
552 

Biochimica et  Biophysica Acta, 635 (1981) 552--570 
Elsevier/North-Holland Biomedical Press 

BBA 48026 

STRUCTURAL REARRANGEMENTS IN SOLUBLE MITOCHONDRIAL 
ATPase 

B.V. CHERNYAK a, V.Ya. CHERNYAK b, T.B. GLADYSHEVA a, Z.E. KOZHANOVA b 
and I.A. KOZLOV c 

a Department o f  Bioenergeties, b Department  o f  Sedimentation Analysis, and c Isotope 
Department, A.N. Belozersky Laboratory o f  Bioorganic Chemistry and Molecular Biology, 
Moscow State University, Moscow 117234 (U.S.S.R.) 

(Received June 24th, 1980) 
(Revised manuscript received September 29th, 1980) 

Key words: Mitochondrial A TPase ; F , subunit structure; Oxidative phosphory lation; Cross- 
linking; Dimethylsuberimidate 

Summary 

Treatment  of  isolated factor  F, by  1% dimethylsuberimidate in the presence 
of  50 mM (NH4)2SO4 leads to the formation of  four  different types of  cross- 
linked dimers of  the subunits, on average one dimer per molecule of  the 
enzyme. This t reatment  results in 60--70% inactivation of  factor Ft. Factor  F1 
treated with dimethylsuberimidate does no t  show a change in the sedimenta- 
tion coefficient and is no t  inactivated in the cold; it is not  inactivated in the 
presence of Mg 2÷ either, nor is it activated by  anions. Incubation of  the cross- 
linked factor  F, with ADP does no t  lead to inactivation, although the ability to 
tightly bind ADP is retained. The total  quant i ty  of  tightly bound ADP reaches 
5 mol per mol of  the cross-linked factor  F1. 

Cross-linking of  factor  F, also prevents the slow inactivation of  the enzyme 
coupled with the hydrolysis o f  Mg-ATP and Mg-GTP. The dependence of  the 
inactivation rate constant  on the concentrat ion of  Mg-ATP and Mg-GTP at 
substrate concentrations of  0.05--2 mM is characterized by the same values of 
Km.app as those of  the ATPase and GTPase activities of  factor  F~. The probabil- 
ity of  the inactivation of  factor F~ per turnover remainscons tan t  for all the 
concentrations of  the substrates studied and is 2 • 10 -6 per turnover for the 
ATPase reaction and 2 • 10 -s per turnover for the GTPase reaction. Moderate 
hydrostat ic  pressure (up to 150 atmospheres) greatly accelerates ATP-induced 
inactivation of  factor F~. The activation volume (AV *) of  the inactivation pro- 
cess is equal to 5.1 • 10 -+ cm3/g, which is evidence of  considerable changes in 
the extent  of  protein hydrat ion during inactivation. Inactivation of  the enzyme 
under pressure is accompanied by  dissociation into subunits. 

Dimethyladipimidate,  which does not  cause intersubunit  cross-linking in the 
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molecule of  factor  F1, does not  alter the properties of  the native enzyme. 
It is suggested that  the formation of  one intersubunit  cross-link in the mole- 

cule of  factor F~ by  dimethylsuberimidate affects the ability of  the enzyme to 
undergo co-operative rearrangements of  the quaternary structure under the 
influence of  Mg 2÷, ADP, ATP, anions, and low temperature.  

The rate constants of  ATP binding to the active site of  factor F, (k . , )  = 2 • 
108 M -1 • min-1), of  ATP release f rom the active site (k_ 1 = 2 • 10 -2 min-1), and 
of"ADP and Pi release from the active site (k2 = 5 • 10 a min -1) have been deter- 
minbd. The results obtained confirm the correctness of  Boyer 's  idea, according 
to which ATP is formed in the active site of  mitochondrial  ATPase wi thout  any 
external source of  energy. Energy is used at the stage of  the release of  synthe- 
sized ATP from the active site of  ATPase in the solution. 

Introduct ion 

Factor  F1 (soluble mitochondrial  ATPase) is the component  of the ATPase 
complex of  mitochondria  that  catalyses the synthesis of  ATP in oxidative phos- 
phorylation.  It  has a molecular weight of  about  370 000 and consists of  five 
types of  subunits: ~(55 000), /~(51 000), 7(33 000), ~i(17 000), and e ( l l  000) 
(for reviews see Refs. 1 and 2). It has been suggested that  the subunit  compo- 
sition of  the enzyme molecule is described by  the formula a~376e  [3,4].  

Isolated factor  F1 takes part in at least two  processes connected with the 
mechanism of oxidative phosphorylat ion:  the enzyme hydrolases Mg-ATP at a 
high rate; and it binds ADP, the substrate of  oxidative phosphorylation,  with a 
high affinity and a high specificity. Both of  these processes are accompanied 
by conformational  changes in the enzyme molecule (for reviews see Refs. 2, 5 
and 6). 

To determine the part  played by  the polysubuni t  structure of  factor F~ in 
these conformational  changes, we used the bifunctional cross-linking reagent 
dimethylsuberimidate,  which forms intersubunit  cros~links in the enzyme. 

Bifunctional cross-linking reagents have been used to s tudy the structures of  
soluble ATPase from bovine heart  [7,8] and yeast  [9] mitochondria,  from 
chloroplasts [10],  Escherichia coil [11] and also of  the oligomycin-sensitive 
ATPase from yeast  mitochondria  [9]. 

In the present paper the conformational  changes in isolated factor F~ 
induced by Mg 2÷ [12,13] ,  certain anions [13,14] ,  ADP [15] or cold [16] were 
studied. The results obtained demonstrate  that  these changes are coupled with 
major co-operative rearrangements in the quaternary structure of  the enzyme. 

A study is made of  the slow conformational  changes induced by Mg-ATP 
which are accompanied by the inactivation of  the enzyme. These changes are 
shown to affect  the quaternary structure of  ATPase and occur with a frequency 
of  one per 2 • 104 turnovers of  factor  F~ during ATP hydrolysis. Slow inactiva- 
tion of  factor F~ in the course of  the ATPase reaction was also observed by 
Beechey and co-workers [17].  

Indications have also been obtained that  the binding of  the substrate in the 
non-catalytic site of  factor  F1 leads to an increase in the rate of  the ATPase 
reaction and to a decrease in the affinity of  the active site to Mg-ATP. The 
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values of the rate constants of the individual steps in the ATPase reaction have 
been determined. Some of the preliminary results of this work have been pub- 
lished [18]. 

Materials and Methods 

Factor FI was isolated according to Horstman and Racker [19] or Knowles 
and Penefsky [4]. Protein was determined according to the method of Lowry 
et al. [20]. To 'determine the content of tightly bound nucleotides, the prepara- 
tion of the enzyme, after chromatography on a column of Sephadex G-50, was 
treated with 3% trichloroacetic acid; the protein pellet was removed by centri- 
fugation, and the supernatant neutralized with 5 N KOH. The ATP and ADP 
content in the supernatant was determined in standard coupled enzyme sys- 
tems [5]. To desalinate the preparation of factor FI, the protein was placed in 
a column of Sephadex G-25, equilibrated with a solution containing 50 mM 
Hepes and 0.25 M sucrose, pH 8.5. The ammonium sulphate content was deter- 
mined with the Nessler reagent [21]. 

Electrophoresis was conducted in 10% polyacrylamide gel with sodium dode- 
cyl sulphate according to Weber and Osborn [22]; the gels were stained with 
amido black and scanned with a Gilford spectrophotometer at a wavelength of 
630 nm. The area of the peaks on the densitograms was proportional to the 
amount of factor FI placed in the tube (from 20 to 100 #g protein). 

To determine the molecular weights of the oligomers of subunits of factor 
F1 that were cross-linked with dimethylsuberimidate, the gels were calibrated 
with the following proteins; phosphorylase a from rabbit muscle (molecular 
weight of the monomer 92 000). Human IgM macroglobulin, heavy chain 
(72 000), bovine serum albumin (65 000), G-actin (46 000), light chain of IgM 
macroglobulin (23 000), and cytochrome c (12 500). The molecular weights of 
the subunits of factor F~ determined according to the calibration curve were 
59 000 (a), 51 000 (~), and 29 000 (7). 

The electrophoresis of factor F~ in 7.5% polyacrylamide gel was carried out 
at pH 8.3 in the absence of detergents. Pre-electrophoresis was performed pre- 
liminarily for 3--4 h. The gels were stained with amino black or examined for 
ATPase activity. For this purpose, the gels were rinsed with water and incu- 
bated 15--20 min in a mixture containing 2 mM ATP, 2 mM MgSO4 and 10 mM 
Tris-HC1, pH 8.3; then they were washed with water and stained to determine 
inorganic phosphate content according to the method of Sugino and Miyoshi 
[23]. 

The experiments on the sedimentation of the enzyme were conducted in a 
Spinco Model E analytical ultracen~trifuge with a scanning optical system. 

The ATPase activity was usually determined pH-metrically, as described ear- 
lier [ 24], or in an ATP-regenerating system. Details are given in the figure cap- 
tions. The rate of the ATPase reaction was measured for 1--2 min, during 
which time the ATPase activity of factor FI did not change. The absorbance 
during NADH oxidation was measured at a wavelength of 340 nm with a Hita- 
chi-124 or Specord UV/Vis spectrophotometer. The concentration of the Mg- 
ATP complex in these experiments was calculated using a dissociation constant 
of 5 • 10 -s M [25]. 
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The effect  of  hydrostat ic  pressure on ATPase was studied in a cuvette, pre- 
pared from a standard cell of  a Spinco-E ultracentrifuge and specially fortified. 
The volume of the cuvette was about  2 ml, the length of  the optical path was 
1.2 cm. Pressure was created with compressed nitrogen and was measured with 
a pressure gauge (marked in 5 atmospheres).  The ATPase activity under pres- 
sure was measured in an ATP-generating system. In the preliminary experi- 
ments it was shown that  a pressure of  up to 150 atmospheres does not  have any 
significant effect  on the activity of  pyruvate kinase and lactate dehydrogenase. 

Dimethyladipimidate (Polysciences Inc.), dimethylsuberimidate (Pierce), and 
5'-adenylyl imidodiphosphate (AdoPP[NH]P)  (Sigma) were used in this work. 
The mixed anhydride of  ATP and mesitylene carboxylic acid was kindly sup- 
plied by Dr. N.I. Sokolova and Dr. Z.A. Shabarova. The remaining reagents 
from Reanal and Reachim were of  maximal purity. 

Results 

The cross-linking of  factor F, with dimethylsuberimidate 
In this work a s tudy was made of  the reaction of  factor F1 with bifunctional 

cross-linking reagents of  different lengths: dimethyladipimidate with a cross- 
link 8 .~ in length, and dimethylsuberimidate with a cross-link 11 J~ in length. 

Dimethyladipimidate in a concentrat ion of  up to 1% did not  inhibit ATPase. 
Factor  FI treated with 1% dimethyladipimidate for 1 h was inactivated in the 
cold in the presence of  0.5 M KC1 at the same rate as the untreated enzyme. 
Electrophoresis in the presence of  sodium dodecyl  sulphate showed that  the 
modification of  factor  F~ by  dimethyladipimidate did not  lead to the forma- 
tion of  intersubunit  cross-linking (Fig. 1, scan 1). Treatment  with dimethyl- 
suberimidate at a concentrat ion of  0.5% or more led to a rapid and complete  
inactivation of  the ATPase activity (Fig. 2, curve 1). ATP at a concentration of  
10 mM, and Mg-ADP at a concentrat ion of  2 mM, did not  protect  the ATPase 
from inactivation. This t reatment  led to the formation of  covalently cross- 
linked complexes with molecular weights of  200 000 and higher (not  shown). 
Those subunits that  did no t  undergo cross-linking were less than 30% of  the 
total  protein. To decrease the probabil i ty of  cross-linking, ammonium salts 
reacted with imidates were added. 

Treatment  with dimethylsuberimidate in the presence of  50 mM (NH4)2- 
SO4 or 100 mM NH4C1 resulted in only 60--70% inactivation (Fig. 2, curve 2). 
At this concentrat ion dimethylsuberimidate in the absence of  ammonium salts 
or in the presence of  KC1 or K2SO4 instead of  ammonium salts completely 
inactivated the ATPase in 15 min (not  shown). 

1% dimethyladipimidate did no t  cause inhibition of  the ATPase in the pres- 
ence of  (NH4)2SO4 (Fig. 2, curve 3). The t reatment  of  factor F1 with 1% 
dimethyladipimidate for 1 h prevented cross-linking and the inactivation of  the 
enzyme by 1% dimethylsuberimidate (Fig. 2, curve 4). Electrophoresis with 
sodium dodecyl  sulphate of  factor  F~ modified by  1% dimethylsuberimidate in 
the presence of  50 mM (NH4)2SO4 revealed five new protein bands, with molec- 
ular weights of  approx. 140 000, 110 000, 105 000, 89 000, 82 000 (Fig. 1). 
The molecular weights of  the last four  bands can only correspond to dimers of  
the subunits of  factor  F~. The fifth band consists of  less than 3% of all the pro- 
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Fig. 1. E lec t rophores i s  in the  p resence  of  s o d i u m  d o d e c y l  su lpha te  of  f ac to r  F 1 t r e a t e d  wi th  cross-l inking 
reagents .  1, - . . . . .  , f a c to r  F 1 t r e a t e d  wi th  d i m e t h y l a d i p i m i d a t e  (a s imilar  p ic tu re  is obse rved  for  na t ive  
f ac to r  F 1 ). 2, - - ,  f ac to r  F 1 t r e a t e d  w i th  d i m e t h y l s u b e r l m i d a t e .  The  t r e a t m e n t  of  f ac to r  F 1 (1 rag/m1) 
wi th  1% d i m e t h y l a d i p i m i d a t e  o r  1% d i m e t h y l s u b e r i m i d a t e  was  car r ied  o u t  in 1 0 0  m M  Hepas-buf fe r ,  p H  

8.5 in the  p resence  of  50  m M  ( N H 4 ) 2 S O 4  for  90  rain.  A p p r o x .  70  ~g p ro t e in  was  a d d e d  to  the  gel tube .  
E lec t rophores i s  was car r ied  ou t  fo r  18 h a t  a c u r r e n t  of  3 m A  per  t u b e .  

Fig. 2. I nh ib i t i on  of  f a c t o r  F 1 b y  d i m e t h y l s u b e r i m i d a t e .  Curve  1, 0 .5% d i m e t h y i s u b e r i m i d a t e .  Curve 2, 
1% d i m e t h y i s u b e r i m i d a t e  in t he  p resence  of  50  m M  ( N H 4 ) 2 S O 4 .  Curve  3 (A), 1% d i m e t h y l a d i p i m i d a t e  in 
the  p resence  of  50 m M  ( N H 4 ) 2 S O  4. Curve  4 (o) ,  1% d i m e t h y i s u b e r i m i d a t e  was  a d d e d  to  f ac to r  F 1 pro- 
i n c u b a t e d  for  1 h wi th  1% d i m e t h y l a d i p i m i d a t e  in the  p resence  of  50  m M  ( N H 4 ) 2 S O 4 .  Th e  t r e a t m e n t  
of  f ac to r  F 1 w i th  d f lmtda tes  was  car r ied  ou t  in 100  m M  Hepes  b u f f e r ,  p H  8 .5  a t  a p ro t e in  c o n c e n t r a t i o n  of  
1 - -1 .5  m g / m l .  A f t e r  t he  in tervals  o f  t i m e  ind ica ted  smal l  a l iquo ts  were  t a k e n  f r o m  m i x t u r e  to  d e t e r m i n e  
ATPase  ac t iv i ty .  The  init ial  ATPase  ac t iv i ty  of  f ac to r  F 1 was  50  ~ m o l  • rain -1 • m g  - !  p ro t e in  at  25°C.  
The  c o n t e n t  of  the  m e d i u m  to  m e a s u r e  ATPase  ac t iv i ty  is i nd i ca t ed  in the  e x p l a n a t i o n  to  Table  I.  

rein and corresponds to higher molecular weight product(s) of cross-linking. 
According to the data of Satre et al. [8], the dimers of FI subunits with molec- 
ular weights of 100 000--115 000 that are formed as a result of cross-linking by 
dimethylsuberimidate have a composition of aa and a~. It may be suggested 
that the dimers with molecular weights of 80 000--90 000 consist of large and 
minor subunits of factor F~. 

The cros~linked dimers of .the subunits consist of about 20% of the overall 
protein mass; consequently, the treatment of factor F~ with dimethylsuberimi- 
date in  t h e  p r e s e n c e  o f  5 0  raM ( N H 4 ) 2 S O 4  l e a d s  t o  t h e  f o r m a t i o n  o n  average  o f  
o n e  d i m e r  o f  t h e  s u b u n i t s  p e r  m o l e c u l e  o f  e n z y m e .  

The stabilising effect of dimethylsuberimidate on factor FI 
Factor F1 treated with 1% dimethylsuberimidate in the presence of 50 mM 

(NH4)2SO4, and possessing 30--40% of the initial activity, becamse resistant to 
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low temperatures while the native enzyme, and also that treated with dimeth- 
yladipimidate or treated successively with dimethyladipimidate and dimethyl- 
suberimidate, was rapidly inactivated at 0°C in the presence of 0.5 M KC1 
(Table I). Sedimentation experiments show that the inactivation of the native 
factor F1 in the cold is accompanied by the disappearance of a 12-S component 
and the formation of a 3-S component, which demonstrates the dissociation of 
the enzyme into subunits [16]. The modification by 1% dimethylsuberimidate 
in the presence of 50 mM (NH4)2SO4 caused factor F~ to remain resistant to 
cold for 1.5--2 h and not dissociate into subunits. Complete inactivation only 
occurs when the concentrations of KC1 is raised to 2 M and the incubation time 
at 0°C is increased. This inactivation of the cross-linked factor F1 is accom- 
panied by dissociation. 

The preparation of factor F1 treated with dimethylsuberimidate and incu- 
bated in cold (0°C, 0.5 M KCI, 1 h) was subjected to electrophoresis at pH 8.3 
with the subsequent determination of the ATPase activity of the protein bands 
in the gel. The electrophoretic mobility of the zone with ATPase activity corre- 
sponded to the mobility of the undissociated factor F1. The results obtained 
demonstrated that only whole molecules of factor F1 possess ATPase activity. 
A similar conclusion can be drawn from ~he results of the study of factor F~ by 
the method of sedimentation of the active enzyme which showed that, in the 
preparation of factor F~ modified by dimethylsuberimidate and subjected to 
incubation for 1 h at 0vC in the presence of 0.5 M KC1, only the component 
with a sedimentation coefficient of 12.4-S possessed ATPase activity [26]. 

Treatment of factor Fl with dimethylsuberimidate in the presence of (NH4)2- 
SO4 made the enzyme resistant to certain effectors of the ATPase activity. 
Thus, treatment with dimethylsuberimidate abolished the activating effect of 
certain anions and prevented the inactivation of the enzyme by Mg 2÷ in pre- 

T A B L E  I 

T H E  S T A B I L I Z I N G  E F F E C T  O F  D I M E T H Y L S U B E R I M I D A T E  ON F A C T O R  F 1 

The  ini t ia l  A T P a s e  ac t i v i t y  of  the  fac tor  F 1 p r e p a r a t i o n s  was :  w i t h o u t  t r e a t m e n t ,  45 p m o l .  ra in  -1 • 
m g  -1 prote in~ a f t e r  d i m e t h y l s u b e r i m i d a t e  t r e a t m e n t  1 7 / ~ m o l  • ra in  -1 • m g  -1 p ro t e in ,  and  a f t e r  d i m e t h y l -  
a d i p i m i d a t e ,  or  d i m e t h y l s u b e r i m i d a t e  fo l l owing  d i m e t h y l  adip imidate  t r e a t m e n t ,  40 p m o l  • rain -1 • m g  -1 

prote in .  The A T P a s e  a c t i v i t y  was  d e t e r m i n e d  p H - m e t r i c a U y  [ 2 4 ] .  The  r e a c t i o n  m i x t u r e  m e d i u m  con-  

t a i n e d  f a c t o r  F 1 (0 .5- -1  ~ g / m l ) ,  2 m M  A T P ,  2 m M  MgSO4,  3 m M  Tris-HCl,  pH  8.3 in a f inal  v o l u m e  of  
8 ml .  The  c o n d i t i o n s  o f  fac tor  F 1 t r e a t m e n t  w i t h  d i i m i d a t e s  are  g iven  in the  capt ion  to  Fig .  1. Fo r  cold  
i n a c t i v a t i o n  f a c t o r  F 1 (1 - -1 .5  m g / m l )  was  i n c u b a t e d  at  0°C in 100  m M  Hepes  buf fer ,  p H  8.3 in the 
presence  o f  0 .5  M KC1. P r e i n c u b a t i o n  w i t h  I m M  MgSO 4 was  car r ied  o u t  in the  same  m e d i u m  w i t h o u t  

KC1. A c t i v a t i o n  by  a n i o n s  was  obse rved  w i t h  10 m M  K H C O  3 or  5 m M  K 2 S O  3 in the  r e a c t i o n  m i x t u r e .  

T r e a t m e n t  A T P a s e  ac t i v i t y  (%) 

A f t e r  0 .5  h + H C O 3  A f t e r  1 h 
in  cold  or  SO 2-  i n c u b a t i o n  

w i t h  Mg 2+ 

N o n e  5 

D i m e t h y l  s u b e r l m i d a t e  90  

D i m e t h y l a d i p i m i d a t e  (or  d i m e t h y l s u b e r i m i d a t e  
a f t e r  d i m e t h y l a d i p i m i d a t e )  15 

300  30 

100  95 

300  30 
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incubation (Table I). Factor FI modified by dimethyladipimidate or succes- 
sively by dimethyladipimidate and dimethylsuberimidate was effected by 
anions and Mg 2÷, just like the control  preparation of  the enzyme (Table I). 

Nucleotide binding by factor Fl 
Factor F~ was inactivated by 60--70% in 1--2 min in the presence of 0.4 mM 

ADP; this effect  was reversible, when 2 mM ATP was added to the incubation 
medium the activity was almost completely restored. Factor F~ treated with 
dimethylsuberimidate was not  inactivated in the presence of  ADP and the treat- 
ment  with dimethyladipimidate did not  prevent inactivation (Table II). 

The incubation of  native factor Fl initially containing about 2 mol of tightly 
bound ADP per mol of enzyme with ADP in conditions of  inhibition of its 
ATPase activity led to the additional tight binding of  approx. 1 tool of  ADP 
per tool of  factor F~ (Table II). Factor F~ preincubated in the presence of ADP 
and inorganic phosphate bound 3--4 tool of  ADP additionally without  inactiva- 
tion (Table II). Treatment  of  factor F1 with dimethylsuberimidate resulted in a 
similar effect. The cross-linked enzyme bound two to three additional mol of 
ADP per tool of  factor F~, but  this binding did not  lead to inactivation (Table 
II). 

Inactivation of factor F~ in the course of the ATPase reaction 
Fig. 3 shows that  the Mg-ATP hydrolysis of  factor F l in an ATP-regenerating 

system is accompanied by inactivation of the enzyme. This inhibition cannot  
be explained by the accumulation of any rapidly acting inhibitors of ATPase, 
since when a new aliquot of  the enzyme is added to the reaction mixture ATP 
hydrolysis occurs at a maximal rate (Fig. 3, curve 1). In the same reaction mix- 

T A B L E  II  

T H E  T I G H T L Y  B O U N D  ADP C O N T E N T  IN F A C T O R  F 1 

The  i n c u b a t i o n  of  f ac to r  F 1 (5- -6  m g / m l )  w i th  ADP was  car r ied  o u t  in a m e d i u m  con ta in ing  0.1 M Hepes ,  
p H  6.7 and  0 .25  M sucrose  for  15  ra in  a t  r o o m  t e m p e r a t u z e .  A f t e r  sepa ra t ion  of  the free ADP b y  gel fil- 
t r a t i on  on  a S e p h a d e x  G-50,  the  c o n t e n t  of  t igh t ly  b o u n d  ADP in f ac to r  F 1 was  d e t e r m i n e d  as descr ibed 
in Methods .  Five d i f f e r en t  p r e p a r a t i o n s  of  f ac to r  F 1 were  used ,  and  the  resul ts  were  given as m e a n  values  
± S.E.  The  c o n t e n t  of  t igh t ly  b o u n d  ATP  in the  p r e p a r a t i o n s  of  f ac to r  F I was  no  m o r e  t h a n  0 .5  m o l  of  
A T P / m o l  of  the  e n z y m e .  The  ATPase  ac t iv i ty  was m e a s u r e d  b e f o r e  gel fLlt~ation in an  ATP- regene ra t ing  
s y s t e m  con ta in ing  50 m M  Tris-HCl,  p H  7.5,  7 .5 m M  KCI, 2 m M  ATP,  2.5 m M  MgSO4,  0 .4  m M  N A D H ,  
0.5 m M  p h o s p h o e n o l p y r u v a t e ,  3 U / m l  p y r u v a t e  kinase ,  2 U / m l  l ac ta te  d e h y d r o g e n a s c .  The  m a x i m u m  
inh ib i t ion  was  ach ieved  by  the  f i f th  m i n u t e  of  i n c u b a t i o n  and  was  ful ly r eve r sed  b y  the  add i t i on  of  2 m M  
of A T P  to  the  p r e i n c u b a t i o n  mix t t t r e  (no t  shown) .  T h e  t z e a t m e n t  of  f ac to r  F I w i th  d i m e t h y l s u b e r i m i d a t e  
was  car r ied  ou t  as i nd i ca t ed  in the  cap t ion  to Fig. I .  

P repa ra t i on  I n c u b a t i o n  Mol t igh t ly  b o u n d  E x t e n t  of  inh ib i t ion  
cond i t i ons  ADP per  m o l  of  f ac to r  F 1 as a 

f ac to r  F1 resul t  of  i n c u b a t i o n  
wi th  ADP 

F a c t o r  F 1 w i t h o u t  add i t ions  2.0 +- 0.5 
Fac to r  F 1 0 .4  m M  ADP  3.2 ± 0.2 4 0 ~ 5 0 %  
F a c t o r  F 1 0.4 m M  ADP  

and  20 m M  K H 2 P O  4 5.5 +- 0.3 10---20% 
F a c t o r  F !  t~eated 
wi th  d i m e t h y l s u b e r i m i d a t e  0.4 m M  ADP  4.9 ± 0.4 no  inh ib i t ion  
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Fig. 3. Mg-ATP- induced  inac t iva t ion  o f  f a c t o r  F 1 . F o r  the  c o m p o s i t i o n  of  the  m e d i u m  to  measu re  ATP-  
ase ac t iv i ty  see cap t ion  to  Table  I I ,  a nd  for  th e  c o n d i t i o n s  regarding the  t r e a t m e n t  o f  f ac to r  F 1 w i t h  
d l m e t h y s u b e r i m i d a t e  see c a p t i on  to  Fig. 1. M e a s u r e m e n t s  were  m a d e  on  Specord  UV-VIS ( G D R )  spec t ro-  
p h o t o m e t e r .  The  v o l u m e  of  the  sample  was  2 ml ,  a nd  the  concen txa t ion  o f  f ac to r  F 1 in the  sample  1 # g /  
ml.  Curve 1, con t ro l  p r e p a r a t i o n  o f  f ac to r  F 1. The  a r r o w  indica tes  the  m o m e n t  w h e n  a n e w  add i t ion  of  
f ac to r  F 1 (2 #g p ro t e in )  was  m a d e .  The  c o n c e n t r a t i o n  of  Mg-ATP was  2 raM. Curve 2, f ac to r  F 1 t r e a t e d  
wt ih  1% d i m e t h y l s u b e r i r n i d a t e  in the  p resence  of  50  m M  ( N H 4 ) 2 S O  4 and  t h e n  p r e i n c u b a t e d  for  1 h at  
0°C in the  p resence  of  0 .5  M KC1. The  c o n c e n t r a t i o n  of  Mg-ATP was  2 raM. Curve  3, co n t ro l  p r e p a r a t i o n  
of  f ac to r  F 1. The  c o n c e n t r a t i o n  of  Mg-ATP was  0 .16  mM.  Curve 4, co n t ro l  p r e p a r a t i o n  of  f a c t o r  F I .  The  
c o n c e n t r a t i o n  of  Mg-ATP was  0 . 025  mM.  Curve  5, cond i t ions  as for  Curve  1, b u t  a t  the  m o m e n t  ind ica ted  
by  the  a r r o w  a pressure  of  150  a t m  was  appl ied.  

ture, but  in the absence of  the substrate or in the presence of  ATP but  without  
Mg 2÷, inactivation of  factor  F1 does not  occur. The inactivation of  factor F1 
cannot  be due to the free Mg 2÷ present in the reaction mixture, since its con- 
centration is not  higher than 0.3 mM, which is considerably lower than the 
inhibitory concentrat ion [12].  The stationary concentrat ion of  ADP in the 
standard condit ions of  a regenerating system did not  exceed 0.6 #M. The 
lowering of  its concentrat ion to 1 . 5 . 1 0  -3 pM by increasing the amount  of  
pyruvate kinase did not  change the t ime course of  inactivation. Therefore, the 
inactivation of  factor FI in our experiments is not  induced by  ADP. 

At saturating concentrations of  the substrate (1--2 mM), beginning with the 
tenth second and up to 20--25 min of  incubation, the rate of  ATP hydrolysis 
decreases exponentially,  Vt = V0 • ( exp- -k t )  (where k is the inactivation rate 
constant). At Mg-ATP concentrations lower than 0.025 mM inactivation is 
hardly observed at all for 30--.40 min (Fig. 3, curve 4). At substrate concentra- 
tions of  0.05--0.15 mM inactivation is only observed during the first 10--15 
min after the beginning of  the reaction; then the inactivation rate drops, and 
from 15--20 min onwards the hydrolysis takes place at an almost constant  rate 
(Fig. 3, curve 3). Such an inactivation t ime course indicates that  at these sub- 
strate concentrat ions after 10--15 rain of  incubation an equilibrium is estab- 
lished between the active and inactive forms of  the enzyme. The position of  
this equilibrium and the t ime that  is needed to reach this equilibrium depend 
on the substrate concentration.  During the first 10 min inactivation is approxi- 
mately exponential.  In these condit ions when the system is far f rom equilib- 
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rium the initial inactivation rate constant  (k) could be determined. The depen- 
dence of 1/k on 1/IS] describes a complex curve with two linear sections in the 
substrate concentrat ion intervals of  2--0.05 mM and 0.05--0.02 mM. The 
values of  the apparent Michaelis constants (Km,app) of the inactivation process 
for these intervals are 0.25 mM and 0.026 mM (Fig. 4, curve 1). The depen- 
dence of  1/k on 1/IS] for Mg-GTP-induced inactivation of factor F, is linear 
for all the substrate concentrat ion studied, with Km,app equal to 0.22 mM 
(Fig. 4, curve 2). 

For the inactivation process the continual presence of  the substrate in the 
incubation medium is needed. Short incubation (from 30 s to 2 min) of  factor 
F1 in the presence of  saturating concentrations of  Mg-ATP (2 mM), with the 
subsequent  addition of  an excess of  EDTA (4 mM) to the incubation medium, 
did not  lead to an inactivation of  the enzyme; when the reaction was started 
again after 15--20 min by adding MgSO4 (4 mM), the ATP hydrolysis rate was 
similar to that  observed before the EDTA addition. 

The reversible inhibitor of  ATPase, 7-chloro-4-nitrobenzo-2-oxa-l,3-diazol, 
prevents substrate-induced inactivation. Factor  F1 preincubated with 100 #M 
of this inhibitor for 1 h at pH 8.0 (97--98% inhibition) was placed in a reaction 
medium containing 2 mM of Mg-ATP and incubated for 15--20 min. The sub- 
sequent addition of  1 mM dithiothreitol,  which reverses the effect  of  the inhib- 
itor, resulted in the restoration of  the initial ATPase activity. According to the 
data of  Ferguson et al. [27] factor F1 modified by  7-chloro-4-nitrobenzo-2- 
oxa-l ,3~iiazol retains its ability to bind Mg-ATP. Thus, the substrate induced 
inactivation of  factor F1 is coupled with one of  the stages of  the ATPase reac- 
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Fig. 4. The d e p e n d e n c e  o f  the  inverse  va lue  of  the  ra te  c o n s t a n t  o f  f ac to r  F I inact ivat ion  o n  the  inverse 
subs t ra te  c o n c e n t r a t i o n .  The  va lues  of  k of  ATP-  or GTP- induced  inh ib i t ion  o b t a i n e d  f r o m  the  semilo-  
gas i thmic  pl o t s  o f  V t o n  t wh e r e  v t is  the  r e a c t i o n  ra te  a t  t i m e  t was  d e t e r m i n e d  b y  g~aphic d i f f erent ia t ion  
o f  the  reac t ion  curves.  M e a m l r e m e n t  c o n d i t i o n s  as descr ibed  in c a p t i o n  to  Fig. 3. The  c o n c e n t r a t i o n  o f  the  
Mg-ATP c o m p l e x  was ca lcu la ted  using a d issocia t ion  c o n s t a n t  of  5 • 10  -5 M [ 2 5 ] .  Curve  I ,  ATP- in d u eed  
inh ib i t ion ;  Curve 2, G T P - i n d u c e d  inh ib i t ion .  
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tion following the formation of  the enzyme-substrate complex. 
Preincubation of  factor FI with ADP, which causes the additional tight bind- 

ing of  1 mol of  ADP per mol of  factor  F1 (Table II) or with Mg 2÷ did not  
prevent substrate-induced inactivation of  the enzyme. Inactivation of  factor F, 
during ATP hydrolysis can also be observed in the presence of  activating anions. 
Glycerine and poly(ethylene glycol) slow down the rate of  inactivation. 

The t reatment  of  factor F1 with dimethylsuberimidate under conditions 
leading to the formation of  one intersubunit  bond per molecule of factor F, 
prevents the Mg-ATP-induced inactivation of  the enzyme (Fig. 3, curve 2). The 
effect  is not  connected with the partial inhibition of  the ATPase reaction 
caused by  the dimethylsuberimidate treatment.  In actual fact, when the sub- 
strate concentrat ion was lowered to 0.16 mM, the ATPase reaction rate drop- 
ped to the level of activity of  the enzyme inhibited by dimethylsuberimidate;  
however, Mg-ATP-induced inactivation of  factor F~ continued (Fig. 3, curves 
2 and 3). 

The effect  of  dimethylsuberimidate is not  due simply to a modification of  
the amino groups, since dimethyladipimidate had no effect  on the inactivation 
process (not  shown). 

It appeared that  the Mg-ATP-induced inactivation of  factor F1 was consider- 
ably accelerated if the pressure in the measuring cells was raised to 100--150 
atm (Fig. 3, curve 5). The subsequent  relief of  pressure did not  cause any 
reactivation. The dependence of  the rate constant  of  inactivation on pressure is 
described by the equation: 

k = k0" (exp(--AV* • P/RT)) 

where k0 is the rate constant  of  inactivation at atmospheric pressure. A V *, the 
activation volume of the inactivation reaction; T, the absolute temperature;  P, 
the pressure; R, the universal gas constant.  

The plot In k/ko vs. P (Fig. 5) makes it possible to determine the value of  
AV *, which is equal to 5.1 • 10 -4 cm3/g (assuming a molecular weight of fac- 
tor  F~ of  3 6 0 0 0 0  [4]).  

The results given in Fig. 5 were obtained with a concentrat ion of  Mg-ATP 
equal to 2 mM. AT an Mg-ATP concentrat ion of  0.02 mM, i.e. when the ATP 
hydrolysis at atmospheric pressure is not  accompanied by the inactivation of 
the enzyme for 30--40 min (Fig. 3, curve 4), an increase in pressure to 150 arm 
does not  cause any noticeable inactivation either. At Mg-ATP concentrations of  
0.05--0.2 mM, which cause partial inactivation of  the enzyme with the subse- 
quent  establishment of  equilibrium between the active and inactive forms, the 
increase in pressure leads to almost complete  inactivation of  the enzyme. 

As the experiments showed, a pressure of  up to 150 atm only causes slight 
(up to 30%) irreversible inactivation of  the enzyme in the absence of  the sub- 
strate or in the presence of  ATP, but  wi thout  Mg 2+. Nor did this pressure lead 
to inactivation of  the reacting factor  F~ modified by dimethylsuberimidate.  
However, the Mg-ATP-induced inactivation of  the protein modified by  dimeth- 
yladipimidate was accelerated by  this pressure just  as was that  of  the native 
protein. 

The changes occurring in the reacting factor F~ under pressure were also 
studied by  the method  of  electrophoresis in polyacrylamide gel. The data ob- 
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Fig. 5. T he  d e p e n d e n c e  o f  the  inac t iva t ion  rate c o n s t a n t  o n  pressure ,  k, the  inac t iva t ion  rate c o n s t a n t  at  a 
given pressure ,  k0 ,  the  inact ivat ion  rate c o n s t a n t  at  a t m o s p h e r i c  pressure .  Th e  values  o f  k for  the  di f f erent  
pressures  o b t a i n e d  as desc r ibed  in the  c a p t i o n  to  Fig. 4. For the  c o m p o s i t i o n  o f  the  m e a s u r e m e n t  m e d i u m ,  
see the  c a p t i o n  to  Table  II .  M e a s u r e m e n t s  were  m a d e  on  a Sp eco rd  U V / V I S  s p e c t r o p h o t o m e t e r  in a spe- 
cial cuve t t e  (see Methods) .  

tained in these experiments are given in Fig. 6. Under the conditions of  the 
experiment  there was only 20% Mg-ATP-induced inactivation of  factor F~ at 
atmospheric pressure, and there was no noticeable dissociation of  the enzyme 
into subunits (Fig. 6, scans 1 and 2). At a pressure of  150 arm but  with other- 
wise identical conditions there was almost complete  dissociation of  factor F1 
(scan 4). This pressure in the absence of  the substrate causes only partial dis- 
sociation of  the enzyme into subunits (scan 3). 

Dependence o f  A TPase activity on substrate concentration 
In the case of  native factor  F~, the dependence of  the ATPase activity on the 

concentrat ion of  Mg-ATP in the interval of  0.01--2 mM did not  obey  Michaelis- 
Menten kinetics (Fig. 7, curve 1). In the substrate concentrat ion interval of 
0.01--0.1 mM, the hydrolysis of  ATP occurred with a Km,app equal to 0.03 mM 
and a V equal to 14 ~mol/min per mg protein. The hydrolysis at higher concen- 
trations of  the substrate occurred with a Km,app equal to 0.3 mM and V equal 
to 34 pmol/min per mg protein. The preincubation of  factor FI with 0.4 mM 
ADP for 15 min, which is accompanied by  60% inactivation of  the enzyme and 
additional binding of  1 mol of  ADP per mol of  the enzyme (see Table II), did 
not  alter the character of  the dependence of  ATPase activity on the substrate 
concentrat ion and Km,ap p values. 

The character of  the ATPase activity as a function of  substrate concentrat ion 
and the values of  Km,app did not  change as a result of  the partial (60% or 80%) 
inhibition of  factor F~ by the mixed anhydride of  ATP and mesitylene car- 
boxylic acid, which modifies the active site of  the enzyme [ 28,29].  

Treatment  of  factor F1 with 1% dimethylsuberimidate in the presence of 
(NH4)2SO4 led to a decrease in V of  the ATPase reaction. The dependence of  
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Fig. 6. E l ec t ropbores i s  in p o l y a c r y l a m i d e  gel  o f  fac tor  F 1 inact ivated  at  various  pressures.  Staining was  
carried o u t  w i t h  a m i d o  b lac k  and scanning  at  6 3 0  nrn. 2 0 - - 3 0  Mg o f  prote in  was  p laced  in the  tube .  1, 
fac tor  F 1 w as  i n c u b a t e d  at  a c o n c e n t r a t i o n  o f  200  ~ g / m l  for  30 m i n  in a m e d i u m  conta in ing  5 0  m M  Tris- 
HC1 and 0 .2  m M  E D T A ,  p H  7 . 5 . 2 ,  fac tor  F 1 was  in c u b ate d  at a c o n c e n t r a t i o n  o f  2 0 0 /~g /ml  for  30 rain in 
a m e d i u m  conta in ing  5 0  m M  Tris-HC1, 2 0  m M  ATP and 0 . 0 6  m M  o f  M g S O 4 ,  pH 7 .5 ;  the  reac t ion  wa s  
s t o p p e d  b y  the  a d d i t i o n  o f  0 . 2  m M  E D T A .  3,  fac tor  F 1 wa s  i n c u b a t e d  in c o n d i t i o n s  s imilar to  tho se  in 
the  e x p e r i m e n t  (1 ) ,  bu t  at  a Pressure o f  1 5 0  a t m .  4 ,  f ac tor  F 1 i n c u b a t e d  in c o n d i t i o n s  s imilar to  t h o s e  in 
the  e x p e r i m e n t  ( 2 )  at  a pressure o f  1 5 0  a t m .  

the reaction rate on the substrate concentration for factor F1 modified with 
dimethylsuberimidate obeyed Michaelis-Menten kinetics, with Km,ap p equal to 
0.3 mM (Fig. 7, curve 2). Factor F1 treated with dimethyladipimidate did not 
differ from the native enzyme in its catalytic properties (data not shown). Fac- 
tor FI preincubated with Mg 2÷ is subject to Michaelis-Menten kinetics for the 
entire interval of substrate concentration studied (0.01--2 mM), with Km.app 
equalto 0.04raM and V equal to 15 gmol/min per mg protein (Fig. 7, curve 3). 

Preincubation with MgSO4 did not change the kinetic parameters of factor 
F~ treated with dimethylsuberimidate (not shown). But factor F~ which was 
first preincubated with MgSO4 and then treated with dimethylsuberimidate 
hydrolysed ATP with the same Km.ap p as did the enzyme preincubated with 
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Fig. 7. Changes  in the  p a r a m e t e r s  of  the  ATPase  r eac t ion  as a resul t  of  the  m o d i f i c a t i o n  of f ac to r  F 1. 
Curve 1, con t ro l  p r e p a r a t i o n  of  f ac to r  F 1. Curve 2, f ac to r  F 1 t r e a t ed  wi th  d i m e t h y l s u b e r i m i d a t e  ( for  the  
cond i t ions  of  t r e a t m e n t ,  see the  c a p t i on  to  Fig. 1). Curve 3, f ac to r  F 1 (1 m g / m l )  p r e i n c u b a t e d  wi th  1 m M  
MgSO 4 for  60  min .  A f t e r  60  rain 2 m M  E D T A  was  a d d e d  to  the  p r e i n c u b a t i o n  m e d i u m .  Curve  4, f ac to r  
F 1 was  p r e i n c u b a t e d  wi th  1 mM MgSO 4 and  50 mM ( N H 4 ) 2 S O  4 for  60 rain,  t h e n  2 m M  E D T A  and  1% 
d i m e t h y l s u b e r i m i d a t e  were  a d d e d  in 100  m M  Hepes  bu f fe r ,  pH 8.5,  and  i n c u b a t e d  for  a n o t h e r  hour .  
Curve 5, con t ro l  p r e p a r a t i o n  of  f ac to r  F I  wi th  Mg-GTP as the  subs t ra te .  Th e  ATPase  ac t iv i ty  was mea -  
sured  in an ATP- regene ra t ing  s y s t e m  (see cap t ion  to  Table  II) .  Th e  c o n c e n t r a t i o n  of  the  Mg-ATP c o m p l e x  
was  ca lcu la ted  using a d issocia t ion  c o n s t a n t  of  5 • 10 $ M [ 2 4 ] .  
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Fig. 8. The  r eac t iva t ion  of  f ac to r  F 1 p r e i n c u b a t e d  wi th  5r -adenylyl  i m i d o d i p h o s p h a t e .  Curve 1, con t ro l  
p r e p a r a t i o n  o f  f a c t o r  F 1 . C u r v e  2 ,  f a c t o r  F 1 (1  rag/m1) was  p r e i n c u b a t e d  for  10 rain w i t h  1 m M  M g S O  4 
and  10 /~M 51-adenylyl  imidod ipho l lpha te .  The  r eac t i on  was  s t a r t ed  b y  adding  1/~I of  the  so lu t ion  of  fac- 
to r  F 1 to  the  m e d i u m  to  me a s u re  ATPase  ac t iv i ty  (final v o l u m e  2 ml) .  The  c o m p o s i t i o n  of  the  measure -  
m e n t  m e d i u m  was as given in the  cap t ion  to  Table  II .  h u t  the  c o n c e n t r a t i o n  of  Mg-ATP was 0 .025  mM.  
The m o m e n t  at  wh ich  1 /~g of  the  c on t ro l  p r e p a r a t i o n  of  f a c t o r  F 1 was a d d e d  is ind ica ted  by  an a r row.  
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MgSO4 but  not  subjected to cross-linking by dimethylsuberimidate (Fig. 7, 
cruves 3 and 4). 

The dependence of  the Mg-GTP hydrolysis rate on substrate concentrat ion 
obeyed  Michaelis-Menten kinetics throughout  the range of  the substrate con- 
centration studied with Km,app ~ 0.2 mM and V ~ 12.5 ~mol/min per mg pro- 
tein (Fig. 7, curve 5). 

We also studied the interaction of  factor F~ with the non-hydrolysable ana- 
log of  ATP, 5'-adenylyl imidodiphosphate .  Factor  F~ preincubated with 10 #M 
5'-adenylyl imidodiphosphate had an ATPase activity close to zero which was 
slowly increased after 1000-fold dilution (Fig. 8). The reactivation process was 
subject to the equation of  a monomolecular  reaction, and was evidently the 
result of  the slow dissociation of  5'-adenylyl imidodiphosphate from the 
enzyme. The rate constant  of reactivation was determined from the plots 
ln(1 -- (Vt/V)) on t, where Vt is the reaction rate at time t, and V is the maxi- 
mal reaction rate which is demonstrated by factor F, after the complete release 
of  5'-adenylyl imidodiphosphate.  This constant  is equal to 2 • 10 -2 min -t . Treat- 
ment of  factor F~ with dimethylsuberimidate did not  prevent the binding of 
5'-adenylyl imidodiphosphate with the enzyme and did not  change the dissocia- 
tion rate of  the complex of  factor F~ with 5'-adenylyl imidodiphosphate (not  
shown). 

Discussion 

Treatment  of  factor F~ with 1% dimethylsuberimidate in the presence of 50 
mM (NH4)2SO4 leads to the formation of  four  different types of  covalently 
cross-linked dimers of  the subunits: aa,  aft, a~', ~ ,  on average one dimer per 
molecule of  the enzyme (Fig. 1). Such modification results in 60--70% inactiva- 
tion of  the enzyme. The cross-linked enzyme did not  show a change in the sedi- 
mentat ion coefficient and was not  inactivated in the cold (Table I). 

Thus, the cross-linking of  any of  these pairs of  subunits (aa, ~/3, aT, ~7) in a 
molecule of  factor F, results in the protect ion of  the enzyme against the cold. 
Such a situation is only possible if one of  the stages of  cold inactivation 
includes a co-operative rearrangement of  the quaternary structure of the 
enzyme during which a change in the mutual  distribution of  all the subunits 
occurs. In actual fact, according to the data of  Penefsky and Warner [16],  the 
first stage in the cold inactivation of  factor F~ consists of  a conformational  
rearrangement of  the protein molecule which is accompanied by a drop in the 
sedimentation coefficient from 12 S to 9 S. At the following stage the dissocia- 
tion of  the 9-S form of the protein into subunits occurs. Experiments on the 
sedimentation of  factor F, treated with dimethylsuberimidate and subjected to 
incubation in the cold in the presence of 0.5 M KC1 have shown that the 
enzyme retains a sedimentation coefficient of  12 S. Consequently,  the forma- 
tion of  a cross-link blocks the 12 S -~ 9 S conformational  change, and, thus, 
prevents the inactivation of  the enzyme. 

The use of  bifunctional cross-linking reaagents .is a helpful approach to eluci- 
dating the nature of  the conformational  rearrangements in factor F~ under the 
effect  of some effectors. Dimethylsuberimidate abolishes the activating effect  
of  certain anions, HCO~, SO~-, and inactivation of  factor  F~ preincubated with 
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Mg 2+ (Table I). These results indicated that the mechanism of action of anions 
an Mg 2+ involves conformational rearrangements in the quaternary structure of 
the enzyme. Conformational changes induced by Mg 2+ were registered by us 
previously, using spin-labelled probes [30]. It is interesting that the new con- 
formation of the enzymes that emerges under the effect of Mg 2+ differs from 
the initial one in its kinetic parameters and may, apparently, be fixed by 
dimethylsuberimidate (Fig. 7). 

The treat ment of factor F I with dimethyladipimidate does not lead to inter- 
subunit cross-linking and does not inactivate the enzyme or stabilise it (Figs. 1, 
2, Table I). Neither cross-linking of the subunits nor changes in the properties 
of factor F I occur if it is successively treated with dimethyladipimidate and 
then dimethylsuberimidate. Thus, the formation of intersubunit cross-linking is 
a result of the reaction between dimethylsuberimidate and the amino groups, 
the distance between which is more than 8 A, but does not exceed 11 ~. It is 
the formation of such cross-links and not the modification of those very amino 
groups which apparently causes the change in the properties of factor Ft. 

Dimethylsuberimidate also blocks the structural rearrangements in factor F I 
that are induced by tight binding of ADP and cuase inactivation of the enzyme 
although the ability to bind ADP tightly is retained (Table If). The tight bind- 
ing of ADP followed by inactivation has also been observed in other studies [5]. 

It may be suggested that the ADP-induced inhibition of ATPase includes two 
stages: the binding of ADP in the tight binding site, and the subsequent con- 
formational change, which is accompanied by inactivation and blocked by 
dimethylsuberimidate. The occurrence of these structural rearrangemens in fac- 
tor F1 as a result of ADP binding was demonstrated by us earlier, using hydro- 
phobic spin probes [30]. Since dimethyladipimidate, unlike dimethylsuber- 
imidate, has no effect on the inhibition of factor F~ by ADP (Table II), it may 
be suggested that ADP induces rearrangements in the quaternary structure of 
factor F~. 

The overall number of ADP molecules tightly bound to a molecule of factor 
F~ treated with dimethylsuberimidate is five (Table II). This result demon- 
strates that factor F~ has at least six nucleotide-binding sites (five tight ADP- 
binding sites and a catalytic site). This conclusion is also confirmed by the 
results of experiments in which ADP binding to factor F~ measured in the pre~ 
ence of inorganic phosphate (Table II). 

The hydrolysis of Mg-ATP and Mg-GTP by isolated factor F~ is accompanied 
by slow inactivation, which is caused neither by ADP, Mg 2+ nor by the accu- 
mulation of any other competitive inhibitors, but is determined by the slow 
conformational change accompanying substrate hydrolysis (Fig. 3). Similar 
results were published recently by Dr. R.B. Beechey and c0-workers [17]. The 
inactivation rate constant (k) increases as the concentration of the substrate 
grows. The observed character of the dependence of 1/k on 1/[S] (Fig. 4) is 
reminiscent of the dependence of the inverse initial rate of hydrolysis on the 
inverse substrate concentration (Fig. 7). The two processes are characterised by 
similar Kra.app values. Therefore, one and the same intermediate enzyme-sub- 
strate complex takes part in two processes: substrate hydrolysis and inactiva- 
tion. The more turnovers of the enzyme, the greater is the probability of inacti- 
vation. This is in good agreement with the finding that the continual presence 
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of the substrate is needed for inactivation to occur. The experiments with 
7-chloro-4-nitro-2-oxa-l,3-diazole showed that  the binding of  the substrate 
wi thout  its hydrolysis (see Ref. 27) does not  lead to inactivation. The probabil- 
ity of  inactivation per turnover of  the enzyme is equal to 2 • 10 -6 for the entire 
interval of  the Mg-ATP concentrat ion studied (2--0.025 mM). Thus, the mecha- 
nism of inactivation does not  depend on whether the second nucleotide-bind- 
ing site of  factor  F1 is saturated or not  (see below). It is interesting to note that  
for Mg-GTP hydrolysis the probabil i ty of  inactivation per turnover is 2 • 10 -s, 
i.e. it is one order of  magnitude higher than for the hydrolysis of  Mg-ATP. 

Dimethylsuberimidate does not  affect  the binding of  5'-adenylyl imidodi- 
phosphate with factor F1 (Fig. 8). ATPase activity is only partially inhibited by  
dimethylsuberimidate (Fig. 2, curve 2). Thus, the binding of  the substrate and 
also the very hydrolysis of  ATP and the dissociation of  the reaction products  
do no t  necessarily involve major co-operative rearrangements in the quaternary 
structure of  the enzyme. On the other  hand, ATP-induced inactivation of  fac- 
to FI is apparently coupled with the co-operative rearrangement of  the quater- 
nary structure, since the formation of  one intersubunit  bond in a molecule of 
factor F~ by dimethylsuberimidate completely prevents inactivation (Fig. 3, 
curve 2). This rearrangement occurs with a probabil i ty of  approximately one 
event to 5 • l 0  s catalytic acts. 

An interesting feature of  the structural rearrangement in the process of  
ATP-induced inactivation of  factor F~ is that  this process is accelerated by 
moderate  pressure (Fig. 3). This indicates that  one of  the stages of  inactivation 
of  factor F1 is accompanied by  a lowering of  the partial specific volume of  the 
enzyme. The changes in the partial specific volume ( ~ V  * = 5 • 10 -4 cm3/g) are 
0.07% of  the initial value (V = 0.74 cm3/g [4]). This decrease in the partial 
specific volume must  be connected with the considerable change in the degree 
of  hydrophobic i ty  of  the surface of  the protein molecule. 

Another  type  of  conformational  change induced by  ATP determined the 
complex non-Michaelian kinetics of  ATP hydrolysis by factor  F~ (Fig. 7, see 
also Refs. 31, 32). In understanding the meaning of  the differences in the 
parameters of  the ATPase reaction at low and high concentrations of  the sub- 
strate, the data of  Choate et al. [33] are of  great value. From their results it 
follows that at very low concentrat ions of  ATP a dynamic equilibrium ATP + 
H20 ~-ADP + Pi is established in the active site, and the ADP phosphoryla- 
tion rate is higher than that  of  ADP and Pi release into water. Thus, the ATP- 
ase "activity is limited by  the steps of  the products '  release. If  the concentra- 
tion of  ATP was increased to 10--20 #M, the ADP phosphorylat ion rate 
became less than that  of  ADP release into the solution. The binding of  a second 
molecule of  ATP at a high substrate concentration (0.1--2 mM) does, appar- 
ently, result in a several-fold increased rate of  ADP and Pi release. Since the 
rates of  ATP synthesis and hydrolysis in the active site are similar (the equilib- 
rium constant  of  the hydrolysis is not  more than 10, see below), it may be 
assumed that  at a high ATP concentrat ion the hydrolysis  of  the substrate in the 
active site is the limiting step of  the ATPase reaction. 

It may be suggested that  the mechanism of the ATPase reaction can be 
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described by the scheme: 

h+ 1 K H h 2 
ATP + FI= --~ [ATP • F1] ~ [ADP • FI • Pi] -'+ F1 + ADP + Pi 

k-1  AT P ~  //~_ 
ATP 

-ADP • FI • PiT k-~3 FI + ADP + Pi + ATP 

J ATP 

The ATP binding to the active site is almost irreversible; the rate constant  of  
dissociation of  the [FI • ATP] complex, h- l ,  is equal to 2.1 • 10 -2 min -1. This 
constant  was measured as the rate of  the ATPase reactivation as a result of  
5'-adenylyl imidodiphosphate release, assuming that 5'-adenylyl imidodiphos- 
phate was bound to the active site. 

A second molecule of  ATP is bound at high concentrations of  the substrate, 
and this results in an increase in the rate of  release of  ADP and Pi from the 
active site of  factor F1 (h3 > k2). At the same time, the binding of  the second 
ATP molecule to factor F~ decreases the affinity of  the active site to the sub- 
strate, Mg-ATP (Km,app at a high ATP concentrat ion increases up to 0.3 mM, 
Fig. 7, curve 1). Thus, bo th  the changes in the kinetics of  ATP hydrolysis at a 
high substrate concentrat ions (the increase in the rate and the increase in 
Km,app) can be explained by  a lowering of  the affinity of  the catalytic site of  
factor F~ to ATP and ADP as a result of  the second ATP molecule binding to 
the enzyme. 

In the opinion of  Choate et al. [33] two active sites work alternately in iso- 
lated factor F l; the binding of  the substrate to one site increases the rate at 
which the products  are released from the other. An alternative explanation of  
the results observed is that  ATP hydrolysis occurs in one active site and the 
acceleration of  ADP and Pi release is the result of  the binding of  a second mole- 
cule of  ATP to the non-catalytic site. The latter suggestion is in good agreement 
with a number  of  facts. (1) The dependence of  the hydrolysis rate of  GTP, 
which poorly binds with the non-catalytic site [2,6],  on the concentration of  
the substrate, obeys  Michaelis-Menten kinetics (Fig. 7, curve 5). (2) Complete 
inhibition of  both  the ATPase and the GTPase activity of  factor FI by the 
mixed anhydride of  ATP and mesitylenercarboxylic acid is achieved as a result 
of  the binding of  one molecule of  the inhibitor to the enzyme [26,29].  (3) The 
partial inhibition of  factor F~ by this inhibitor does not  change the character of  
the dependence of  ATPase activity on the substrate concentration. 

The formtion of  one cross-linked dimer of  the subunits in a molecule of  fac- 
tor  F~ by  dimethylsuberimidate or the conformational  rearrangement induced 
by Mg 2+ disturbs the allosteric interaction between two ATP-binding sites (or 
prevents the binding of  a second molecule of  ATP) {Fig. 7). The values of  
Km,app differ after this t reatment,  and this indicates the different mechanism of 
action of  dimethylsuberimidate and Mg 2+. 

At low concentrat ions of  Mg-ATP (i.e. when the binding of  the second mole- 
cule of  ATP does not  occur) the hydrolysis reaction takes place with Km.app 
equal to 0.03 mM and kcat equal to 5 • 103 min -1 (Fig. 7, curve I). In this case, 
k, 1 = hca t /Km,app  is equal to 1.7 • 108 M -1 • min -1. The constant  of ATP disso- 
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ciation from the active site of  ATPase K A T  P = k_ l /k+  1 is equal to approx. 10- ' °  M. 
The ADP binding constant  does apparently coincide with the constant  of  com- 
petitive inhibition of  ATPase by  ADP and is 1.5 • 10 -4 M [34,35].  We have no 
data allowing us to determine precisely the equilibrium constant  for the bind- 
ing of  Pi in the active site of  factor FI. The fact, however, that  Pi in a concen- 
tration of  10 mM does not  inhibit the ATPase reaction indicates that  the value 
of  this constant  is more than 10 -2 M. By comparing the data on the binding 
constants of  ADP and Pi in the active site with the values of  the ATP binding 
constant  obtained above, it may be concluded that  the difference in the ener- 
gies of  binding of  ATP and of  the ATPase reaction products  can ensure the 
reversibility of  ATP hydrolysis at the active site of  ATPase. KH does not  exceed 
10. 

A similar conclusion may be drawn on the basis of  the following independent  
consideration. As already noted above, the rate of  ADP phosphorylat ion in the 
active site of  factor F1 is greater than the ADP and Pi release rate from the 
active site at low concentrations of  ATP in solution [33].  Considering that  the 
release of  ADP and Pi from the active site is the rate-limiting step of  the ATP- 
ase reaction [33],  and also the data on the ATPase reactions rate, it may be 
concluded that  the rate of  ATP synthesis at the active site is more than 103 
turnovers per min. On the other  hand, the maximum rate of  ATP hydrolysis, 
like that  of  any other  hydrolase reactions occurring according to the mecha- 
nism of acid-base catalysis, should not  exceed l 0  s turnovers per min. * The 
ratio of  the maximum possible rate of  ATP hydrolysis at the active site to the 
minimum rate of  synthesis results in a value of  KH of not  more than 100. 

The data on the dissociation rates of  the complex of  factor F~ with ADP and 
Pi (k2 = 5 " 1 0  3 min -1) and with 5'-adenylyl imidodiphosphate (2 • 10 -2 min -1) 
demonstrate  that  the release of  ATP from the active site of  factor F1 takes 
place approx. 10s-times more slowly than the release of  ADP and Pi .  Thus, the 
differences in the energies of  binding of  ATP and (ADP + Pi) are evidently 
determined by the difference in the dissociation rates of  the corresponding 
enzyme-substrate complexes. 
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