e . g .  ,, - 1  

- ")ow m&y o f  t h e  n i c l e o t i c l e  ---. 
- binding'.si& a r e  i n v o l v e d ' i n  t h e  & t a l y t i c  a c t i v i t y  of t h e  

* \ 
1 

,-' enzyme?"/ (7) .  P e r h a p s  F,&wt .--- d i r e c t  method o f  d e t e r m i n i n g  
f , 

w h e t h e r  or n o t  t . 4 , ' 7 $ # 1 t "  n u c l e o t i d e  b i n d i n g  s i t e s  on F1 are 

-3 
i n v o l v e d  in!'the ATp lny&olyt ic  r e a c t i o n  is t o  d e t e r m i n e  t h e  

\ * 

1. -\ ,/ 
t u r n o v e r  k a t e  o f  n u c l e o t i d e s  bound, t o  t h e s e  s i t e s  (69,7O ) . 

", 1 
However, 4s p o i @ t e d  o u t  by Boyer and co-workers ,  t h e i r  a l t e r n a -  



t i v e  n o n - d e s t r u c t i v e  a p p r o a c h e s  ( f i l t e r  b i n d i n g ,  EDTA quench ing  

i n  r a p i d  mix ing  e x p e r i m e n t s ,  and hexokinase-accessibiiity p r o c e -  

d u r e )  have  t h e i r  own l i m i t a t i o n s  ( 6 9 , 7 0 ) .  I t  i s  unde te rmined  

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

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

9 mechaniirn o f  t h e  F 1 - c a t a l y s e d  h y d r o l y s i s  af ATP is  also uncklear. 

a s  p o i n t e d  o u t  by T i e g e  - e t .  - a l .  i n  t h e i r  s u s i n g  f l u o r e s -  
il 

cence. t e c h n i q u e s  and i s o t o p e  binding a  ADP and ADP 

a n a l o g u e s  (65),=--Penefsky ( 7 )  and o t h e r s  ( S 4 , S 9 , 6 3 - 6 8 , 7 l 1 7 2 )  
', 

b e l i e v e  t h a f  t h e s e  shes ,  i n  s o m e  way, do  p a r t i c i p a t e  i n  t h e  
/ 

a 
f u n c t i o n i y g  of  t h e  enzyme. 

- - /  

I n o r g a n i c  p h o s p h a t e ,  P i ,  is one  o f  t h e  p r o d u c t s  when F1 

h y d r o l y s e s  ATP. F1 a l s o  h a s  a t  l eas t  one b i n d i n g  s i t e  f o r  P i  
IS 

( 7 3 ) .  ~ a s a h a r a  and P e n e f s k y  ( 7 4 , 7 5 )  have  d e m o n s t r a t e d ,  under  

c e r t a i n  c o n d i t i o n s  ( ~ n ~ +  and a u r o v e r t i n  [ a n  a n t i b i o t i c  used  as a  

f l u o r e s c e n t  p r o b e  of c o n f o r m a t i o n a l  c h a n g e ] ) ,  t h e  p r e s e n c e  o f  

4 

t w o  t y p e s  of  P i  b i n d i n g  - a h i g h  a f f i n i t y  s a t u r a b l e  b i n d i n g ,  

and a  second  l o w  a f f i n i t y  n o n s a t u r a b l e  b i n d i n g .  T h e i r  s t u d i e s  

on t h e  b i n d i n g  of P i  by F1 showed a pH dependence ,  and compet i -  

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

f i n d i n g s  l e d  them t o  s u g g e s t  t h a t '  t h e  monoanion is  t h e  c h a r g e d  

form of  P i  which is  bound by F1. The b i n d i n g  of P i  by F1 

was shown t o  be i ; f luenced by t h e  s t i m u l a t o r s  ( e . g .  d i v a l e n t  
"& .J 

metal i o n s  [ M ~ ~ + ,  co2+, ca2+] and o x y a n i o n s  [ c h r o m a t e ,  b i c a r b o n -  
, 

a t e ] ,  and i n h i b i t o r s  ( e .  g .  i n h i b i t o r  p r o t e i n ,  e f r a p e p t i n )  o f  



ATPase a c t i v i t y  and 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  (73 ,75) ' .  They 

o b s e r v e d  t h a t  t h e  ATP a n a l o g  AMPPNP i n h i b i t e d  P i  b i n d i n g  ever1 
-- 

i n  t h e  p r e s e n c e  ~ f  a u r o v e r t i n ,  add s u g g e s t e d  it was l l k e l y  t h a t  

t h e  P i  w a s  b i n d i n g  a t  a s i t e  o c c u p i e d  by t h e  y -phospha te  g r o u p  

o f  ATP ( 7 4 ) .  Thus t h e r e  is  a s t r o n g  p o s s i b i l i t y  t h a t .  t h e  P i  

b i n d i n g  s i t e  c a n  p l a y  a major role I 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 .  

Lauqu ia  - e t .  - a l .  i n  t h e i r  s t u d i e s  used  t h e  new p h o t o a f f i ~ l i t y  

d e r i v a t i v e  o f  i n o r g a n i c  p h o s p h a t e ,  f4 -az ido-2-n i t ropheny l  phos- 

p h a t e  ( A N P P ) ,  t o  d e t i r m i n e  t h e  P i  b i n d i n g  s i t e ( s , )  on i s o l a t e d  

h 
F1 and i n s i d e - o u t  p a r t i c l e s . f r o m  b e e f  h e a r t  m i t o c h o n d r i a  ( 7 6 ) .  

They found t h a t  P i  was m o s t  p r o b a b l y  b i n d i n g  t o  t h e  @ - s u b u n i t  
i 

o f  F1-ATPase, and t h e  P i  c a r r i e r  p r o t e i n .  T h i s  work ( 7 6 )  

t h e r e f o r e  l e n d s  s u p p o r t  t o  t h e  p r o p o s a l s  made by Kasahara  and 
- *  , 

I P e n e f s k y  (73-75) .  b 

A s  s e e n  from t h e  s e v e r a l  r e v i e w s ,  t h e  mechanism o f  t h e  

~ ~ ~ a s e - c a t a l y s e d  r e a c t i o n  is  s t i l l  n o t  w e l l  u n d e r s t o o d  (1-18, 

77-83) .  The rna:.n e n e r g y - r e q u i r i n g  s t e p s  i n  o x i d a t i v e  phosphory-  
-e 

l a t i o n  and p h o t o p h o s p h o r y l a t i o n  ( 1 0 , 2 4 )  a r e :  ( i )  t h e  r e l e a s e  o f  

A'PP F r o m  ATPase (84-87), and ( i i)  t h e  b i n d i n g  o f  ADP and P i  t o  
,-,* 

ATPase (88-90) ; e v i d e n c e  f o r  t h e s e  c o n c l u s i o n s  w e r e  f i r s t  v 

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

s e e m s  t o  be  c o o p e r a t i v e  i n t e r a c t i o n  between ' the d u b u n i t s  of 

ATPase. For  example ,  A d o l f s e n  and Moudr ianak i s  showed t h a t  t h e  

r a t e  o f  d i s s o c i a t i o n  o f  bound ADP from 1 3 s  c o u p l i n g  f a c t o r  i 'e ' 
\ 

rp v A l c a l i q e n e s  f a e c a i i s  w a s  i n c r e a s e d  on the a d d i t i o n  o f  n u c l e o t  d e  



N 
-- 

t o  ~&,&dium ( 9 2 ) .  They proposed tha t  t h e  b i n d i n g  of  nucleo-  
J 

t i d e  t o  one s i t e  o f  t h e  1 3 s  c o u p l i n g  f a c t o r  caused  a conforma- 

t i o n a l  change which f a c i l i t a t e d  the d i s s o c i a t i o n  o f  bound 

n u c l e o t i d e  a t  t h e  o t h e r  s i t e .  'These  workers ,  however, d i d  n o t  

show whether o r  no t  c a t a l y t i c  sites were i nvo lved  ( 1 0 , 9 2 , 9 3 ) .  

The a l t e r n a t i n g  c a t a l y t i c  s i t e  model o f  Boyer a d co- /" 
workers  (24,93-96) was proposed on t h e  basis o f  i s o t o p e  exchange 

h 
exper iments .  T h i s  model hag rlow evolved i n t o  w h a t  is  c a l l e d  t h e  

"b ind ing  change mechanism" (10.13.97-99) which i n c o r p o r a t e s  the,  

c o o p e r a t i v e  i n t e r a c t i o n s  between t h e  s u b u n i t s  and t h e  energy-  

dependent  b ind ing  changes  ( b i n d i n g  of AQP and P i ,  and release 
;4 

df  ATP i n  n e t  s y n t h e s i s ,  , and  v i c e  v e r s a  i n  n e t  h y d r o l y s i s ) .  I n  
., 

t h i s  model, d u r i n g  n e t  o x i d a t i v e  p h o s p h o r y l a t i o n ,  ATP i s  produc- 

ed a t  one s i t e  on t h e  ATP s y n t h a s e  where it is t r a n s i t q r i l y  

t ' g h t l y  bound, and i s  o n l y  r e l e a s e d  when ADP and P i  b ind  a t  a  4 
second s i t e ,  and t h e  membrane ATPase complex is e n e r g i s e d .  

S i m i l a r l y ,  'under  c o n d i t i o n s  o f  n e t  h y d r o l y s i s ,  ATP b i n d i n g  

one s i t e  is  accompanied by t h e  r e l e a s e  of  the t r a n s i t o r i l y  

t i g h t l y  bound ADP and P i  ( hyd ro lysed  ATP) a t  a second s i t e .  

T h i s  b i n d i n g  change mechanism i s  a t t r a c t i v e ,  e s p e c i a l l y  sin'ce it 

can accommodate a wide r ange  of  e x p e r i m e n t a l  o b s e r v a t i o n s  ( 2 4 ) .  

Evidence i n  s u p p o r t  of t h i s  mechanism h a s  been for thcoming  from 

d i f f e r e n t  s o u r c e s  (10,61,62,69,70,97-104). For  example, s t r 'ong  B 
I 



e v i d e n c e  ' f o r  c o o p e r a t i v i t y  between t h e  c a t a l y t i c  s i tes  of  Fl was 

p r e s e n t e d  by Grubmeyer aod P e n e f s k y " ( 6 1 , 6 2 )  i n  t h e i r  i n v e s t i g a -  

t i o n  w i t h  t h e  r i bose -mod i f i ed  n u c l e o t i d k s  2  ' , 3  ' -'o- ( 2 , 4 , 6 - t q i n i -  

t r o p h e n y l )  a d e n o s i n e  5' - t r i p h o s p h a t e ,  TWP-ATP, and TNP-ADP. 
- e 

They found t h a t  . F l  ( w l t h  two b i n d i n g  s i tes  f o r  TNP-adenine '. 
' i L 

m 

n u c l e o t i d e s )  bound b o t h  TNP-ATP and TNP-ADP, w i t h  t h e  TNP;[~  - 
? .  

2 ~ ] ~ ~ ~ .  b e i n g  h y a r o l y s e d  l?y F1 . T ~ & Y  obse rvede  t h a t  on the 
' P . .  h 

a d d i t i o n  o f  e x c e s s  non-z-adidact ive  TNP-ATP ( s i f  f i c i e n t  t o  f i l l  

t h e  second c a t a l y t i c  s i t e )  t o  t h e  Fl 'reac<ion mix tu re .  t h a t  t h e  

r a t e  o f  h y d r o l y s i s  o f  TNP-l y-3 :P]ATP was' accelerated 15-20 
€k 

f o l d .  Boyer and co-workers have  i n c o r p o r a t e d  the  new d a t a  

(97.99-101) i n  t h e i r  model t o  prbciuce a  modi f red  v e r s i o n  which 

i n v o l v e s  t h e  p a r t i c i p a t i o n  of  t h r e e  a l t e r n a t i n g ,  s i t e s  i n  t h e  
& 

b i n d i n g  change mechanism o f  ATP . s y n t h a s e .  

C ros s  - e t .  - a l .  have  produced a modiefied v ~ j s i o n  of  ,the b ind-  

i n 9  change rnechanisni of  Boyer and co-w'orkers, w h i c h  r e c o g n i z e s  
. , 

(. ' 

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

s u b u n i t s  o f  F1 ( 1 0 , 9 8 ) .  (The p o s s i b l i t y  o f  t h e .  !&volvernent of  
a ,  

1 
P 

t h r e e  i n t e r a c t i n g  s i tes  i n  t h e  c a t a l y t i c  mechanism o f  Fl was 
9 B . &  

f i r &  r e c o g n i s e d  by Kaya l a r  -- e t  a l .  ( 9 3  ) ) . One m a  j a r  ( advan tage  " 
I .  

o f s  t h i s  model is  t h a t  it allows e v e n t s  ( i . e .  b h d i n g  changes )  t o  

o c c u r  c o n c u r r e n t l y '  on t h e .  d i f f e r e n t ,  b u t  i n t e r a c t i n g ,  c a t a l y t i c  ' . I 

s u b u n i t s  of  ATPase. 
, 

. - T h i s  a r e a  o f  r e s e a r c h  i.? v e r y  r i c h  w i t h  s p e c u l a t i o n s  and 



' ' \  
\ . \ 

p r o p o s a l s  f o r  the mekhanisms o f  ATP s y h t h e s i s  a n d / o r  h y d r o b s i s  
, r I 

(see e .g .  Refs .  4,7,10,13,18,24,41,45;59,68,78,105-107). 

B .  

From the r ev i ews  o f  the v a r i o u s  p roposed  mechanism o f  

ATPase, it w a s  s e e n  tha t  s t u d i e s  o f  the  b e h a v i o u r  o f  enzyme- 

bound s p e c i e s  can  l e a d  t o  t h e  d e t e r m i n a t i b n  o f  t h e ' c a t a l y t i c  
t 

i n t e r m e d i a t e ( s ) ,  and t h u s  c o n t r i b u t e  t o  t h e  r e s o l u t i o n  o f  t he  

c a t a l y t i c  mechanism o f  t h e  enzyme., C u r r e n t l y ,  t h e r e  a r e  a 

' v a r i e t y  of t e c h n i q u e s  ( e .  g. k i n e t i c ,  e q u i l i b r i u m  d i a l y s i s ,  

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

s c o p i c ,  Sephadex c e n t 4 r i f u g e  column, s t o p p e d  f l ow ,  euenched f l ow ,  

and i s o t o p e  exhange)  .used i n  the  i n v e s t i g a t i o n  o f  t h e  enzyme3 

l i g a n d  i n t e r a c t i o n s  ( 1 0 8 ) . '  Some o f  these t e c h n i q u e s  have  been  

used i n  t h e  s t u d y  o f  Pi, b u t  each! approach  h a s  i t s  own advan- 

t a g e s  and d i s a d v a n t a g e s  a n d / o r  l i m i t a t i o n s .  For  example,  

quenched f l o w  is d e & r u c t i v e ,  e q u i l i b r i u m  d i a l y s i s  is s low,  and 

f i l t e r  b i n d i n g  a s s a y s -  are n o t  a lways  e f f i c i e n t  and reproduc-  

i b l e .  Hence it w a s  c o n s i d e r e d  d e s i r a b l e  t o  d e v e l o p  a - n o n -  

d e s t r u c t i v e ,  s i m p l e ,  r a p i d ,  and c o n v e n i e n t  t e c h n i q u e  f o r  the  
L 

measurement o$ t h e  enzyme-bound s p e c i e s  d u r i n g  c a t a l y s i s .  Such 

a method would n o t  o n l y  be s p e c i f i c  f o r  s t u d i e s  w i t h  F 1 ,  b u t  

would a l s o  be s u i t a b l e  ( w i t h  t h e  a p p r o p r i a t e  m o d i E i c a t i p n s 2  f o r  , 

s t u d i e s  w i t h  o t h e r  enzymes, whose/products  d i s s o c i a t e  s l o w l y  
t 

u n l e s s  s u b s t r a t e s  or o t h e r  l i g a n d s  which f a c i l i t a t e  d i s s o c i a t i o n  

a r e  p r e s e n t .  



a - 
0 

The approach described herein is limited to enzymes which 

(i) find the column, matrix, sephadbx G-50, chemically inert: I - Y  

-=, 

("i) have no. significant interaction' with the coluinn matrix; and . I 
i J I ( 

+ (iii) must not be able.to entk the gel, i.e. the molecul$r * k  

weight (and shape). of the enzymes must be" g~eat&r khan Bhe ,, 

* exclusion limit of 'the matrix. - The column matrix must be stable '- 

under the reackion conditions (temperature, pH, cent;ifugalh .. 
.I 

force), in addition to being chemically inert to the buffer and P 

G 

substrate and/or products, (0; analogs of these) : 

(ii) Modified Sephadex CentriTuge Column'Technique J. 

Basically, the methOdology .involves coiumn centrifugation, A 4 

which was originally applied to the measurement ofuligand bind,-. ., 

ing by beef heart mitochondria1 F1 (109'). The Sephadex centri- 
> 

fuge column consists of a 1.0 mL tuberculin syringe fitted with 

_ a  porous polyethylene disc. The columm packing is Sephadex G-50 
P 

equil&rated with the appropriate puffer, and the filled column 

is then &nt.,rifuged (1050 x g for 2 minutes). The enzyme sarfiple . 

is then agplied to the column before the second centrifugation 

(1050 x g for 2 minutes). The centrifugate is analysed for the 

hound ligand, activity and protein concentration of the enzyme. 

T h e  ~ e ~ h a d e x  centrifuge* column in essentially its * 

original form has been used iri several studies (48,73-75,96,104, 
- 

- 

110). ~ r o k s  and Nalin (.48) int.roduced the use o•’ an extension 

tube at the topeof the column, which allowed (i) a number of 

samples to be indestigated simultaneously, and (ii) other addi- 



t ions t o  be made t o t h e  samples just pr ior  t o  centrifugation. 

Their second modification involved the addition of 'bovine serum 

' albumin (BSA) to.samples with very small amounts of F1 '(10 t o  30 

pg / rn~) .  This f ac i l i t a t ed  the greater recovery of F1 from the 

centrifuge columns when the concentration of F1 was lower than 

. 0 . 3  r n g / r n ~ . '  Cardon wrote an evalbation of the Sephadex centr i -  

fuge column technique i n  the Appendix of h i s  Ph.D. thes i s  (ill), 

i n  which he pointed out the basic assumptions t ha t  he made i n  

' the construction of h i s  model t o  determine the necessary ra te  
.- 

constants. SO f a r  no major evaluation, c r i t ique ,  or theore t ica l  

assesment of t h i s  teahnique has been published. 
P .. 

.The Sephadex centrifuge colurtin technique was modified t o  
- -  

demonstrate the relea$e of enzyme-bound species, e.g. P i  and 

ADP, i n  the presence of nucleotides (ATP,  ADP, and AMPPNP). I t  * 

is known that  FI-ATPase contains a t  l eas t ,  one binding s i t e  for  
$ .  

P i  (73-75,109), however, it is undetermined whether o r  not the 

bound P i  i s  a ca t a ly t i c  intermediate, or whether the  P i  is  
1 .  ' 

bound, a t  a  ca t a ly t i c  s i t e .  I n  the absence of nucleotide i n  the 
a- . 

mediuk, the bound P i  dissociates  slowly from F1; whereas, 'on.,. 

the  addition af AT,P or ADP t o  the medium, the dissociat ion of 

*pi from F1 5 s  acceierated t o  the point where the release is 

too rapid t o  observe using conventional techniques ( 9 6 ) .  The 

approach t o  t h i s  problem u s i n g  the Sephadex centrifuge column 

technique, is outlined below: 
& 



. - 
(i)  A column w i t h  t h r e e  section& is t h e  middle  

l a y e r  c o n t a i n s  n u c l e o t i d e ,  e . g .  ATP. (ii) T h e  sample  of  ' F ~  

becomes bound t o  F1 as i n d i c a t e d  i n  t h e  f o l l o w i n g  e q u a t i o n : -  
I 

fiii) The [ 3 2 ~ ] ~ i  l a b e l l e d  F1 i s  a p p l i e d - t o  the  column. which 

i n  t u r n  is p l a c e d  i n  the  c e n t r i f u g e  t u b e ,  and c e n t r i f u g e d  a t  

1050 x g  f o r  2 m inu t e s ;  ( i v )  The column c e n t r i f u g a t e  i s  

a n a l y s e d  as '  b e f o r e .  
*/ 

I n  t h e  f i r s t  ( uppe rmos t )  l a y e r  of the  column, t h e  l o o s e l y  
U 

h e l d  species (-ATPI ADP, and P i )  are removed. I n  the second 

l a y e r  ( m i d d l e ) ,  t h e  s u b s t r a t e ,  e. g .  ATP becomes *bound t o  t h e  F1 

A 
w i t h  o r  with 'out  r a d i o l a b e l l e d  P i ,  and h y d r o l y s i s  of  ATP 8 

+ o c c u r s .  L a s t l y ,  ' i n  the  t h i r d  (bo t t om)  l a y e r  & the column, t h e  

loose ly -bound  n u c l e o t i d e  and P i  r e l e a s e d  from F1 are removed. 

Any t i g h t l y  bound 'mo lecu l e  (nuc leo t i .de  a n d / o r  P i )  c a n  be found 

i n  t h e  c e n t r i f u g a t e .  

I f L a b e l l e d  P i  is found i n  the '  F1 - c e n t r i f u g a t e ,  it means 

that  the P i  r emains  on the  F1 as a t i g h t l y  bodhd mplec,~le; and 

t h e r e f o r e  most l i k e l y  does  n o t  p a r t i c i p a t e  as - a c a t a l y t i c  i n t e r -  ' 

m e d i a t e ,  nor  o c c u p i e s  a c a t a l y t i c  s i t e .  On the  o t h e r  'hand,  i f  

l a b e l l e d  P i  is  n o t  found the  



- 
that on the binding of nucleotide, the Pi is released from F1,  

and thus most probably participates as a catalytic intermediate 
\ 

or occupies a catalytic site. If the dissociation of the bound 

Pi can be shown to occu-r w i t h ~ " o n e  enzyme turnover of ATP 
\ 

B ' , 
hydrolysis, then the dissociatXon of the bound Pi can be P 

4 ? 

judged capable of being part f the catalytic mechanism of ATP 

I hydrolysis. 

In addition to the preincubation experiments outlined 

above, the Sephadex centrifuge column technique was us'ed for 

performing pulse-chase experiments. The approach was very 

similar to that described above except that the first section 

contained the pulse molecules, and the third section the chase 

molecules. 

Thus two approaches, pr ion and pulse-chase modes, 

were used to investigate the effe& of the nucleotides ATP, ADP, 

and AMPPNP on the release of Pi, ADP, ATF, and AMPPNP from 

soluble beef heart mitochondria1 adenosine triphosphatase. , 



' Experimental Procedures 

Materials 

All reagents used in these investigations were reagent 

grade, ACS, or enzyme grade quality - whichever was applicable. 
The common laboratory reagents were obtained from the usual 

sources, except if otherwise mentioned. The following chemicals 

and enzymes were obtained from Sigma Chemical Co.: 'adenosine 

5 ' -triphosphate (disodium salt, Grade IX) ; adenosine 5 ' - , 

* 

diphosphate (disodium salt, Grade IX); adenylyl imidodiphosphate 

(tetralithium salt); ammonium sulphate; 1,4-bis-2-(5- 

phenyloxazoy1)-benzene (POPOP); bovine serum albumin; 7-chloro- 
7 

2,5-diphenyloxazole (PPO); p-nicotinamide adenine dinucleoti.de, 

reduced form (Grade 111, from yeast j; phosphoenol pyruvate; 

Sephadex G-50-80 (fine); sucrose; tris (hydroxymethyl) amino- 

methane; Triton X-114; hexo$inase (Type C-300, from yeast*\; 

L-lactate dehydrogenase (Type XI, from rabbit muscle) ; and 

pyruvate kinase (Type 111, from rabbit muscle). D E A E - S ~ P ~ ~ ~ ~ X  

G-50-120 (fine) and Sephadex G-50-80 (fine) were also obtained 
I 

from Pharmacia. The 1.0 mL tuberculin syringes were from Mandel 
L 

Scientific Co. The polyethyleneimine thin layer chromatography 
I 

plates were from E. Merck Co. 
0 

The radiochemicals: [ 2 , 8 - 3 ~ ]  .adenosine 5'-triphosphate 

(ammonium salt); and adenosine 5'-[y-32~] triphosphate (triethyl 



a m m o n i u m  s a l t )  w e r e  f r o m  A m e r s h a m  C o r p .  [ 2 , 8 - 3 ~ ]  adenos ine  5 ' -  

diphosphate ( t r i s o d i u m  s a l t )  w a s  f r o m  New E n g l a n d  N u c l e a r  C o .  

[ 2 ,  141 a d e n y l y l  5 ' - i m i d o d i p h o s p h a t e  w a s  ob ta ined  f r o m  I C N ,  

C h e m i c a l  and R a d - i o i s o t o p e  D i v i s i o n .  P h o s p h o r u s - 3 2  ( a s  ortho- 

phosphate i n  d i l u t e  H C 1  s o l u t i o ~ ,  pH 2 . 3 )  w a s  p u r c h a s e d  f r o m  

both A m e r s h a m  C o r p .  and New E n g l a n d  N u c l e a r  C o .  j 



Methods 

~reparakion of Soluble B e e f  Heart Mitochondrial4Adenosine 

Triphosphatase, Fl rATPase 

F'resh b e e f  hearts were  o b t a i n e d  f rom , a local  s l augh te ; -  
I 

h o u s e  i n  S u r r e y ,  B r i t i s h  Columbia ,  Canada.  The  b e e f  h e a r t  

m i t o c h o n d r i a  w e r e  i s o l a t e d  by t h e  method o u t l i n e d  by  Smi th  

( 2 6 ) .  Bcxth l i g h t  and h e a v y  f r a c t i o n s  o f  b e e f  h e a r t  m i t o c h o n d r i a  

were u s e d  i n  t h e  p r e p a r a t i o n  of F1-ATFase as d e s c r i b e d  by . 

From t h e  ammonium s u l p h a t e  s u s p e n s i o n  o f  F 1 ,  t h e  enzyme 

w a s  p r e p a r e d  f o r  s t u d i e s  i n  a p r o c e d u r e  s i m i l a r  t o ' t h a t  d e s c r i b -  

ed by P e n e f s k y  (73). An a l i q u o t  o f  t h e  ammonium s u l p h a t e  

I 
s u s p e n s i o n  o f  F1 wa 's  p l a c e d  i n  a capped  2-mL p o l y e t h y l e n e  micro- 

. * 
c e n t r i f u g e  t u b e ,  wh ich  i n  t u r n  w a s  p l a c e d  i n  a l a r g e r  p o l y e t h y l -  

\ $ \  

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

t u b e )  w a s  c e n t r i f u g e d  i n  a SS-34 rotor f o r  10 m i n u t e s  a t  1 2 , 0 0 0  

r p m  a t  4•‹C. T h e , s u p e r n a t a n t  w a s  d e c a n t e d ,  and  t h e  i n n e r  w a l l s  

o f  the  2-nL p o l y e t h y l e n e  r n i c r o c e i i t r i f u g e  t u b e  c a r e f u l l y  d r i e d  

w i t h  f = l t e r  p a p e r .  The  p r e c i p - i t a t e  w a s  d i s s o l v e d  by 

a d d i n g  a volume o f  50 mM T r i s - a c e t a t e ,  pH 7 .5 ,  b u f f e r  a t  3 0 • ‹ C .  

T h e  F1 s o l u t i o n  w a s  d e s a l t e d  by c e n t r i f u g a t i o h  o f  100-125 ;E 

a l i q u o t s  t h r o u g h  Sephadex  G-50-80 e q u i l i b r a t e d  w i t h  50 mM T r i s -  

acetate ,  p H  7.5, '  b u f f e r  a t  30•‹C, u s i n g  t h e  Sephadex c e n t r i f u g e  



, column technique of Penefsky (73) .  The degalted F1 cent r i fuga te  
* 

was then ready for  use with the appropriate react ion mix tu re ( s ) .  

- 
The ra t e s  of ATP hydrolysis by F1-ATPase were monitored 

usiny the coupled assay (31) .  The reagents'  and t h e i r  respective 

concentrations and volumes used a re  shown i n  Table 11. The 

f i r s t  s i x  reagents were added i n  the quan t i t i e s  indicated t o  a  

1-mL cuvette.  The react ion mixture i n  the cuvet te  was allowed 

t o  stand i n  the cuvette holder of a  spectrophotometer (Vari-an 
* 

Technotron Model 635) a t  340 n m  for about 10 minutes a t  30•‹C. 

l'he spectrophotometer reading was adjusted t o  read zero absorb- 

ance a t  340 nm. The required amount of @-NADH was added t o  the  

cuGette, and a  s t a b l e  base l i n e  a t  340 nm es tab l i shed .  A 

measured volume ( X  P L )  of the  F1 solut ion was then added t o  

the cuvette.  and the dec- e  i n  absorbance monitored spectro- 

photometrically via a  ch a r t  lk ecorder. The r a t e  of hydrolysis of 
'\ 

ATP was calculated u s i n g  an ed t inc t ion  coe f f i c i en t  of 6 . 2 2  x l o 3  

l i t ' r e  r n ~ l e . - ~ . c r n - ~  for  NADH (0 .1  mole of NADH i n  1.0 mL of 
** 

\ 
solut ion gives qf 0.622). In these Fl preparat ions .  the  

ATPase ac ' t iv i ty  was !*ally between 80-100 pmole.min.-l.mg-l 

protein .  

,Determination of Protein Concentration 
t 

A l l  protein  concentration determinations were according 

t o  the Lowry - e t .  - a l .  procedure ( 1 1 2 ) .  The pro te in  bovine serum 



. 
,-- 

Table I1 /-' \ 
I I 

i 
b 

/ The Coupled Enzyme Assay System 

I--- ' 

i 
--- v 

Vo 1 urnel 
Cl L 

---- 

2. 0.1 M ATP 

0.1 M PEP 3 .  

4. (5 mg/rn~) LDH 

7 .  8 .75 mnM NADH . 
8. FI-ATPase solution ( m g / m ~ )  X 

- 4 

NADH, E3,," = 6 . 2 2  x 1 0 3  litre mole.-1 .cm-1 or (M-1 .crn-l ) 

i.e. 0.1 pmole.min-I of NADH in 1.0 mL of s o l u t i o r r  g ive ' s  



albumin ( B S A )  was used as t h e  s t a n d a r d  i n  a l l  assays/.  The 
v I 

p r o t e i n  c o n c e n t r a t i o n  of  t h e  BSA s t a n d a r d s  w a s  d e t e t m i n e d  by 
\ 

measur ing t h e  abso rbances  a t  280 nrn; t h e  e abso rbance  v a l u e s  
6 I 

( A 2 8 0 )  t o g e t h e r  w i t h  an e x t i n c t ~ c o e f f i c i e n t  ( E 2 8 0  ) of  0 .677 

r l .mg- l  . cm-l w e r e  t h e n  used i n  t h e  Beer-Lambert l a w  z a l c u l a -  
J 

i' 
t i o n s .  [ C o n c e n t r a t i o h  o f  P r o t e i n  = Absorbance a t  280 nm/ 

( E x t i n c t i o n  C o e f f i c i e q  a t  280 nm x p a t h  l e n g t h ) ] .  

Mo lecu l a r  ~ e i $ h t  

i 
A mo lecu l a r  we igh t  o f  347,000 f o r  F1 w a s  used i n  a l l  

c a l c u l a t i o n s  ( 73 ) . 
P u r i t y  o f  "the F1 P r e p a r a t i o n s  . 

, -% The p u r i t y  of  t h e  i s o l a t e % n a t i , V e  F, p r e p a r a t i o n s e  was ' 

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

t e c h n i q u e s  a s  d e s c r i b e d  by Davis  ( 1 1 3 ) .  mod i f i ed  as ment ioned by e 
8 - ' I 

Knowles and Penesky ( 2 j ) .  One major  enzyme band w a s  s e e n  which 
-- 

had a r e l a t i v e  m o b i l i t y  of  0 .3  w i t h  r e s p e c t  t o  t h e  dye  f r o n t ;  

w i t h  25 pg o f  p r o t e i n  a p p l i e d  p e r  g e l .  a  minor band w i t h  a rela- 

, ti;e m o b i l i t y  of  '0.7 was s e e n .  These  b b s e r v i t i o n s  w e r e  s i m i l a r  ' 

t o  t h o s e  of Knowles and Penefsky  ( 2 7 ) .  R e p u r i f i c a t i o n  o f  t h e  ' - .I 

enzyme on a DEAE-Sephadex A-50 column ( 2 8 )  d i d  n o t e . r e s u l t  i n  t h e  

d i s a p p e a r a n k e  o f  t h e  trace band.  . .  

P u r i t y  o f  t h e  ~ a d i o n u c l e o t i @ e s ,  . 
' 

The p u r i t y  o f  t h e  r a d i o n u c l e o t i d e s  ( [ y - 3 2 ~ ] ~ ~ ~ ,  [ Z . B - ~ H ] -  I ,  

ATP,  and L2, 8-IH]ADP) w a s  t e s t e d  on p d l y e t h y l e n e i m i n e  ( P E I  ) 



p l a t e s  u s i n g  the-ocedure o f  R a n d e r a t h  and  R a n d e r a t h  ( 1 1 4 ) .  - A 

s a m p l e  of t h e  l abe l led  n u c l e o t i d e  w a s  added t o  a m i x t u r e  o f  t h e  

n u c l e o t i d e s  (AMP, ADP, and ATP), which w a s  s p o t t e d  on  the P E I  

p l a t e  b e s i d e  separated spots o f  AMP, ADP, and ATP (1 VL o f  2 . 5  . 
mM each, pH 7 . 0 ) .  T h e . p l a t e  w a s  p l a c e d  i n  a t a n k  w i t h  1 . 0  M 

L i C l  and  d e v e l o p e d  f o r  20-25 m i n u t e s .  The d r i e d  p l a t e  w a s  

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

spots w e r e  c u t  o u t  and p l a c e d  i n  s c i n t i l l a t i o n  c o c k t a i l  f o r  

c o u n t i n g .  The p e r b e n t a g e  p u r i t y  i n  e a c h  c a s e  w a s  found t o  be 

a b o u t  90% ( %  P u r i t y  = [ c p m  of label  r e c o v e r e d / c p m  of l a b e l  

a p p l i e d ]  x 1 0 0 ) .  
t / 

M o n i t o r i n g  ATP a n d / o r  ADP C o n c e n t r a t i o n s  

T h e  c o n c e n t r a t i o n s  o f  ATP and ADP M )  w e r e  m o n i t o r e d  

u s i n g  t h e  H e x o k i n a s e  Assay  ( 3 1 ) .  
I 

. - y e a s u r e m e n t  o f  R a d i o a c t i v i t y  

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

a n b  a l i q u o t  o f  t h e  s a m p l e  t o  10 mL o f  w a t e r  (Cerenkov  c o u n t i n g ) ,  
-. 

or t o  1 0  mL o f  ~ r i t o n / ~ o l u e n e  s c i n t i l l a n t .  The s c i n t i l l a n t  w a s )  ' \ *  
t 
/ 

J p r e p a r e d  b y  a d d i n g  1 5  g PPO and 1 c j  o f  POPOP t o  1 . 8 7 5  L xylene,, 

// t o  t h a t  m i x t u r e  w a s  t h e n  added 1 . 2 5  L T r i t o n  X-114 and 1.87S,/L 

x y l e n e  t o  b r i n g  the E i n a l  volume t o  5 L. Each r a d i o a c t i v e  
w 

p r e p a r a t i o n  (Cerenkov  c o u n t i n g  or l i q u i d  s c i ? t i l l a t i o n  c o u n t i n g  k 

s a m p l e )  w a s  c o u n t e d  f o r  5  m i n u t e s  u s i n g  a LKB i j a l i a c  17 l i q u i d  

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



P r e p a r a t i o n  o f  Sephadex C e n t r i f u g e  Columns 

The 1-mL Sephadex c e n t r i f u g e  columns used f o r  ( i )  

d e s a l t i n g  P1. and ( i i)  p r e p a r a t i o n  of t h e  g e l s  - f o r  the l d n g e r  
i 

and/or  regssembled columns, were p repa red  as o u t l i n e d  by 
4 

Penefsky ( 2 8 , 7 3 ) .  The columns used f o r  d e s a l t i n g  F1 were packed 
L '. 

with  Sephadex G-50-80 e q u i l i b r a t e d  wi th  50 mM \ ~ r i s - a ' c e t a t e ,  pH' ' 

7 . 5 .  The columns .used i n  t h e  i n v e s t i g a t i o n s  w i t h  F1 were' packeq . 
wi th  Sephadex G-50-80 e q u i l i b r a t e d  w i t h  a b u f f e r  c o n t a i n i n g  9 0 '  

i 

mM T r i s - a c e t a t e  (pH 7 . 5 ) ,  1 .  b mM MgSb4, and 47 pM P i .  

Nuc leo t ide-eq  l i b r a k e d  g e l s  had t h e  p a r t i c u l a r  n u c l 6 o t i d e  added 

t o  t h e  b u f f e r  t o  g i v e  t h e  h d i c a t e d  c o n c e n t r a t i o n .  A l l  c e n t r i -  
' , II 

f u g a t i o n s  us ing  t h e  sephadex c e n t r i f u g e  column t e c h n i q u e  were 

performed wi th  a  t a b l e  t o p  c l ink-  I . E . C .  c e n t r i f u g e  ( w i t h  a 
\ 

swinging bucket  r o t o r ,  'model 5 2 1 )  a t  1050 x g  ( S e t t i n g -  No. 5 )  

f o r  2 minutes .  -- - 
+,,- -- 

/- 

1. 

Making a Longer Column Barrel i 

\ 
T o  make a l o n g e r  column barr"e1, two 1-mL t u b e r c u p i n  

s y r i n g e s  were c u t , ,  - .  (one  a t  t h e  1 .0  rnL mark and t h e  o t h e r  a t  the 

0.55 mL mark) ,  and j ~ i n e d  by means o f  a p i e c e  of  tygon  t u b i n g .  

The l e n g t h  of t h e  column 

t h e  whole assembly ( f rom 

a ,  

b a r r e l  w a s  10 cm, w i t h  t h e  l e n g t h  of  

head t o  o u t l e t  t i p  b e i n g  about  11 c m .  L 



M o d i f i e d  Sephadex  C e n t r i f u q e  Column T e c h n i q u e  

( a )   reinc cub at ion Mode 

B a s i c a l . 1 ~  t h e  t e c h n i q u e  w a s  t h e  * s a m e  as d e s c r i b e d  i n .  

Appendix I ( P i g .  l ~ ) ,  w i t h  t h e  optimum c o n d i t i o n s  men t ioned  
-4 

3 

Sephadex  c e n t r i f u g e  columns  ' w e r e  

u s i n g  t h e  c o n v e n t i o n a l  Sephadex ce t r i f u g e  column t e c h n i q u e  a 
( 2 8 , 7 3 ) .  Two o f  t h e  co lumns  w e r e  packed  y i t h  Sephadex G-50-80 

e q u i l i b r a t e d  w i t h  a b u f f e r  c o n t a i n i n g :  90 mM T r i s - a c e t a t e ,  pH ' 

7 . 5 ,  1 . 6  rrdvl MgS04, and  47 pM P i .  The t h i r d  column w a s  packed 

w i t h  Sephadex G-50-80 e q u i l i b r a t e d  w i t h  a b u f f e r  c o n s i s t i n g  o f :  

90 rnM T r i s - a c e t a t e ,  pH 7 . 5 ,  1 . 6  mM MgS04, 47 pM P i ,  and va ry -  

i n g  c o n o e n t r a t i o n s ' o f  n u c l e o t i d e ' .  I n  b o t h  c a s e s ,  5 g o f  
a 

Sephadex G-50-80 w e r e  added  td  1 0 0  mL b u f f e r  (o r  r e d u c e d  amounts  

i n  t h e  s a m e  p r o p o r t i o n s )  and  a l l o w e d  t o  s t a n d  o v e r n i g h t  a t  4 • ‹ C .  

C a r e  w a s  t a k e n  i n  p o u r i n g  t h e  geis ( e q u i l i b r a t e d  t o  room 

t e m p e r a t u r e ) ,  s i n c e  t y a p p e d ' a i r  b u b b l e s / u s u a l l y  r e s u l t e d  i n  

b r o k e n  g e l s .  I n  a d d i t i o n ,  t h e  columns{ were n o t  allowed t o  r u n  
I ' - 

d r y  u n t i l  t h e  column barrels were f i l l e d  w i t h  g e l .  
', 

The colurnns w e r e  c e n t r i f u g e d  a t  1 50 x g  ( S e t t i n g  N o .  5 ,  9 
/ ' 

I . E . C . ,  Rotor 221)  f o r  2  m i n u t e s .  The g e l s  w e r e  removed f r o m '  - 

' t h e  column b a r r e l s  by  g e n t l y  t i l t i n g  t h e  co lumns  'so t h a t  t h e  

g e l s  s l i p p e d  o u t .  The f i r s t  t w o  g e l s  were c u t  t o  g i v e  l e n g t h s  ' 

o f  2 . 5  and  4 c m ,  r e s p e c t i v e - l y .  The t h i r d  g e l  ( i . e .  w i t h  n u c l e o -  



t i d e )  was ,cut t o  give a  1-cm portion. The measured lengths of 

, gels were reassembled i n  the lengthened column barre l  (prepared 

as described above). The 4-cm ge1:was placed in  the co.lumn 
4 ' 

barrel  (on top of. a  pdrous polyethylene f r i t ) ;  the 1-cm 

nucleotide-containing gel was .placed on top o f . t h e  4-cm gel;  and 
t 

l a s t ly  the 2.5-cm gel '  was placed on the nucleotide-containing 

gel.  The bottom portion of a  cut 1-mL p ipet te  t i p  (with about 
C 

200 pL capacity) was inserted inNthe  column. The t i p  of the 
I 

pipet te  t i p  was not allowed t o  touch the top gel nor the inside 
f 

? 

of the column barre l .  The en t i r e  assembly was inserted i n  a  

, 15-mL conical centrifuge tube, which i n  t u r n  was placed in '  the 

swinging bucket rotor  ( ~ o d e l  2 2 1 )  of the t ab le  top c l i n i c a l  

centrifuge ( I  .E.C.  ) . A t  150-pL aliquot of the reaction mixture' 

which was preincubated for a t  l eas t  30 minutes a t  22-25•‹C was 

placed i n  the cut p ipet te  t i p .  The reaction mixture consisted 

of:  90 mM Tris-acetate, pH 7 .5 ,  1.33 mM MgS04, 47 pM P i  with 

c 3  * P ] E ' ~ .  and F 1 .  The control experiment was performgd without 

El  i n  the reaction mixture. Whenever F l  was used, the concen- 

t ra t ion  was approximately 2 . 8  pM, or 0.96 mg protein,/mL. 

However, i n  each experiment the specif ic  ac t i v i t y  of the 

[ 3 2 ~ ~ ~ i  and the ,concentration of F1 used are indicated. The 

loaded reassembled column was centrifuged a t  1050 x g for 3 

. .  minutes. A sample ( 2 0  ar 25 F L ~ )  of the centr i fugate was used t o  

determine the  amount of c ~ ~ ~ I F ' ~  which passed through the 



. Y 
', 

column. O t h e r  samples  o f  the c e n t r i f u g a t e  were used  t o  Meter=- 
\ 

- m i n e  the p p o t e i n  c o n c e n t r a t i o n  a n d / o r  a c t i v i t y  o f  t h e  F1 i n  the  1 

- c e n t r i f u g a t e .  ; Each. expe r imen t  was pe r fo rmed  i n  t r i p l i c a t e  f o r  

each n u c l e o t i d e  c o n c e n t r a t  i o n .  

,The amount of P i . i n  a f i x e ~ o l u m g  of c e n t r i f u g a t e  w a s  

c a l c u l a t e d  u s i n g  the amount o f  r a d i o a c t i v i t y  found i n  t h a t  

volume o f  the c e n t r i f u g a t e  and t h e  s p e c i f i c  a c t i v i t y  o f  the'  ' 

[ 3 2 p ] p i  label i n  t h e  r e a c t i o n  m i x t u r e  a p p l i e d  t o  t h e  column. 

T h e  amount o f  F1 i n  a n '  e q u i v a l e n t  volume o f  c e n t r i f u g a t e  was 
? * 

c a l c u l z t e d  u s i n g  t h e  p r o t e i n  c o n c e n t r a t i o n  o f  F1 i n  the  c e n t r i -  

f u g a t e  found by the Lowry a s s a y s .  The v a l u e  o f  t he  amount of  

P i  d i v i d e d  by the  v a l u e  o f  t he  amount o f  F1 g i v e s  the  r a t i o  o f  

mole p i /mo le  F1 .  . On the  x - ax i s  a r e '  s hown ' t he  n u c l e o t i d e  

c o n c e n t r a t  i o n s  used  i n  t he  e q u i l i b r a t i o n  bu f f e r s - -  o f  t h e  midd le  

g e l s .  Each v a l u e  p l o t t e d  is t h e  a v e r a g e  o b t a i n e d  from t h e  

t r i p l i c a t e  e x p e r i m e n t s ,  and the l o w e s t  an@ h i g h e s t  e x p e r i m e n t a l  

r e s u l t s  g i v e  v a l u e s  which f e l l  w i t h i n  the  e n c l o s e d  c i rc le ,  

s q u a r e ,  o r  t r i a n g l e .  

. 
( b )  Pulse-Chase  Mode 

The e x p e r i m e n t a l  c o n d i t i o n s  and p r o c e d u r e  were b a s i c a l l y  
IS/. 

the s a m e  as described f o r  the  p r e i n c u b a t i o n  mode o f  t h e  mod i f i ed  

Sephadsx c e n t r i f u g e  column t e c h n i q u e .  T w n g t h s  o f  t h e  four 

s e c t i o n s  ( f rom t o p  t o  bo t t om)  w e r e  1 , 3 , l  and 2.5' c m ,  r e s p e c t i v e -  

' I  

& I  

w .- 



l y .  These were arranged as shown in Appendix 11, Fig. 7A.  I n  

some cases, the t h i rd  and fourth sections were combined t o  g.ive 

one longer chase section (3.5  cm) . The radiolabelled nucleotide 

(e.g. [ y - 3 2 ~ ] ~ ~ ~ )  was added to  the nucleotide-containing buffer 

used t o  prepare the pulse gel (N.B. NO [ 3 2 ~ ] ~ i  was added t o  

the \action m i x t u r e  applied t o  the column). The pulse gel 

equilibration buf fe r  contained: 90 mM Tris-acetate,  pH 7.5. 1.6. 

rnM MgSO,, 47 pM Pi,  'and 1 pM nucleotide: whereas the chase gel 

equil ibrat ion buffers had the various concentrations of nucleo- 
t 

t ide  indicated.  h he experiments were performed i n  t r i p l i c a t e  
1 

for each di f ferent  chase nucleotide concentration. 



R e s u l t s  

Release of Pi, from F1 : Preincubation Methakl 

.J 
The e f f e c t s  o f  ATP, ADP, a n d  AMPPNP on the release o f  P i  

bound t o  F1 w e r e  s t u d i e d  u s i n g  the p r e i n c u b a t i o n  mode o f  the  

m o d i f i e d  Sephadex c e n t r y f  u  ~e column t e c h n i q u e  described i n d e r  

Methods and Materials and i n  Appendix I .  I n  these s t u d i e s ,  the  
.f 

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

b u f f e r s  o f  t he  middle  s e c t i o n s  of t & ' c d l u m n s  w e r e  -as i n d i c a t e d  
d 

and ,  u n l e s s  o t h e r w i s e  s t a t e d ,  the  i e n g t h  o f  the  n u c l e o t i d e  
@- 

c o n t a i n i n g  middle  g e l  w a s  a lways  1 . 0  c m ,  F i g u r e  1 shows the 

e f f e c t s  o f  the  three a d e n i n e  n u c l e o t i d e s  ATP, ADP, and AMPPNP on  

the  release of P i  f rom F 1 .  I t  is e v i d e n t  from F i g u r e  1 t h a t  

t h e  s e n s i t i v i t y  of the  P i  r e l e a s e  r e a c t i o n  "to the  c o n c e n t b r a -  
I 

2 
L i o n  o f  n u c l e o t i d e  i n  t he  midd l6  s e c t i o n  o f  t h e  ~ o l u m n  is d i f -  

c '+ 
f g r e h t  for each o f  t h e  three  n u c l e o t i d e s ;  and t h a t  P i  r e l e a s e  

shows a  biphas;c r e s p o n s e  t o  A ~ ~ . * a n d  AMPPNP i n  t h e  m i d d l e  

s e c t i o n .  I n  these biphasic r e s p b n s e s ,  a p p r o x i m a t e l y  7.QF o f  t h e  
I 

1 ,  

t o t a l  P i  bound i s  r e l e a s e d  i n  a  r e l a t i v e l y  h i g h l y  * s e n s i t i v e  
* 

p h a s e  (s teep s l o p e ) ,  and the  r e m a i n i n g  P i  is  released i n  a 
\ 0 r 

* .  

less s e n s i t i v e  p h a s e  (shallow s l o p e ) .  

F i g u r e ,  2 ' shows t h a t  a t  r e l a t i v e l y  l o w  c o n c e n t r a t i o n s  t i .  e .  
0 

l ees  t h a n  1 . 0  pM n u c l e o t i d e )  , the: e f f e c t s  o f  WP and AMPPNP on - 
< 

the  r e l e a s e  o f  bound P i  f rom F l a r e  e s s e n t i a l l y  . t he  same. e his 



Figure 1 
e 

i I - 
4. The e f fec t s  of ATP, ADP, anu AMPPNP on the release 6f bound 

s 

P i  from F 1 .  The modified. Sephade'x centrifuge column technique --. 
was used as described in  Methods. For the ADP plot  ( 0 ) : the 

concentration oE F1 i n  the reaction mixture was 0.64 mg 

protein.&-I or 1.85 + M I  the speci f ic  ac t i v i t y  of the [32p,]pi 
> .  

P 
3 

%as 1.9 x l o 5  cpm/nmole, and thg 100% P i  bound corresponded t o  

e Satio of 0 . 2 2  mole ~ i / m o l e  of F1 . Fot the AMPPNP plot  (A) : 
the concentration of F1 was 0.75 mg pr0te in .a-1  or 2 .2  p M I  the 

specif ic  ac t iv i ty  of the L ~ * P ] P ~  was 1:5 x yo6 cpm/nmole, and , 

the 100% P i  ohound corresponded t o  a r a t i o  of 0.26 mole 

* 
~ i / m ~ l e  Fl  . For the ATP (0): the concentration of F1 was 0.8 

b 

mg protein=mL-l or  2 .32  pM, the specif ic  ac t i v i t y  of the 

' r ~ ~ ~ p I p ~  was 1 .9  x l o 6  cpm/nmolei and the 100% P i  bound 

corresponded t o  a r a t i o  of 0 . 2 8  mole' ~ i / m o l e  Fl . ( 0 ADP, 

A AMPPNP, and ~ A T P  ) . 





F i g u r e  2  . 

The e f f e c t s  o f  ADP, AMPPNP, and ATP on t h e  release of P i  

from Y 1 .  The mod i f i ed  Sephadex c e n t r i f u q e  column t e c h n i q u e  w a s  
, 

used as d e s c r i b e d  i n  ~ e t h o d s .  For . ' t h e  ADP p l o t  (0 ) : t h e  con- 

c e n t r a t i o n  o f  Fl w a s  1.1 mg p r 0 t e i n . d - 1 2 0 r  3..2 pM, t h e  s p e c i f i c  

a c t i v i t y  of  t h e  w a s  1 . 8  x lo6 cpm/nmole, and t h e  1 0 0 % '  
, 

P i  bound co r r e sponded  t o  a r a t i o  of  0,27 r n o l e j ~ i / m o l e  F1. , ~ 

For  t h e  AMPPNP p l o t  ( A ) : t h e  concen, t ra t ion of  F1 was 0.76 mg 

protbin*mL-l  o r  2.23 pM, t h e  s p e c i f i c  a c t i v i t y . o f  t h e  [ 3 2 ~ ] ~ i  -. 

was 1 . 6  x l o 5  cpm/nmolel and t h e  100% P i  bound co r r e sponded  t o  

a  r a t i o  o f  0.29 mole ~ i / m b l e  Fl, .  For  t h e  ~ T P  p l o t  ( 0 ) :  t h e  

c o n c e n t r a t i o n  of  F1 bas 0 .8  mg protein.mL-I o r  2 .3  pMI t h e  

s p e c i f i c  a c t i v i t y  o f  t h e  [ 3 2 ~ ] ~ i  w a s  1 .9  x l o 6  cprn/nmole, and !' 

t h e  100% P i  bound co r r e sponded  t o  a * r a t i o  o f  0 .28  m o l e  p i /  
, . 

m o l e  Fl . ( A ~ P ,  A AMPPNP, and 0 ATP ) 
I 





" 
p o i n t e d  o u t  the n e c e s s i t y  o f  e x p l o r i n g  a r a n g e  o f  e x p e r i m e n t a l  . 
c o n d i t i o n s ,  L b e f o r e  a t t e m p t i n g  t o  draw g e n e r a l  c o n c l u s i o n s  a b o u t  

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

.4 i n  f a c i l i t a t i n g  release o f  P i  f rom F1. F i g u r e s  3-5 s h o w  the 
- 

e f f e c t s  o f  h i g h  c o n c e n t r a t i o n s  o f  ATP and ADP on  P i  release 

from F1.  From t h e s e  r e s u l t s ,  it is e v i d e n t  t h a t  h i g h  

c o n c e n t r a t i o n s  o f  ATP and  ADP a p p e a r  t o  h a v e  s i m i l a r  e f f e c t s ,  

and t h a t  i n  both cases $hey are able t o  e f f e c t  t he  release o f  

e s s e n t i a l l y  a l l  t h e  bound P i  f rom F1 . 



Figure 3 

, 

The e f f e c t  of ATP on the release of P i  from F1. The 

. * modified Sephadex ~ e n t r i f " ~ d  column technique was used as 
I 

, desc r ibed  i n  Methods. The concentration of F1 i n  the  react ion 

mixture was 0.96 mg protein.mL'l or  2 . 7 8  pM, The spec i f ic ,  

a c t i v i t y  of the  [ 3 2 P ] P i  was 1 . 3  x lo6 cpm/nrnole. The 100% 

P i  bound corresponded t o  a 5 r & t i o  of 0.,2 m o l e  ~ i / m o l e  F 1 .  





Figure,  4 

The e f f ec t  of ATP on the release of Pi-from F1.  The 

modified Sephadex cenfrifuge column tech'nique was used as 
* 

described i n  Methods. The concentration of- F1 i n  the reaction 

mixture was 0.96 mg proteineml-I or 2 . 7 8  pM. ' b The specif ic  
I 

ac t iv i t y  of the c 3  2 ~ ] ~ i  was 1.5  x l o 5  cpm/nmole. The 100% ' 

Pi bound corresponded t o  a r a t i o  of 0.18 mole ~ i / m o l e  F I .  
I 





Figure 5 

The ef fec t  of ADP on the release of P i  from P I .  The 

modified Sephadex centrifuge column technique was used as 

described i n  Methods. The concentration of F 1  i n  the reaction 

mixture was. 0.64 mg p r0 te in .d - l  or 1 . 8 5  pM. The specif ic  

ac t i v i t y  of the  PIP^ was 1.9 x l o 5  cpm/nmole. T h e  100% 

P i  bound corresponded t o  a r a t i o  of 0 . 2 2  mole ~ i / m o l e  F 1 .  





Release of Pi from F1: Pulse-Chase  Method 

The pulse-chase mo'de of the modified Sephadex centrifuge 
r 

+ column technique, as described under Methods and i n  Appendix II', 

u was used to  study the ef fec ts  of ADP, ATP, and AMPPNP on the ' 

release of bound label  from F1. The label i n  t h i s  approach, was 

given t o  F I  i n  i t s  passage through the 1 cm "pulse section" a t  

the top of the column. This pulse section was prepared from a 

gel which had the desired labelled nucledtide i n  the equilibra- * 
t ion  buffer of the Sephadex. Below the pulse section, the 

column contained three sections ( 3 ,  1, and 2 . 5  cm) se;ving 

s imilar  functions as those used i n  the columns for the studies , 

employing the preincubation mode of "he Sephadex cent r i fuget  
\ 

column technique. The th i rd  section $?om the top is  referred to  

as the "chase section" of the  column".^ 

The studies of P i  release using the pulse-chase  node are 

valuable :for comparison w i t h  those using the preincubation 

mode. In the preincubation studies: when P i  (from the reac- 

t ion  mixture) is  bound t o  F 1 ,  the P i  presumably occupies an 

empty s i t e  which contains no other ligands. I n  the pulse-chase 
- 

b 

studies  [ y - 3 2 ~ ] ~ ~ ~  i s  present i n  the pulse gel ,  therefore any 

bound C~ 2 ~ ~ ~ i  (found i n  the centr i fugate)  originated from the 

C ~ - ~ ~ P I A T P  which bound and hydrolysed, and it also  shares i t s  

binding s i t e  w i t h  ADP ( the  other product of hydrolysis) .  



Eublished studies have shown tha t  when ATP binds t o  F1 under 

single s i t e  occupancy i t ions  (such as those used i n  the  

s tudies  reported he re ) ,  it hydrolyzesb rapidly and ADP ahd P i  

are released slowly "(103). T h u s  by comparing the r e su l t s  from 

the preincubation and pulse-chase methods, it i s  possible t o  
0 

assess the effect  of ADP being bound a t  the same s i t e  with P i ,  

on the-  s ens i t i v i t y  of the P i  release reaction t o  nucleotides 

, i n  the chase section. Figures 6 and 7 show the e f fec t s  of ATP 

and AMPPNP ( i n  the chase sec t ion) ,  respectively, on the release 
- 

of label bound as [ y - 3 2 ~ ] ~ ~ ~  from the pulse section. For ease , 

of comparison, the resu-lts from the corresponding studies  w i t h  
I 

the preincubatio6 mode are included i n  the figures.  The sensi- 
b 

t i v i t y  of P i  release t o  ATP is decreased i n  the  pulse-chase 

experiment re la t ive  t o  the release observed i n  the  preincubation 

experiment ( F i g .  6 ) ,  whereas the opposite e f fec t  i s  observed 

w i t h  AMPPNP i n  the pulse-chase and preincubation experiments 

( F i g .  7 ) .  The sens i t iv i ty  of P i  release t o  ATP and AMPPNP is 

essent ia l ly  the same i n  the pulse-cnase experiments ( c f .  Figs. 6 

and 7 ) ;  whereas the sens i t iv i ty  of P i  release t o  ATP is much 
?p 

greater  than t o  AMPPNP. i n  the preincubation experiments. The 
4 

biphasic response of P i  relgase on exposure t o  ATP and AMPPNP ~ 

1s observed with both experimental methods. 
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Figure 6, , 

Comparison of the effecrs of ATP. in preincubationt and 
v 

q' 

pulse-chase niodes, on the release of label-from F1. Fpr the 

preincubation experimentaS)plot, 0 . the data were taken from 
Figure 2. The pulse-chase technique was as described in 

Methods, with four qections (1. 3, 1 and 2.5 cm) being used. 

Note that in both modes, a 1 cm nucleotide-containing middle 
t 

section (preincubation mode) or chase section (pulse-chase mode) 

was used. The concentration of F1 in the reaction mixture 0.96 

mg protein*ml-l or 2.78 pM. The pul~e-~el equilibration buffer 

contained 1.0 pM ATP with ' 2 ~ ] ~ ~ ~ ,  the specific activity of 
C 

which was 3.07 x lo5 cpm/nmole. The 100% ATP bound corresponded L 

/9 
to a ratio of 0.,1 mole  mol mole F1 ( 0 ATP on the release of 

e label bound as. c 3  *p]pi (preincubation mod:); , . and ATP on 

rel'ease of label bound C y  - 3  2 ~ ] ~ ~ ~  (pulse-chase mode) 1. 





Fiqure 7 

Comparison of the ef fec ts  of ANPPNP, i n  preincubation and 
4 A  

, pulse-chase ~ o d e s ,  on the release of label from F1. For the 
- 

. preincubation experimental plot .  0 , the data were taken from 
3 

Figure 2 .  The pulse-chase technique was as described i n  U 

% 
Methods, with four sections (1, 3 ,  1 and 2 . 5  cm) being used. 

Note tha t  i n  both modes, a 1.0 cm nucleotide-containing middle  

section (preincubati.on mode) or chase section (pulse-chase mode) 

was used. The concentration of F1 i n  t h e  reaction mixture was 

1.07 mg proteinmi&-I or 3.09 VM. The pulse-gel equil ibrat ion 

/. 
buffer contained 1.0 p M  ATP with [ y - 3 2 ~  ATP ( 2 . 6 8  K, l o 5  cpm/ 4 b 

nrnolg). The 100% ATP bound corresponded t o  a  r a t i o  o'f 0.1 mole 

A T P ~ O ~ ~  Fl  . ( 0 AMPPNP on release of label bound as C3*p ] p i  

(Preincubation mode), and AMPPNP on release of label bound 

as [ y - 3 2 ~ ] ~ ~ ~  (Pulse-chase mode)). 
6 





In the pulse-cha,se experiments just described (Figs. 6 and 

7 ) ,  1 cm chase sections were used i n  order t o  have the 

nucleot-ide-containing sections ident ical  t o  those used (1 cm 

kiddle sect ion)  i n  the preincubation e x p e r i ~ e n t s .  T h u s  the 

experimental conditions aid procedures were made as close as . 

possible i n  both methods. Figures 8 and 9 show the resu l t s  of 

pulse-chase experiments i n  which en t i re  lower 3.5 cm (1 cm chase 

gel p l u &  2.5'cm bottom ge l )  of the column contained chase 

nucleotide. A comparison of Figure 8 w i t h  Figures 6 and 7 shows 

the resu l t s  w i t h  [ y - 3 2 ~ ] ~ ~ ~  pulse and an ATP or AMPPNP chase 

were essent ia l ly  ident ical  i n  both cases, i . e .  w i t h  the column 

containing e i ther  a  3.5 cm chase section ( i . e .  t he  en t i r e  

bottom) or a  1 cm chase 'section followed by a 2 .5  cm spacer 

section. Figure 8 shows the re la t ive  sens i t iv i ty  of t he  release 

of label ,  bound as  [ y - 3 2 ~ ] ~ ~ ~ ,  t o  ADP, ATP, and AMPPNP i n  the 

3.5 cm chase section. The nucleotides ATP and AMPPNP were 

equally effect ive i n  f a c i l i t a t i n g  the release of label, whereas 

ADP was considerably less  ef fec t ive  i n  promoting the release of 

label .  Figure 9 shows that  whether label was bound as C 3 ~ ] - A ~ p  

or as [ y - 3 2 ~ ] ~ ~ ~  from the pulse section, approximately the same 

sens i t i v i t y  of label  r h e a s e  t o  chase ATP was seen i n  both 

cases 
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F i g u r e  8 

The e f f e c t s  o f  ADP, ATP, and AMPPNP on t h e  r e l e a s e  of l a b s 1  

bound as [ Y - ~ ~ P ] A T P  from F1.  The pu lse -chase  t e c h n i q u e  w a s  as 

d e s c r i b e d  i n  Methods, w i t h  t h r e e  s e c t i o n s  (1, 3,  and 3.5 cm) 

b e i n g  used.  Note t h a t  t h e  e n t i r e  bottom s e c t i o n  (3 .5  &I) con- 

t a i n e d  chase  n u c l e o t i d e .  For t h e  ADP p i o t  ( 0 ) :  t h e  concen- 
P 

t r a t i o n  of F1 i n  t h e  r e a c t i o n  mix tu re  w a s  1.09 mg pro te in .&-I  

or 3.16 ,,M; t'Me s p e c i f i c  a c t i v i t y  of  t h e  [ y - 3 2 ~ ] ~ ~ ~  i n  +..he 1 .0  

pM ATP-containing e q u i l i b r a t i o n  b u f f e r  df  t h e  p u l s e  g e l  was 2.04 
i 

x l o 5  cpm/nmole; and t h e  100% ATP bound cor responded  t o  a r a t i o  

of  0 .1  mole ~ ~ ~ / r n o l e  F1 .  For t h e  ATP p l o t  ( 0 ) :  t h e  concen- 

t r a t i o n  of Fl  was 1 .16 mg p r o t e i n m a - l  o r  3.36 t h e  s p e c i f i c  

a c t i v i t y  of t h e  [ y - 3 2 ~ ] ~ ~ ~  w a s  2.15 x l o 5  cpm/nmole; and t h e  

100% ATP bound cor responded  t o  a r a t i o  o f  0.12 mole  mol mole 

FI  . For  t h e  AMPPNP p l o t  ( 0 ) :  t h e  c o n c e n t r a t i o n  o f  F1 was 0.95 

mg p r o t e i n - a - 1  o r  2.75 pM; t h e  s p e c i f i c  a c t i v i t y  o f  t h e  [ y - 3 2 ~ ]  

was 2.35 x l o 5  cpm/nmole; and t h e  100% ATP bound cor responded  t o  

a r a t i o  of 0 .1  m o l e   mole F1. ( 0  ADPI 0 ATP, and 

A AMPPNP ) 
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Figure 'i - 

The ef fec ts  of. ATP on the releaqe of label bound as  

[ v - 3 2 ~ ] ~ ~ ~  and (2, 8 - 3 ~ ] ~ ~ ~  from El. The pulse-chase .technicjue 

was as described i n  Methods, with three sections (1, 3 ,  and 3 .5  

cm) being used, and the en t i re  bottom 3.5 cm Section containing 

chase anucleotide. For the release of label bound as  [ y - 3 ? ~ ] ~ ~ ~  t t  

plot ( 03, the.  data were taken from Figure 8. For the &lease 

of label bound as [ ~ H ] A T P  p lo t  (0 ) :  the concentration of F1 i n -  

the reaction mixture was' 0.94 mg protein.mL;l or 2 .72  pM: the 

speci f ic  ac t iv i ty  of the [ 3 ~ ] ~ ~ ~  i~ the 1.0 pM ATP-containing @ 

e;uilibration buffer of the pulse -. gel was 2 . 2 8  x l o 5  cpm/nmole: 

and the 100% ATP bound correspondedpto- a  r a t i o  o f ' 0A5  mole 

~ ~ ~ / m o . l e  Fl  . (0 ATP on the release cf label bound as C y  - 3 2 ~ ] -  
I 

AI'P, end ATP on the release of ' label bound as C3i3]~W). 
I 





~ e i e a s ~  of W P N P  f r o m  PI: Pulse-Chase Method - 

F i g u r e  10  shows the r e s u l t s  of a p u l s e - c h a s e  e x p e r i m e n t  i n  

which  l a b e l l e d  AMPPNP . ( ' [ 3 ~ ] ~ ~ ~ ~ ~ ~ )  w a s  u s e d  i n '  t h e  p u l s d  s e c t i o n  

and  u n l a b e l l e d  AMPPNP i n  t he  1 . 0  c m  chase s e c t i o n .  A compari- 

s o n  of  F i g u r e  1 0  w i t h  F i g u r e  7 shows tha t  chase AMPPNP is more 

e f f e c t i v e  i n  f a c i l i t a t i n g  the d i s s o c i a t i o n  o f  label  bound as 
? 

L ~ - ~ ~ P ] A T P  t h a n  the  d i s s o c i a t i o n  o f  label b o u n d '  as C 3  H ~ A M P P N P .  

These f i n d i n g s  s u p p o r t  ( b u t  do n o t  p r o v e )  t he  h y p o t h e s i s  A t h a t  

label bound as [ y - 3 , 2 ~ ] ~ ~ ~  d i s s o c i a t e s  f rom F1 as  C3*P]p i  
' \  

rather t h a n  as t h e  u n h y d r o l y s e d  [ y - 3 2 ~ ] ~ ~ ~ ,  o n  the b i n d i n g  of 

chase AMPPNP'. " I t  w a s  shown t h a t  u n d e r  s i n g l e  s i t e  o c c u p a n c y  

c o n d i t i o n s ,  a n  e q u i l i b r i u m  i s  a t t a i n e d  i n  which the r a t i o  of 

bound ATP t o  bound h y d r o l y s i s  p r o d u c t q ,  FiDP a n d  P i  (1.e. the  

e q u i l i b r i u m  c o n s t a n t ,  K )  i s  2. The c a l c u l a t e d  f o r w a r d  a n d  
- 

r e v e r s e  ra te  c o n s t a n t s  f o r  t h i s  s tep of the E l - c a t a l y s e d  reac- 

t i o n  were 1 0  s'l a n d  20 s-l, r e s p e c t i v e l y  ( 1 0 3 ) .  I n  the  a b s e n c e  

o f  medium n u c l e o t i d e s ,  the d i s s o c i a t i o n  o f  ADP a n d  P i  f r o m  F1 

i s  s l o w  w i t h  t he ' r a te  c o n s t a n t s  o f  4 x s - I  sand 3 x 

s , r e s p e c t i v e l y  ( l O 3 j .  I f  the b e h a v i o u r  of AMPPNP is s i m i l a r  

t o  t h a t  o f  ATP, t h e n  the r e s u l t s  d i s p l s y e d  i n  F i g u r e  1 0  i n d i c a t e  , 
? 

t h a t  i n  a n  'AMPPNY chase, the  d i s s o c i a t i o n  of bound ATP is f a r  

.less f a v o u r a b l e  t h a n  the  d i s s o c i a t i o n  b f  bound ADP a n d  P i ,  . 



Figure 10 

W 

The e f f e c t  of AMPPNP on the  re lease  of labe l  bound a s  

C ~ H ] A M P ~ N P  from F1 .  The pulse-chase technique was as described 

i n  Methods, with four sec t ions  (1, 3 ,  1 and 2 . 5  cm) being used, 

i . e .  t h e  1.0 cm chase gel  was ~o l lowed  by 2 . 5  cm spacer ge l .  

The concentrat ioq of F I  i n  the  react ion mixture "a$ 0.83 mg 

p_rotein.mL-1 o r  2.49 pM.  he pulse-gel equ i l ib ra t ion  buffer  
d 

contained 1.0 pM AMPPNP with [ 3 ~ ] ~ ~ ~ ~ ~ ~  (1.63 x l o 5  cpm/nmole). 

B The 100% AMPPNP bouilil corresponded t o  a r a t i o  of 0.1 mole 





Binding of Nucleotides to F1 in the Sephadex Centrifuge Column 

- -  

F i g u r e  11 shows the  r e s u l t s  o f  a n  e x p e r i m e n t  i n  which P I  
* 

I 

w a s  -passed* t h r o u g h  a column of the  t y p e  used i n  t h e  p r e i n s u b a -  

t i o n  mode. I n  t h i s  c a s e  t h o u g h ,  t h e  E l  was n o t  p r e i n c u b a t e d  

w i t h  l a b e l l e d  P i f  i . e .  [ 3 2 ~ ] ~ i ,  b t t h e  n u c l e o t i d e -  

1 \* -, 

c o n t a i n i n g  1 . 0  c m  m i d d l e  s e c t i o n  ad  i a b e l l e d  ATP ( [ y  -32 P ] A T Y ) .  

t 
Assuming t h a t  t h e  volume o f  t h e  c e n t r i f u g a c e  w a s  the  s a m e  as t h e  

volume a p p l i e d  t o  the  column, Table 111 shows the  r e s u l t s  of 

> c a l c u l a t i o n s  o f  t he  p e r c e n t a g e  o f  the  t o t a l  amount o f  t h e  

[ y  - 3  *P]ATP c o n t a i n e d  i n  the  column which w a s  bound. Th4 
of c a l c u l a t i o n  is  described i n  the  t a b l e  l e g e n d .  +Tab le  111 

shows t ha t  under  the  c o n d i t i o n s  o f  the e x p e r i m e n t ,  where ATP was 

p r e s e n t  i n  s u b s t o i c h i o m e t r i c  amount w i t h  r e s p e c t  t o  F 1 ,  a p p r o x i -  
1 

m a t e l y  a l l  o f  the ATP bound t o  E l .  T h i s  o b s e r v a t i o n  is  cons's- 

t e n t  w i t h  t h e  v e r y  r a p i d  b i n d i n g  o f  ATP t o  F1 ( s e c o n d  o r d e r  r a te  

" c o n s t a n t  of  6 x l o 6  M - ~ . S - ~ )  and  t h e  veFy s l o w  r e l e a s e  o f  ATP 

f r o m  F l  ( r a t e  c o n s t a n t  of 7 x - 1 ,  when ATP is  p r e s e n t  a t  

s u b s t o i c h i o m e t r i c  amounts  (103). I t  is a lso  c o n s i s t e n t  w i t h  the  

r e s u l t s  shown i n  F i g u r e  1 f o r  the  e f f e c t  o f  ATP ( i n  t h e  m i d d l e  

s e c t i o n )  on t h e  release o f  C " P ] P ~  bound t o  F1 i n  a  p r e i n c u b a -  

t i o n  e x p e r i m e n t .  , S i m i l a r  c a l c u l a t i o n s  (see T a b l e  111) were made 
< 

u s i n g  data ( f o r  the  ATP-induced P i  r e l e a s e  o n l y )  from F i g u r e  

1, ,,and the  r e s u l t s  a r e  shown i n  Table I V .  T h e s e  r e s u l t s  r e v e a l  

a t h a  i n  t he  s t e e p  p h a s e  o f  the  ATP-induced P i  p l o t ,  the  mola r  

- 



Figure 11 

The-binding of ATP by FI from the 1.0 cm middle section-of 

the column (preincubation modei). The modified Sephadex 
L- - centrifuge colbmn technique was used as described in Methods. 

P 
Note that no ~ ~ ~ p ~ p ~  was added to the reaction mixture. a The 

,ATP-containing equ libration'buffers of the middle gels had i 
[ v - 3 2 ~ ] ~ ~ ~  (3.52 x lo6 cpm/nmole). The concentration of F1 in 

the reaction mixture was 1.82 mg proteineml-l or 5.26 pM. 





Table I11 

E 

The Bind ing  o f  ATP i n  the  Column t o  F1 

ATP C o n c e n t r a t i o n  T o t a l  ATP ATP Bound 8 ATP 
i n  _Column ( p ~ )  i n  Column by F Bound 

' (pmole )  (pmole)  

J 

The e x p e r i m e n t a l  c o n d i t i o n s ,  p r o c e d u r e s ,  and d a t a  we r , e  the 
" 

same a s  i n  F i g u r e  11. The amount o f  ATP ( b e f o r e  a p p l i c a t i o n  o f  

F 1 )  i n  t h e  1.0 c m  midd le  g e l  w a s  de t e rmined  as o u t l i n e d  below: 

( i )  2 5  pL a l i q u o t s  of  ,xpM ~ ~ p - c o n t a i n i n ~  b u f f e r s  f w i t h  C32p]~Tp  

were counted ,  and the s p e c i f i c  a c t i v i t y  c a l c u l a t e d ;  (ii) Sampl'es 

of  1 .0  c m  l e n g t h s  of  the  xpM ATP w i t h  [ 3 2 ~ ] ~ ~ ~  e q u i l i b r a t e d  g e l s  

were counted . '  L a s t l y ,  the  )amount o f  ATP i n  t h e , g e l s  L were c a l c u -  

la ted 'by d i v i d i n g  t h e  amount of label ( c p m )  g i v e n  by each 1.0  c m  - 
g e l  by t h e  s p e c i f i c  a c t i v i t y  of the  [ 3 2 ~ ] ~ ~ ~  i n  the co r r e spond-  

i n g  ATP-containing b u f f e r .  Note t h a t  t h e  volume of the c e n t r i -  
4 

f u g a t e  w a s  neve r  as much as t h e  150 pL a p p l i e d  t o  t h e  column, 

hence  the  amount o f  l a b e l  i n  t h e  2 5  uL c e n t r i f u g a t e  coun ted  &s . I 

m u l t i p l i e d  by 6 t o  g i v e  a t o t a l  v a l u e .  \ 
1 



,. a n d  t h e  Release off P i  from F1 

The e x p e r i m e n t a l  c ~ n d ~ i t i o n s ,  p r o c e d u r e s ,  a n d  data were t h e  ' 

s a m e  as i n  F i g u r e  1. The  t o t a l  ATP i n  t h e  column w a s  d e t e r m i n e d  

as d e s c r i b e d  i n  t h e  l e g e n d  o f  T a b l e  111. 

\54 
t 



C a e 

r a t i o  of the P i  released t o  the t o t a l  ATP present i n  the 

coiumn i s  approximataly one. I n i t i a l l y  it was d i f f i c u l t  t o  

rat ional ize the resu l t s  slown i n  Table I V ,  because it seemed 
4%U 

reasonable t o  expect tha t  ATP ( i n  the middle section of the 
I 

column) would bind t o  F1 containing bound P i  and t o  F1 without 
P 

bound Pi, and therefore not every ATP bomd would cause P i  

release.  In the experiment shown i n  Figure ,l and Table I V ,  only 

0 . 2 8  of the t o t a l  F1 had P i  bound. The resu l t s  are  consistent 

w i t h  the hy o thes is ,  fha t  only part  of the F1 is  i n  a  s t a t e  such P 
tha t  it can bind ATP rapidly during i t s  br ief  passage through d 

.f 
the column. This par t  co~responds t o  the F1 which has P i  

bound such tha t  it can be released i n  the s teep  phase of the 

l ine  drawn through the c i r c l e s  i n  Figure 1. The remainder of 

the F1 is e i ther  inactive,  or requires d i f ferent  conditions, 

such as exposure t o  higher ATP concentrations, i n  order t o  

'become fu l ly  activated. f igure  1.2 shows tha t  F1, whether or not 

.-it was preincubated w i t h  Pi,  bound i 3 f - I ] ~ ~ p  t o  approximatefy ' 

the same extent i n  i t s  passage through the column. Apparently 
1 

w i t h  P i  bound 'to. F1 (i.e -forining F1 * P i  complex), the a f f in i -  J 

L 

ty of the F l  (o r  F I  . P i  complex) for  AT^ does 'not increase 
\ 

under the conditions of the experiment. (Note tha t  Cross - e t  

a l .  (1.04) found that  the ra te  constant of the second ATP binding - 

t o  F1 is the same as the f i r s t ,  i . e .  6 x 1 0 6 ~ - l . s - l ) .  



F i a u r e  1 2  

The  e f f e c t  o f  P i  o n  t he  b i n d i n g  o f  ATP by F1. The modi- 
t 

f i e d  Sephadex  c e n t r i f u g e  column t e c h n i q u e  w a s  u s e d  as d e s c r h e d  , 

i n  Methods .  N o t e  t h a t  the c o n c e n t r a t i o n  o f  ' P i  w a s  47 p ~ ,  

wheneve r  P i  w a s  p r e s e n t  i n  t h e  e q u i l i b r a t i o n  b u f f e r s  of the 

g e l s  or i n  the  r e a c t i o n  m i x t u r e .  The A T P - c o n t a i n i n g  e q u i l i b r a -  

t i o n  b u f f e r s  o f  t h e  m i d d l e  g e l s  h a d  [ 3 ~ ] ~ ~ ~  (5 .8  x 105 cpm/ 
1 

n m o l e ) .  The c o n c e n t r a t i o n  o f  F1 i n  t h e  r e a c t i o n  m i x t u r e  w a s  

-2 

t i o n  b u f f e r s  a n d  r e a c t i o n  m i x t u r e ,  ,and 0 P i  i n  t h e  e q u i l i -  

b r a t i o n  b u f f e r s  a n d  r e a c t i o n  m i x t u r e ) .  





The re lease  of labe l  bound as C ~ - ~ * P ] A T P  and the  binding of 
+ 

l abe l  as  The pulse-chase technique was as described i n  

Methods, with four sectfong ( 1 ,  3 ,  1 and 2 . 5  cm) being used. 

The pulse-gel equ i l ib ra t ion  buffer  contained 1.0 v M  ATP with 

L 3 ~ ] ~ , ~ ~  (3.06 x l o 5  cpm/nmole) . The chase-gel equ i l ib ra t ion  

buffers  contained t h e  indicated concentrations of pM A1'P with 

J ( 3 ~ ] ~ ~ ~  (9 .94  x lo5 cpm/nmole). The concentrat ion of F1 i n  the  

react ion mixture was 1 . 9 3  mg p r 0 t e i n . a - l .  Correction was made 
4 

for  labe l  from the  chase gel  taken through the column by solvent 

drag. The 100% ATP bound (from pulse g e l )  corresponded t o  a  

r a t i o  of 0.1 mole A ~ ~ / m o l e  F I ,  and t h i s  value was used as 100% 

t o  ca lcu la t e  the  r a t i o  of mole  mol mole F1 for  the  chase ATP. 

( 0 % l abe l  ( C ~ - ~ ~ P I A T P )  re ta ined from pulse,  and % l abe l  

( [ H]ATP ) bound i n  chase ) . 





i Figure 14 
-\ 

The re leasg of labe l  bound as [ y - 3 2 ~ ] ~ ~ ~  and the  binding of 

l abe l  as The pulse-chase technique was as described 

i n  Methods. with four se r t ions  e3 (1, 3 ,  1. and 2 . 5  cm) being 

used. The p u l s q g e l  -. equ i l ib ra t ion  buf fer  contained 1.0 p M  ATP 

with [ y - u ~ 2 ~ ~ ~  ( 2 ~ 6  x 1 0 5  cpm/nmole) . The ~ h a s ; - ~ r l  equi1ilr.a- 

tiorl buffers  contained the  indicated concentrat ions of pM AMP'PNP 

with [ ~ H I A M P P N P  ( 5 . 9 7  x 105 cpmjnmole). T h e  concentration of PI 

i n  the  react ion mixture was 1.7d rng pro te in .m~- l  . Correction 

was made f o r .  l abe l  from the  chase-gel taken through the column 

by solvent drag. The 100% ATP bound (from pulse g e l )  corres-  

ponded t o  a  r a t i o  of 0.1 mole  mole F1. and t h i s  was used as 
_ .  

100% t o  ca lcu la t e  the  r a t i o  of mole A M P P N P / ~ O ~ ~  F l .  (0 % 

l abe l  re ta ined from pulse,  and % l abe l  ( C 3 H ] A ~ ~ P ~ P )  bound i n  a 

chase) .  \ 



me' 



F i g u r e s  1 3  and  1 4  show the r e s u l t s  o f  p u l s e - c h a s e  e x p e r i -  

m e n t s  w i t h  [ y - 3 2 ? ] ~ ~ ~  i n  the p u l s e  s e c t i o n s ,  a n d  [ 3 ~ ] ~ ~ ~  and  

[ 3 f ~ ] A M ~ ~ ~ ~ ,  r e s p e c t i v e l y ,  i n  t h e  chase s e c t i o n s  o f  t h e  columns .  
*, d 

I n  t h i s  way, the release o f  l a b e l - ,  ( [ y - 3 2 ~ ] ~ ~ ~ )  which w a s  bound 

i n  the  p u l s e  w a s  m o n i t o r e d  s i m u l t a n e o u s l y  w i t h  the  b i n d i n g  oc 
. i 

label ( C 3 ~ ] A T p  or [ 3 ~ ] ~ ~ ~ ~ ~ ~ )  f n  t h  ase. F i g u r e  15 shows a 

c o m p a r i s g n  o f  the b i n d i n g  c u r v e s  ( A  nd AMPPNP %bound i n  t h e  

c h a s e )  f rom F i g u r e s  1 3  a i d  1 4 ,  r e s p e c t b v e l y .  I n  t h b s e  e x p e r i -  

m e n t s  (as  i n  a l l  o$  the  p u l s e - c h a s e  e x p e r i m e n t s  d e s c r i b e d  t h u s  

f a r ) ,  t h e  p u l s e  s e c t i o n  c o n s i s t e d  o f  a 1 c m  g e l  p r e p a r e d  from a 

column m a d e  u s i n g  Sephadex  e q u i l i b r a t e d  i n  a b u f f e r  w i t h  1.0 p M  
i 

n u c l e o t i d e  (see Methods). Under  these c o n d i t i o n s ,  the  molar 

r a t i o  o f  c ~ - ~ ~ P ] A T P '  .bound t o  F1 i n  t h e  p u l s e  w a s  u s u a l l y  a b o u t  
' - .  

0.1.  Thus  it is r e a s o n a b l e  t o  assume t h a t  s o m e  o f  t h e  c h a s g  9 

n u c l e o t i d e  bound t o  F1 w h i c h  had n o t  ,bound label  i n  t h e  p u l s e  

s e c t i o n .  F i g u r e  1 3  shows t h a t  w i t h  i n c r e a s i n g  ATP c o n c e n t r a t i o n  

i n  t h e  chase s e c t i o n ,  i n i t i a l  b i n d i n g  o f  the  3 ~ i  l a b e l  i n  t h e  

&e t h a n  d o e s  release o f  3 2 ~ i  l a b e l  * chase s e c t i o n  i n c r e a s e  6 

w h i c h  had bound i n  the  p u l s &  s e c t i o n .  T h i s  r e s u l t  c a n  be r4 , 

v t 

r a t i o n a l i z e d  if a t   lo^ chase ATP c o n c e n t r a t i o n s ,  the  [ 3 ~ ] ~ ~ ~  i n  

the( chase b i n d s  t o  both F1 w i t h o u t  label  bound f rom p u l s e  and t o  
I 

w i t h  label bound f r o m  p u l s e .  The b i n d i n g  o f  ATP by FI  i n  t h e  , 

chase l e v e l s  o f f  a s  the  chase ATP c o n c e n t r a t i o n  i n c r e a s e s  

( F i g s .  1 3 .  15,  and  T a b l e  y ) :  whereas  t h e  b i n d i n g  of AMPPNP by F, 
\ 



F i g u r e  15  

The b ind ing  o f  ATP and AMPPNP from t h e  chase  g e l s  i n  
a 

pu l se -chase  exper iments .  For t h e  ATP b i n d i n g  p l o t  (o), t h e  

i n fo rma t ion  was t a k e n  from F i g u r e  1 3 ,  and f o r  t h e  AMPPNP b i d i n g  

p l o t  (0 ) , t h e  i n f o r m a t i o n  was t a k e n  from F i g u r e  14. 
- 

( 0 ATP 

( [  3 ~ ] ~ ~ ~ )  b ind ing ,  and 0 AMPPNP ( [ 3 ~ ] ~ ~ ~ ~ ~ ~ )  b i n d i n g ) .  



i % 0 ATP ( [ 3 ~ ]  ATP) binding 
12.50 r 

, + X U  AMPPNP ( I ~ H ]  AMPPNP) binding 



Table V 

The Bind ing  o f  Chase ATP i n  the  Column t o  F1 L 

ATP T o t a l  AT+ % ATP m o l e  [ 3 ~ ] ~ ~ ~  
C o n c e n t r a t i o n  ATP bound Bound - 
i n  Column i n  Column by F1 
(p) ( p m o l e )  (pmole 1 m o l e  F1 4 

- 
 the d a t a  fol: tge, c a l c u l a t i o n s  w e r e  f r o m  F i g u r e s  1 3  and 1 5 ,  

i ' 

The .amduntwo•’ ATP' i n  t h e  1 crn c h a s e  g e l  w a s  d e t e r m i n e d  as 
4 

d e s c r i b e d  for the 1 - . c m  midd,le g e l  i n  the  l e g e n d  o f ' T a b l e  111.' 
a 4 

I 



Table V I  

," . 
4, T h e  B i n d i n g  o f  Chase AMPPNP i n  t he  Column t o  k'1 

B 

f 

AMPPNP Total AMPPNP a AMPPNP m o l e  c 3  RIAMPPNP!-.u 
c o n c e n t r a t i o n  AMPPNY bound by .B.ound Q 1 

i n  Column F1 i n  Column 
(p) (pmole  (pmole ) m o l e  F~ 

. n 

T h e  data 

 he amount' of 

described •’of 

for the c a l c u l a t i o n s  were from F i g u r e s  '14  and 15. 

AMPPNP i n  t h e  1 c m  chas&%+el w a s  d e t e r m i n e d  . . a$ 

the 1 c ~ n  m i d d l e  g e l  i n  t h e  l e g e n d o . o f  T a b l e  111. 



/ 
.A - 

b 

t i o n  t 'hroughout the range  s t u d i e d  ( F i g s .  1 4 ,  15 ,  andr Tab le  VI).. 

This  is probably  beca"se s e v e r a l  molecules  of AMPPNF can  b i n d  t d  

each Fl (48 ,  73, 1 0 2 ) ;  w h i l e  on t h e  o t h e r  .hand, i f  [ 3 ~ ] ~ ~ ~  b i n d s  

t o n  a F l  . which a l r e a d y  b o h d  one [ IHIATP, the p r e v i o u s l y  bound ATP 

would Very i i k e l y  have hydro lysed  and the label  would be r e l e a s e d  

pn fh'e , b i h d i n g  of  t h k  second [ ~ H ] A T P  a t  a n o t h e r  s i t e  O n  t h e  F1 . 
, From ~ i ~ u r e '  15,  it can be observed  t h a t  t h e  b i h d i n g  o f ,  AMPPNP ; 

t o  F I  is .as  f a v o u r a b l e  as the b i n d i n g  of ATP i n  the columns. T h i s  ' ' 

, ':obsekvatio,n e l i q i n a t e s  t h e  p o s s i b l e  e x p l a n a t i o n  t h a t  F1 h a s  a 

' l'ower 'a f f l i t l i ty  f g r  ANPPNP, t h e r e b y  c a u s i n g  t h e  reduced s e n s i t i v i t y  ~ 

of  r e sponse  of t h e  AMPPNP-induced P i  r e l e a s e  i n  the p re incuba -  

t l 6 n  exper iments  shown i n  F i g u r e  1. 



The Biphasic Release of Pi 'from F1 

I n  a n  e f f o r t  t o  d i s c o v e r  t h e  c a u s e  o f  t h e  b i p h a s i c  release of 
I, 

P i  f rom F1,  t h e  e x p e r i m e n t s  d e s c r i b e d  be low w e r e  p e r f o r ~ n e d .  
P i .- 

F i g u r e  16 shows t h a t  i n c r e a s i n g  t h e  l e n g t h  o f  t h e  ATP-con ta in ing  

m i d d l e  s e c t i o n  f r o m  1.0 t o  2 .O0 c m  i n  a p r e i n c u b a t i o n  e x p e r i m e n t ,  

. d i d  n o t  a p p r e c i a b l y  a l t e r  t h e  p r o p o r t i o n s  o f  P i  released i n  t h e  
I 

I * 
t w o  p h a s e s .  - F i g u r e  1 7  s h o w s  the  amounts  o f  P i  r e l e a s e d  from F, 

when d i f f e r e n t  l e n g t h s  o f  0 .25 pM A T P - c o n t a i n i n g  m i d d l e  sections 

w e r d  u s e d .  F i g u r e  18 shows t h a t  u s i n g  a 5.0 c m  ATP-con ta in ing  geL 

( i . e .  t h e  e n t i r e  lower s e c t i o n * )  i n  thee  p r e i n c u b a t i o n  mode a l s o  d i d  
+A 

n o t  a l t e k  t h e  b i p h a s i c  n a t u r e  o f  t h e  P* release r e a c t i o n .  
'3, 

F i g u r e  1 9  shows t h a t  i n a c t i v a t i o n  o f  F1 b y  t r e a t m e n t  w i t h  " 

NBD-chlor ide ( 1 2 0 ,  1 2 1 )  r e d u c e d  t h e  amount  o f '&TP bound i n  a I 

t " 
p u l s e - c h a s e  e x p e r i m e n t  by  - > 95%. T h i s  r e s u l t  s u p p o r t s  t h e  H y p o t h ~ '  

esis t h a t  the ATP b i n d s  a t  c a t a l y t i c  si tes.  -?- 

3 

F i y u r e  20 shows t h a t  p r e i n c u b a t i o n  o f  F1 w i t h  ATP d i d  n o t  

a l t e r  t h e  amount  o f  ATP bound t o  F1;  and  n e i t h e r  w a s  t h e  ,amount of 
b 

I 

P i  released f r o m  F1 a l t e r e d  i n  t h e  p u l s e - c h a s e  e x p e r i m e n t  u s i n g  
b 

a 3.5 c m  0 . 2 5  pM A T P - c o n t a i n i n g  c h a s e  s e c t i o n .  F i g u r e s  2 1  a n d  22 

' show t ha t '  p r e i n c u b a t i o n  o f  F1 w i t h  e i t h e r  Av por EDTA d id  n o t  
0 

a f f e c t  t h e  amount  o f  l a b e l  C S f  p I p i  bound <n p r e i n c u b a t i o n  expor- 
9 

i m e n t s ,  and  t h a t  t h e s e  t r e a t m e n t s  also d i d  n o t  a f f e c t  t h a r b i p h & s i c  
* P 

P i  r e l e a s e  f r o m  PI. F i g u r e  23  shows t h a t  i n  a p u l s e - c h ~  t y p e  
r - 
'\r 



F i g u r e  1 6  

** - L 

The e f f e c t  o f  ATP on t h e  r e l e a s e  o f  bound P i  from F1 u s i n g  

.rf" q& 1 . 0  cm and 2*0 c m  ATP-conta-ining midd le  s e c t i o n s  i n  the columns.  
.air 

 he m o d i f i e d  Sephadex c e n t r i f u g e  coluWn t e c h n i q u e  w a s  used  as  to' 

.T 

d e s c r i b e d  i n  Methods,  e x c e p t  t h a t  t h e  , 2 . 0  c m  ATP-conta in ing midd le  
% 

s e c t i o n  columns h a d  3 .0  ctp;bottom s e c t i o n s .  The c o n c e n t r a t i o n  o f  

F1 i n  t h e  r e a c t i o n  m i x t u r e  w a s  0.94 mg p r o t e i n . m L - l  or 2 . 7 2  PM. 
' 

The s p e c i f i c  a c t i v i t y  o f  t h e  [ 3 2 ~ ] ~ i  i n  t h e  r e a c t i o n  m i x t u r e  was 

1 . 8 5  x l o 5  cpm/nmole. The 100% P i  bound l c o r r e s p o n d e d  t o  a r a t i o  
. . 

, o f  0 .25  mole Pi;&mole Fl  . ( 0 1.0  r m  ATP-conta in ing middke 

s e c t i o n ,  and 2.0 'cm AT!-containing m i d d l e  s e c t i o n ) .  





F i q u r e  1 7  

'i 

The e f f e c t  o f  ATP on  t h e  release o f  bound P i  f rom F1 u s i n g  

v a r i o u s  l e n g t h s , o f  ATP-con ta in ing  m i d d l e  s e c t i o n s  i n  t h e  co lumns .  

The m o d i f i e d  Sephadex  c e n t r i f u g e  column t e c h n i q u e  was used  as 

d e s c r i b L d  i n  Methods,  e x c e p t  t ha t  t h e  b o t t o m  s e c t i o n  w a s  d e c r e a s e d  
f - 

by t h e  same l e n g t h  b y  which t h e  1 . 0  c m  ATP-con ta in ing  m i d d l e  

s e c t i o n  w a s  i n c r e a s e d .  I n  a d d i t i o n ,  t h e  c o n c e n t r a t i o n  of ATP used  

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

a t  0 .25  $4. The c o n c e n t r a t i o n  o f  F l / u s e d  i n  t h e  r e a c t i o n  m i x t u r e  - 
w a s  0 .92  mg protein.mL'I  or 2.66 pM. The s p e c i f i c  a c t i v i t y  o f  t h e  

C~ * p l p i  u s e d  w a s  1 . 9  x 10' cpm/nmole. The 100% P i  bound 

c o r r e s p o n d e d  t o  a r a t i o  o f . 0 . 2 1  mole ~ i / m o l e  F1. 
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F i q u r e  18 

The e f f e c t - o f  ATP on t h e  r e l e a s e  of bound P i  from F1 us ing  

a 5.0 c m  ATP-containing s e c t i o n  i n  t h e  column. T h e  modif ied 

Sephadex c e n t r i f u g e  column t e c h n i q u e  was used as d e s c r i b e d  i n  

Methods, excep t  the 4.0 c m  bottom s e c t i o n  also c o n t a i n e d  ATP. The 

c o  d c e n t r a t i o n  o f  F1 i n  the r e a c t i o n  mix tu re  w a s  1 . 2 9  mg p r o t e i n .  

m ~ - l  , o r  3 . 7 3  pM. The s p e c i f i c  a c t i v i t y  of t h e  [ 3 2 ~ ] ~ i  was 1 . 2  x 

l o 5  cpm/nmol=. The 100% Pi bound cor responded  t o  a r a t i o  of  

0.17 m o l e  ~ i / m o l e  F1. 





Figure 19  
b 

-- 
The e f f ec t  of preincu5ation of F1 w i t h  NBD-chloride before 
f a 

i t s  applicdtion t o  a  pulse-chase column.  he'^^ was t reated as 

described by Kohlbrenner and Boyer ( 1 2 1 ) .  The F1 i n  the reaction 

mixture w a s  inactivated by the addition of a  freshly prepared 

ethanolic solution of NBD-chloride t o  give a  f i na l  concentration 

of 100 pM. The, reaction mixture was incubated for 2 hou-rsa i n  the 

dark a t  25OC, before it was applied t o  the column. . The 'pulse- 

chase teohnique was a& described i n  Methods w i t h  three sections 

(1, 3, and 3.5 cm) being used, i. e. the 1 cm chase gel was combin- 

ed with the 2 .5  cm bottom gel t o  give 3.5 cm chase gel .  The 

concentration of F1 i n  the  reaction mixtures was 0.94 mg protein. 
\ -- , 

rL-l  or 2 . 7 2  pM. The pulse-gel equil ibrat ion buffer contained 1.0 

ATP with C y - 3 2 p ] ~ ~ p  ( 1 . 6  x 105 cpm/nmole). The two F1 reaction 

mixtures were t reated the same except for  the addition or exclu- 
09 

sion of NBD-chloride'. For the reaction mixture without NBD- 

chloride,  the 100% ATP bound corresponded t o  a r a t i o  of 0.1 mole 

~ ~ p / m o l e  F l .  (0  F1 not t reated w i t h  NBD-chloride, F l  

t rea ted  w i t h ,  NBD-chloride). -' 





F i g u r e  20 

The  e f f e c t  o f  p r e i n c u b a t i o n  o f  F1 w i t h  ATP b e f o r e  i t s  a p p l i -  
6 

c a t i o n  t o  a p u l s e - c h a s e  column.  The F1 w a s  a d d e d  t o  t h e  u s u a l  

r e a c t i o n  m i x t u r e  w h i c h  now also c o n t a i n e d  4 . 0  mM ATP, a n d  t h e " .  

m i x t u r e  w a s  a l l o w e d  t o  s t a n d  f o r  a t  leas t  20 m i n u t e s  b e f o r e  
- 

a p p l i c a t i o n  t o  the co lumn .  The  p u l s e - c h a s e  t e c h n i q u e  w a s  as 

d e s a i b e d  i n  Me thods ,  w i t h  t h r e e  s e c t i o n s  (1, 1, a n d  3 . 5  cm) b e i n g  

u s e d ,  i . e . ,  the e n t i r e  bottom s e c t i o n  ( 3 . 5  c m )  c o n t a i n e d  c h a s e  b 

n u c l e o t i d e ,  The  c o n c e n t r a t i o n  o f  F1 i n  t h e  r e a c t i o n  m i x t u r e  was 
. 

d 0 . 4  mg p r ~ t e i n . r n l - ~  or 2;61 pM. The p u l s e - g e l  - e 4 u i l i b r a t i o n  

b u f f e r  c o n t a i n e d  1 . 0  pM ATP w i t h  [ y - 3 2 ~ ] ~ ~ ~  ( 2 . 1 4  x 1 0 5  c p m /  

nmole ) .  The  t w o  F1 r e a c t i o n  m i x t u r e s  w e r e  t r e a t e d  tKe s a m e  e x c e p t  

f o r  t h e  a d d i t i o n  or e x c l u s i o n  o f  ATP. F o r  t h e  reaction m i x t u r e  
1 

w i t h o u t  ATP, the 1 0 0 %  ATP bound c o r r e s p o n d e d  t o  a r a t i o  6f 0 . 1  

m o l e   mol mole F l  . ( 0 F1 n o t  p r e i n c u b a t e d  w i t h  ATP, Fl 

p r e i n c u b a t e d  w i t h  ATP).  I 
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F i a u r e  2 1  

The  e f f e c t  o f  p r e i n c u b a t i o n  o f  F1 w i t h  ADP bef6re i t s  a p p l i -  

c a t i o n  t o  a column.  The  FL  w a s  added  t o  a r e a c t i o n  m i x t u r e  con-  
1 

t a i n i n g  90  rnM T r i s - a c e t a t e ,  p H  7.5 .  1.6 mM MgS04, a n d  100  pM ADP'. 

The m i x t u r e  allowed t o  s t a n d  f o r  5 m i n u t e s  b e f o r e  i t s  a p p l i c a -  
' Z  .& 

i 

t i o p  t o  the u s u a l  S e p h a d e p  c e n t r i f u g e  columrr 28. 7 3  ) . The 
1 $&+L -+ 

a "v- 
bent>Tfuga& w a s  added  t o  t h e  u s u a l  r e a c t i o n  m i x t u r e  ( 9 0  mM T r i s -  

acetat-el p H  7 . 5 ,  1 . 6  mM MgS04, and  47 pM P i  w i t h  [ 3 2 ~ ~ ~ i ) l  and  

t h i s  a l l o w e d  t o  s t a n d  d o r  8 m i n u t e s  b e f o r e  a p p l i c a t i o n  t o  thg,  

co lumn.  The m o d i f i e d  Sephadex  c e n t r i f u g e  co lumn t e c h n i q u e  

( p r e i n c u b a t i o n  mode) w a s  u s e d  ,as d e s c r i b e d  i n  Methods.  T h e .  

c o n c e n t r a t i o n  o f  F1 i n  the u s u a l  r e a c t i o n  m i x t u r e  w a s  0 . 7 5  rng 

p r 0 t e i n . a - l  or 2.17 pM. The  s p e c i f i c  a c t i v i t y  o f  t h e  [ " P ] P ~  

u s e d  i n  t h e  u s u a l  r e a c t i o n  m i x t u r e  w a s  1.18 x 105 cpm/nmole.  The 

F1 r e a c t i o n  m i x t u r e s  were t r e a t e d  t h e  s a m e  e x c e p t  f o r  t h e  a d d i t i o n  

or e x c l u s i o n  o f  ADP. F o r  t h e  r e a c t i o n  m i x t u r e  w i t h o u t  ADP-t rea ted  
f . - 

Fl 1 t h e  100% P i  bound c o r r e s p o n d e d  t o  a  r a t i o  o f  0 . 2 5  m o l e  

Pi/mol.e F l  ( 0 F1 n o t  p r e i n c u b a t e d  w i t h  ADP. a n d  F I  p r e i n -  

c u b a t e d  ~ 9 t h  ADP) . 





, -- / 
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T h e - e f f e c t  o f  p r e i n c q b a t i o n  o f  F1 w i t h  EDTA b e f o r e  i t s  a p p l i -  
/ 

c a t i o n  t o  the  column. The Fl ( i n  50 $@I Tris-acetate. pH 7 .5 )  was 

added t o  a s o l u t i o n  of EDTA (a l so  i n  0  mM ~ r i s ~ a c e t a t e .  pH 7 . 5 )  I 
t o  g i v e  a f i n a l  c o n c e n t r a t i o n  of 17  EDTA. The m i x t u r e  o f  F1 

and EDTA w a s  allowed t o  s t a n d  f o r  1 m i n u t e s  b e f o r e  i ts  a p p l i c a t i o n  
Ir 

t o  the u s u a l  Sephadex c e n t r i f u g e  column ( 2 8 ,  7 3 ) .  T h e  c e n t r i f u -  

g a t e  w a s  added t o  the r e a c t i o n  m i x t u r e  t o  g i v e  f i n a l  c o n c e n t r a -  

t i o n s  o f  90 mM T r i s - a c e t a t e ,  plp 7.5.  1.6 rnM MgSds, and 47 p M  P i  

w i t h  C32pIpi ,  and t h i s  a l l o w e d  t o  s t a n d  f o r  8 m i n u t e s  A- b e f o r e  

- a p p l i c a t i o n  t o  the column. The m o d i f i e d  Sephadex c e n t r i f u g e  

column t e c h n i q u e  ( p r e i n c u b a t i o n  mode) w a s  u s e d  as d e s c r i b e d  i n  

~ e t h o d s ;  ;The c o n c e n ' t r a t i o n  o f  FI i n  t h e  r e a c t i o n  m i x t u r e  was 0.68 

mg p r ~ t e i q b m l ' ~  or 1 .97  vM. T h e  s p e c l f i c  a c t i v i t y  o f  t h e  , 

C ~ ~ . P I P ~  i n  the r e a c t i o n  mixt ,gre  w a s  1 . 2 2  x - l o 5  cpm/nmole. The 

F1 r e a c t i o n  m i x t u r e s  w e r e  t r e a t e d  the same e x c e p t  f o r  the  a d d i t i o n  ' 

or e x c l u s i o n  o f  EDTA. F o r  the r e a c t i o n  m i x t u r e  w i t h o u t  EDTA- 

t reated F1,  t h e  100% P i  bound c o r r e s p o n d e d  t o  a  r a t io  o f  0 . 2 4  - 
t 

m o l e  ~ i / m o l e  F I  . 4 0 F l  n o t  p r e i n c u b a t e d  k i t h  EDTR. and FI 

p r e i n c u b a t e d  w i t h  EDTA) .  
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+ The e f f e c t  o f  ATP on t h e  r e l e a s e  o f  P i  from F 1 ,  when t h e  

F1.Pi  complex was g i v e n  p u l s e  o f  ADP. The p u l s e - c h a s e  t e c h -  

n i q u e  w a s  used  as d e s c r i b e d  i n  Methods, w i t h  f o u r  s e c t i o n s  (1, 3 ,  

1 and 2.5-  c m )  b e i n g  used .  Note t h a t  i n  t h i s  case t h e  r e a c t i o n  

m i x t u r e  c o n t a i n e d  lab ell;^ P i  as c3*p]pi  ( 1 . 24  x l o 5  cpm/ 

m o l e ) .  The c o n c e n t r a t i o n  o f  F1 i n  t h e  r e a c t i o n  m i x t u r e  w a s  1 . 0  

mg pkotein.mL-l or 2 . 8 9  pM. The 'pu l s e -ge l  e q u i l i b r a t i o n  b u f f e r  

c o n t a i n e d  50 pM ADP w i t h  [ 3 ~ ] ~ ~ ~  (3 .5  x l o 4  cpm/nmole) .  For  t h e  

F lop=  complex n o t  g i v e n  p u l s e  qf ADP ( i .e ,  a  1 . 0  c m  s p a c e r  g e l  

u s e d . i n s t e a d j ,  100% P i  bound c y r e s p o n d e d  t o  a r a t i o  o f  0 . 21  

mole Pi/mole F1;, and f o r  F lop=  complex g i v e n  a  p u l s e  of  A D P ,  
% 

100% P i  bound c o r r e s p o n d e d  t o  a r a t i o  of  0 .18 mole ~ i / m o l e  F1 

( 0 Fl  n o t  g i v e n  p u l s e  o f  ADP, and. 0 F I  g i v e n  p u l s e  o f  A D P ) .  

[ N o t e  c h a t  t h e  t o t a l  amount o f  ADP a v a i l a b l e  i n  t h e  1 crn o f  AUP- 

p u l s e - g e l  was 800 pmole,  and t h e  t o t a l  ADP bound by F1 in t h e  

c e n t r i f u g a t e  was 10.4  pmole . ]  The r a t i o  o f  mole  mole F l  w$s 

0 .02 .  The methods o f  d e t e r m i n a t i o n  and c a l c u l a t i o n  were as 

d e s c r i b e d  i n  t h e  l egend  o f  T a b l e  111 . I  
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e x p e r i m e n t ,  w i t h  a  1 .0  cm 5 .0  ,,M ADP ( i 3 ~ ] ~ ~ ~ ) - c o n t a i n i n g  t o p  

s e c t i o n ,  t h a t  b o t h  the  amount of P i  bound t o  F I  and t h e  amount 

o f  P i  . r e l e a s e d  w e r e  n o t  i n f l u e n c e d  by t h e  W P - p u l s e  b a t m e n t .  

I n  a d d i t i o n ,  t h e  e x p e r i m e n t  showed t h a t  a  r a t i o  o f  0 .02  m o l e  XDP/ 

m o l e  F1 was o b t a i n e d  u n d e r  t h e  e x p e r i m e n t a l  c o n d i t i o n s  (br  a b o u t  

0 .01  o f  t h e  a v a i l a b l e  ADP from t h e  1.0 c m  t o p  s e c t i o n  was b o u n d ) .  

T h i s  l a s t  series o f  exper im,onts  ( F i g s .  20-23) was p e r f o r m e d  i n  

o r d e r  t o  t e s t  t h e  p o s s i b i l i t y  t h a t  P i  b i n d i n g  or A T P - f a c i l i t a t  d 4 
P i  release migh t  be a f f e c t e d  by t h e  p r e s e n c e  o f  Mg*,x&l>P a b o u n d ' t o  

L. I 4 
$ 

F1.  Bound ADP, which c o u l d  be removed from F1 by t r e a t m e n t  w i t h  * 

EDTA or i n c u b a t i o n  w i t h  p y r u v a t e  k i n a s e  and PEP,  h a s  been p roposed  

as t h e  c a u s e  o f  l a g s  i n  ATP h y d r o l y s i s  c a t a l y s e d  by F1 (115-119) .  

The p u r i t y  g f  t h e  F1 p r e p a r a t i o n s  used  i n  t h e s e  e x p e r i m e n t s  

w a s  s i m i l a r  t o  t h a t  o f  Knowles and P e n e f s k y  ( 2 7 )  as d e s c r i b e d  

under  methods .  The NBD-chloride i n a c t i v a t i o n  e 'xper iment  shown i n  

- F i g u r e  19 i n d i c a t e s  t h a t  even  i f  some p r o t e i n  i m p u r i t i e s  w e r e  p r e -  

s e n t ,  t h e y  d i d  n o t  b i n d  s i g n i f i c a n t  amounts ( <  - 5 8 )  o f  ATP, and 

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

l a b e l .  

A t  p r e s e n t ,  t h e r e  is  no s a t i s f a c t o r y  e x p l a n a t i o n  a v a i l a b l e  

for  t h e  b i p h a s i c  P i  r e l e a s e  obsekved .  I t  is i n t e r e s t i n g  ' t h a t  a t  

s u f f i c i e n t l y  h i g h  ATP or ADP c o n c e n t r a t i o n s ,  a l l  o f  t h e  bound P i  

w a s  r e l e a s e d  ( F i g s .  3 and 4 ) .  P o s s i b l y  a l l -  o f  t h e  P i  was bound 

a t  c a t a l y t i c  s i t e s ,  bi;t t h e  F1 e x i s t s  i n  d i f f e r e n t  s ta tes  and some ,, 



of these cannot be activated by exposure t o  low ATP concentrations 
- .  

on the time scale  of the Sephadex centrifuge column experiment. 
$ 

I t  was found by other workers tha t  F1, label led by exposure t o  

subsioichiornetric amounts of ATP, did not release a l l  of i t s  label  

upon subsequent exposure t o  high concentrations of medium ATP 

Other published studies are a lso  cons with the biphasic 
' a 

P i  release observed i n  the investigations _here. I n  the 

original  study of P i  Ending t o  and i t s  release from F1 , about . 
\ 

108 of the bound P i  did not dissociate  even a t  48 minuteg a f t e r  
- 

0, 

the addition of unlabelled P i  t o  the reaction mixture ( 7 3 ) .  A 

semilog p lc t  of the published data (Fig. 3 of Ref. 7 3 ) ,  using the 

48 minute point as the i n f in i t y  value, is shown i n  Figure 24.  

Phis figure shows that '  the P i  dissociation which occurred did 
" 

not follow clear  f i r s t  order k inet ics .  This resu l t  i s  consistent 

with there being more than one kind of bound P i .  Similar 

resu l t s  were obtained i n  another published study (96 ) ,  and Zn the 
. . 

preliminary work which led t o  the development af the methods'used 

I 

. i n  the studies reported here. The resu l t s  from the present 

s tudies  are shown i n  Figure 25. A semilog plo t  of the P i  

release data from t h i s  experiment a lso  does not show clean f i r s t  

order kinet ics .  The biphasic nature of the P i  

release i s  evident from the experiment shown i n  

which U P  was added t o  unlabelled P i  which was then i n  t u r n  
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.) - 

A semi log  p l o t  showing the r e l e a s e  of P i  from F1 w i t h  

t i m e .  T h e  d a t a  were tak-en from F igu re  3 o f  Ref. 7 3 ,  w i t h  t h e  48 

minute  p o i n t  b e i n g  used as t h e  i n f i n i t y  v a l u e *  ~ [ P i l b o u n d  on 

y-ax is  r e p r e s e n t s  { m o l e  Pi /mole  bound a t  t min - mole P i /  

mole bound a t  48 min) . 
, 
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The e f f e c t  o f  n u c l e o t i d e s  on the release o f  P i  bound t o  

0 , 

F1. (Repea t  of  Hu t ton  and B o y e r ' s  exper iment  shown i n  ~ i ~ u 3  2  of  

Ref.  9e.) A r e a c t i o n  m i x t u r e  c o n t a i d i n g  90 rnM T r i s - A c e t a t e ,  pH 
* .  

7 .5 ,  -1.6 mM MgSOq, 47 $4 P i  w i t h  C3*p]pi  ( 1 . 4  x l o 3  cpm/ 
1. 

pmole) . ,  and 3 .7  pM F1-ATPase w a s  i n c u b a t e d  f o r  20 minu t e s  a t  

23•‹C. 80 pL a l i q u o t s  of  t h e  r e a c t i o n  m i x t u r e  w e r e  a p p l i e d  i n  t h e  

Sephadex c e n t r i f u g e  column t e c h n i q u e  a s  d e s c r i b e d  by Penefsky  ( 2 8 ,  

7 3 ) .  The sephad&c G-50-80 g e l  w a s  e q u i l i b r a t e d  i n  a  b u f f e r  ,con- 

O t h e r  80 pL a l i q u o t s  w e r e  mixed w i t h  20 pL of  P i ,  P i  and ATP, 

o r  P i  and ADP t o  g i v e  f i n a l  c o n c e n t r a t i o n ' s  o f  1 2  mM P i  and 20  - 

rnM ATP o r  ADP, r e s p e c t i v e l y .  80 pL a l i q u o t s  of  t h e s e  m i x t u r e s  
1 : 

w e r e  added t o  t h e  Sephadex columns a t  ' t h e  t i m e s  i n d i c a t e d ,  and 
5 

c e n t r i f u g a t i o n  per formed  immedia te ly .  - The 100% P i  bound c o r r e s -  

ponded t o  a r a t i o  o f  0 .16 mole ~ i i m o l e  F1. ( A 12 m~ P i ,  0 
12 P i  + 20 pM ADPI and 0 12 mM P i  + 20, p M  ATP). 





added t o  the F1 react ion mixture t o  i n i t i a t e  [ 3 2 ~ ] ~ i  re lease 

+ 
' •’rom F1. This experiment (Fig. 25) was performed u s i n g  exactly 

the  same condit ions and procedure used i n  a  s imi la r  study (96), 

and .the r e s u l t s  obtained i n  the  two s tudies  were e s sen t i a l ly  

i d e n t i c a l  . 
t 
4 

Although it has thus f a r  proved impossible t o  e i t h e r  elimin- 
I 

a t e  or  adequately r a t iona l i ze  th'e biphasic P i  re lease ,  it is 

'a consis tent  with published r e s h l t s  ( 7 3 ,  9 6 ,  16;). I n  the  analysis  

of the  r e s u l t s  i n  the  discussion sect ion,  a t t e n t i o n  w i l l  be 

focused on the  sens i t ive  or s teep phase of nuc leot ide- fac i l i ta ted  

P i  re lease  from P1 . A case w i l l  be made for the  hypothesis tha t  

t h e  P i  released from F1 i n  t h i s  phase is released from a cata-  

l y t i c  s ige ,  and t h a t  t h i s  , reaction is a  s t ep  i n  the  c a t a l y t i c  

mechanism of F1-catalysed ATP hydrolysis.  The r e s u l t s  w i l l  be 

ra t iona l ized  i n  terms; of the  c a t a l y t i c  mechanism. 
3 I 
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DISCUSSION 

The Release of P i  from F,: Preincubation Method 

F i g u r e  2 shows t h a t  a t  r e l a t i v e l y  low c o n c e n t r a t i o n s  o f  the  

n u c l e o t i d e s ,  ATP w a s  able t o  e f f e c t  t h e  release o f  P i  from F1, 
.. 

whereas ADP and AMPPNP had no o b s e r v a b l e  e f f e c t .  The e f f e c t  of  

ATP can be e x p l a i n e d  by t h e  "b ind ing  change mechanism" (10 ,13 ,  
\ 

97-99,122 ? i l l u s t r a t e d  as shown i n  F i g u r e  26. F1 b i n d s  P i  

du r ing  t h e  p r e i n c u b a t i o n  p e r i o d  t o  g i v e  t h e  F l * P i  complex 

2 m i n u t e s )  from t h e  F1 * P i  complex ( 7 3 , 9 6 ) .  However, when the 

F1 * P i .  complex p a s s e s  t h rough  the ATP-containing s e c t i o n  o f  t h e  

column, ATP becomes bound a t  one of  t h e  a v a i l a b l e  ATP-binding 

si tes.  The b i n d i n g  o f  ATP a t  an  a l t e r n a t e  s i t e  is  a b l e  t o  

e f f e c t  t h e  con fo rma t iona l  change n e c e s s a r y  t o  promote t h e  f a s t e r  

r e l e a s e  of  P i  from F1. Grubmeyer and Penefsky  ( 6 2 )  have 

demons t ra ted  t ha t  a t  least  t w o  b i n d i n g  si tes are invo lved  i n  

s i te -s i te  c o o p e r a t i v i t y  i n  the mechanism o f  a c t i o n  o f  F1. The 

r e s u l t s  o b t a i n e d  w i t h  ADP i n  the middle  s e c t i o n  o f  the column 

a r e  e x p l a i n e d  by t h e  f a i l u r e  o f  Fl t o  b ind  ADP under  these 

expe r imen ta l  c o n d i t i o n s .  Th i  L 2  x p l q n a t i o n  is  s u b s t a n t i a t e d  by 
- 

t h e  o b s e r v a t i o n  i n  F i g u r e  23 i n  t h a t  t h e  r a t i o  of  mole  mol mole 

F1 w a s  0.02,  when a 1 .0  cm p u l s e - s e c t i o n  ( w i t h  SPM ADP) w a s  

used.  Thus w i t h  lower 'ADP c o n c e n t r a t i o n s  i n  t h e  middle  s e c t i o n s  



F i s u r e  26  

J P i  release from F1 on b i n d i n g  o f  ATP ( f o r  s i m p l i c i t y  o n l y  

two b i n d i n g  s i t es  are shown).  The d e s i g n a t i o n s  are as fo l l ows :  

(1) E r e p r e s e n t s  F I ,  (ii) > or ~< r e p r e s e n t s  a t r a n s i t o r i l y  
r .  

t i g h t  bound s u b s t r . a t e  o r  g x o d u ! i  mnolecule, and (iii) a center 
t-\ 

dot r e p r e s e n t s  a more l o o s e l y  bound s u b s t r a t e  o r  p r o d u c t  
< 

molecu l e .  ( S e e  Refs .  7O,93, 94. ) 
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the  amount of  ADP bound was n o t  s i g n i f i c a r l t .  Grubmeyer e t .  a l .  - - 
h a d  found t h a t  the  ra te  o f  ADP b i n d i n g  t o  F L ,  ( l o 3  M - ~  .s-l 1, is 

three orders o f  magni tude  lower t h a n  t h a t  o f  ATP ( 1 0 4 ) .  S i n c e  

% - -. 
l o w  c o n c e n ' t r a t i o n s  of AMPPNP b i n d  as w e l l  a s  ATP t o  Fl under  

t h e s e  e x p e r i m e n t a l  c o n d i t i o n s  ( T a b l e s  I11 and I V ,  F i g u r e  1 5  and 

Ref .  1 2 4 ) ,  it c a n  be c o n c l u d e d  tha t  t h e  bound AMPPNP (Law 

c o n c e n t r a t i o n s )  wa,s ,  u n l i k e  ATP, u n a b l e  to e f f e c t  t he  conforma- 

t i o n a l  change  which r e s u l t s  i n  the  r e l e a s e  of  P i  ( F i g ,  279.  

- - .-. - 

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

e f f e c t  the  t o t a l  r e l e a s e  o f  P i  from F1 ( ~ i g s ' .  3-5). A t  t h e s e  

h i g h  ATP c o n c e n t r a t i o n s  ( F i g s .  3 , 4 ) ,  s i n c e  ATP i s  p r e s e n t  i n  

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

complex b i n d i n g  a n  ATP m o l e c u l e  i s  g r e a t l y  enhanced ,  

t h u s  r e s u l t i n g  i n  the g r e a t e r  release of P i  from the  F1 * P i  

complex ( F i g .  2 6 ) .  I t  is  a lso  p o s s i b l e  t h a t  the  h i g h  n u c l e o t i d e  

c o n c e n t r a t i o n s  w e r e  able t o  make more F1 a c t i v e  under  these - 
e x p e r i m e n t a l  c o n d i t i o n s ,  t h e r e & c c o u n t i n g  f o r  t h e  g r e a t e r  

release of P i  f rom t h e  complex. I n  a d d i t i o n ,  it is 

possible i n  t he  p r e s e n c e  o f  e x c e s s  ATP for e a c h  F i o P i  complex 

t o  b i n d  a s e c o n d  ATP m o l e c u l e ,  t h u s  a c c e l e r a t i n g  the r e l e a s e  o f  

P i  from1 F1 a t  least  two- fo ld  ( 1 0 4 ) .  



* F i g u r e  27  >:. 
1 ..- 

P i  r e l e a s e  f rom F1 on  e x p o s u r e  t o  - low AMPPNP 

c o n c e n t r a t i o n s  ( F i g u r e  2 ) .  ( S e e  F i g u r e  26 f o r  e x p l a n a t i o n  o f  .- 

symbol s .  ) 
i 
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i Grubmeyer and P e n e f s k y  found  t h a t  a t h i r d  b i n d i n g  s i t e  was 

o c c u b i e d  B f t e t  p r o l o n g e d  ( 3 0  t o  60 m i n u t e )  i n c u b a t i o n  w i t h  h i g h  

c o n c e n t r a t i o n 6  ( 5  t o  100 pM) o f  TNP-adenine n u c l e o t i d e s  ( ~ g * +  

2 
p r e s e n t  i n  b u f f e r , ) .  The presellce o f  a t h i r d  s i t e  f o r  t h e  

. u n u c l e o t i d e s  AMPPNP and  ADP on F1 w a s  a lso o b s e r v e d  u n d e r  s i m i l a r  

c o n d j t i o n s  o f  i n c u b a t i o n  ( 6 O I 6 l  ) . However, w h e t h e r  t h i s  t h i r d  
'h. 

n u c l e o t i d e  b i n d i n g  s i t e  is a c a t a l y t i c  s i t e  o r  a l o w  a f f i n i t y  
i C .. .. * 

exchang-ble s i t e  which  se ryes -a  r e g u l a t o r y  ro le  w a s  n o t  c l e a r l y  
\ -/ --. 1- 

d i ~ t i n ~ u i s h e ~ - ~ . ( ~ 4 ) .  O p e  p o s s i b i l i t y  i n v o l v i n g  three s i tes  and  - 
3 

- ' t h e  b i n d i n g  o f  a s e c o n d  ATP m o l e c u l e  is  shown i n  F i g u r e  28. 

E v i d e n c e  h a s  b e e n  p r e s e n t e d  f o r  t h r e e  separate i n t e r a c t i n g  sub-  

u n i t s  p e r  m o l e c u l e  o f  F1 ( 4 8 , 9 8 , 9 9 ) .  F i g u r e  11 and  T a b l e  I11 

show t h a t  the amount o f  ATP bound by F1 i n c r e a s e s  as t h e  ATP 

c o n c e n t r a t i o n  i n c r e a s e s  f o r  l o w  c o n c e n t r a t i o n s  o f  ATP. F i g u r e  

1 5  and  T a b l e  V show t h a t  t h e  amount of ATP bound i n c r e a s e s  u n t i l  

a maximum v a l u e  is  r e a c h e d ,  and  t h a t  it is  possible f o r  F1 t o  

b i n d  more t h a n  o n e  ATP m o l e c u l e  a t  h i g h  n u c l e o t i d e  c o n c e n t r a t i o n  

( 1 0 0  p M ) .  Note t h a t  i n  t h e  e x p e r i m e n t s  d e s c r i b e d  i n  F i g u r e s  3 

and  4,' 10 t o  100  and 0 . 1  t o  25 mM ATP c o n c e n t r a t i o n s ,  respect- 

i v e l y ,  w e r e  u s e d ,  t h u s  t h e  p o s s i b i l i t y  o f  F1 b i n d i n g  m o r e  t h a n  

v 
o n e  ATP m o l e c u l e  is  l i k e l y .  However, as p o i n t e d  o u t  by  

Grubmeyer and  P e n e f s k y  ( 6 1 , 6 2 ) ' ,  .it is  n o t  n e c e s s a r y  t o  i n v o k e  a 

r t h i r d  s i t e  t o  e x p l a i n  p r o m o t i o n  o f  t h e  release o f  h y d r o l y z e d  '-. , 

n u c l e o t i d e s ;  



F i g u r e .  2 8  

P i  release . f rom F1 o n  e x p o s u r e  t o  h i g h  ATP 

c o n c e n t r a t i o n s .  ( F o r  e x p l a n a t i o n  of s y m b o l s ,  see F i g u r e  2 b . )  
Q 
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The e f f e c t  o b s e r v e d  w i t h  h i g h  c o n c e n t r a t i o n s  o f  ADP ( F i g u r e  

5 )  c a n  be a c c o u n t e d  f o r  i f  a s m a l l  amount o f  (-1.4%) o f  ATP is. 

p r e s e n t  i n  t h e s e  ADP p r e p a r a t i o n s  (103 .123) .  T h i s  v e r y  s m a l l  
I 

p e r c e n t a g e  (w 1 . 4 % )  o f  ATP i n  t h e  0 . 1  t o  10 mM ADP w%uld y i e l d  a  
B 

, r a n g e  o f  a b o u t  1 . 4  t o  140 pM AllP c o ~ l c e n t r a t i o n s ,  which would be 

s u f f i c i e n t  t o  effect ,  the  release o f  P i  i r o m  F1 ( F i g u r e  5 ) .  

T h i s  e x p l a n a t i o n ,  i n  a d d i t i o n  t o  the l o n g e r  t i m e  o f  i n c u b a t i o n  

of F1 * P i  w i t h  n u c l e o t i d e ,  may a c c o u n t  f o r  t he  e f f e c t  o f  ADP on 
-. 

the a c c e l e r a t e d  release of P i  from F1 o b s e r v e d  b H u t t o n  and c 
Boyer ( 9 6 ) .  1n t h e i r  s t u d i e s  a b o u t  0 . 2 8  pM ATP - m a y  have  been 

,- , 

p r e s e n t  i n  t h e i r  20 pM ADP p r e p a r a t i o n  i n  a d d i t i o n  t o  t h e i r  
t 

l o n g e r  i n c u b a t i o n  t i m e  of a b o u t  a  minu te .  ,This l o n g e r  ' t i m e  o f  

i n c u b a t i o n  would a l l o w  ADP t o  b i n d  t o  F1 .  Grubmeyer - e t . ;  - a l .  
\ 

found  t h a t  t h e  r a te  o f  ADP b i n d i n g  t o  F1 was 103 M - ~  s-1 b 0 3  ) . q.. 
P e n e f s k y  ( 7 3 )  h a s  a lso o b s e r v e d  t h a t  h i g h  c o n % e n t r a r i o n s  (30-1- 

pM) of  ATP and ADP ( F i g u r e  9 o f  Ref.  7 3 )  i n h i b i t e d  the  b i n d i n g  ' , 

of P i .  t o  a b o u t  the same e x t e n t .  $ P e n e f s k y 8 s  ADP p r e p a r a t i o n s  . 

i n  the r a n g e  s t u d i e d  may have  c o n t a i n e d  a b o u t  0.42 t o  1.68 pM 

ATP, a n d  i n  a d d i t i o d  he used. a l o n g  i n c u b a t i o n  p e r i o d  o f  30 

m i n u t e s .    he r e s u l t s  r e p o r t e d  here ( F i g u r e s  1-5) show t h a t  t h e  

release of P i  i s  more s e n s i t i v e  t o  ATP t h a n  t o  ADP,  and t h a t  

t h e  P i  r e l e a s e  o b s e r v e d  w i t h  h i g h  ADP c o n c e n t r a t i o n s  c a n  be 
I . .  

a c c o u n t e d  f o r  by  the  p r e s e n c e  o f  t r a c e  amounts  (-1.4%) gf ATP 

_- 
i n  t h e  ADP p r e p a r a t i o n s . /  High n u c l e o t i d e  c o n c e n t r a t i o n s  



- 

( F i g u r ~ s  3-5) e n a b l e d  tkie release' of t h e  P i  (N 3 0 % )  which 
a 

remained bound a t  l o w  ATP c o n c e n t r a t i o n s .  One possible e x p l a n a -  

t i o n  is' t h a t  h i g h  n u c l e o t i d e  c o n c e n t r a t i o n s  r e s u l t e d  i n  h i g h e r  

i o n i c  s t r e n g t h  and t h i s  e f f e c t  a l o n e  cauSed t h e  release o f  bound 

P i ,  which w a s  i n s e n s i t i v e  t o  lower ATP c o n c e n t r a t i o n s .  /' 

K a s a h a r a  and P e n e f s k y  found t h a w a l t s  i n h i b i t e d  P i  b i n d i n g  t o  

F1 which was a t t r i b u t e ' d  t o  t h e i r  e f f e c t s  on the  enzyme and on  . 

the  i o n i c  s t r e n g t h .  Z t  i s  also p o s s i b l e  t h a t  a t  t h e  l o w  ATP 

c o n c e n t r a g i o n s  u s e d ,  a p p r o x i m a t e l y  60% of the F1 is  n o t  a c t i v e ,  

b u t  t h i s  f r a c t i o n  c a n  become a c t i - v e  upon l o n g e r  e x p o s u r e  t o  ATP 
- -  

or upon b r i e f  e x p o s u r e  t o  h i g h  ATP c o n c e n t r a t i o n s .  

, I n  the  e x p e r i m e n t  d e s c r i b e d  i n  F i g u r e  1, a h i g h e r  concen-  

t r a t i o n e f  AMPPNP w a s  used  t h a n  i n  tha t  described i n  F i g u r e  2 .  

The n u c l e o t i d e s  ATP and AMPPNP show b a s i c a l l y  t h e  same p a t t e r n  

o f  P i  r e l e a s e  from F1 ( F i g u r e  1 and Ref.  1 2 3 ) ,  however t he  

s e n s i t i v i t y  of P i  release t o  ATP i s  g r e a t e r  ( F i g u r e  1 ) .  

F i g u r e  15 and Table V I  show that  t h e  amount o f  AMPPNP bound by " 

F1 i n c r e a s e s  as the  n u c l e o i i d e  c o n c e n t r a t i o n  i n  the column 

i n c r e a s e s .  A t  h i g h e r  AMPPNP c o n c e n t r a t i o n s  ( i . e .  > 1 p ~ ) ,  the 

release o f  P i  f rom F1 i s  o b s e r v e d ,  t h u s  the c o n f o r m a t i o n a l  

change  which r e s u l t s .  i n  t h e  release of P i  has b e e n  a c h i e v e d .  

T h i s  c a n  be e x p l a i n e d  i f  it is assumed that  more t h a n  o n e  AMPPNP 

m o l e c u l e  b i n d s  t o  F1 ( F i g u r e  2 9 ) .  I t  w a s  shown t h a t  ATP and 

AMPPNP b i n d  t o  F1 e q u a l l y  w e L l  ( c . f .  T a b l e s  I11 and  V I ,  and  see 



F i g u r e  29 

P i  r e l e a s e  from F1 On exposu re  t o  high AMPPNP 

c o n c e n t r a t i o n s .  
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Ref .  1 2 4 ) ,  anc 3 tha t  AMPPNP d id  n o t  c a h s e  a  r e l e a s e  g r e a t e r  t h a n  

30% of the bound AMPPNP from F1 ( ~ i g .  l o ) ,  t h u s  the  n e t  e f f e c t  

i s  t h a t  AMPPNP a c c u m u l a t e s  on F1 i n  t h e  p r e s e n c e  o f  h i g h e r  

AMPPNP c o n c e n t r a t i o n s .  There is  no h y d r o l y s i s  of AMPPNP so i t ,  

r e m a i n s  bound t o  F1 ( 1 2 5 , 1 2 6 ) .  C r o s s  and N a l i n  ( 4 8 )  h a v e  demon- 

s t r a t e d  the  p f e s e n c e  o f  three r e a d i l y  e x c h a n g e a b l e  AMPPNP 

b i n d i n g  s i tes  t h a t  a r e  d i s t i n c t  from t h r e e  v e r y  s l o w l y  exchange- 

able AMPPNP b i n d i n g  s i t e s  on F1, s o  the  F1.Pi  complex c a n  b i n d  

a maximum o f  t w o  AMPPNP m o l e c u l e s  a t  the  c a t a l y t i c  s i t e s .  The 

s e c o n d  AMPPNP m o l e c u l e  b i n d i n g  a t  the t h i r d  s i t e  would be d o i n g  

so w i t h  a  l o w e r  a f f i n i t y ;  C r o s s  and N a l i n  found o n e  h i g h  

a f f i n i t y  s i t e ,  K d  = 18 nM, and t w o  l o w e r  a f f i n i t y  s i tes ,  K d  

= 1 . 0  pM ( 4 8 ) .  P e n e f s k y ' s  o b s e r v a C i o n  t h a t  AMPPNP was more 

e f f e c t i v e  t h a n  ATP i n  i n h i b i t i n g  P i  b i n d i n g  t o  kl ( F i g u r e  9 o f  

Ref .  7 3 )  c a n  be e x , p l a i n e d  as o u t l i n e d  b e l o w .  AMPPNP is  n o t  ve ry  

e f f e c t i v e  i n  p f o m o t i n g  t h e  release o f  bound AMPPNP from F1 

( F i g u r e  l o ) ,  whereas ATP is v e r y  e f f e c t i v e  i n  p romot ing  the  

release of hound ATP ( i . e .  h y d r o l y s e d  ATP) f rom F1 ( F i g u r e  1 3 ) .  
i 

T h e r e f o r e ,  when F1 i s  i n c u b a t e d  w i t h  AMPPNP fewer  b i n d i n g  s i t e s  

are  a v a i l a b l e  for  P i  b i n d i n g  (see F i g u r e  1 5 ,  and T a b l e s  V and 

VI)., The o r d e r  o f  e f f e c t i v e n e s s  of  the  n u c l e o t i d e s  i n  p romot ing  

the  r e l e a s e ,  o f  P i  f rom F1 is  ATP > AMPPNP > >  ADP. 



- e; - 
- - 

The f i n d ' i n g  t h a t  ATP quenches  thi a u r o v e r t i n  f l u o r e s c e n c e ,  

whereas A M P P ~ ~ P  (a  s t r o n g ,  c o m p e t i t i v e  i n h i b i t o r  of ATPase _-- 

a c t i v i t y ) .  does n o t  ( 3 1 , 1 2 7 )  led  Ferguson  - e t .  - a l .  t o  s u g g e s t  t h e  ' 

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

someth ing  more t h a n  m e r e  ATP b i n d i n g .  They s u g g e s t e d  that  

- s u b u n i t  i n t e r a c t i o n s  may be o c c u r r i n g .  T h i s  p r o p o s a l  
sub\ 
may w e l l  e x p l a i n  why ATP is more e f f e c t i v e  t h a n  AMPPNP i n  

$ . 
promot ing  the  release o f  P i  f rom F1. ( I n  t h e a p r e i n c u b a t i o n  

mode, t h e  s l o p e s .  of the P i  ' release c u r v e s  are 1 4 0 % . ~ ~ - l  

( F i g u r e  6 ) ,  and 1 3 % . p ~ - 1  ( F i g u r e  7 ) ,  w i t h  ATP and  AMPPNP, 

\ r e s p e c t i v e l y .  Thus ATP is a b o u t  10 t i m e s  m o r e  e f f e c t i v e  t h a n  

AMPPNP i n  p r o m o t i n g  P i  release from F1 . ) 



Release of Pi from P1: Pulse-Chase ~ethod 

r 
The pu l s e - chase  method o f f e r e d  t h e  o p p o r t u n i t y  t o  s t u d y  t w .  

4 

e f f e c t  o f  t h e  n u c l e o t i d e s  on t h e  r e l e a s e  o f  P i  from F1 when - 

ADP w a s  a l s o  p r e s e n t  a t  t h e  c a t a l y t i c  s i t e .  Chase-ATP . w a s  

e f f e c t i v e  i n  a c h i e v i n g  the c o n f o r m a t i o n a l  change which r e s u l t e d  

i n  t h e  e x p u l s i o n  o f  P i  and ADP from F1 ( F i g u r e s  6 , 8 , 9 ) .  

F i g u r e  30 shows a s c h e m a t i c  r e p r e s e n t a t i o n  of  t h e  p r o c e s s  t h a t  

may be  o c c u r r i n g :  t h e  pulse-ATP ( a t  e q u i l i b r i u m  w i t h  ADP, P i )  

i s  bound a t  one s i t e ,  and t h e  chase-ATP b i n d s  a t  a n o t h e r  s i t e  

-'-'-, ( 6 1 , 6 2 , 1 0 3 , 1 0 4 ) ;  t h i s  l a t t e r  e v e n t  t h e n  e f f e c t s  t h e  release o f  
4. 

h y d r o l y s e d  pulse-ATP ( i . e .  ADP,Pi) from F1. Thus t h e  p r e s e n c e  

o f  ADP a t  t h e  s a m e  s i t e  w i t h  P i  d l d  n o t  p r e v e n t  P i  release 

n o r  ATP b i n d i n g  a t  an  a l t e r n a F e  s i t e .  

The r e s u l t s  o b t a i n e d  w i t h  chase-ADP are e x p l a i n e d ,  as f o r  

t h e  p r e i n c u b a t i o n  s t u d i e s  d i s c u s s e d  above,  by t h e  f a i l u r e  o f  F1 

t o  b i n d  ADP under  the 'se e x p e r i m e n t a l  c o n d i t i o n s  ( F i g u r e  2 3 ) .  

The s m a l l  P i  r e l e a s e d  obse rved  ( F i g u r e  8 )  c a n  be  accoun ted  f o r  

by t h e  p r e s e n c e  o f  trace amounts o f  ATP i n  t h e s e  ADP p r e p a r a -  

t i o n s  ( e .  g.  100 pM ADP s o l u t i o n  may c o n t a i n  a b o u t  1 .48  ATP, rb 

i . e .  1 . 4  pM ATP, which a c c o u n t s  f o r  t h e  r e s u l t s  shown i n  F i g u r e  

8)  ( 1 0 3 , 1 2 3 ) .  



and ADP release 

, - ~  -- 

F i q u r e  30 

from F1 on t h e  b inding  of  chase-ATP.  
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Figures 7 and 8 show tha t  AMPPNP was able t o  >effec t  the 

release of P i  from Fl i n  the presence of ADP a t  thy ca ta ly t i c  
( 

si%e.  In addition, AMPPNP was about equally ef fec t ive  as ATP i n  
.f>. 

promoting &he release of P i  from FI i n  the .presence of ADP 

(F'igure 8.). Figure 31 i l l u s t r a t e s  the process tha t  may be 

occurringw on the binding of BMPPNP. The -Fl now has L o  

. nukleotihe-binding s i t e s  f i l l e d ,  one with ADP plus P i  a t  
f 

equiliibrium with ATP (61.62). and the other with AMPPNP (an 

analog bf ATP ) ; therefore-We conformational change i s  achieved 
! 

as when chase-ATP is  bound (c.  f .  Figures 30 and 31) .  Since the . , 

effec ts  of ATP and AMPPNP on the release of hydrolyzed ATP were 

similar (Figures 6-a),  hydrolysis of chase-ATP (or  nucleotide) 

i s  not necessary for . the release of hydrolyzed pulse-ATP. What 

i s  necessary i s  for a second ATP-binding s i t e  t o  be f i l l e d .  
6 .  

Thus binding of ATP  or^ AMPPNP ( i . e .  gubstrate or substrate  

ana16g) a t  another s i te  i s  suff ic ient  t o  e f fec t  the'conforma- 

t iona l  change which resu l t s  i n  the release of P i  from another 
' A 

s i t e  on. F1 which a lso  contains bound' WP. I n  the presence of 
L 

ADP a t  - the+ca ta ly t i c  s i t e ,  the'order of effectiveness of the 
3 

I . -  

nucleotides~in~promoting the release of P i  from F1 i s  ATP = 
> 

AMPPNP > >  ADP. + 

In Figures 6 and 13, the slopes (46 and 4 5 % . p ~ - 1 ,  respect- 

i v e . 1 ~ )  of the ? P / P ~  release c u b e s  .of the ATP-chase experi- 
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F i g u r e  31 

P i  and  W P  release from F1 o n  the  b i n d i n g  o f  c h a s e  

AMPPNP . 
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ments  w e r e  approximately,,.equal: and i n  a d d i t i o n  t h e y  w e r e  a l s o  

e q u a l  t o  t h e  s l o p e s  (45%.p~-1 i n  b o t h  c a s e s )  o f  t h e  A D P / P ~  

release c u r v e s  o f  t h e  jAMPPNP-chase e x p e r i m e n t s  shown i n  F i g u r e s  

7  and 14 .  T h i s  d e m o n s t r a t e s  t h f i u i v a . l e n t .  c o n c e n t r a t i o n s  o f  

ATP and AMPPNP i n  t h e  chase h a d  t h e  same e f f e c t  ( ~ i g l i r e  8 ) .  
\ '  

Whereas, a comparir.dn o f  t h e  s l o p e s  (120 and l 7 0 % . ~ ~ - ~ ,  r e s p e c t -  

i v e l y )  o f  t h e  chase-ATP b i n d i n g  c u r v e  ( F i g u r e  1 3 )  and t h e  c h a s e -  

AMPPNP b i n d i n g  c u r v e  ( ~ i g u r e  1 4 ) ,  i n d i c a t e s  t h a t  more AMPPNP 

t h a n  ATP is  b i n d i n g  p e r  m o l e  o f  F1 a t  a n  e q u i v a l e n t  n u c l e s t i d e  

c o n c e n t r a t i o n  (see also T a b l e s  V and V I ) .  However, t h e  r a t i o  o f  
4 

t h e  s l o p e s  o f  chase-ATP t o  chase-AMPPNP b i n d i n g -  (120/170 o r  0 . 7 )  

is  n o t  o f  s u c h  a magni tude  t o  s u g g e s t  t h a t  l a b e l l e d  FI is  
i 

4 

1 b i n d i n g  more t h a n  o n e  AMPPNP m o l e c u l e  a t  t h e s e  n u c l e o t i d e .  

c o n c e n t r a t i o n s .  S i n c e  t h e  r a t i o  o f  t h e  s l o p e s  o f  t h e  chase-ATP 

b i n d i n g  c u r v e  t o  t h a t  o f  t h e  ATP, (i. e. ADP, P i ) - r e l e a s e  c u r v e  

( F i g u r e  1 3 )  i s  a p p r o x i m a t e l y  2 . 8  , ( i . e .  120%.  y'bl-l I 4 3 ~ . ~ ~ - l  ) ) ,  

and  n o t  1, it must be t h a t  chase-ATP m o l e c u l e s  ' a r e  b i n d i n g  t o  F1 
1 

w i t h o u t  pulse-ATP m o l e c u l e s .  

Grubmeyer and P e n e f s k y  ( 6 1 , 6 2 )  have  found t h a t  h y d r o l y z a b l e  

n u c l e o t , i d e s  s u c h  a s  ATP, GTP, and ITP a r e  e x c e l l e n t  promoters o f  
4 

h y d r o l y s i s  or release of p r e v i o u s l y  bounh T N P - [ ~ - ~ ~ P ] A T P ,  where- 

a s  n o n - h y d r o l y z a b l e  n u c l e o t i d e s  s u c h  as TNP-ADP, W P ,  and AMPPNP 

g i v e  lower rates and  e x t e n t s  o f  h y d r o M s i s .  I n  t h e  e x p e r i m e n t s  



reported here, however', the non-hydrolyzable nucleotide, AMPPNP,  
I 

which bound t o  FI  was almost as effect ive as the hydrolyzable 
' 

b 

nucleotide, ATY, i n  promoting the release of previously bound 

' P i  and ADP a t  equilibrium w i t h  ATP. Grubmeyer and Penefsky 
,;i 

( 6 2 )  were using higher concentrations of nucleotides (e.9. 100 

pM AMPPNP, 1 mEJ1 ADP, and 140 pM ATP-ADP (see Figure 5 of Ref. 

6 2 ) )  i n  the i r  experiments. ( I n  the pulse-chase s tudies  reported 

here, lower nucleotide concentrations (below 2 pM) were able t o  

promote the release of P i  and ADP (Figures 6 - 8 ) ) .  I t  i s  a lso 

possible that  t he i r  observations are equ'ivalent t o  the observa- 4 
t ions made i n  the l e s s  sens i t ive  phase of release seen i n  both 

preincubation and pulse-chase modes of the s tudies  reported 

herein. 
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Comparison of the Results of Preincubation and Pulse-Chase 

Studies 

I t  a p p e a r s  t h a t  ATP w a s  m o r e  e f f e c t i v e  i n  p r o m o t i n g  P i  

release f rom F1 i n  p r e i n c u b a t i o n  e x p e r i m e n t s  t h a n  i n  p u l s e - c h a s e  

e x p e r i m e n t s  ( F i g & e  b ) ,  'Find a s c h e m a t i c  d i a g r a m  o f  e a c h  p r o c e s s  

i s  shown i n  F i g u r e s  26 and  30, r e s p e c t i v e l y .  The t w o  p r o c e s s e s  

are '  s i m i l a r  e x c e p t  f o r  the p r e s e n c e  o f  ADP a t  t ' h e  P i  b i n d i n g  
T 

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

t h e  P i  release t o  ATP is a p p a r e n t l y  g r e a t e r  i n  t h e  p r e i n c u b a -  

t i o n  t h a n  i n  t h e  p u l s e - c h a s e  e x p e r i m e n t s ,  i . e .  P i  r e l e a s e  i s  

gkeater i n  t h e  a b s e n c e  t h a n  i n  t h e  p r e s e n c e  o f  ADP a t  t h e  same 

c a t a l y t i c  s i t e ,  it appears t h a t  ADP a t  t h e  s a m e  c a t a l y t i c  s i t e  

w i t h  P i  is  i n f l u e n c i n g  the P-elease r e a c t i o n .  

I n  F i g u r e  6 ,  the s l o p e s  o f  t h e  P i  r e l e a s e  c u r v e s  are 
< 

1 4 0 % . p ~ - l  ( P r e i n c u b a t i o n    ode) and  45%.pM-l ( p u l s e - c h a s e  Mode), 

r e s p e c t i v e l y ;  and  t h e  r a t i o  o f  t h e  s l o p e s  ( ~ r e i n c u b a t i o n / ~ u - l s e -  

c h a s e )  i s  a p p r o x i m a t e l y  3 ( 1 4 0 % . p ~ - l  t 4 5 % . p ~ - 1 ) .  [ N . B .  I n  t h e  

p r e i n c u b a t i o n  mode, the  m o l e  o f  l a b e l  bound/mole o f  F1 i s  

a p p r o x i m a t e l y  0 . 2  t o  O e . 3 ;  w h e r e a s  i n  khe p u l s e - c h a s e  mode, t h e  

m o l e  o f  l abe l  bound/mole  o f  F1 i s  a p p r o x i m a t e l y  0 .1 ,  b e f o r e  

e x p o s u r e  t o  n u c l e o t i d e .  } One l i k e l y  e x p l a n a t i o n  which  may 
=Y 

a c c o u n t  f o r  t h e  less e f f e c t i v e  release of P i  i n  t h e  p u l s e -  

c h a s e  e x p e r i m e n t s  t h a n  i n  p r e i n c u b a t i o n  e x p e r i m e n t s  is 



* 
c o m p e t i t i o n  between l a b e l l e d  and u n l a b e l l e d  F1 f o r  t h e  chase- 

. , ATP. Tha t  t h e r e  is c o m p e t i t i o n  between l a b e l l e d  and u n l a b e l l e d  

F1 f o r  ch2se-ATP is s u b s t a n t i a t e d  by F i g u r e  13  and Table V.  The 

s l o p e  o f  t h e  chase-ATP b i n d i n g  c u r v e  is  1 2 0 % . p ~ - 1 ,  and t h a t  o f  

t h e  P i  r e l e a s e  c u r v e  is  43% .ph-l ; t h u s  t h e  r a t i o  o f  ATP 

b i n d i n g  t o  P i  r e l e a s e  is a p p r o x i m a t e l y  3  ( 1 2 0 % . ~ ~ - l  + 

43%. p ~ - \ ) ,  and t h e r e f o r e  chase -ATP i s  ve ry  l i k e l y  also b i n d i n g  

t o  u n l a b e l l e d  F1.  

F i g u r e  7  shows t h a t  AMPPNP w a s  more e f f e c t i v e  i n  f a c i l i t a t -  

i n g  t h e  r e l e a s e  of P i  i n  the  pu l s e - chase  mode t h a n  i n  the  

t. p r e i n c u b a t i o n  mode, t h i s  i n  s p i t e  o f  the  g r e a t e r  c o m p e t i t i o n  by 

u n l a b e l l e d  F1 f o r  C ~ ~ S ~ - A M P P N P  i n  the p u l s e - c h a s e  expe r imen t .  
2 

1 I n  t h e  p r e i n c u b a t i o n  e x p e r i m e n t s ,  r e l a t i v e l y  l o w  amounts o f  - 
AMPPNP w e r e  n o t  e f f e c t i v e  i n  p romot ing  P i  release from F1 

-i 

( F i g u r e  2 ) ,  whereas  h i g h e r  amounts o f  AMPPNP were e f f e c t i v e  
B 

( F i g u r e  1 ) .  These r e s u l t s  a r e  d iagramed i n  F i g u r e s  27 and 29 ,  

, r e s p e c t i v e l y , ' a n d  t h e  e f f e c t  of  AMPPNP i n  p u l s e - c h a s e  e x p e r i -  

ments is  diagr,amed i n  F i g u r e  3 1 .  A compar ison o f  F i g u r e s  29 and 

31 r e v e a l s  t h a t  t h e  t w o  processes are th,e s a m e  e x c e p t  t h a t  i n  

one case ( p r e i n c u b a t i o n  mode) t w o  AMPPNP molecu l e s  are r e q u i r e d ;  

whereas  i n  t h e  o t h e r  case ( p u l s e - c h a s e  mode) one  AMPPNP molecu le  

i s  r e q u i r e d ;  and i n  a d d i t i o n ,  ADP is a b s e n t  a t  the  P i  b i n d i n g  
, . 

s i t e  i n  F i g u r e  29 and p r e s e n t  'at ,the P i  b i n d i n g  s i t e  i n  F i g u r e  

31. Thus the  d i f f e r e n c e  shown by the  two p r o c e s s e s  may be 

a t t r i b u t e d  t o  t h e  ADP a t  t h e  F i  b i n d i n g  s i t e .  I n  F i g u r e  7 ,  



t he  slopes of the  P i  re lease curvek of the preincubation and 1 

pulse-chase modes a re  13  and 4 S % . p ~ ' 1 r  respect ively;  hence from 

the r a t i o  of the  slopes (Pulse-chase:Preincubation, i . e .  4 3 : 1 3 ) ,  

t he  re lease  is about 3 times grea ter  i n  the pulse-chase mode 

than i n  the  preincubation mode. I t  is  therefore  eas ie r  for  

X AMPPNP t o  e f f e c t  the  confoYmationa1 change (which s u l t s  i n  the 

re lease  of P i ) ,  i f  another nucleotide ( i . e .  ADP) i s  present a t  

t he  P i  binding s i t e .  



Helease of AHPPHP from F1: Pulse-Chase Methods 

Chase-AMPPNP w a s  n o t  v e r y  e f f e c t i v e  i h  e x p e l l i n g  the bound 

pulse-AMPPNP ( <  30%)  from F1 ( F i g u r e  1 0 ) .  AMPPNP is  n o t  

hyd ro lyzed  by F1 ,  hence  a l l  the  AMPPNP bound i n  b o t h  p u l s e  and 

c h a s e  accumula t e s  on F1 .  ( A s  ment ioned b e f o r e ,  F1 c a n  c o n t a i n  a  

maximum of t h r e e  AMPPNP mo lecu l e s  a t  t h e  exchangeab l e  n u c l e o t  i d e  

b i n d i n g  s i t e s  ( 4 8 ) ) .  T a b l e  V I  s u p p o r t s  t h e  h y p o t h e s i s  t h a t  
? 

chase-AMPPNP i s  bound and accumula ted  on F1 as the chase-AMPPNP 

c o n c e n t r a t i o h  i n c r e a s e s .  F i g u r e  32 A f f e r s  a  scheme f o r  t h e  

non - r e l ea se  of pulse-AMPPiqP from F1 on the b i n d i n g  o f  chase- 

AMPPNP: the  pulse-AMPPNP is n o t  h y d r o l y z e d  and it is n o t  

r e a d i l y  changed from b e i n g  t i g h t l y  bound t o  loose ly -bound  ( u n d e r  

t h e s e  e x p e r i m e n t a l  c o n d i t i o n s ) .  T h i s  r e l a t i v e  i n a b i l i t y  of 

AMPPNP t o  promote the  r a p i d  d i s s o c i a t i o n  o f  AMPPNP f rom 

F1 .AMPPNP complex was a l s o  found by N a l i n  and C r o s s  ( 1 0 2 ) .  T h i s  e 

f i n d i n g  l e n d s  s u p p o r t  t o  t h e  p r o p o s a l  of ,Ferguson - e t .  - a l .  ( 1 2 7 )  

t h a t  t h e  b i n d i n g  of  AMPPNP is  d i f f e r e n t  from t h a t  o f  ATP i n  t h a t  

ATP is more r e a d i l y  a b l e  t o  e f f e c t  s u b u n i t - s u b u n i t  i n t e r a c t i o n s .  



Fiqure 32 

The binding of pulse-AMPPNP and chase-AMPPNP to F 1 .  



(pulse) (chase) A:K , A:p{Ni , 
>AMPPNP AMPPNP< < AMPPNP 

PPNP 
Slow 
Conformational 
Change 

AMPPMP 



S e v e r a l  c o n c l u s i o n s  w e r e  made from t h i s  wbrk. These  

i n c l u d e d :  (1) The o r d e r  o f  e f f e c t i v e n e s s  o f  t h e  n u c l e o t i d e s  

(ATP, ADP, and  AMPPNP) i n  p romot ing  t h e  release o f  a p p r o x i m a t e l y  

70% ( i . . e . ,  t h e  s t e e p  p h a s e  o f  t h e  b - iphas ic  release)  o f  t h e  bound 

P i  ( 0 . 2  mole P i / m o l e  F1 ) from F1 was ATP > AMPPNP > >  ADP. 

(ii) Only  b i n d i n g  o f  ATP or AMPPNP ( s u b s t r a t e  or s u b s t r a t e  

a n a l o g )  a t  a n  a l t e r n a t i v e  s i t e  ( h y d r o l y s i s  o f  incoming n u c l e o -  

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

t i o n a r  change<  which  r e s u l t e d  i n  t h e  r e l e a s e  o f  bound P i  from 

F1.  (iii) The r a t i o  o f  mole o f  P i  r e l e a s e d  from E'l t o  m o l e  

o f  ATP'bound t o  F1 was a p p r o x i m a t e l y  one ,  t h u s  one  m o l e c u l e  of  

incoming ATP w a s  a b l e  t o  e f f e c t  t h e  'release o f  one  m o l e c u l e  o f  
8 

i '  

bound P i  from F1 . T h i s  o b s e r v a t i o n  i m p l i e d  t h a t  t h e  P i  wds 

p r o b a b l y  b i n d i n g  a t  a c a t a l y t i c  s i t e .  ( i v )  More t h a n  one  m o l e -  

c u l e  o f  AMPPNP had  t o  b i n d  t o  FV1 i n  o r d e r  t o  e f f e c t  t h e  release 

\ o f  bound P i  from F1. T h i s  o b s e r v a t i o n  i m p l i e d  t h a t  t h e  b ind-  

i n g  o f  AMPPNP w a s  somehow d i f f e r e n t  from t h e  b i n d i n g  o f  ATP t o  

t h e  F l o p =  complex.  ( v )  Both ATP'and AMPPNP { f f e c t e d  t h e  
\. 

release o f  bound P i  i n  t h e  p r e s e n c e  of  ADP, w i t h .  e q u a l  s e n s i -  

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

F1. ( v i )  Bound P i  and ADP w e r e , p r o b a b l y  r e l e a s e d  w i t h  e q u a l  

s e n s i t i v i t y  from t h e  F1.ADPoPi complex by incoming ATP. ( v i i )  



The r e s u l t s  were consistent w i t h  the b ind ing-change  mechanism - 
f o r  t h e  F1 c a t a l y s e d  h y d r o l y s i s  o f  ATP. ( v i i i )  L a s t l y ,  the  

s, - 

modifi;.td Sephadex c e n t r i f u g e  column t e c h n i q u e  deve loped  h e r e  

( b o t h  p r e i n c u b a t i o n  and p u l s e - c h a s e  modes) c o u l d  be used  i n  the  

i n v e s r i g a t i o n  o f  o t h e r  complex m u l t i s u b u n i t  enzymes (110 ,111  ) 

which have  t i g h t l y  .bound mo lecu l e s  and i n  which s u b u n i t - s u b u n i t  

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

p r o c e s s .  



FUTURE: WORK . 

1. S i n c e  AMPPNP c a n  e f f e c t  the release o f  h y d r o l y z e d  ATP 

(ADP, P i )  f rom F1 ( F i g u r e  7 ) ,  it is d e s i r a b l e  t o  know w h e t h e r  

the  r e v e r s e  i s  also t r u e .  T h i s  would i n d i c a t e  whether t h e ' b o u n d  
, 

n u c l e o t i d e  does or d o e s  n o t  h a v e  t o  be h y d r o l y z e d  b e f o r e  b e i n g  
- --- - 

released firom F1 i n  the  presence ,  o f  incoming ATP. I n  a d d i t i o n ,  

it was shown t h a t  AMPP o t  e f f e c t  t he  release o f ' b o u n d  

AMPPNP f r o m  as w e l l  y a it d i d  e f p e c t  t h e  release o f  h y d r o l y z -  

ed ATP ( c . f .  F i g u r e s  7 a 1 0 ) .  Thus it i s  a lso  des i rab le  t o  t compare  the e f f e c t s  of AT and  AMPPNP on the  release o f  AMPPNP 

f r o m  F I .  T h i s  may l e n d  d u p p o r t  t o  the p r o p o s a l  o f  'Fe rguson  - e k .  

. /' 
a l .  ( 1 2 7 )  t h a t  the  b h d i n c j  of AMPPNP is d i f  f g r e n t  f rom .that o f  - 
ATP i n  t h a t  ATP is m o r e  r e a d i l y  a b l e  t o  e f f e c t  s u b u n i t - s u b u n i t  

i n t e r a c t i o n s .  These p r o p o s a l s  c a n  be i n v e s t i g a t e d  by u s i n g  'bo th  

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

s t u d y  (see Materials and ~ e t h o d s ) .  I n  the  p u l s e - c h a s e  mode o f  

the Sephadex  c e n t r i f u g e  column t e c h n i q u e ,  label led AMPPNP ( L 3 H ] -  

AMPPNP) w i l l  be  u s e d  i n  the p u l s e - s e c t i o n ,  and  l a b e l l e d  ATP 

( L y - 3 2 ~ ] ~ ~ ~ )  w i l l  b6  u s e d  i n  the  chase s e c t i o n .  I n  t he  p r e i n c u -  

ba ' t i on  mode, t h e  F1 w i l l  be  p r e i n c u b a t e d  w i t h  [ 3 ~ ] ~ ~ ~ ~ ~ ~  b e f o r e  

b e i n g  a p p l i e d  t o  the column w i t h  [ y - 3 2 ~ ] ~ ~ I ?  i n  t h e  m i d d l e  - 

s e c t i o n  of the column.  I n  these e x p e r i m e n t s ,  the F1. [ 3 ~ ] ~ ~ ~ ~ ~ P  

complex is e x p o s e d  t o  incoming  [ y - 3 2 ~ ] ~ ~ ~  o f  v a r i o u s  c o n c e n t r a -  

t i o n s .  The amouni  of each t y p e  o f  l abe l  bound is  m o n i t o r e d ,  

4 



I - 

t h u s  t h e  e f f e c t  of  ATP on bound AMPPNP can  be de t e rmined .  I f  as 
- 

t h e  ATP c o n c e n t r a t i o n  i n c r e a s e s ,  less [~HIWPPNP Labe l  is found 

t h i s  would imply  t h a t  ATP e f f e c t s  t h e  r e l e a s e  o f  p r e v i o u s -  . 
I 

l y  bound AMPPNP from F l .  On t h e  o t h e r  h a n d , . i f  as t h e  ATP 

c o n c e n t r a t i o n  i n c r e a s e s ,  t h e  amount of  ['HIAMPPNP l a b e l  on F1 
I 

remains  unchanged, t h i s  would imply tha t  ATP does  n o t  e f f e c t  t h e  
- 

release o f  p r e v i o u s l y  bound AMPPNP f romeF1.  I f  ATP c a n  e f f e c t .  

t h e  release of  AMPPNP from F1 ,  whereas  AMPPNP c a n n o t  do  s o  

( ~ i g u r e  l o ) ,  t h i s  wduld i n d i c a t e  t h a t  t h e  b.$nding o f  ATP is d i f -  

f e r e n t  from t h a t  o f  AMPPNP. An i n t e r e s h i n g  q u e s t i o n  t h a t  may .be 
- > 

r a i s e d  in .  t h e s e  i n v e s t i g a t i o n s  is whether  t h e  incoming ATP would 
lp 

be hyd ro lyzed  and r e l e a s e d  i n  p r e f e r e n c e  t o  t h e  r e l e a s e  of  t h e  _ C' a 

p r e v i o u s l y  bound non-hydro lyzab le  AMPPNP. T h i s  may be  looked a t  ' 

by do ing  t h e  ' a p p r o p r i a t e  c o n t r o l s  and /o r  t e s t s ,  e . g . ,  funn ing  

columns w i t h o u t  AMPPNP i n  t h e  p u l s e  f o r ,  each  ATP c o n c e n t r a t i o n  , . 
. used t o  see hoy much ATP i s  bound, and examining t h e  bo t tom p a r t  

A3 

o f  t h e  'column f o r  ~ ' ~ p ~ p ~  and [ y - 3 2 ~ ~ ~ ~ ~  (see Methods and 
* 

Ref ., 114) .  ~ l t e r n a t i v e l y ,  comparable  q u a n t i t i e s  o f  l a b e l l e d  

AMPPNP can,  be  p l a c e d  i n  t h e  c h a s e  ( u n l a b e l l e d  AMPPNP i n  t h e  
I 

p u l s e )  t o  d e t e r m i n e  haw much AMPPNP is bound unde,r t h e s e  condi -  

t i o n s .  ASsuming t h a t  ATP 'and AMPPNP b i n d  e q u a l l y  w e l l  t o  F1 ,  

i,;, can  be de t e rmined  how much ATP s h o u l d  b i n d  i n  t h e  c h a s e .  

~ h u s  i f  less ... ATP t h a n  e x p e c t e d  i s  found on F1, it c a n  b e  assumed 
- ** 6 

t h a t  t h e  I ~ P  w a s  bound b u t  w a s  h y d r o l y s e d  and r e l e a s e d  p r e f e r e n -  



, m 

- 99 - > 
a 

2 .  The s e n s i t i v i ' t y  o f  release o f  * P i  and  AOP ( b o t h  f rom 

h y d r o l y z e d  ATP) from. F1 by' i ncoming  ATP w e r e  shown tb . ' be  s i m i l a r  
r 

i n  these' s t u d i e s  ( F i g u r e  9 ) .  However, t h e  ra te  o f  releaqe o f  
C .  

bound ADP ( t he  other p r o d u c t  o f  ATP h y d r o l y s i s  by Fl .t was n o t  

e x t e n s i v e l y  s t u d i e d  as w a s  d o n e  w i t h  bound P i .  ~ h e s  it is 

p r o p o s e d  t o  i n v e s t i g a t e  the  release o f  bound ADP ( i . e z  i n  t h e  - 
a b s e n c e  o f  P i )  f r o m  F1 o n  e k p o s u r e  t o  ATP and  APlPPNP. I n  

P 

p r e i n c u b a t i o n  s t u d i e s :  the  F l  w i l l  be p r e i n c u ' b a t e d  w i t h  

1 a b e l l e d ' A U P  before a p p l i c a t i o n  t o  c o l u m n s  w i t h  A'I'P, 
d 

or AMP& i n  t h e  m i d d l e  s e c t i o n s  ( c f .  F i g u r e s  1 .  * '- 

( P r e c a u t i o n s  w i l l  be t a k e n  t o  ' e n s u r e  t h a t  t h e  s m a l l  amount o f  

ATP is removed f r o m  t h e  AUP s o l u t i o n s  ( 3 1 ) ) .  The  > e s u l t s  o f  

t h e s e  f i n d i n g s  w i l l  be compared w i t h  t h o s e  i l l u s t r a t e d  i n  

F i g u r e s  1-5. I f  t h e  r e s u f t s  are s i m i l a r ,  t h i s  would i n d i c a t e '  

t h a t  W P  and P i  d o  b i n d  a t  t h e "  s a m e  s i t e ,  s i n c e  t h e  

c o n f o r m a t i o n a l  ' change  e f f e c t e d  by  t h e  incoming  n u c l e o t i d e  s h o u l d  

s i m i l a r  i n  b o t h  cases. t 

T h e s e  r e s u l t s  would a i so  t e l l  o f  t h e  r e l a t i v e  e f f e c t i v e n e s s  

the two n u c l e o t i d e s  (ATP and  AMPPNP) i n  p r o m o t i n g  t h e  release 

ADP f rom F1. I t  w a s  p r o p o s e d  i n  F i g u r e  31 t h a t  AMPPNP was 

j u s t  as e f f e c t i v e  as ATP, i n  p r o m o t i n g  t h e  release o f  P i  f rom 

F1 i n  t h e  p u l s e - c h a s e  mode ( F i g u r e s  6 ;  and  7 )  b e c a u s e  ADA? 
- - 

( a n o t h e r  n u c l e o t i d e )  w a s  p r e s e n t  o n  F 1 6  T h e r e f o r e  i n  these 
* ,  

/ 

e x p e r i m e n t s , ,  it is  r e a s o n a b l e  t o  e x p e c t  t h a t  AMPPNP be' j u s t  A s  

e f f e c t i v e  as ATP i n  p r o m o t i n g  the release o f  ADP f rom F1. ~ h u s  ' 

, 



t h e  p roposed  mechanism of P release i n  the p r e s e n c e  o f  ADP by li 
I 

&MPPNP ( F i g u r e  31) can  be ' f u r t h e r  enhanced.  o r  be called i n t o  

q u e s t i o n .  

u s i n g  p u l s e - c h a s e  e x p e r i m e n t s ,  the  r o l e  o f  P i  on  the 

release of  ADP i n  t h e  p r e s e n c e  o f  incoming h u c l e o t i d e s  w i l l  be 

i n v e s t i g a t e d .  The -El  w i l l  be p r e i n c u b a t e d  w i t h  l a b e l l e d  ADP, 

i . e .  [ 3 ~ ] ~ ~ ~  and a p p l i e d  t o  columns c o n t a i n i n g  l a b e l l e d  P i  

( l e e *  C 3  * p I p i )  o f  v a r i e d  c o n c e n t r a t i o n s  i n  t he  p u l s e  s e c t i o n s ,  

and e i t h e r  ATP o r  AMPPNP ( f i x e d  c o n c e n t r a t i o n )  i n  t he  c h a s e  

s e c t i o n s .  I f ,  as t h e  P i  c o n c e n t r a t i o n  i n  t he  p u l s e  i n c r e a s e s ,  

t h e  r e l e a s e  o f  l a b e l l e d  ADP on exposu re  t o  chase n u c l e o t i d e  

d e c r e a s e s ,  t h i s  would s u g g e s t  ;;hat t h e  P i  i s  b i n d i n g  a t  e 
> 

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

t i d e .  The amount o f  n u c l e o t i d e  bound i n  the  chase i n  the 

a b s e n c e  and p r e s e n c e  of t h e  P i  p u l s e  c an  be d e t e r m i n e d  by 
b 

d o i n g  the  a p p r o p r i a t e  c o n t r o l  e x p e r i m e n t s ,  i . e .  F1 i s  n o t  

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

1 ( C ~ H I A T P  o r  [ 3 ~ ] ~ ~ ~ ~ ~ ~ )  a r e  used .  Thus the  e x p e r i m e n t s  o u t l i n e d  

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

- 
,.-, - c a t a l y t i c  s i t e s  and what i n f l u e n c e s  i t s  release from F1. 

- 

3 .  To show t h a t  c a t a l y t i c  s i tes  are i n v o l v e d  i n  t h e  b ind l  

i n g  and r e l e a s e  o f  n u c l e o t i d e s  t o  and from F1, p u l s e - c h a s e  
2 vr 

e x p e r i m e n t s  w i l l  be per fo rmed  as o u t l i n e d  below. The F1 w i l l  be 



preincubated with labe l led  ADP and then applied t o  ' 

columns which contain label led ATP ( [ y - 3 2 ~ ] ~ ~ P )  ( f ixed concen- 

t r a t i o n )  i n  the  pulse-section and unlabelled ATP (var iab le  

concentration) i n  the  chase sect ion.  The amount of each type of 
--- _-- - 

A-- 

-L - L-- 
l abe l  on the F1 w i l l  be monitored. The pulse-ATB-is expected t o  

___--- - - 

e f f e c t  the  re lease  of label led ADP; and the chase-ATP i n  t u r n  i s  - - 
/ 

expected t o  promote the re lease  of  pulse-^^^ ( a s  well as - -- 

label led ADP ) . This experiment would demonstrate tha t  what got 
.. 
1 ' 

on ,twpdzyme can get  o f f ,  i . e .  the  pulse-ATP, which effected 
, 

the  re lease  of previously bound ADP, can i n  t u r n  be released ( a s  
I 

ADP and P i )  from i t s  binding s i t e  by chase-ATP. Thus i f  

chase-ATP can e f f e c t  the  re lease of p u l s c f ~ ~ ~ ,  therefore  most 
'I 

l i k e l y  binding of pulse-ATP and release of hydrolyzed pulse-ATP 

(ADP and P i )  i s  occurring a t  the  same s i t e ,  i . e .  a c a t a l y t i c  

s i t e .  

4. Similar s tud ies  as those performed here (both preincu- 

bat ion and pulse-chase modes) can be car r ied  out w i t h  chloro- 

p l a s t ,  b a c t e r i a l ,  o ther  mitochondria1 ATPases, and other 

ATPases. Since these enzymes a re  s imi la r  or simi4ar mechanisms 
I 

may be involbed, the  s tudies  w i l l  be helpful  i n  revealing simil-  

a r i t i e s  or diffierences . Other complex multisubunit enzymes i n  

which subunit-subunit in te rac t ions  a re  thought t o  be involved i n  

t he  c a t a l y t i c  process may be s imi la r ly  invest igated.  Examples 



of such enzymes include Alkaline Phosphatase, Alcohol 

Dehydrogenase, Succinyl-CoA Synthetase, Glyceraldehyde-3- 

Phosphatase Dehydrogenase, and Malate Dehydrogenase (110,111). 



APPENDIX I 
--r 

Development of the Modified Sephadex Centrifuqe Column Technique 

Introduction 

I n  a n  i n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  n u c l e o t i d e s  (ATP and 

ADP) on the release o f  bound P i  f rom F1, the e x p e r i m e n t  o f  
I 

H u t t o n  and Boyer w a s  r e p e a t e d .  The r e s u l t s  shown i n  F i g u r e  25 

w e r e  s i m i l a r  t o  t h e i r s  ( F i g .  2  o f  Ref .  9 5 ) .  It w a s  c o n c l u d e d  
3 

1 
t h a t  both ATP and ADP f a c i l i t a t e d  the  d i s s o c i a t i o n  of P i  f r o m ,  

,- 
- - 

F l ,  and t ha t  the effects  o f  ATP and ADP w e r e  n o t  d i s t i n g u i s h a b l e  
* 

b e l o w  1 5  s e c o n d s .  P e n e f s k y  had p r e v i o u s l y  found t h a t  P i  b i n d s  
, 

9 

r e v e r s i b l y  t o  F1 w i t h  a  h a l f - l i f e  o f  a b o u t  2 m i n u t e s  ( 7 3 ) ,  

w h e r e a s  the h a l f - l i f e  f o r  release of  P i  i n  t h e  p r e s e n c e  of  

n u c l e o t i d e s  is shorter (Ref .  96 and F i g .  2 5 ) .  

f 
Thus i n  order t o  d i s t i n g u i s h  t he  e f f e c t s  o f  ATP and ADP o n  

the  r e l e a s e  o f  P i  f rom F1,  a n o t h e r  a p p r o a c h  w a s  u s e d .  Some o f  

the  e x p e r i m e n t s  p e r f o r m e d  i n  the  m o d i f i c a t i o n  o f  t h e  c o n v e n t i o n -  
+ 

a1 Sephadex ' c e n t r i f u g e  column t e c h n i q u e  are r e p o r t e d  here. 

Results and Discussion 

The Effect of ATP-Containinq Gels in the Middle of the Columhs 

F i g u r e  1 A  o u t l i n e s  t he  p r e p a r a t i o n  o f  a column w i t h  an  ATP- 

c o n t a i n i n g  s e c t i o n  i n  t he  c e n t r e .  The r a t i o n a l e  w a s  t h a t  t h e  F1 

, i n  moving t h r o u g h  the column d u r i n g  c e n t r i f u g a t i o n  would have 



F i g u r e  1 A  

O u t l i n e  o f  t h e  mod i f i ed ' s ephadex  c e n t r i f u g e  column 

t echn ique : -  

( a )  P r e p a r a t i o n  o f  t h e  g e l s .  Two sets o f  Sephadex columns were  

p repa red  ( 2 8 , 7 3 ) .  I n  one set the e q u i l i b r a t i o n  b u f f e r  of t h e ,  

Sephadex cbn ta ined :  90 mM T r i s - a c e t a t e ,  p H  7 .5 ,  1 . 6  mM MgSO,, , 

and 47 pM P i .  The o t h e r  set  had ATP added t o  the e q u i l i b r a -  

- - t i o n  b u f f e r .  

( b )  Removal o f  g e l s .  The g e l s  w e r e  removed 6rom the column 

b a r r e l  by $ e c a n t i n g  g e n t l y .  The g e l  w i t h o u t  ATP was c u t  i n t o  

two h a l v e s  @ 1.5  c m ) ,  and from t h e  ATP-containing g e l  w a s  z i ~ . t  

a  measured l e n g t h .  

( c )  Assembly of  co1urr.n. One o f  t h e  g e l s  

was p l a c e d  i n s i d e  the column b a r r e l .  
i 

p laced  on t o p  of  t h e  p r e v i o u s l y  i n s e r t e d  g(l. L a s t l y ,  t h e  o t h e r  
\ 

b u f f e r  e q u i l i b r a t e d  g e l  w a s  p l a c e d  on t o p  the ATP-containing 
I 

I / 
gel. . 

u 
( d )  .Column assembly.  The reassembled c o l u h d w a s  p l a c e d  i n  a 15 

mL c o n i c a l  cen t r ' i f uge  t u b e ,  and w a s  t h e n  r eady  f o r  u se .  , 



Column 1 is equilibrated with the 
appropriate buffer 

~ & m n  2 is equilibrated with 
nucleotide in buffer 

The pieces of gels are arranged 
as shown above and then 
reassembled in a column 

3- 

Gels are removed from columns 
Gel 1 is cut into halves 
From gel 2, x cm is cut 

The reassembled column is 
placed in a centrifuge tube 



o n l y  b r i e f  c o n t a c t  w i t h  the  ATP o f  the ATP-containing g e l .  It 

w a s  expec t ed  t h a t  t h i s  r e l a t i v e l y  b r i e f  exposu re  would be enough 

f o r  t he  ATP t o  e x e r t  i t s  e f f e c t  (see F i g .  2 5 ) .  

F i g u r e  2A shows tha t  as the  c o n c e n t r a t i o n  o f  ATP i n  the 1 .0  
- 

c m  middle  ATP-containing s e c t i o n  o f  the  column i n c r e a s e d ,  s o  d i d  

the  release o f  bound P i  from F1. T h i s  c l e a r l y  demons t r a t ed  

t h a t  t h e  F1 had a c c e s s  t o  the  ATP of  the  ATP-containing midd le  

s e c t i o n .  However, a l l  o f  t h e  bound P i  w a s  n o t  removed from F1 
'. 

d e s p i t e  t h e  h i g h  c o n c e n t r a t i o n  (400 mM) o f  ATP used.  

F.igure 3A shows ' that  on i n c r e a s i n g  the leng t 'h  o f  the ATP- 

c o n t a i h i n g  midd le  s e c t i o n ,  the r e l e a s e  o f  bound P i  from F1 

a l s o  i n c r e a s e d .  From the  r e s u l t s  shown i n  F i g u r e s  2A and 3A, it 

w a s  i n f e r r e d  t h a t  the removal  o f  a l l  bound P i  from F1 migh t  be $, 
p o s s i b l e  i f  ( i )  t h e  amount of  ATP i n  the  middle.  s e c t i o n  w a s  .% ,lir 

h i g h e r ,  o r  (ii) t h e  ATP-containing midd le  g e l  w a s  l o n g e r ,  or  
4% 

(iii) t h e  t i m e  o f  c o n t a c t  between F1 and t h e  ATP w a s  l o n g e r .  

Exper iments  w e r e  pe r fo rmed  w i t h  the  r ea s sembled  columns 

c o n t a i n i n g  v a r i o u s  f i x e d  l e n g t h s  o f  midd le  g e l s ,  w i t h  each  f i x e d  

l e n g t h  h a v i n g  been e q u i l i b r a t e d  w i t h  b u f f e r  co-ng d i f f e r e n t  

c o n c e n t r a t i o n s  of  ATP. F i g u r e  4A shows the  r e s u l t s  o f  the f i r s t  

such experiment. ,  ' i n  which a 1 . 5  cm ATP-containing midd l e  s e c t i o n  

w a s  used.  I t  s h o u l d  be no t ed  t h a t  a  v e r y  h i g h  c o n c e n t r a t i o n  

(458 rnM) of  ATP w a s  used ;  and t h a t  it w a s  i m p r a c t i c a b l e  t o  u s e  a 

h i g h e r  c o n c e n t r a t i o n  i n  t h e  e q u i l i b r a t i o n  b u f f e r  s i n c e  the maxi- - 
# 

, 
i 



F i g u r e  2A 

The e f f e c t  o f  ATP on t h e  release o f  bound P i  frorn F 1 .  

The  reassembled columns  w e r e  p r e p a r e d  as d e s c r i b e d  i n  F i g u r e  

LA. T?le c o n c e n t r a t i o n  o f  ATP i n  t h e  e q u i l i b r a t i o n  b u f f e r  u s e d  

t o  p r e p a r e  the 1 . 0  c m  m i d d l e  ATP-conta in ing  g e l s  w a s  v a r i e d  ( 0 ,  

1 0 0 ,  and  400 mM). 80 p L  a l i q u o t s  oS, a r e a c t i o n  m i x t u r e  c o n t a i n -  

i n g :  3.7 yM F1,  '90 mM T r i s - a c e t a t e ,  pH 7 .5 ,  1 . 6  mM MgS04r and 

47 yM P i  w i t h  [ 3 2 ~ ] ~ i  ( 1 . 3  x l o 6  cpm/nmole) .  which  had bie 'n 

a l l o w e d  t o  s t a n d  f o r  30 m i n u t e s  a t  23OC, w a s  added t o  the reas- 
b 

sembled column.  C e n t r i f u g a t i o n  (1050  x g )  w a s  c a r r i e d  o u t  + 

i m m e d i a t e l y  f o r  2 m i n u t e s .  F o r  e a c h  ATP c o n c e n t r a t i o n  a 

c o n t r o l ,  i. e. no  ATP i n  the m i d d l e  g e l ,  w a s  a l so  r u n  s i m u l t a n e -  

o u s l y .  The 100% P i  bound c o r r e s p o n d e d  t o  a r a t i o  o f  0 . 3 5  mo! e 

pi /mole F1. Each p o i n t  is the a v e r a g e  o f  d u p l i c a t e  e x p e r i -  

m e n t s .  





F i g u r e  3A 

- - 

The e f f e c t  o f  ATP on the r e l e a s e  

The reassembled  columns w e r e  p r e p a r e d  

of bound P i  from - F1. 

d _ _  --- .---ir 
a s  d g p i b e d  i n  F i g u r e  

1 A .  T h e  c o n d i t i o n s  and c o n c e n t r a t i o n s  w e r e  , t h e  same as 
t 

d e s c r i b e d  i n  F i g u r e  2A, e x c e p t  tha t  a c o n c e n F r a t i o n  o f  100 mM 

ATP was i n  t h e  e q g i l i b r a t i o n  b u f f e r  used t o  p;?epare t h e  d i f f e r -  
.\ 

e n t  l e n g t h s  of  t h e  ATP-containing middle  

a c t i v i t y  of  t h e  C3*p1pi added t o  t h e  r e a c t i o n  nfixthqe was 1 . 2  
\ 

g e l s .  \She s p e c i f i c  
t 

x l o 6  cpm/nmole.T Fqr  each  l e n g t h  a c o n t r o l ,  i . e .  a c'h-umn wi th  

' i  
\ 

no ATP I n  t h e  midd l e  g e l ,  w a s  a l s o  run  s i m u l t a n e o u s l y .   he 100% 
\ 

P i  bound co r r e sponded  t o  a  r a t i o . o f  0 .17  mole ~ i / m o l e  F I .  

\ 6 
Each p o i n t  is the  a v e r a g e  o f  d u p l i c a t e  expe r imen t s .  





F i g u r e  4A 
Y 

The e f f e c t  o f  ATP on t h e  release of bound P i  from F1. 

Th,e reassembled columns were p r e p a r e d  as d e s c r i b e d  i n  F i g u r e  
> 

1 A .  ~ 6 e  c o n d i t i o n s  and c o n c e n t r a t i o n s  w e r e  t h e  s a m e  as d e s c r i b -  

ed i n  F i g u r e  2A, e x c e p t  t h a t  t h e  l e n g t h  o f  t h e  midd le  s e c t i o n  

was k e p t  c o n s t a n t  a t  1 . 5  c m ,  and t h e  ATP c o n c e n t r a t i o n  was . 
* .r 

v a r i e d  ( 0 ,  100 ,  458 mM) i n  t h e  e q ~ i l i b r a t h -  buf~*er o f  t h e  

midd l e  g e l s .  The s p e c i f i c  a c t i v i t y  of t h e  C3'F']pi i n  t h e  i 

/ ' 

r e a c t i o n  m i x t u r e  w a s  1 . 23  x lo6 cpm/nmole. 150 pL a& 

t h e  r e a c t i o n  m i x t u r e  w e r e  added t o  the r ea s semb led  columns.  T h e  
-b 

:@ 

1008 P i  bound c o r r e s p d n d e d  t~ 0.18 m o l e  ~ i / m o l e  F1 .  Each 

p o i n t .  i s  t h e  a v e r a g e  ,Q•’ d u p l i c a t e  expe r imen t s .  





mum s o l u b i l i t y  o f  ATP was b e i n g  a p p r o a c h e d .  A compar i son  of 
3 

L 
F i g u r e s  2 A  and 4 A  shows t h a t  as t h e  l e n g t h  of t he  ATP-conta in ing 

m i d d l e  s e c t i o n  i n c r e a s e d ,  s o  d i d  t h e  amount o f  P i  r e l e a s e d  ?, 
\ 

c, \ 
f rom F1.  I 

I 

-- + - 
E x p e r i m e n t s  w i t h  2.0 c m  ATP-containing m i d d l e  s e c t i o n s  g a v e  

r e s u l t s  ( n o t  shown) s i m i l a r  t o  those o b t a i n e d  p r e v i o u s l y  ( F i g .  

4A).  H e r e  even  w i t h  the i n c f e s e d  l e n g t h  ( 2 . 0  c m )  o f  t h e  ATP- 

m n t a i n i n g  m i d d l e  g e l  (300 rnM ATP i n  t h e  e q u i ' l i b r a t i o n  b u f f e r ) ,  

n o t  a l l  t h e  bound P i  w a s  r e l e a s e d  from F1 .  E x p e r i m e n t s  w e r e  

a l so  per fo rmed  w i t h  a l o n g e r  ATP-conta in ing m i d - s e c t i o n  g e l  ( 3 . 0  

c m ,  3,00 mM ATP i n  t h e  e q u i l i b r a t i o n  b u f f e r ) ,  and a g a i n  n o t  a l l  

t h e  bound P i  w a s  removed from F1 e q u i l i b r a t e d  w i t h  F 1 .  
\ 

The r e a s s e m b l e d  columns w e r e  s u b j e c t e d  t o  v a r i o u s  c e n t r i f u -  

g a l  f o r c e s  ( f r o m  420 x g t o  1050 x g ,  i.-e., S e t t i n g  N o .  2 t o  

N o .  5, 'I.E.C. C l i n i c a l  C e n t r i f u g e ,  Rotor 2 2 1 ) .  The o b j e c t i v e  of  
;cr 

t h i s  e x p e r i m e n t  w a s  t o  a l l o w  l o n g e r  e x p o s u r e  o f  t h e  F1 t o  ATF i n  

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

were as d e s c r i b e d  i n  F i g u r e s  1 A  and 2A,  e x c e p t  t h a t  t h e  1.0 crn 

m i d - s e c t i o n  g e l  w a s  e q u i l i b r a t e d ,  i n  b u f f e r  c o n t a i n i n g .  10'0 mM 

ATP. F o r  e a c h L s p e e d  o f  c e n t r i f u g a t i o p  i n v e s t i g a t e d ,  t h e  t i m e  o f  

c e n t r i f u g a t i o n  w a s  k e p t  c o n s t a n t  ( 2  m i n u t e & ) .  I t  was found t h a t  
/ 

c e n t r i f u g a t i o n s  a t  420 x g ,  630 x g ,  and 840 x g  p roduced  g e l s  -' 

which were d i f f i c u l t  t o  h a n d l e ,  i . e . ,  t h e s e  g e l s  were d i f f i c u l t  

t o  remove and r e a s s e m b l e  w i t h o u t  b e i n g  b r o k e n .  C e n t r i f u g a t i o n s  

/ 
6 

- 



f ? t 
of reasseydied coluhins a t  630 x g  and 840 1( g  gave  n e g l i g i b l e  

I / '> \ -\ 

arnounf-if of c e n t r i f u g a t ' e l - .  The c e n t r i f u g a t i o n s  a t  1050 x g  p ro -  

duced g e l s  which were e a s y  t o  work w i t h ,  and w i t h  the  reassembl- 
b 

b 
ed columns gave enough c e n t r i f u g a t e .  Thus a l l  c e n t r i f u g a t i o n s  

( p r e p a r a t i o n  o f  g e l s  and i n v e s t i g a t i o n s  w i t h  F l )  w e r e  a t  1050 x t 

I 
I 

g ,  hence  speed  of  c e n t r i f u g a t i o ~  w a s  e l i m i n a t e d  as a v a r i a b l e  t o  

i n c r e a s e  t h e  c o n t a c t  t i m e  between F1 and ATP o f  t he  m i d - s e c t i o n  
'i 

\ 
c- 1 

g e l .  

D e t e r m i n a t i o n  of the Opt imum L e n q t h s  of G e l s  for the T o p  and 

B o t t o m  Sections of the Reassembled C o l u m n s  
* 

T h e  t o p  s e c t i o n  o f  t he  reassembled column is t o  e n s u r e  t h a t  

o n l y  P i  bound t o  F1 r e a c h e s  the  n u c l e o t i d e - c o n t a i n i n g  m i d -  

s e c t i o n  g e l .  F i g u r e  5A shows the r e s u l t s  o f  a n  expe r imen t  w i t h  

v a r i o u s  l e n g t h s  o f  b u f f e r - e q u i l i b r a t e d  g e l s  a l o n e  i n  the  -- column 

(bottom g e l  a d  n u c l e o t i d e - c o n t a i n i n g  middle g e l  w e r e  n o t  
ff 

u s e d ) .  E v i d e n t l y ,  as the  l e n g t h s  o f  the g e l s  i n c r e a s e d ,  t h e  

amount o f  l a b e l  i n  t ' c e n t r i f u g a t e  d e c r e a s e d .  Thus the L e f f g t h  7 o f  t h e  t o p  s e c t i o n  q n f l u e n c e d  t h e  removal o f  f r e e ,  l o o s e l y ,  and 

h n o n - s p e c i f i c a l l y  bou d  label from the  a p p l i e d  sample .  I t  w a s  
\ 

conc luded  t h a t  a t o p  t le3st 2.5 c m  w a s  r e q u i r e d .  T a b l e  h--""i 
IA, shows t h a t  tpe [ " ~ ] P ~ - e ~ u i l ~ r % / ~ e d  P1 s amp le s  gave  c e n t r i -  

-. 
f u g a t e s  w i t h  h i g h e r  amounts o f  label qhan t h e  C 3 2 ~ I ~ i -  

v V.T 

- e q u i l i b r a t e d  b u f f e r  w i t h o u t  F1 .  The d i f f e r e n c e  was due  t o  t h e  

c 3  2 ~ ] ~ i  bound t i g h t l y  t o  F l  which w a s  n o t  removed by the  g e l .  



- l l l a  - 

Figure 5A 

The e f f e c t  of d i f f e ren t  lengths of buffer-equi l ibrated ge ls  - 

---I 

on the  remov+' of labe l  from the reaction mixtures. The experi- 
f i 

mental condit ions and procedures were the same as  described i n  

Figures 1 A  and 2A. except tha t  no bottom gel  nor ATP-confainitly 

gel  was used. .80 pL a l iyuots  of each react ion mixture ( i . e .  

with and without F 1 )  was applied t o  each column. The spec i f i c  

a c t i v i t y  of the  c 3 * p ] p i  i n  each .reaction mixture was 1.4 x l o6  , 

cpm/nmole. and the  concentration of Fl  was 1.85 pM. A' 25 ( rL 

a l iquot  of each cent r i fuga te  was counted t o  determine the amount 

of labe l  t h a t  passed through the column. The 100% cpm of 

13*p1pi  t h a t  passed through the  col;mn cprresponded t o  the 

amount of labe l  i n  25 pL of rea.ction miAture. Each  experiment 
1 .  

was performed i n  dupl icate .  ( 0 c 3  2p,Jpi  equi l ibra ted  buffer.  

, and c 3  *p]p i   reaction mixture).  





Table %A 

The effect of different lengths of buffer-equilibrated gels on 

the removal of label from the reaction mixtures. 

Length of Gel ~a.m~l,e'~p~l ied 3 cpm passed 
in Column to c6lumn through colurnry\ 

(cm) 
f 

\ 
(25 VL c09'd) 

'Pi 

Pi + F1 

Pi 

P i +  F1 

Pi \ 

Pi + F1 

Experimental conditions and procedures were as described in 

Figure 5A. 



The bottom gel of the column is involved i n  the uptake of 

previously bound molecules which are released by Fl* during or - 

a f t e r  the binding of nucleotide from the middle-section. Figure 

6 A  and Table I I A  show that  as the t o t a l  length of the gel in  the  

column increased ( i . e . ,  as the le,ngth of the bottom section 

increased),  the amount of P i  going through the column decreas- 

ed. I t  was concluded tha t  a  m i n i m u m  length of 2.0 cm was 

required for the bottom section, since with shorter bottom sec- 

t ions,  the amount of label i n  the controls ( i . e . ,  samples with- 

out F 1 )  was high. Even with the maximum 3.0 cm bottom section, 
4 

a l l  the bound P i  was not removed from F1; t h i s  suggested tha t  

a  bottom section greater  than 3.0 cm was needed t o  allow the 

complete removal of P i  from F1.  However, the length of the 

1.0 rnL tuberculin syringe which was used as the column barrel  

could not a c c o ~ o d a t e  more than 6.5  cm t o t a l  length of reas- 

sembled gels. 

Use of a Lonqer Reassembled Column and the Determination of the 

Parameters under which the Column Functions Best 

A longer c  umn barrel  was made (as  described under ~ e t h s & h )  
I 

to  accommodate the optimum lengths of the three sections,  viz.1: . 
li 

( i )  a 2 .5  cm top gel ,  (ii) a 1.0 cm middle gel ,  and (iii) & 4.0 /' 
cm bottom gel.  The 4.0 crn bottom section was the maxi& tha t  

/ 

could be used without any a l t e ra t ion  i n  the lengths of the other 



0 

I 

F i g u r e  6 A  

The e f f e c t  o f  d i f f e r e n t  l e n g t h s  o f  bo t tom g e l s  ;on t h e  removal  
L 

' o f  label from t h e  r e a c t i o n  m i x t u r e s . '  The e x p e r i m e n t a l  c o n d i -  

t i o n s  and c o n c e n t r a t i o n s  u s e d  w e r e  as d e s c r i b e d  i n  F i g u r e  3 A ,  

e x c e p t  t h a t  the l e n g t h s  o f  t h e  t o p  and m i d d l e  g e l s  w e r e  2 . 5  c m  
d 

and 1 . 0  c m ,  r e s p e c t i v e l y .  The c o n c e n t r a t i o n  o f  F1 i n  t h e  r e a c -  

t i o n  m i x t u r e  w a s  1.89 pM. For  b o t t o m  sec; ions 2.0 cm and . 

s h o r t e r ,  t h e  s p e c i f i c  a c t i v i t y  of  t h e  L3*p]pi i n  t h e  r e a c t i o n  

m i x t u r e  w a s  1 .42  \ x  l o 6  cpm/nmole; and f o r  bo t tom s e c t i o n s  l o n g e r  

t h a n  2.0 c m ,  t h e  s p e c i f i c  a c t i v i t y  of the L3*pIpi  i n  t h e  r e a c -  

t i o n  m i x t u r e  w a s  1.35 x l o 6  cpm/nmole. Each p o i n t  is  t h e  

a v e r a g e  o f  d u p l i c a t e  e x p e r i m e n t s .  c 0 % . C 3  *pdpi  i n  b u f f e r  
XI 
which p a s s e d  t h r o u g h ,  0 % [ 3 2 ~ ] ~ i  i n  F I - r e a c t i o n  m i x t u r e  

which  p a s s e d  t h r o u g h ,  and a ra t io  o f  mole Pi/mole F1 3 



% CPM PASSEDTHROUGH OR (mole P,/ mole F,) BOUND ,/ 



Table I I A  

The e f f ec t  of the t o t a l  length of the column on the lremoval of -- 
label  from the reaction mixture. 

Total Length of sample Label i n  % of mole P i  
Length Bbttom Applied 25  pL label* 
of Section t o  Column Centri- in  2 5  pL 
Column (cm) fugate Centrifu- mole Fk 

( cpm gate 

* 100% label  was the amount of label i n  25  p L  reaction mixture. 

Experimental conditions and were, as described i n  

----- Figure bA. 
8 '\ , 

C 



two sections, because some space i n  the column barrel  above the 

top gel was required t o  allow for the insert ion of a cut 1.0 rnL 

pipet te  t i p .  Thraugh the t i p  the measured volume of the part ic-  

ular reaction mixture was added.. I t  was found tha t  adding the 

sample of the reaction mixture d i rec t ly  t o  the gel (immediately 

before centr i fugat ion)  caused the resul ts  t o  be somewhat l ess  ' 
i 

reproducible. Thus using the cut t i p  on top of the column, 

besides g i v i n g  more reproducible resu l t s ,  allowed s i x  ,columns t o  

be prepared for simultaneous centrifugation. 

* 
A n  experiment was performed w i t h  the optimum lengths ( 2 . 5 ,  

1 . 0 ,  and 4.0 cm) of the three sections i n  the longer column 

barrel .  The reaction mixtures and procedures were the same as 

described i n  Figures 1A and 6A, except tha t  the volume of the 

reaction mixture applied t o  each via the cut p ipet te  t i p  was 100 

pL. The concentration of ATP i n  the buffer used i.n the prepara- 

t ion of the middle gel was 50 mM; and the concentratiqn of F1 

- and specif ic  ab t iv i ty  of the C3*pJp i  i n  the reaction mixture 
- 

were 1.29 m g . m ~ - l  (or  3.7 pM) and 1.0 x l o 6  cpm/nmole, respect- 

ivel&-- - Without ATP i n  the middle section of the column, the 

experiment gave a r a t i o  of 0.187 mole ~ i / m o l e  F1. I t  showed 

tha t  it was possible t o  remove almost a l l  of the bound P i  from 

F1. This was similar t o  the resu l t s  seen e a r l i e r  when 2 .5  and 

3.0 cm bottom sections were used (Fig.. 6 A ) .  I t  was decided t o  



u s e  the  l e n g t h e ~ e d  column barrel i n  f u t u r e  i n v e s t i g a t i o n s  o f '  the 

bound s p e c i e s  o f  F1.  

However, w i t h  the  i h c r e a s e d  l e n g t h  o f  t he  reassembled g e l s  

i n  the column, the o t h e r  v a r i a b l e s  w e r e  i n v e s t i g a t e d  t o  deter-  

mine whe the r  o t h e r  changes  w e r e  r e q u i r e d .  T h e  p a r a m e t e r s  t h a t  

were c o n s i d e r e d  p r e v i o u s l y  i n c l u d e d :  ( i )  t h e  t o t a l  l e n g t h  otf 

t h e  r ea s semb led  column, ( i i )  the  d i f f e r e n t  l e n g t h s  o f  t h e w r e e  

s e c t i o n s ,  and (iii) t h e  c e n t r i f u g a l  f o r c e  and the t i m e  it was 

a p p l i e d .  A d d i t i o n a l  f a c t o r s  t h a t  had t o  be c o n s i d e r e d  i n c l u d e d :  

( i )  the amount o f  F1 a p p l i e d  t o  the column, ( i i )  t h e  volume o f  
9 

t he  r e a c t i o n  in ix ture '  a p p l i e d  t o  t h e  column, (ii'i) t h e  amount of 

n u c l e o t i d e  a n d / o r  P i  i n  the  midd le  s e c t i o n ,  ( i v )  t h e  s p e c i f i c  
f 

a c t i v i t y  o f  the  r a d i o l a b e l l e d  c o m ~ d u s e d ,  and ( v )  t h e  i o n i c  

compos i t i on ,  pH, and t e m p e r a t u r e  of t h e  e q u i l i b r a t i o n  b u f f e r s  

a and  g e l s .  d 

T a b l e  I I I A  s h o w s  the  e f f e c t  o f  u s i n g  v a r y i n g  amounts o f  F1 

i n  the  mod i f i ed  Sephadex c e n t r i f u g e  column t e c h n i q u e .  The 

volume o f  the  F1 r e a c t i o n  m i x t u r e  added t o  the colurrir-wps k e p t  

c o n s t a n t ,  w h i l s t  the c o n c e n t r a t i o n  (mg p r o t e i n . m ~ - l  ) w a s  va r -  

/ 
ied .  \ W i t h  ATP i n  the columns,  no g r e a t  d i f f e r e n c e  i n  the  amount 

I i 

o f  [ ! 2 ~ ] ~ i  bound to  %I was obse rved  w i t h  the d i f f e r e n t  concen- 

I 
t r a p i o n s  o f  F1 i n  the  r e a c t i o n  mkxtures ( T a b l e  I I I A ) .  Va lue s  of  

tpe c o n c e n t r a t i o n s  o f  F1 lower  t h a n  0.63 mg p r 0 t e i n . m ~ - 1  d i d  n o t  
I 

, jg ive  i r e p r o d u c i b l e  r e s u l t s -  ( these are n o t  shown i n  ~ a b l k  I I I A ) ;  

/ 
i 

L .-- 



T a b l e  I I I A  

The e f f e c t  O•’"ATP on the rel!ease of P i  from F1 when d i f f e r e n t  
I 

1 --. --  i 
a m o u n k f  p r o t e i n  w e r e  used i n  m i x t u r e .  

F 1  B3A CATP 1 Labe l  i n  '20 pL m o l e  P i  
( m g . m ~ - l )  (mg . rn~ - l )  i n  Column C e n t r i f u g a t e  

(mM) " ( c . p . m . )  . 
7 mole F1 

The e x p e r i m e n t a l  c o n d i t i o n s  and p r o c e d u r e s  w e r e  as d e s c r i b e d  

i n  F i g u r e s  1A and 6Al e x c e p t  t h a t  i n  t h e  re ssembled column o n l y ,  

optimum l e n  t h s  e l  2 . 5 ,  1 and 4.0 c m ,  r e s p e c t i y e l y )  w e r e  9. 
used.  The c o n c e n t r a t i o n  o f  ATP i n  the e q u i 3 1 i b r a t i o n  b u f f e r  of  

midd le  g e l  w a s  50 mM. The volume o f  r e a c t i o n  m i x t u r e s  a p p l i e d  
J 

t o  t h e  columns w a s  100 pL, and the volume of  c e n t r i f u g a t e  

coun ted  was 20 pL. The s p e c i f i c  a c t i v i t y  of t h e  C3*p]pi i n  

t he  r e a c t i o n  m i x t u r e s  was 1 . 0  ~ ' 1 6 ~  cpm/nmole. The exper iment  

w a s  performed i n  d u p l i c a t e .  

7 



whereas w i t h  1 . 2 6  a n d '  0.. 95 mg p r o t e $ n : m ~ ~ l +  F1 r e a c t i o n  m i x t u r e s ,  
I 

* 
t h e  res i l t s  w e r e  soi8ewhat m o r e ' r e p r p d u c i b l e .  It w a s  d e c i d e d  

* 

t ha t  t h i s  lower,  c o n c e h t r a t ' i o n  of: F1 ( 0 .95  rng p r o t e i n .  mL-1 ) 
1 .  ,,I Lu' 

wouid be u s e d  i n  subsequgnk  s t u b i e s .  ~ a b i e  I I I A  a lso shows t h e  
*" 

r e s u l t s  when the  t o t a l <  p r o t e $ n .  ~ o n c e n t r a e i o r l .  ( i n  e a c h  100 p L  
! 4 t ,  

volume a p p l i e d ,  t o  ' t he  cblurn@) +, was , i n c r e a s e d  b; the  a d d i t i o n  o f  
, C 

I , r )  

t h e  e q t l i v a l d h t  ,amount  (mye -. p r o t e i n  .la-' ) o f  b o v i n e  se rum a l b u m i n  
, - * .  

d 
r 1  . @ 1 %  

L L  

(BSA) . I t  w a s  c o n c l l i d e d  t ha t  tde. 'pSR a d s o r b e d  v a r i a b l e  and  - e 
9 

n o n - r e p m u & i b l e  amounts  ' of [i * p)pi, f nireased and.- reduc&d 
i ' - - .  - 

C T 
. . '  

p r o p b r t i o ' n s  r (e ,g ;  .10 and  0.1 f o l d ,  r e s p e c t i v e l y )  of BSA were 

added, t o  th6 F l  s o l u t i o ~ s  w i t h  s i m i l a r  r e s u l t s  ( n o t  shown) .  

Thus t h e  u s e  of 8 S A  i n  the  Fl r e s c t i o n  m i x t u r e s  w a s - a v o i d e d  in 

'U . 
s u b s e q u e n t  s t u d i e s .  , 

I 

An e x p e r i m e n t  s i m i l a r  t o  t h a t  d e s c r i b e d  i n  Table  I I I A  was 

p e r f o r m e d ,  e x c e p t  t h a t  no  BSA w a s  u s e d  and  the  c o n c e n t r a t i o n  of 

F1 i n  the  r e a c t i o n  m i x t u r e  u s e d  w a s  0.95 mg p r 0 t e i n . m ~ - l  : and 

+ . t h e e s p e c i f i c  a c t i v i t y  o f  the c ~ ~ P I E ' ~  i n  the  r e a c t i o n  m i x t u r e s  

w a s  4 . 3  " x  l o 5  cgm/'nmole. In t h i s  case, however ,  d i f f e r e n t  v o l -  

umes ( 1 0 0 ,  1 2 5 ,  1 5 0 ,  1 7 5 ,  and  200 p ~ )  of the  r e a c t i o n  m i x t u r e s  

( w i t h  and  w i t h o u t  F1 ) w e r e  a p p l i e d  t o  the  columns .  I t  was found 

t h a t  150' ;L o f  r e a c t i o n  m i x t u r e  wqs t h e  min mum volume t h a t  g a v e  A 
a d e q u a t e  c e n t r i f u g a t e  f o r  t h e  a n a l y s e s  (bound label  d e t e r m i n a -  

t i o ~ ,  a s s a y s  f o r  p r o t e i n  c o n c e n t r a t i o n  and  a c t i v i t y ) .  I n  add i - '  
, , 

- t i o n ,  150' pL volume w a s  e a s i l y  accommodated by t h e  c u t  1.0 r k  

pipe t t e  t i p  ( ~ 2 0 0  pL c a p a c i t y )  placed o n  t o p  o f  the column.  



The a s s a y s  f o r  t h e  c o n c e n t r a t i o n  o f  p r o t e i n  and a c t i v i t y  o f  F1 
t ,  

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

v a l u e s .  
0 

~onclusion 

6 

&he r e s u l t s  showed t h a t  a n  ATP-containing midd l e  s e c t i o n  i n  

t h e  column was able t o  i n f l u e n c e  t h e  r e l e a s e  o f  bound P i  from . . 
' F 1 .  I t  wds d e t e r m i n e d  t h a t  t h e  l a g e r  column w i t h  a 2 .5  c m  t o p ,  

0 

1.0  c m  midd le ,  and a  4.0 c A b o t t o m . g e 1  W a s  t h e  most a p p r o p r i -  
\ 

ate. The m o s t  s u i t a b ' l e  volume of  r e a c t i o n  m i x t u r e  t o  be added 

t o  t h e  column w a s  150 pL v i a  a c u t  J . 0  rnL p i p e t t e  t i p ;  and t h e  

p r o t e i n  c d n c e n t r a t i o n  w a s  a b o u t  1 . 0  mg .mi'-', w i t h o u t  t h e  a d d i -  

t i o n  o f  BSA. A l l  c e n t r i f u g a t i o n s  w i t h  t h e  . longer  column w e r e  

pe r fo rmed  a t  1050' x g f o r  3 minu te s  a t  room t e m p e r a t u r e  



APPENDIX I1 

Adaptation of the Modified Sephadex Centrifuqe Column Technique - j I 

for Use in Pulse-Chase Experiments 

I"he Arranqement of the Gels for Pulse-Chas'e Experiments 

F i g u r e  7A s h ~ w s  t h e  a r r a n g e m e n t  o f  t h e  r e a s s e m b l e d  g e l s  i n  

t h e  p u l s e - c h a s e  mode o f  t h e  m o d i f i e d  Sephadex c e n t r i f u g e  column 

t e c h n i q u e .  1 . 0  c m  l e n g t h s  w e r e  chosen  f o r  b o t h  p u l s e  &hd c h a s e  

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

b i n d  ATP from t h e  1 .0  c m  ATP-conta in ing g e l  (see Appendix 1 and 

~ e s u l t s j . ;  3.0 and 2 . 5  c m  s p a c e r  or b u f f e r - e q u i l i b r a t e d  g e l s  

, w e r e  u sed  a f t e r  p u l s e  and c h a s e  s e c t i o n s ,  r e s p e c t i v e l y ;  4 a n d  were 

s e l e c t e d  s i n c e  t h e y  w e r e  a d e q u a t e  t o  remqve unbound l a b e l  from 

F1 (see Appendix I ) .  E 

k 

Determination qf the Amount of ATP to Use i n q e  Top or Pulse 
* I 

Section of tne Column 

\ 

The a p p r o p r i a t e  c o n c e n t r a t i o n  o f  ATP t o  u s e  i n  t h e  e y u i l i -  
4 

b r a t - i o n  b u f f e r  o f  t h e  p u l s e  g e l  w a s  d e c i d e d  43y t h e  b a l a n c e  

be tween  t h e  amount o f  ATP 'bound by FI from t h e  p u l s e  g e l ,  and 

c h e  amount of  bound ATP t h a t  was removed from F 1  011  e x p o s u r e  t o  

c h a s e  ATP. The c o n c e n t r a t i o n s  o f  ATP used i n  t h e  chase gels 
I 

were  k e p t  s i m i l a r  t$ t h o s e  used i n  t n l d c l l e  g e l s  of the preirhcuba- 



Figure 7A 

P 

The arrangement of the  gels  i n  the modified Sephadex 

centr i fuge colum~ technique for pulse-chase experiments. The 

f igure  l i s t s  what occurs i n  each. layer of the reassembled 

column. ( N o t  drawn t o  scale .  ) 





, 
\ 

Figure 8 A  'r 

The ef fec t  of chase ATP on the - release of label bound when 

F I  was passed through a 10 pM ATP pulse section. The 'expetri- 

mental conditions and procedures were t h e  same as those used i n  
U '\ 

the modified Sephadex centrifuge column technique ( F i g .  I-) ,  \ " 

r \  
-- 

'\ 

except tha t  the gels were arranged as shown i n  Figure 7 A .  The \ 

lengths of the four sections,  s t a r t ing  from the  top of the 

column, were 1.0, 3.0, 1.0 and 2 . 5  cm, respectively.  ' ( ~ o t e  that  \ 
I k .  

no ' ~ ~ ~ p ~ p ~  label was added t o  the reaction mixture..j The 

concentration of F1 i n  the reaction mixtt~i-e was G . 8 6  mg protein.  

mL,-l or 2.49 1M. The speci f ic  ac t i v i t y  of the C 3 * p ] ~ ~ P  i n  the' ,  
% 

10 pM ATP-containing buffer used t o  prepare the pulse gel w s  3- 
3.4 x l o 4  cpm/nmole. The 100% P i  bound corresponded t o  a  

r a t i o  ofo 0.15 mole Pi/mole F1.  The experiment was performed 
1 

i n  t r i p l i c a t e .  





/ r ~ d u l t s  of an  e x p e r i m e n t  when 1 0  pM ATP w a s  u s e d  i n  t h e  

e q u i l i b r a t i o n  b u f f e r  of t h e  p$lse g e l .  The r e s u l t s  d e m o n s t r a t e  

t h a t  tSl i n  p a s s i n g  through) p u l s e  g e l  bound ATP m o l e c u l e s ,  and  

t h a t  t h e  r e l e a s e  o f  these m o l e c u l e s  (or  h y d r o l y s i s  p r o d u c t s )  w a s  

i n f l u e n c e d  by t h e  c h a s e  ATP. . However, less t h a n  h a l f  o f  the 

l a b e l  bound i n  t h e  p u l s e  w a s  r e l e a s e d  i n  t h e  c h a s e .  . . 

F i g u r e  9H shows t h e  r e s u l t s  o f  a n  e x p e r i m e n t  i.7 which  t h e  

l e n g t h  o f  the c h a s e  s e c t i o n  w a s  3 . 5  c m  ( i . e .  the b t t o m  2 . 5  c m  < 
g e l  a lso c o n t a i n e d  ATP). The r e s u l t s  w e r e  s i m i l a r  t h o s e  k 
o b t a i n e d  p r e v i o u s l y  (see' F i g .  8A) ,  t h u s  e v e n  the i n c r e a s e d  

number o f  c h a s e  ATP m o l e c u l e s  a n d / o r  i n c r e a s e d  t i m e  o f  e x p o s u r e  

t o  c h a s e  ATP m o l e c u l e s  p r o v e d  i n a d e q u a t e  t o  remove a l l  t h e  label  

bound i n  t h e  p u l s e .  T h i s  p rompted  some e x p e r i m e n t s  w i t h  d i f f e r -  

e n t  c o n c e n t r a t i o n s  o f  ATP i n  t h e  e q u i l i b r a t i o n  b u f f e r  o f  the 

p u l s e  g e l .  The r e s u l t s  o f  t h e s e  e x p e r i m e n t s  are summarized  i n  

T a b l e  I V A  and  p l o t t e d  i n  F i g u r e  10A. I t  w a s  s e e n  t h a t  w i t h  a 1 0  

pM ATP p u l s e  g e l ,  t h e  1 . 0  pM ATP c h a s e  g e l  removed o n l y  + o u t  

42% o f  t h e  bound TP m G c u l e s .  S e c o n d l y ,  w i t h  a 1 . 0  p M  ATP 
i 8"' 4 

p u l s e  g e l ,  t h e  1 .0  pM ATP c h a s e  g e l  removed a b o u t  558 o f  t h e  
", 

bound ATP. L a s t l y ,  w i t h ,  0 . 1  and  0 . 5  pM ATP p u l s e  g e l s ,  t h e  

amount of ATP bound i n  t h e  ' p u l s e  w a s  too l o w  t o  be u s e f u l  i n  P 
.c, 

th 'ese  p u l s e - c h a s e  s t u d i e s .  Thus ,  t h e  b e s t  b a l a n c e  betweer; t h e .  



Figure 9A 
1 

The e f f e c t  of chase ATP on the  re lease  of labe l  bound when 

F1 was passed through a 10 pM ATP pulse sect ion.  The experimen- 

t a l  condit ions and procedures were the  sane a s  described i n  

Figure 8 A ,  except t h a t  the  2 . 5  cm bottom sec t ion  a l s o  contained 

chase ATP (L.e. t o t a l  ATP chase sectionbwas 3.5  cm). The 

concentrat ion of F1 in  the  react ion mixture w a s  1.16 mg protein .  

m ~ - l  or 3.36 pM. The s p e c i f i c  a c t i v i t y  of the  [ ~ * P ] A T P  in  the  

10 pM ATP-containing equ i l ib ra t ion  buffer  of the  pulse gel was 

3.7 x 104 cpm/nmole. The 100% P i  bound corresponded t o  a 

r a t i o  of 0.17 mole ~ i / m o l e  F1 .  The experiment 'was performed 

i n  t r i p l i c a t e .  





' % 
I Table I V A  

The e f f e c t  of chase ATP on the  re lease  of l abe l  bound when F1 

was passed .thfough pulse sect ions  w i t h  d i f f e r e n t  co.ncentrations 

"of ATP. + - - 

Conc. 'of Conc. pf Specif ic  a Conc. of mole P i  
ATP i n  ' F 1  i n  Actlvity of ATP' i n  
Buffer React ion L 3 2 ~ ] ~ ~ ~  Buffer of 
of Pulse Mixtare in  Reaction Chase Gel mole F1 
Gel ($4) (rng.&'l ) - Mixture (p) 

(cpm/nmole) F 
P 

4 

t r ' 

1 
1 

------ 

) 7 
The /experimental coqdit ions and procedures were the ,same as 

k 1 

o u t l i n e  i n  Figure 9 A .  THe data a re  p l a t t ed  i n  Figure 1 0 A .  
4% * 

Each qxperiment was performed, i n  t r i p l i c ' a t e .  



The e f f e c t  of chase ATP on the  re lease  of l abe l  bound when 

F l  w a s  passed through pulse sect ions  with d i f f e r e n t  concentra- 

t i ons  of ATP. The experimental condit ions and procedures were 

t h e  same as described i n  Figure 9A. Other experimental d e t a i l s  
- 

-are given i n  Table A. ( 0 10 PM ATP; 0 . 1 . 0  PM RTP, and 
B 

n 
0 .5  pM ATP used in  \he buffer  t o  prepare <he 'pu lse  sect ion.  ) 





s ' 
Conclusion 

4 :  6 
r 

~ h d :  rearraGgement of the gels (1 .0  cm pulse - 3.0 cm spacer - k.0 cm chase - 2 . 5  cm b o t t ~ m )  i n  the column, and use of the 
. L 

r - -  
" appropriate concentratibn -, of A"f (1.0 '  p ~ )  i n  the equil ibrat ion 

1 ,  

buffer of t%e pulse. 991, allowed the adaptation. of the modified 
/ 

* 
Sephadex cen'trifige_@lumn k c h ~ i q u e  for pulse-chase s tuaies .  ' 1  9 

Note t h a t  exceht -for  the%-Gbstitution of a 1.0 cm pulse sect ion 

for the top l:~'cm of the top spacer section, the experimental 

procedures and conditions were the same as those used i n  the 

preincubatipn niode. ' 
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