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SUMMARY 

Steady state kinetic measurements of the rate of hydrolysis of ATP to ADP 
and inorganic phosphate by beef heart mitochondrial ATPase have been performed 
with both the solubilized enzyme and with the enzyme attached to a mitochondrial 
membrane fraction at 25 ° in o.I M NaC1 with Mg ~÷ as the metal ion activator. These 
studies indicate the ATP Michaelis constants are somewhat larger for the soluble 
enzyme and the turnover numbers are considerably larger. In addition, the steady 
state parameters are essentially independent of pH over the range 7-9 for the mem- 
brane-bound enzyme, while the turnover number for the soluble enzyme varies con- 
siderably with pH. The product, ADP, is a competitive inhibitor of ATP and inhibits 
the soluble enzyme much more strongly than the membrane-bound enzyme. Oligo- 
mycin inhibits the membrane-bound enzyme very strongly, but has no effect on the 
activity of the soluble enzyme. The oligomycin inhibition is noncompetitive in nature. 

INTRODUCTION 

The mechanisms of action of soluble enzymes have been studied extensively 
for many years. Although it has been recognized that enzymes in vivo are often asso- 
ciated with membranes and that the properties of membrane-bound enzymes may 
be considerably different than their soluble counterparts, relatively few quantitative 
studies of this problem have been reported. Several approaches are possible. One 
method is to prepare the enzyme attached to the native membrane and compare it 
with a solubilized enzyme extracted from the membrane. In another method, soluble 
enzymes have been attached to solid matrices, which act as model membranes. Both 
of these approaches suffer from the drawback that the properties of the enzyme may 
be irreversibly altered by its extraction from the membrane or its attachment to the 
membrane. 

A more satisfactory method is to separate the enzyme and membrane, and to 
reconstitute the original system by combining the solubilized enzyme with its native 
membrane. If the reconstituted system has the properties of the original membrane- 
bound enzyme, then it is reasonable to assume the structure of the enzyme has 
remained essentially intact throughout the preparative procedures. The ATPase of 
beef heart mitochondria is an example of this latter type of system. The solubilized 
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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  mitochondrialmem- 
brane fragments (ASU particles) have been prepared * which are devoid of ATPase 
activi ty but  which readily associate with the soluble enzyme. The "reconsti tuted" 
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-s ta t  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 *+ 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 (6:1o:1 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, s. 

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.Ol 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. IO -~ M by adding 8. lO -2 M MgSO, to enhance binding of the enzyme to the 
particles s. After being incubated for x h at room temperature with intermit tent  
stirring, the suspension was centrifuged at 12000 rev./min in a Sorvall SS-34 rotor 
for lO 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. io-* M Mg ~+ 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- IO -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 t ime period. 
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Analy t i ca l  methods 

Protein concentration for the solubilized ATPase was determined using the 
method of LOWRY et al. 7 with human serum albumin as the standard. The result was 
divided by 1.18 to obtain the dry weight of the enzyme s. The biuret method in the 
presence of 0.33 % deoxycholate was used to determine the concentration of ASU 
particles 9. 

The amount of ATPase bound to the ASU particles was determined by sub- 
tracting the activity found in the supernatant and wash solutions from the original 
amount added. An excess of the ATPase was generally used to insure saturation of 
the ASU particles with ATPase; however, in cases where an excess of particles was 
present up to 9 ° % of the original ATPase was absent from the supernatant. The 
ATPase appeared to be very tightly bound to the ASU particles since less than 1% 
of the original enzymatic activity was found in the wash solutions. 

Adenylate kinase activity of the ASU particles was assayed using a modifica- 
tion of the method described by RHOADS AND LOWENSTEIN 1°. The formation of ATP 
was coupled to the glucose-6-phosphate dehydrogenase reaction with hexokinase. 
The glucose-6-phosphate dehydrogenase reaction was followed by observing the 
increase with time of the absorbance at 34 ° n m  corresponding to NADPH formation. 
The experimental conditions were 50 mM glucose, 0.62 mM NADP +, 5" Io-a M MgC12 ; 
the concentrations of hexokinase and glucose 6-phosphate were such that the rate of 
the coupled reaction was about 0.5/,moles NADPH formed per rain per ml reaction 
volume when the ATP concentration was 0.6 mM. 4/*g of oligomycin per ml of reac- 
tion volume were added to inhibit any endogenous ATPase activity which would have 
caused the adenylate kinase activity to be underestimated (Y. KAGAWA, personal 
communication). The ADP concentration was 5" IO-~ M. 

Initial velocity measurements of the ATPase reaction were made using the 
pH-st at technique with the Radiometer Type TTTlb Titrator andTypeTTTA3i micro- 
titration assembly. 

For all experiments except ADP inhibition experiments the reaction mixtures 
contained o.i M NaC1, 5" lO-3 M MgSO a, and various concentrations of ATP and oligo- 
mycin in a final volume of 4 ml. Because the inhibition of the enzyme by ADP was 
observed to vary with the amount of Mg 2+ added to the reaction mixture, the total 
concentration of Mg 2+ was varied during the ADP inhibition experiments so that  
both the uncomplexed Mg 2+ and the percent ADP complexed with Mg 2+ were kept 
constant. The free Mg 2+ was maintained at 2.0. lO -3 M so that 74 % of the ADP added 
was complexed with the metal 11. For activity assays the ATP concentration was 
2.5.1o -3 M. The ATPase, stored at 4 ° as the 50 % (NHa)2SO 4 precipitate, was dis- 
solved in buffer (0.025 M sucrose, o.ooi M EDTA, o.oi M Tris, pH 8.4) to the desired 
concentration, and I / ,mole  ATP was added per ml solution to stabilize the enzyme I. 
The solution stood at least I h before use and its activity was not observed to change 
for several days (although kinetic studies were always performed within 24 h). A 
15-3o-/.1 aliquot of the ATPase was introduced into the reaction volume to initiate 
the reaction. Initial velocities were obtained from the resulting graphs of base added 
versus time. A period of about 15 sec after introduction of the enzyme was neglected 
due to a readjustment of the pH of the reaction mixture. Initial velocities were cor- 
rected for a very small change in pH due to CO2 absorption (usually less than 1% of 
the measured rate), and for the fact that  less than one mole of H + is produced per 
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mole of ATP hydrolyzed at some of the pH values studied 12. Initial velocities were 
determined for the reconstituted enzyme as in the case of the soluble ATPase except 
tha t  a small additional correction (less than 2 % of the measured rate) was made for 
endogenous ATPase activity of the particles alone. Some rate measurements were also 
made by  analyzing for inorganic phosphate in the presence of an ATP regenerating 
system previously described 1 for comparison with the results obtained with the pH- 
s tat  assay. 

The initial rate data  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 inhibition by  oligomycin. Experimental  errors were 
estimated to be ± 1 5  % for all kinetic parameters  except for oligomycin inhibition 
constants where the error is ~ 2 o  %. 

RESULTS 

The specific activity of the ATPase was measured as a function of enzyme con- 
centration (Fig. i). For the range o.4-3.1/zg/ml the specific activity of the solubilized 
enzyme was independent of enzyme concentration, but  below values of 0.4 #g/m] 
the specific activity appeared to decrease. All experiments with the solubilized ATPase 
were performed at enzyme concentrations above this value. The specific activity of 
the membrane-bound ATPase (based on the amount  of ATPase, not on the total  
membrane protein) also showed no dependence on enzyme concentration over the 
concentration range utilized in these experiments (Fig. i). The enzyme concentration 
used in both cases was approx. 1-2 #g/ml. 
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Fig. I. Specific act ivi ty  of soluble and membrane -bound  ATPase as a funct ion of protein  concen- 
t ra t ion.  Activities were assayed as described in the text .  The da ta  are for membrane -bound  
ATPase, p H  7.0 (O) ;  membrane -bound  ATPase, p H  8.0 ([2); solubilized ATPase, p H  8.o (O).  

Fig. 2. Double  reciprocal plots  o{ initial rate  da ta  for  the soluble ATPase. O - - O ,  p H  7.0; • - - -  • ,  
p H  8.0; A - ' - & ,  p i t  9.0. The lines represent  a weighted least  squares  analysis of the data.  Experi-  
menta l  condit ions are given in the text .  
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Michaelis cons tan ts  (Ks) and  tu rnover  numbers  (ks) were de te rmined  at  p H  7.o, 
8.0, and  9.0 for the  solubil ized enzyme.  The range of ATP concent ra t ions  was 2.50" IO -s  
-1 .25 .1o  -4 M. The enzyme obeyed  Michael is -Menten kinet ics  wi th in  exper imen ta l  
error  as shown b y  the  double  reciprocal  plots  in Fig. 2. The resul t ing s t e a d y  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 -  lO -6 M had  no discernible effect on the  in i t ia l  velocities.  

Double  reciprocal  plots  of the  in i 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  

T A B L E  I 

K I N E T I C  P A R A M E T E R S  F O R  M 1 T O C H O N D R I A L  AT P ase  

Solubilized A TPase Membrane-bound A TPase 

pH:  7.o 8.o 9.o 7.o 8.o 9.o 

IO G X k s (mole /mg per  min) 45.4 
lO 4 × K s  (M) 7.0 
lO 2 × (ks~Ks) (mg-X-min  -1) 6. 5 
Ol igomycin :  K] (#M) 
A D P :  K1 (pM) 
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Fig. 3- Double  reciprocal  p lo ts  of init ial  ra te  d a t a  for the  m e m b r a n e - b o u n d  ATPase .  © - - C ) ,  
p H  7.0; m - - - I ,  p H  8.0; A - ' - A ,  p H  9.0. The  lines r ep resen t  a we igh ted  leas t  squares  ana lys i s  
of t he  da ta .  E x p e r i m e n t a l  cond i t ions  are  g iven  in t he  t ex t .  

Fig. 4. 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  7.0. The  plots  are of t he  reciprocal  ini t ial  ra tes  versus I / [ A T P  ~ a t  c o n s t a n t  o l igomycin  
concen t r a t i ons :  Q), no o l igomycin ;  ID, 9.o- IO -8 M; &, 3.o '  IO -7 M; O,  6- io -7 M. The  lines repre-  
sen t  a we igh ted  leas t  squa res  ana lys i s  of the  da 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  condi t ions  axe given in the  tex t .  
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ATPase are shown in Fig. 3. Small deviations from Michaelis-Menten kinetics, in a 
manner expected for substrate activation, were observed at high substrate concentra- 
tions at pH 8.0 and 9.0. However, the ATP concentration was comparable to the Mg 2+ 
concentration in these cases, so that uncomplexed ATP may account for the activa- 
tion. Since the double reciprocal plots for the membrane-bound ATPase were linear 
at low substrate concentrations, the weighted least square lines shown in Fig. 3 were 
calculated neglecting substrate concentrations greater than 2.5" IO -~ M. The values of 
the Michaelis constants and turnover numbers are included in Table I. 

Figs. 4-6 show the result of inhibition of the membrane bound ATPase by 
oligomycin at pH 7.o, 8.0 and 9.0, respectively. In all cases the oligomycin concentra- 
tion was at least IO times that of the enzyme. A simple mechanism consistent with 
this data is that  predicted for noncompetitive inhibition. The mechanism can be 
formulated most simply as 
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E + ATP ~- X -+ E + P i  + ADP 
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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  A T P a s e  
a t  p H  8.0. The  p lo t s  are  t he  reciprocal  ini t ial  r a tes  versus I / [ A T P  3 a t  c o n s t a n t  o l igomycin  concen-  
t r a t i ons :  Q ,  no o l igomycin ;  [ ] ,  9 ' I o - ~ M ;  ~ ,  3 " I o - ~ M ;  O,  I - IO - eM.  The  lines represen 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.  Exper i -  
m e n t a l  condi t ions  are g iven  in t he  t ex t .  

Fig. 6. Double  reciprocal  p lo t s  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  9.0. 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 :  C), no  
o l igomycin ;  [ ] ,  5" IO-S M; A ,  6. lO -7 M; Q,  i .  IO -e 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  t he  abscissa .  E x p e r i m e n t a l  cond i t i ons  are 
g iven  in the  t ex t .  
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where E is the enzyme-membrane complex, X is a reaction intermediate, I is oli- 
gomycin, K s  is the Michaelis constant for ATP and K / i s  the inhibitor dissociation 
constant. The reciprocal initial velocity can be written as 

i ( I ) ]  

If, as assumed, the oligomycin binding constants for both E and X are identical the 
plots of I /v  versus I /[ATP] shown in Figs. 4-6 should intersect at a common point 
on the I /[ATP] axis. The lines resulting from a weighted least squares analysis of the 
data  intersect at a common point well within the experimental uncertainty thus 
confirming the mechanism of Eqn. I. Simple uncompetitive and competitive inhibi- 
tion schemes are inconsistent with the data. The value of the intercept at each pH was 
found by assuming various values for the point of intersection and determining which 
value minimized the standard deviation of a weighted least squares analysis of the 
data. The final lines resulting from this procedure are shown in Figs. 4-6. Secondary 
plots of the intercepts and slopes versus oligomycin concentration were then construct- 
ed to determine the inhibition constants. The constants obtained are given in Table I. 
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Fig. 7- ADP inhibit ion of the solubilized ATPase, p H  8.0. The data  are p lot ted  as reciprocal 
initial velocities versus A D P  concentra t ions  at  fixed initial concentrat ions  of ATP: ©, 2.6" IO -3 M; 
[] ,  i .o .  io  -z M; /,,, o.51- io -3 M; 0 ,  0.38" lO-3 M; ~ ,  0.26. IO -~ M. The lines represent  a weighted 
least  squares  analysis of the data  assuming pure  competi t ive inhibition, i.e., assuming a c ommon  
intercept.  Exper imenta l  condit ions are given in the text .  

Fig. 8. A D P  inhibit ion of the membrane -bound  ATPase, p H  8.0. The da ta  are p lo t ted  as reciprocal 
initial velocities versus ADP concentrat ions  at fixed initial concentra t ions  of ATP: O,  2.6. io  -3 M; 
O,  i .o .  lO -3 M; A, o.66- lO -3 M; O,  o.51" lO-3 M; ~ ,  0.38. io  -z M. The lines represent  a weighted 
least squares  analysis  of the data  assuming pure  competi t ive inhibition, i.e., assuming a c ommon  
intercept.  Exper imenta l  condit ions 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" IO-4 M ADP. The lowest ADP concentration in the ADP 
inhibition studies was 5" lO-S 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 lz. Since the results presented here indicate tha t  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-s ta t  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 

O .  ~ . 

~ 0.2 

I 
0.1 

Time (mini 

Fig. 9- Rate of ATP hydrolysis determined by analyzing for inorganic phosphate in the presence 
of the ATP regenerating system I with ((D--(D) membrane-bound ATPase and ( n - - r ~  ) solubilized 
ATPase. The MgATP concentration was 5' I°-a 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-s ta t  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 14-16, 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. SoN~ et al. ~5 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 matrices~7; 
these enzymes have been found to undergo a variety of changes in their kinetic 
parameters ~8. These changes are generally highly dependent on the charge of both 
substrate and matrix. In a s tudy of membrane-bound and soluble acetylcholine 
esterase using the pH-s ta t  techniquO 9, the lower reaction velocity of membrane- 
bound acetylcholine esterase was at tr ibuted 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 attr ibut- 
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 4. 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 
quant i 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 t ightly 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 
tha t  the inhibitor binds to both the enzyme-membrane system and the substra te-  
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*°. 

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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