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SUMMARY 

Steady  s ta te  kinet ic  measurements  of the  ra te  of hydrolys is  of ATP to A D P  
a n d  inorganic  phospha te  b y  beef hear t  mi tochondr ia l  ATPase  have been per formed 
with  bo th  the  solubil ized enzyme and with  the  enzyme a t t ached  to a mi tochondr ia l  
membrane  fract ion at  25 ° in o.I  M NaC1 with  Mg 2+ as the  meta l  ion ac t iva tor .  These 
s tudies  indica te  the  ATP Michaelis cons tants  are somewhat  larger for the  soluble 
enzyme and the  tu rnover  numbers  are cons iderably  larger.  In  addi t ion ,  the  s t eady  
s ta te  pa rame te r s  are essent ia l ly  independen t  of pH over the  range 7-9 for the  mem- 
b rane -bound  enzyme,  while the  tu rnover  number  for the  soluble enzyme varies con- 
s iderab ly  with pH.  The product ,  ADP,  is a compet i t ive  inhib i tor  of ATP and inhib i t s  
the  soluble enzyme much more s t rongly  t han  the membrane -bound  enzyme.  Oligo- 
mycin  inhibi ts  the  m e m b r a n e - b o u n d  enzyme very  s t rongly,  bu t  has no effect on the  
a c t i v i t y  of the  soluble enzyme.  The ol igomycin inhib i t ion  is noncompet i t ive  in na ture .  

INTRODUCTION 

The mechanisms of ac t ion of soluble enzymes  have been s tud ied  ex tens ive ly  
for m a n y  years.  Al though  it  has been recognized t ha t  enzymes in vivo are often asso- 
c ia ted  with membranes  and  t h a t  the  proper t ies  of m e m b r a n e - b o u n d  enzymes m a y  
be cons iderab ly  different  t han  thei r  soluble counterpar t s ,  r e la t ive ly  few quan t i t a t i ve  
s tudies  of this  p rob lem have been repor ted .  Several  approaches  are possible. One 
me thod  is to prepare  the  enzyme a t t ached  to the  na t ive  membrane  and compare  i t  
with a solubil ized enzyme ex t r ac t ed  from the  membrane .  In  ano ther  method ,  soluble 
enzymes  have been a t t ached  to solid matr ices ,  which act as model  membranes .  Both  
of these approaches  suffer from the  d rawback  t ha t  the  proper t ies  of the  enzyme m a y  
be i r revers ib ly  a l tered b y  its ex t rac t ion  from the membrane  or i ts a t t a c h m e n t  to the  
membrane .  

A more sa t i s fac to ry  m e t h o d  is to separa te  the  enzyme and membrane ,  and  to 
recons t i tu te  the  original  sys tem b y  combining the  solubil ized enzyme with  i ts na t ive  
membrane .  If  the  recons t i tu ted  sys tem has the  proper t ies  of the  original  membrane -  
bound  enzyme,  then  it is reasonable  to assume the  s t ruc ture  of the  enzyme has 
r emained  essent ia l ly  in tac t  t h roughou t  the  p repa ra t ive  procedures .  The ATPase  of 
beef hea r t  mi tochondr ia  is an example  of this  l a t t e r  t ype  of sys tem.  The solubil ized 
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enzyme has been prepared in a quite pure form, and its physical and chemical pro- 
perties have been studied extensively 1-4. In addition, beef heart mitochondrial mem- 
brane fragments (ASU particles) have been prepared 4 which are devoid of ATPase 
activity but which readily associate with the soluble enzyme. The "reconstituted" 
enzyme has a number of properties similar to those of the original membrane-bound 
enzyme, but which are strikingly different from those of the soluble enzyme. 

In this study, the pH-stat  technique was used to determine the initial velocities 
of both the soluble and reconstituted membrane-bound ATPase activities over a range 
of ATP, ADP, oligomycin, and H+ concentrations with Mg 2+ as the metal ion activa- 
tor. Differences between the steady state kinetic parameters of the soluble and mem- 
brane-bound enzyme have been observed, and the implications of these findings are 
discussed. 

EXPERIMENTAL PROCEDURES 

Reagents 
ATP was obtained as the disodium salt from P-L Biochemicals, Inc.. Paper 

chromatography with the solvent system o.15 M citric acid (pH 4.0)-95 % absolute 
ethanol-n-butanol (6 : IO:I  by vol.) indicated it was free of ADP contamination. 
ADP and NADP + were also obtained from P-L Biochemicals, Inc.. Oligomycin was 
purchased from Sigma Chemical Co., hexokinase from Calbiochem, and glucose-6- 
phosphate dehydrogenase from Boehringer Mannheim Corporation. All other chemi- 
cals used were analytical reagent grade. 

Preparations 
Two different methods of preparation have been used for the ATPase 4. One of 

these methods yields an enzyme which contains an endogenous inhibitor. However, 
under the experimental conditions employed, the steady state parameters at pH 8.0 
were identical, within experimental uncertainties, for the enzyme obtained with 
both methods. The preparation and characterization of ASU particles was as described 
elsewhere 4, 5. 

The solubilized ATPase was combined with the ASU particles using the following 
procedure. A suitable aliquot of ATPase of known activity in 0.025 M sucrose. 
o.ooi M EDTA, o.oi M Tris buffer (pH 8.4) and an aliquot of a suspension of ASU 
particles (stored at - 7  o°) were mixed together. The Mg ~+ concentration was brought 
to 8. lO -4 M by adding 8-IO 2 M MgSO 4 to enhance binding of the enzyme to the 
particles n. After being incubated for I h at room temperature with intermittent 
stirring, the suspension was centrifuged at 12000 rev./min in a Sorvall SS-34 rotor 
for IO min at room temperature. The supernatant was withdrawn carefully and its 
volume and activity measured. The precipitate was resuspended in 0.5 ml of a wash 
solution of the above buffer containing 8. lO -4 M Mg 2+ and recentrifuged as above. 
The wash was also withdrawn carefully and its volume and activity measured. The 
membrane-bound enzyme was then suspended in the buffer containing 8. lO -4 M Mg ~+ 
to the desired concentration (typically 600/~g ATPase/ml). The suspension was main- 
tained at room temperature throughout the course of an experiment and was never 
used more than 8 h after its preparation. No change in activity was observed during 
this time period. 
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A n a l y t i c a l  methods 

Prote in  concent ra t ion  for the  solubil ized ATPase  was de t e rmined  using the  
m e t h o d  of LOWRY et al. 7 with  h u m a n  serum a lbumin  as the  s t anda rd .  The resul t  was 
d iv ided  b y  1.18 to ob ta in  the  d r y  weight  of the  enzyme s. The b iure t  me thod  in the  
presence of 0.33 % deoxychola te  was used to de te rmine  the  concent ra t ion  of ASU 
par t ic les  9. 

The  amoun t  of ATPase  bound  to the  ASU par t ic les  was de t e rmined  b y  sub- 
t r ac t ing  the ac t iv i ty  found in the  supe rna t an t  and  wash solutions from the original  
a m o u n t  added.  An excess of the  ATPase  was genera l ly  used to insure sa tu ra t ion  of 
the  ASU par t ic les  wi th  ATPase ;  however,  in cases where  an excess of par t ic les  was 
presen t  up  to 9 ° % of the  original  ATPase  was absent  from the supe rna tan t .  The  
ATPase  appea red  to be ve ry  t igh t ly  bound  to the  ASU par t ic les  since less t han  1 %  
of the  original  enzymat i c  a c t i v i t y  was found in ti le wash solutions.  

A d e n y l a t e  kinase ac t iv i ty  of t i le  ASU par t ic les  was assayed using a modifica-  
t ion of the  m e t h o d  descr ibed b y  RHOADS AND LOWENSTEIN 1°. The fo rmat ion  of ATP  
was coupled to the  glucose-6-phosphate  dehydrogenase  reac t ion  with  hexokinase .  
The  glucose-6-phosphate  dehydrogenase  reac t ion  was followed b y  observing the  
increase wi th  t ime  of the  absorbance  at  34 ° nm corresponding to N A D P H  format ion .  
The  exper imen ta l  condi t ions  were 50 mM glucose, 0.62 mM N A D P  +, 5" io  4 M MgCI 2 ; 
the  concentra t ions  of hexokinase  and glucose 6-phosphate  were such t ha t  the  ra te  of 
the  coupled reac t ion  was about  0.5/~moles N A D P H  formed per rain per ml react ion 
vo lume when the  ATP concent ra t ion  was 0.6 mM. 4/~g of ol igomycin per  ml of reac-  
t ion volume were added  to inhib i t  any  endogenous ATPase  ac t iv i ty  which would have  
caused the  adeny la t e  k inase  ac t iv i ty  to be unde re s t ima ted  (Y. KA~AWA, personal  
communica t ion) .  The A D P  concent ra t ion  was 5" io  ~ M. 

In i t i a l  ve loci ty  measurements  of the  ATPase  react ion were made  using the  
p H - s t a t  technique  wi th  the  Rad iome te r  Type  T T T l b T i t r a t o r  a n d T y p e T T T A 3 I  micro-  
t i t r a t i on  assembly.  

For  all  exper iments  except  A D P  inhib i t ion  exper iments  the  react ion mix tu res  
con ta ined  o.I  M NaC1, 5" IO-a M MgSO 4, and  var ious  concent ra t ions  of ATP and  oligo- 
myc in  in a final volume of 4 ml. Because the  inhibi t ion  of the  enzyme b y  A D P  was 
observed to v a r y  with the  amoun t  of Mg ~+ added  to the  react ion mixture ,  the  t o t a l  
concen t ra t ion  of Mg e+ was var ied  dur ing the A D P  inhib i t ion  exper iments  so t h a t  
bo th  the  uncomplexed  Mg ~+ and the  percent  A D P  complexed  with  Mg ~+ were kep t  
cons tant .  The  free Mg 2+ was ma in t a ined  at  2.o. IO a M so t ha t  74 % of the  A D P  added  
was complexed  wi th  the  m e t a P  1. Fo r  ac t iv i ty  assays  the  ATP concent ra t ion  was 
2.5" IO -3 M. The  ATPase ,  s tored at  4 ° as the  5o % (NH4)2SO4 prec ip i ta te ,  was dis- 
solved in buffer (o.o25 M sucrose, o .ooi  M EDTA,  o .oi  M Tris, p H  8.4) to the  desired 
concentra t ion ,  and  I #mole  ATP was a d d e d  per  ml solut ion to s tabi l ize the  enzymeL 
The solut ion s tood at  least  i h before use and  i ts  ac t iv i ty  was not  observed to change 
for severa l  days  (al though kinet ic  s tudies  were a lways  per formed wi th in  24 h). A 
15-3o-#1 a l iquot  of the  ATPase  was in t roduced  into  the  reac t ion  volume to in i t ia te  
the  react ion.  In i t i a l  velocit ies were ob ta ined  from the  resul t ing graphs  of base  a d d e d  
versus t ime.  A per iod of about  15 see af ter  in t roduc t ion  of the  enzyme was neglected 
due to  a r e a d j u s t m e n t  of the  p H  of the  reac t ion  mix ture .  In i t i a l  velocit ies were cor- 
rec ted  for a ve ry  small  change in p H  due to CO2 absorp t ion  (usually less t han  1 %  of 
the  measured  rate) ,  and  for the  fact  t h a t  less t h a n  one mole of H + is p roduced  per  
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mole of ATP hydrolyzed at some of the pH values s tudied 12. In i t i a l  velocities were 
de termined for the reconst i tu ted  enzyme as in the case of the soluble ATPase except 
t ha t  a small  addi t ional  correction (less t han  2 % of the measured rate) was made for 
endogenous ATPase ac t iv i ty  of the particles alone. Some rate measurements  were also 
made by  analyzing for inorganic phosphate  in the presence of an ATP regenerat ing 
system previously described 1 for comparison with the results ob ta ined  with the pH- 

star  assay. 
The ini t ia l  rate da ta  were analyzed using a weighted least squares analysis  of 

double reciprocal plots, while an unweighted least squares analysis  was used on 
secondary plots associated with inhib i t ion  by  oligomycin. Exper imenta l  errors were 
es t imated to be j - I  5 % for all kinet ic  parameters  except for oligomycin inhib i t ion  
cons tan ts  where the error is -]_20 %. 

RESULTS 

The specific ac t iv i ty  of the ATPase was measured as a funct ion of enzyme con- 
cent ra t ion  (Fig. I). For  the range o.4-3.1/~g/ml the specific ac t iv i ty  of the solubilized 
enzyme was independent  of enzyme concentrat ion,  bu t  below values of 0.4 #g/ml  
the specific ac t iv i ty  appeared to decrease. All exper iments  with the solubilized ATPase 
were performed at  enzyme concentra t ions  above this value. The specific ac t iv i ty  of 
the membrane -bound  ATPase (based on the amoun t  of ATPase, not  on the tota l  
membrane  protein) also showed no dependence on enzyme concentra t ion  over the 
concent ra t ion  range util ized in these exper iments  (Fig. I). The enzyme concent ra t ion  
used in both  cases was approx. 1-2 #g/ml.  
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Fig. I. Specific activity of soluble and membrane-bound ATPase as a function of protein concen- 
tration. Activities were assayed as described in the text. The data are for membrane-bound 
ATPase, pH 7.0 (O); membrane-bound ATPase, pH 8.0 ([]); solubilized ATPase, pH 8.0 (O)- 

Fig. 2. Double reciprocal plots of initial rate data for the soluble ATPase. O - - O ,  pH 7.0; • --- • ,  
pH 8.o; A - ' - A ,  pH 9.o. The lines represent a weighted least squares analysis of the data. Experi- 
mental conditions are given in the text. 
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Michaelis cons tan ts  (Ks) and  tu rnover  numbers  (k~) were de te rmined  at  p H  7.0, 
8.o, and  9.o for the  solubil ized enzyme.  The range of ATP concent ra t ions  was 2,5o" IO -a 
-1.25" IO -~ M. The enzyme obeyed  Michael i s -Menten  kinet ics  wi th in  exper imenta l  
error  as shown b y  the  double reciprocal  plots  in Fig. 2. The resul t ing s t eady  s ta te  
pa rame te r s  are l is ted in Table  I. Add i t ion  of ol igomycin up to a concent ra t ion  of 
I .  IO-6 M had  no discernible effect on the  in i t ia l  velocities.  

Double  reciprocal  plots  of the  ini t ia l  ve loci ty  d a t a  for the  m e m b r a n e - b o u n d  
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Fig .  3- D o u b l e  r e c i p r o c a l  p l o t s  of  i n i t i a l  r a t e  d a t a  f o r  t h e  m e m b r a n e - b o u n d  A T P a s e .  C G ,  
p H  7 .0 ;  B - - - B ,  p H  8 .o ;  k~-"  A ,  p H  9.0 .  T h e  l i n e s  r e p r e s e n t  a w e i g h t e d  l e a s t  s q u a r e s  a n a l y s i s  
of  t h e  d a t a .  E x p e r i m e n t a l  c o n d i t i o n s  a r e  g i v e n  in  t h e  t e x t .  

F ig .  4. D o u b l e  r e c i p r o c a l  p l o t s  of  o l i g o m y c i n  i n h i b i t i o n  d a t a  f o r  t h e  m e n a b r a n e - b o u n d  A T P a s e  
a t  p H  7.o .  T h e  p l o t s  a r e  ot  t h e  r e c i p r o c a l  i n i t i a l  r a t e s  versus I / [ A T P ]  a t  c o n s t a n t  o l i g o m y c i n  
c o n c e n t r a t i o n s :  @, n o  o l i g o m y c i n  ; El,  9 .o"  lO - s  M;  /5,  3 . o '  IO .7  M;  Q ,  6 - I O  7 M. T h e  l ines  r e p r e -  
s e n t  a w e i g h t e d  l e a s t  s q u a r e s  a n a l y s i s  of  t h e  d a t a  a s s u m i n g  a c o m m o n  i n t e r c e p t  o n  t h e  a b s c i s s a .  
E x p e r i m e n t a l  c o n d i t i o n s  a r e  g i v e n  in  t h e  t e x t .  
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ATPase  are shown in Fig. 3. Smal l  devia t ions  from Michael i s -Menten  kinetics,  in a 
manner  expec ted  for subs t r a t e  ac t iva t ion ,  were observed at  high subs t r a t e  concentra-  
t ions at  p H  8.o and  9.o. However ,  the  ATP concent ra t ion  was comparab le  to the  Mg 2+ 
concent ra t ion  in these cases, so t ha t  uncomplexed  ATP m a y  account  for the  ac t iva-  
t ion.  Since the  double  reciprocal  plots  for the  m e m b r a n e - b o u n d  ATPase  were l inear  
a t  low subs t ra te  concentra t ions ,  the  weighted  least  square lines shown in Fig. 3 were 
ca lcu la ted  neglect ing subs t r a t e  concent ra t ions  greater  t han  2.5" IO a M. The  values  of 
the  Michaelis cons tan t s  and  tu rnover  numbers  are included in Table  I. 

Figs. 4-6  show the  resul t  of inhib i t ion  of the  membrane  bound  ATPase  b y  
ol igomycin at  p H  7.o, 8.o and  9.o, respect ively .  In  all cases the  ol igomycin concentra-  
t ion was a t  least  IO t imes t h a t  of the  enzyme.  A simple mechanism consis tent  wi th  
th is  d a t a  is t h a t  p red ic ted  for noncompet i t ive  inhibi t ion.  The  mechanism can be 
fo rmula ted  most  s imply  as 
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Fig. 5. Double  reciprocal  p lots  of o l igomycin  inh ib i t ion  d a t a  for t he  m e m b r a n e - b o u n d  ATPase  
a t  p H  8.o. The  p lo t s  are the  reciprocal  ini t ial  ra tes  versus I /[ATP~ a t  c o n s t a n t  o l igomycin  concen-  
t r a t i ons :  (2), no o l igomycin ;  [ ] ,  9" 1o-SM; &, 3 '  1o-TM; O,  I . IO  -*M.  The  l ines r ep resen t  a 
we igh ted  leas t  squa res  ana lys i s  of t he  d a t a  a s s u m i n g  a c o m m o n  in te rcep t  on the  abscissa.  Exper i -  
m e n t a l  cond i t ions  are g iven  in the  t ex t .  

Fig. 6. Double  reciprocal  p lo ts  of o l igomycin  d a t a  for m e m b r a n e - b o u n d  ATPase  a t  p H  9.o. The  
p lo t s  are reciprocal  ini t ia l  r a tes  versus I / [ATP]  a t  c o n s t a n t  o l igomycin  concen t r a t i ons :  O ,  no  
o l igomycin  ; [] ,  5" IO-8 M; ZX, 6. io ~ M; O,  i" IO -6 M. The  lines r ep resen t  a we igh ted  leas t  squa res  
ana lys i s  of t he  d a t a  a s s u m i n g  a c o m m o n  in te rcep t  on t he  abscissa.  E x p e r i m e n t a l  cond i t ions  are 
g iven  in the  t ex t .  
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w h e r e  E is t h e  e n z y m e - m e m b r a n e  c o m p l e x ,  X is a r e a c t i o n  i n t e r m e d i a t e ,  I is oli- 

g o m y c i n ,  K s  is t h e  Michae l i s  c o n s t a n t  for  A T P  a n d  K I  is t h e  i n h i b i t o r  d i s s o c i a t i o n  

c o n s t a n t .  T h e  r e c i p r o c a l  i n i t i a l  v e l o c i t y  c a n  be  w r i t t e n  as 

I I ( i r ) ]  + I - -  (2 )  
L' - V S  I 4 - K i J  EATP~ Vs K r J  

If ,  as a s s u m e d ,  t h e  o l i g o m y c i n  b i n d i n g  c o n s t a n t s  for  b o t h  E a n d  X are  i d e n t i c a l  t h e  

p l o t s  of i / v  v e r s u s  I / i A T P I  s h o w n  in  Figs .  4 6 s h o u l d  i n t e r s e c t  a t  a c o m m o n  p o i n t  

o n  t h e  I / [ A T P I  axis .  T h e  l ines  r e s u l t i n g  f r o m  a w e i g h t e d  l e a s t  s q u a r e s  a n a l y s i s  of t h e  

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

c o n f i r m i n g  t h e  m e c h a n i s m  of E q n .  I .  S i m p l e  u n c o m p e t i t i v e  a n d  c o m p e t i t i v e  i n h i b i -  

t i o n  s c h e m e s  a re  i n c o n s i s t e n t  w i t h  t h e  d a t a .  T h e  v a l u e  of t h e  i n t e r c e p t  a t  e a c h  p H  was  

f o u n d  b y  a s s u m i n g  v a r i o u s  v a l u e s  for  t h e  p o i n t  of i n t e r s e c t i o n  a n d  d e t e r m i n i n g  w h i c h  

v a l u e  m i n i m i z e d  t h e  s t a n d a r d  d e v i a t i o n  of a w e i g h t e d  l ea s t  s q u a r e s  a n a l y s i s  of t h e  

d a t a .  T h e  f ina l  l i nes  r e s u l t i n g  f r o m  t h i s  p r o c e d u r e  a re  s h o w n  in  Figs.  4 -6 .  S e c o n d a r y  

p l o t s  of t h e  i n t e r c e p t s  a n d  s lopes  v e r s u s  o l i g o m y c i n  c o n c e n t r a t i o n  were  t h e n  c o n s t r u c t -  

e d  to  d e t e r m i n e  t h e  i n h i b i t i o n  c o n s t a n t s .  T h e  c o n s t a n t s  o b t a i n e d  a re  g i v e n  in  T a b l e  I .  
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Fig. 7. ADP inhibit ion of the solubilized ATPase, pFI 8.o. The data  are plot ted as reciprocal 
initial velocities versus ADP concentrat ions at  fixed initial concentrations of ATP: ©, 2.6- IO -a M; 
El, i .o. io -3 M; 2x, o-51' I o-~ M; 0 ,  0.38" IO-a M; ~ ,  0.26. io 3 M. The lines represent a weighted 
least squares analysis of the data  assuming pure competit ive inhibition, i.e., assuming a common 
intercept. Experimental  conditions are given in the text.  

Fig. 8. ADP inhibit ion of the membrane-bound ATPase, pI-I 8.o. The data  are plot ted as reciprocal 
initial velocities versus ADP concentrat ions at  fixed initial concentrat ions of ATP: O, 2.6- 10 -3 1~'I; 
[] ,  I.O. IO -a NI; A, o.66. IO -a M; O, o.51 " l°-3 M; <), o.38. IO -a M. The lines represent a weighted 
least squares analysis of tke data  assuming pure competit ive inhibition, i.e., assuming a common 
intercept.  Experimental  conditions are given in the text.  
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The inhibition of the ATPase reaction by ADP was investigated at pH 8.o. 
The results are summarized in Figs. 7 and 8 in plots of reciprocal velocities at constant 
ATP concentrations against inhibitor (ADP) concentrations. A competitive inhibition 
mechanism predicts that  the lines at constant ATP concentration intersect at a com- 
mon point and that the value of this point on the abscissa is the negative of the in- 
hibition constant. This mechanism is consistent with the data. Using a procedure 
similar to that described above, the values of the inhibition constants were deter- 
mined by assuming a common intersection point. The final lines obtained are shown 
in Figs. 7 and 8, and the ADP inhibition constants are given in Table I. 

The adenylate kinase activity of the ASU particles was assayed in order to be 
certain decomposition of ADP was not appreciable during ADP inhibition experi- 
ments. The activity was found to be 20 nmoles ATP produced per mg protein per 
rain at a concentration of 5" lO-4 M ADP. The lowest ADP concentration in the ADP 
inhibition studies was 5" lO-5 M ADP (or a total of 200 nmoles ADP per reaction 
volume) with a maximum of 0.2 mg ASU particles. Since the initial velocity was taken 
after 15 sec, less than 1% of the ADP was decomposed. This indicates that the adenyl- 
ate kinase activity can be neglected. 

Experiments utilizing an ATP regenerating system in ATPase assays have 
suggested that the activity of the enzyme is not affected by being associated with its 
membrane 13. Since the results presented here indicate that the turnover number of 
the ATPase is decreased when it becomes membrane bound, experiments were carried 
out with the ATP regenerating system to reconcile the difference. The time course of 
the soluble enzymatic reaction obtained using the ATP regenerating system is shown 
in Fig. 9 and agrees well with published iesults 1. The time course of the reaction for 
the membrane-bound enzyme is also shown in Fig. 9. With this information the dis- 
crepancy can be explained. The pH-stat method measures initial velocities, while the 
ATP regenerating system is used for a specified time period, usually IO rain 1. Because 

0,4 I I I I I I ] 

02 
o 

~ 0.~ 

0.1 

Time (min) 

Fig. 9- Ra t e  of A T P  hydro lys i s  d e t e r m i n e d  by  ana lyz ing  for inorganic  p h o s p h a t e  in t he  presence  
of t he  1 ( Q O) m e m b r a n e - b o u n d  ATPase  a n d  ( [] - -12  ) solubi l ized A T P  r egene ra t i ng  s y s t e m  w i t h  
ATPase .  The  M g A T P  concen t r a t i on  was 5" lO-3 M. 
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of the nonlinear time course for the soluble enzyme the ATP regenerating system 
yields a lower velocity than an initial velocity measurement would. In fact, the 
initial velocity obtained with the regenerating system is identical, within experi- 
mental error, with that obtained with the pH stat assay. On the other hand, the 
pH-stat method and the io-min point of the ATP regenerating system assay should 
yield identical results with the membrane bound enzyme since the time course is quite 
linear; this is observed. 

DISCUSSION 

The steady state kinetic parameters are clearly different for the soluble and 
membrane-bound enzyme. The Michaelis constant is consistently larger for the soluble 
enzyme, although the difference is not great. The turnover number of the soluble 
enzyme is also greater than that of the membrane-bound enzyme with the maximum 
difference being a factor of three at pH 8.0. The Michaelis constants for beef heart 
mitochondria are similar in magnitude to those found for other ATPases 1~ ~6, although 
this parameter has been obtained under a wide variety of conditions. 

A comparison between bound and soluble enzymes has been made in other 
systems, but few have actually investigated kinetic parameters. GONE et al. 15 have 
found that both the membrane-bound and soluble ATPase from baker's yeast have 
the same Michaelis constant for ATP but that their maximum velocities differ, with 
that of the membrane-bound enzyme being lower. However, a reconstituted system 
was not used in their study'. Soluble enzymes have been attached to solid matrices17; 
these enzymes have been found to undergo a variety of changes in their kinetic 
parameters 18. These changes are generally highly dependent on the charge of both 
substrate and matrix. In a study of membrane-bound and soluble acetylcholine 
esterase using the pH-stat technique ~9, the lower reaction velocity of membrane- 
bound acetylcholine esterase was attributed to a localized increase in H + concentra- 
tion in an unstirred region around the membrane. This, coupled with a decrease in 
the intrinsic activity with decreasing pH, caused the lowered velocity. Addition of a 
buffer to the reaction mixture increased the activity to that of the solubilized enzyme. 
This explanation, however, probably does not account for the decrease in activity of 
the beef heart mitochondrial ATPase when it becomes bound to the membrane since 
both the pH stat and the buffered ATP regenerating system give the same velocities 
with the reconstituted system. 

A difference in activities between the soluble and membrane-bound ATPase 
from beef heart mitochondria was observed previously, but the difference was attribut- 
ed to a naturally occurring ATPase inhibitor 4. In the present study, a high salt 
concentration was used which virtually abolishes the activity of the inhibitor ~. To 
further test the effect of the inhibitor, an inhibitor-free ATPase preparation was 
reconstituted with inhibitor-free ASU particles. A difference in activities between 
the soluble and membrane-bound ATPase was again observed. 

The Michaelis-Menten parameters are essentially independent of pH for the 
membrane-bound enzyme, but the turnover number of the soluble enzyme changes 
with pH. The values of k s / K s  are included in Table I;  the pH dependence of this 
quanti ty is determined by the ionization properties of the free enzyme and suggests 
an ionizable group in the enzyme with a pK of about 7 is essential for activity. 
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The effect of this group is apparently masked in the membrane-bound enzyme, pos- 
sibly due to a structural alteration or conformational change. 

A possible cause of the general lowering of velocities in the reconstituted system 
may be steric hindrance of the enzyme-substrate interactions by the membrane. 
However, this simple explanation does not account for the different relative rates 
at each pH. Another factor to consider is charge charge interactions. At the pH 
values studied the ATP or MgATP complex is negatively charged. If the membrane 
surface has a net negative charge, repulsion of the substrate might cause the decrease 
in activity. However, a comparison of the Michaelis constants indicates that the 
substrate interacts more strongly with the membrane-bound enzyme which is contrary 
to the expectation for this model. Furthermore, repulsive interactions should be weak- 
er at pH 7 than at pH 9; however, no appreciable difference in Ks is observed. 

The product ADP binds more tightly to the soluble enzyme than to the mem- 
brane-bound enzyme. The difference in the inhibition constants is qualitatively 
reflected in both the pH stat and the ATP regenerating system assays. For both 
assays, the rate was considerably more linear with time for the reconstituted system 
than for the solubilized ATPase. 

The pH dependence of the oligomycin inhibition is difficult to interpret since 
it may be due to functional groups on either the membrane or the oligomycin or 
both. The noncompetitive nature of the inhibition on the membrane-bound enzyme, 
however, is consistent with the demonstration that oligomycin binds at a site on the 
membrane rather than the ATPase 8. The mechanism of this type of inhibition implies 
that the inhibitor binds to both the enzyme-membrane system and the substrate- 
enzyme-membrane complex. A study of the oligomycin inhibition of Na+-K+-stimu - 
lated membrane-bound ATPase from beef brain has indicated a different mechanism 
is operative; in this case oligomycin is an uncompetitive inhibitor of the enzyme 2°. 

This study has emphasized some of the major differences in the steady state 
properties of soluble and membrane-bound ATPase. Work is now in progress to exam- 
ine the elementary steps involved in the binding and catalytic reactions. 
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