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SUMMARY 

I. I t  is known that  the K+-activated p-nitrophenylphosphatase, in contrast to 
(Na + + K +)-activated ATPase, is not inhibited by oligomycin; and that  when p-nitro- 
phenylphosphatase is activated by Na + + K + + ATP, the activity becomes partially 
sensitive to oligomycin. The object of this work was the further s tudy of the mecha- 
nism of action of oligomycin on the enzyme complex. 

2. I t  was shown that  oligomycin blocks the stimulation of the activity that  is 
caused by Na + + ATP. The K+-dependent portion of the activity remained insensitive 
to oligomycin. 

3. In the presence of Na + and low concentrations of K +, oligomycin stimulated 
the p-nitrophenylphosphatase. This effect of oligomycin, like the activating effect of 
ATP, was accompanied bv a decrease in the apparent  Km of K+. 

4. The curve of activation of enzyme as a function of oligomycin concentration 
had a sharp peak. Maxilnum activation obtained with oligomycin never approached 
that  obtained with ATP. I t  was concluded that  Na+-dependent binding of either ATP 
or oligomycin to a modifying site affects the interaction of K + with the enzyme, and 
that  higher concentrations of oligomycin block the modifying effects of ATP and 
lower oligomycin concentrations. 

5. Ethacrynic acid, chlorpromazine, N-ethyhnaleimide, and Dio- 9 inhibited the 
(Na * + K+)-activated ATPase and the K+-activated p-nitrophenylphosphatase. In 
this respect these inhibitors are more sinlilar to ouabain than to oligoinycin. 

INTRODUCTION 

Several studies with the partially purified preparations of the (Na + +  K+)- 
act ivated ATPase (ATP phosphohydrolase, EC 3.6.1.3) have indicated that  a K +- 
stinmlated p-nitrophenylphosphatase activity is intimately related to the ATPase 
activity and may represent the terminal step of the sequence of the reactions leading 
to ATP hydrolysis 1. The exact relation of p-nitrophenylphosphatase activity to 
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ATPase activity is not known. The two activities may  be catalyzed by the same 
enzyme protein or, as suggested by studies on the effect of p-nitrophenylphosphate 
on Na + transport in red cell ghosts, p-nitrophenylphosphatase may be one of the two 
distinct enzymes that are involved in the over-all ATPase activityK The finding of 
ISRAEL AND TITUS ~ that the K+-activated phosphatase, in contrast to the (Na + + K+) - 
activated ATPase, is not inhibited by oligomycin, suggested that the determination 
of the site of action of this inhibitor within the enzyme complex may be of help in 
clarifying the relation of the various activities to each other. Subsequent studies of 
our laboratory which showed that in the presence of Na + and ATP the K+-activated 
p-nitrophenylphosphatase becomes partially sensitive to oligomycin led us to propose 
a scheme for the partial reactions catalyzed by this enzyme complex, and suggest 
a site for the action of oligomycin 4. The object of the present work was the further 
study of the mechanism of action of oligomycin on the enzyme complex, and the 
comparison of the action of oligomycin with those of some other inhibitors of the 
(Na + + K+)-activated ATPase. A preliminary account of portions of this work has 
been published s. 

M A T E R I A L S  A N D  M E T H O D S  

The enzyme was prepared and assayed as described before 4,6. Substrates, oligo- 
mycin, and ouabain were purchased from Sigma Chemical Co. (St. Louis, Mo.). Etha- 
crynic acid was obtained from Merck Institute for Therapeutic Research (West Point, 
Pa.). Dio- 9 was generously provided by Dr. R. J. Guillory, Section of Biochemistry 
and Molecular Biology, Cornell University. 
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Fig. I. Effects of vary ing  concentrat ions  of o l i gomyc in  on p -n i t ropheny lphosphatase  act iv i ty .  Al l  
react ion  mixtures  conta ined 4 mM substrate ,  4 mM Mg 2+ and 2o mM Na +. O,  w i t h o u t  K + and 
ATP;  O ,  o.8 m M  K + ;  ZX, 0.8 m M  K + + o . i  mM ATP. 

Fig. 2. Comparison  be tween  the  ac t iva t ing  effects of o l igomyc in  (O)  and ATP (O)  on p-ni tro-  
pheny lphosphatase  ac t iv i ty  in the  presence of 20 mM Na + and 0. 5 mM K +. All  react ion mixtures  
conta ined  4 mM substrate  and 4 mM Mg ~+. 

Bioohim. Biophys. Acta, 225 (1971) 2o-25 



2 2  A. A S K A R I ,  D. K O Y A L  

R E S U L T S  

Inhibition of p-nitrophenylphosphatase by oligom3,cin 
Our previous da ta  ~ and those of INTURRISI AND TITUS 7 clearly showed tha t  

while oligomycin inhibits the (Na + + K+)-activated ATPase, it does not affect the 
K+-act ivated p-ni t rophenylphosphatase.  We demonstrated,  however, tha t  when the 
K+-act ivated p-ni t rophenylphosphatase  was further s t imulated by the presence of 
Na ~ and ATP the enzyme act ivi ty  became part ial ly sensitive to oligomycin ~. These 
results can be interpreted in two different ways:  (I) Oligomycin interferes with the 
act ivat ing effect of Na + + ATP on the enzyme. (2) The enzyme acquires oligomycin 
sensit ivity only in the presence of Na + and ATP. Although we have already expressed 
preference for the first possibility ~, our previous data  were not  extensive enough to 
rule out the second. The experiments of Fig. I were designed to test the above alter- 
natives. The da ta  show tha t  in the presence of Na +, K + and ATP while increasing 
concentrat ions of oligomycin completely block the act ivat ing effects of Na + and ATP, 
the enzyme act ivi ty  never drops to the level tha t  is obtained in the absence of K +. 
Clearly the K+-activated p-ni t rophenylphosphatase  does not  become sensitive to 
oligomycin even in the presence of Na + and ATP. 

Activating effect of oligomvcin on p-nitrophenylphosphatase 
As the da ta  of Fig. I show, in the presence of Na + and K + lower concentrat ions 

of oligomycin have an act ivat ing effect on enzyme activity.  More extensive da ta  on 
the relation of oligomycin concentrat ion to this act ivat ing effect, and comparison 
between the act ivat ing effects of oligomycin and ATP on the act ivi ty  are shown in 
Fig. 2. I t  has been shown ~,8 tha t  the act ivat ing effect of ATP is demonstrable only 
in the presence of suboptimal concentrat ions of K +, and tha t  this is due to a decrease 
in the apparent  Km of K + in the presence of Na + and ATP. The following experiments 
were performed to determine if the nlechanism of act ivat ing effect of oligomycin were 
similar to tha t  of ATP. Fig. 3 shows the effects of varying concentrat ions of K + on 
tile enzyme act ivi ty  in the presence and absence of Na + and oligomycin. From the 
da ta  it is apparent  tha t  (a) in agreement with the previous results 6 Na + decreases 
tile vmaz and increases the apparent  Km for K + ; (b) in the absence of Na +, oligomycin 
does not affect the EK+]-velocity curve; and (c) in the presence of Na  + addition of 
oligomycin does not  alter the Vmaz, but  it lowers the apparent  Km of K +. I t  may  
appear  from the above data  tha t  the apparent  act ivat ing effect of oligomycin is 
s imply due to its ability to overcome the effect of Na + on the apparent  Km of K +. 
Da ta  of Fig. 4 which shows a more detailed analysis of a small portion of Fig. 3, 
show that  this is not  the case. The apparent  Km of K + in the presence of oligomycin 
and Na + is not  only lower than the Km in the presence of Na +, but  also significantly 
lower than the Km in the absence of Na +. Fig. 5, shows the effect of varying concen- 
t rat ions of Na + on the act ivat ing effect of oligomycin in the presence of a fixed concen- 
t rat ion of K+. I t  is obvious tha t  there is an op t imum concentrat ion of Na + for the 
act ivat ing effect of oligonlycin. 

The combined da ta  of Figs. 3, 4, and 5 clearly show tha t  the act ivat ing effect 
of low concentrat ions of oligomycin on the enzyme is quite similar to the effects of 
ATP and other nucleoside tr iphosphates on the enzyme. As evident from Fig. 2 the 
two major  differences between oligomycin and ATP are tha t  (a) the maximunl  acti- 
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vation obtained with oligomycin never approaches that obtained with ATP; and (b) 
higher concentrations of ATP, unlike oligomycin, can inhibit the K+-activated p-nitro- 
phenylphosphatase.  
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Fig. 3- Effects of vary ing  concentrat ions  of I£ + on p - n i t r o p h e n y l p h o s p h a t a s e  in the  presence and 
absence of 20 mM N a  + and o l i gomyc in  (2 ffg/ml).  All  react ion mixtures  contained 4 mM substrate  
and 4 mM Mg ~+. O,  w i t h o u t  Na  + and o l igomycin;  Q,  Na*;  &, o l igomycin;  lk,  Na  + and oligo- 
nlycin.  

Fig. 4- Effects of vary ing  concentrat ion  of t(  + on the  p -n i t ropheny lphosphatase  in the  presence ( • ) 
and absence (O)  of Na  + and o l igomycin .  React ion  condit ions  were the  same as described for Fig. 3. 
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Fig. 5- Effects of vary ing  concentrat ion  of N a  + on the  p -n i t ro p h en y lp h o sp h a ta se  ac t iv i ty  in the  
presence (O)  and absence (O)  of o l igomyc in  (2 ffg/ml).  All  react ion mixtures  contained 4 nlM 
substrate ,  4 mM Mg 2+ and 0. 7 mM K +. 

Comparison between the effects of oligomycin and ouabain 
It is known that cardiac glycosides, in contrast to oligomycin, inhibit the K +- 

activated p-nitrophenylphosphatasO. This fact indicates that cardiac glycosides have 
certain actions on the enzyme complex that are not shared by oligomycin. It was of 
interest to find out, however, if an activating effect on the enzyme similar to that 
of ol igomycin could be obtained with cardiac glycosides. Extensive  experiments simi- 
lar to those of Figs. 1-5 were performed with ouabain. Under a variety of tested 
conditions no activating effect of ouabain could be demonstrated. 
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T A B L E  i 

EFFECTS OF SEVERAL INHIBITORS OF ( ~ ' a + @  lX+)-ACTIVATED A T P a s e  ON THE ~-NITROPHENYL- 
PHOSPHATASE 

T h e  v a r i o u s  a c t i v i t i e s  a n d  t h e  e f f ec t s  of  i n h i b i t o r s  w e r e  d e t e r m i n e d  as  d e s c r i b e d  b e f o r e  4. 

Concentration necessary for half-maximal inhibition of: 

(Na + @ N*)- N+-activated (Na + @ K + + A TP)- 
activated p-nitrophenyl- activated 
A TPasc phosphatase p-nitrophenyl- 

phosphatasc 

E t h a c r y n i c  a c i d  1. i o  4 M 5" IO a M 2. i o  4 M 
C h l o r p r o m a z i n e  5" i o  4 M 5" l o  4 M 5 '  to 4 M 
A ; - e t h y h n a l e i i n i d e  3" IO 4 ~1 I • t o  a M 3" l o  a 31 
D io -9  20 p g / m l  2 0 / * g / m l  2 o / ~ g / m l  

Effects of other inhibitors of (Na + + K +)-activated A TPase on p-nitrophenylphosphatase 
In experiments similar to those of Fig. I the effects of the compounds listed in 

Table I on p-nitrophenylphosphatase were studied. None of the tested compounds 
had an activating effect similar to that of oligomycin. With all the tested compounds 
complete inhibition of (Na + -}- K +)-activated ATPase, the K+-activated p-nitrophenyl- 
phosphatase and the (Na + + K + + ATP)-activated p-nitrophenylphosphatase could 
be obtained. Table I shows the concentration of each compound necessary for half- 
maximal inhibition of the above activities. The effects of rutamycin on p-nitrophenyl- 
phosphatase were also studied and found to be similar to those of oligomycin. 

D I S C U S S I O N  

On the basis of the results of our previous studies 4 we proposed the existence 
of a modifying site on the (Na + + K+)-activated ATPase complex for the binding of 
a nucleoside triphosphate. A consequence of this binding, which requires Na +, was 
shown to be a decrease in the apparent Km of the activator cation K + (refs. 6 and 8). 
It  was tentatively suggested 4 that oligomycin either interferes with the binding of 
ATP to the modifying site, or blocks the modifying process which leads to increased 
activating effect of K +. The studies presented in this paper suggest that the two 
possibilities are not mutually exclusive. The most likely explanation of the activating 
effects of oligomycin is that the antibiotic binds to the same modifying site that  is 
involved in the binding of nucleoside triphosphates, and that the Na+-dependent 
binding of oligomycin also leads to an increase in the activating effects of low concen- 
trations of K +. The inhibitory effect of oligomycin on the ATP activation can be 
explained by the shape of the curve of activation of the enzyme as a function of 
oligomycin concentration. The sharp peak of this curve shows that increasing concen- 
trations of oligomycin interfere with the modifying effects of the lower concentrations 
of oligomycin and ATP. 

Although the above hypothesis is consistent with the data, it is appropriate to 
consider other possible explanations for the effects of oligomycin on p-nitrophenyl- 
phosphatase activity. As we have pointed out before4, 6 it may be assumed that 
(Na + + ATP)-activation of the enzyme is not due to the binding of ATP to a modi- 
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lying site, but rather due to the Na+-dependent formation of the phosphorylated 
enzyme which modifies the enzyme in a way that  is more favourable to the phos- 
phatase activity. In spite of our several previous objections to this assumption 4 (e.g. 
the ability of CTP to produce activation), it is important  to see if the data on oligo- 
mycin can be correlated with the assignment of a modifying role to the phospho- 
rylation process. In experiments where the activation of p-nitrophenylphosphatase 
with oligomycin is obtained, the only possible sources for the production of phos- 
phorylated enzyme are nitrophenylphosphate and the orthophosphate that  is formed 
from the substrate. In the presence of cardiac glycosides the formation of phospho- 
rylated enzyme from orthophosphate 9-11 and nitrophenylphosphate 12 has been demon- 
strated. I t  is not known whether oligomycin can induce the incorporation of ortho- 
phosphate into the enzyme, but the limited available evidence ~2 indicates that  oligo- 
mycin, unlike ouabain, does not cause the formation of the phosphorylated enzyme 
from p-nitrophenylphosphate. In view of this and the previous arguments 4, with the 
present evidence we favour the hypothesis of the existence of a common modifying 
site for ATP and oligomycin. 

The inability of ouabain to activate p-nitrophenylphosphatase in the presence 
of Na ÷ and low concentrations of K ÷, and its ability to inhibit K+-activated p-nitro- 
phenylphosphatase strongly suggest that  ouabain does not react with the hypothetical 
ATP-oligomycin site. Our studies on the other inhibitors of (Na + + K+)-activated 
ATPase reveal that  only rutamycin has effects on the enzyme complex similar to 
those of oligomycin (@ INTURRISI AND TITUST). Inhibition of (Na + + K+)-activated 
ATPase by ethacrynic acid ~a, chlorpromazine TM ia and N-ethyhnaleimide 1~ has been 
reported. The antibiotic Dio- 9 was tested because of its inhibitory and uncoupling 
effects on oxidative phosphorylation I7. All of these compounds inhibited K+-activated 
p-nitrophenylphosphatase and (Na++  K+)-activated ATPase. In this respect they 
are more similar to cardiac glycosides than to oligomycin. 
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