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SUMMARY 

The (Na + + K÷)-stimulated Mg2+-ATPase, but  not the Mg*+-ATPase, is irre- 
versibly inhibited when turtle bladder microsomes were incubated with hydroxyl- 
amine. 

The Mg2+-dependent or the (Mg 2+ +Na+)-dependent phosphorylation of ADP 
by the phospho-protein (the exchange reaction) is reversibly inhibited when the 
microsomes are incubated with hydroxylamine. 

The Na+-induced increment of 3*P-labelling of microsomes previously incubated 
with [7-szP]ATP is completely eliminated by hydroxylamine, but the Mg2+-dependent 
32P-labelling of such microsomes is unaffected by hydroxylamine. 

It  is concluded that the phospho-enzyme formed during the Mg2+-dependent 
hydrolysis does not contribute to the Mg2+-dependent exchange reaction. Instead, 
the phosphoenzyme formed during the (Na+ + K+)-stimulated hydrolysis is appar- 
ently the only substance which phosphorylates ADP in the exchange reaction, even 
in the absence of Na + and/or K +. 

The hydroxylamine-sensitive nature of the sodium form of the phospho-enzyme 
in the (Na+ +K+)-st imulated ATPase sequence is consistent with the existence of 
an enzyme-acyl-phosphate bond of high internal energy with respect to that of ADP. 

On the other hand, the hydroxylamine-resistant nature of the phospho-enzyme 
in the Mg*+-ATPase sequence suggests the existence of a non-acyl type of enzyme 
phosphate bond with low internal energy relative to that  of ADP. 

INTRODUCTION 

A phospho-protein complex, capable of phosphorylating ATP is formed during 
the ATPase catalyzed hydrolysis of ATP (refs. I-7~. This concept has been documented 
by data on a2p binding to microsomes incubated with E),-32P~ATP (refs. 2-5) ; and by 
data on the phosphorylation of ADP by E ~ P  (i .e. ,  the exchange reaction) originating 
from the reaction between the microsomal enzyme and ATP (refs. 7-9). Two forms 
of this phosphoprotein (denoted E N P  for MgZ+-dependent ATPase and E'  ~ P  for 
the (Na + + K+)-stimulated ATPase), each of which contributes to the exchange re- 
action, have been adduced on the basis of data from the turtle bladder6, 7. If the two 
forms, E ~ P  and E'  ~P ,  were identical enzyme acyl phosphates, the presence of 
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hydroxylamine should: (a) block both the Mg*+-dependent and the (Mg z+ + N a  + + K  ~)- 
activated hydrolysis; (b) block both the Mg2+-dependent and the (Mg 2+ + N a  + +K+) - 
activated exchange reactions; and (c) result in the release of 8,p from the acid stable 
s*P-labelled protein which had been previouslyl incubated with Iy-32P]ATP (refs. 
10-14). This is because the enzyme acyl phosphate reacts with hydroxylamine as 
follows : 

~O ~O 
E-C-O-P + NH2OH --> E-C-NHOH + Pi, 

where the acyl bond is transferred to hydroxylamine forming an enzyme hydroxamate 
and inorganic phosphate 15-19. 

Data to be reported herein indicate that:  (I) hydroxylamine inhibited com- 
pletely the (Na + + K+)-stimulated increment of Mg*+-activated ATPase, but not the 
Mg2+-activated ATPase activity; (2) hydroxylamine, when present in the incubation 
medium, blocked completely both exchange react ions-namely,  that due to "pure"  
Mg*+-dependent ATPase and that due to (Na + + K+/-stimulated Mg*+-ATPase; and 
(3) hydroxylamine treatment of precipitated s~P-labelled phosphoprotein removed all 
of the bound asp due to the (Na + + K +)-stimulated ATPase. 

The fact that the Mg2+-dependent hydrolysis proceeded in the absence of any 
detectable Mg2+-dependent exchange activity (in the presence of hydroxylamine) is 
a new finding which suggests that the MgZ+-dependent exchange, when present, is not 
necessarily coupled to the Mg2+-dependent ATPase activity. 

METHODS 

Materials 
Tris-salt of ATP from Sigma Chemical Co., St. Louis, Mo., hydroxylamine-HC1 

from Eastman Kodak Co., Rochester, New York. [V-3*P]ATP as the ammonium salt 
and [8-1*CIADP from International Chemical and Nuclear Corporation, Calif. Micro- 
somal fractions, isolated from mucosal epithelial cells removed from the urinary 
bladders of fresh water turtles (Pseudemys scripta) were prepared as previously de- 
scribed ~° and stored at - 3 0  °. 

Assay of initial rates of hydrolysis 
The final concentrations in the incubation mixture were as follows: 3 mM 

[V-~2p]ATP (specific activity I .  lO 5 counts/min per/,mole), 85 mM NaC1, 15 mM KC1, 
3 mM MgC12, 40 mM Tris-HC1 (pH = 7-3), o.I mM EDTA-Tris, hydroxylamine 
(freshly prepared at neutral pH) at the indicated concentration and I o/~g of microsomal 
proteins in a final volume of IOO/,1. 

The rate of Pt release, determined as previously described 6, was referred to the 
amount of microsomal protein, determined by the method of LowRY et al. 21. 

Data control tests showed that  in the absence of microsomes, 0.8 M hydroxyl- 
amine reacted with 3 mM ATP at pH 7.3 in a volume of IOO/~1 to form Pi at the rate 
of 0.03/~moles/h. Under the same conditions of no microsomes, the incubation of 
hydroxylamine with ADP yielded no detectable Pi. 

Assay of exchange rate (transphosphorylation reaction) 
The final concentrations in the incubation mixture were as follows : 5 mM Tris- 

ATP, 0.5 mM MgCI,, 85 mM NaC1, 1.6 mM [laC]ADP (specific activity I- IO 6 counts/ 
rain per/ ,mole),  40 mM Tris-HC1 (pH ----- 7.3), o.I mM EDTA-Tris, hydroxylamine 
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(freshly prepared at neutral pH) in the indicated concentration and about 5/*g of 
microsomal protein in a total  volume of 30/~1. The amount of I14CIATP formed was 
est imated as previously described 7. The exchange rate was expressed in terms of the 
IlaC~ATP formed as a percentage of the total E~4CIADP present initially. 

Assay of 3~P-labelling of microsomal proteins 
Microsomal proteins, o.o4-o.2o mg, were incubated in an icebath for 5o sec. 

The incubation mixture contained I mM I?-s2p~ATP (specific activity I .  lO 4 counts/ 
rain per nmole), 85 mM NaC1 (when indicated~, 3 mM MgC12, 40 mM Tris-HC1 (pH = 
7.3) as buffer, o.I mM Tris-EDTA, hydroxylamine in concentrations up to 0.8 M as 
indicated, in a final volume of IOO #1. HC1Oa, !co #1 of a IO % (w/v) solution was 
added, after which the mixture was carried through the binding procedure previously 
described a. 

RESULTS 

Egect of hydroxylamine on A TPase 
Table I presents a summary of results derived from measurements of the hydro- 

lytic activity of the native and of the hydroxylamine-treated microsomal pellet in 
the presence of the cations indicated in the first column. 

T A B L E  I 

ATPase act ivi ty of native and hydroxylamine- t rea ted  microsomes at 38°. The act ivi ty  of the 
Mg2+-dependent ATPase in the absence of Na + and K +, 12/~moles/mg protein per h was taken 
as ioo %. Each tube  contained approx,  i o / Jg  of microsomal  protein in a nat ive or hydroxylamine-  
t reated system. Final  concentrat ion of each cons t i tuent  of the incubat ion mixture  was: 4 ° m M  
Tris-HC1, 85 mM NaC1, 15 mM KC1, 3 mM MgCI.,, 3 mM ~y-32pIATP (specific act ivi ty I .  lO 5 
coun t s /min  per /~mole), o.i  mM T r i s - E D T A  and o.8 M hydroxylamine .  Final volume, IOO/~1, 
final pH 7.3, t empera tu re  o °, t ime of incubat ion io min. Before the reaction was triggered by  
the addit ion of Ey-a~P~ATP, the incubat ion mix ture  was incubated for io min at 38° as a pre- 
t r ea tment .  After the reaction had been incubated for io min wi th  Ep-z2P~ATP, the reaction was 
te rminated  by  adding 25 pl of 25 % (w/v) cold HC10 4. Four  exper iments  were performed on two 
different batches of microsomes ; for each condition, the act ivi ty  was es t imated from three replicate 
determinat ions.  

Experimental 
conditions 

A TPase activity (3Ig 2+ = IOO %) 

Native Hydroxylamine 

Mg 2+ ioo ± 4 92 4- 4 
Mg 2. + Na + + K + 21o 4- 5 93 4- 5 

For the native protein, the (Na + + K ÷)-stimulation of the Mg2+-ATPase activity 
was similar to that  previously reported 6 . No such stimulation occurred after the ad- 
dition of either Na + or K + alone. The activity of the Mg2+-dependent ATPase in the 
absence of Na ÷ and K +, 12 #moles/rag protein per h was taken as I00 %. 

For the hydroxylamine-treated enzyme, the Mg2+-dependent ATPase activity 
was not markedly different from the Mg*+-dependent ATPase activity of the native 
enzyme. The (Na+ + K+)-induced stimulation, characteristic of the native enzyme, 
did not occur in the hydroxylamine-treated enzyme- -a  finding in harmony with 
recent work on various tissues showing that  the presence of hydroxylamine apparently 
inhibits completely the (Na+ + K+)-dependent moiety of the enzyme la-15. 
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Thus,  hydroxylamine  completely blocks the (Na + + K+)-st imulated Mg~+-de - 
pendent  ATPase at some unspecified in termediate  step, wi thout  any  concomi tan t  
effect on the Mg2+-dependent ATPase activity.  

Effect of hydroxylamine on exchange rate (transphosphorylation) 
Table II, a summary  of results on different batches of microsomes, presents  

values of relative ac t iv i ty  of the exchange rate for na t ive  and  for hydroxylamine-  
t reated enzyme mixtures.  Values of the exchange rate are expressed as percentages 
of the na t ive  Mg~+-dependent exchange ac t iv i ty  (average value = IO #moles/rag 
protein per h). 

TABLE II 

Exchange rate (transphosphorylation) of native and hydroxylamine-treated microsomes at 38°. 
The exchange rate is expressed as percentage of the native Mg2+-dependent exchange activity 
(average value = io/~moles/mg protein per h). Each tube contained approx. 2/~g of microsomal 
protein in a native or hydroxylamine-treated system. Final concentration of each constituent of 
the incubation mixture was: 4 ° mM Tris-HC1, 85 mM NaC1, o. 5 mM MgC1 v 5 mM Tris-ATP, 
1.6 mM [14C]ADP (specific activity I • lO s counts/min per/~mole), o.i mM EDTA-Tris, and o.i M 
hydroxylamine, final pH = 7.3 and final volume 3 °/~1, before the triggering of the reaction with 
ATP and [14C]ADP, the mixture was incubated at 38o for io rain. Then the reaction was carried out 
at 380 for io min. The reaction was terminated by adding to the mixture 5 #1 of 3 ° ~o formic acid 
in ethanol. Six experiments were performed on three batches of microsomes. For each condition, 
the activity was estimated from three replicate determinations. 

Experimental Exchange rate 
conditions 

Native Hydroxylamine 
(o.± M) 

Mg 2+ ioo ± 5 2 + 2 

Mg e+ + Na+ 1°5 :~ 5 5 Jz 3 

In  the nat ive  microsomal pellet, the Mg 2+, and  the (Mg ~+ + N a + ) - d e p e n d e n t  
exchange activities were similar to those previously published from this labora tory  7. 

In  the hydroxylamine- t rea ted  microsomal pellet, the Mg2+-dependent exchange 
ac t iv i ty  was 2 % of the Mg2+-dependent exchange rate of the nat ive  enzyme (P 
<0 .00I ) ,  and  the (Mg ~+ + Na+)-dependent  exchange rate was 5 % of the Mg2+-depend - 
ent  exchange rate of the na t ive  enzyme (P<~o.ooi). Thus, the presence of hydroxyl-  
amine almost completely blocked the Mg~+-dependent exchange act ivi ty  in presence 
or absence of Na+. 

Next,  the effect of different concentrat ions of hydroxylamine  on ATPase  and  
exchange activities was s tudied to determine the na tu re  of hydroxylamine  in teract ion 
with the enzyme system. 

A TPase activify versus hydroxylamine concentration 
Fig. i is a plot of mean  values i S.E. of the relative ac t iv i ty  of ATPase as a 

funct ion of the logari thm of hydroxylamine  concentra t ion in six experiments,  each 
on a separate ba tch  of microsomes. The Mg~+-dependent ATPase in the presence of 
hydroxylamine  is expressed as percentage of the Mg~+-dependent ATPase of the na t ive  
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enzyme. The (Na ÷ + K+)-stimulated Mg2+-ATPase in the presence of hydroxylamine 
is expressed as percentage of the (Na+ + K +)-stimulated Mg=+-ATPase of the native 
enzyme. 

100 

"~ 80~ 

~ 60: >, 

~ 401 
o 
.~ 20 

Hydroxylomine concn, (i',,I) 

Fig. i. The effect of hydroxylamine on ATPase activity. The constituent and the procedure is a 
described for Table I and METHODS. The values presented are the mean ~ S.E. from six different 
experiments on six batches of microsomes. Q--O, Mgl+-ATPase; O--©, ( Na+ + K+)-stimulated 
Mg2+-ATPase. 

Hydroxylamine, over a wide range of concentrations, did not appreciably affect 
the Mgi+-dependent ATPase, but did inhibit the (Na + + K+)-stimulated Mg2+-ATPase 
in a nearly linear manner with respect to the log of hydroxylamine concentration. 
The (Na + + K+)-stimulated Mg2+-ATPase was nearly zero at a hydroxylamine concen- 
tration of 0.8 M. 

E#ect of osmolality and ionic strength on A TPase activity 
The next experiments were designed to compare the effects on ATPase activity 

of osmolality (by addition of equi-osmolal amounts of sucrose) and of ionic strength 
(by addition of equi-molar amounts of choline HC1 and Tris-HC1) with that of 
hydroxylamine. 

In six experiments, the mean level of the Mg~+-dependent ATPase activity 
decreased to 80 % of its control level, while that of the (Na+ + K+)-stimulated activity 
decreased to 50 % of its control level after the sucrose concentration was raised to 
0.8 M. The results on sucrose were similar to those of others 22. 

In four other experiments, the mean level of Mg~+-dependent ATPase activity 
decreased to 85 % of its control level, while that of the (Na + + K+)-stimulated activity 
decreased to 50 % of its control level after the choline HC1 concentration was raised 
to 0.8 M. 

These results suggest that part, but not all of the inhibition from hydroxylamine 
could have been due to the increased osmolality and for the increased ionic strength 
of the incubation medium. 

Exchange activity versus hydroxylamine concentrations 
Fig. 2 is a plot of mean values -t- S.E. of relative exchange activity as a function 

of the logarithm of the hydroxylamine concentration in three experiments, each on 
a separate batch of microsomes. 

Both the Mg24-dependent and the (Mg2++Na+)-dependent exchange rates 

Biochim. Biophys. Aaa, 226 (I97X) 285-296 



290 A.E. SHAMO0 

decreased  with  increasing concentra t ions  of hyd roxy lamine ;  and  reached near-zero 
levels when the concent ra t ion  of hyd roxy l amine  was 0.8 M. A p p a r e n t l y  the  Mg 2+- 
dependen t  exchange ra te  decreased more r ap id ly  than  did the  (Mg ~+ + Na+)-depen - 
den t  ra te  as the  concent ra t ion  of hyd roxy l amine  was increased.  

2.0 '  

5 

b 
is_ 1.o. 

S 

10 "3 10 .2 10 -1 1.0 
H y d r o x y l a r n i n e  conch. ( M )  

Fig. 2. The effect of hydroxylamine on exchange activity (transphosphorylation). The constituents 
and the procedure are as described for Table II  and METHODS. The values presented are the mean 
-- S.E. from six different experiments on six batches of microsomes. 0 - - 0 ,  Mg$+; C)--Q, 
Mg 2+ + Na +. 

I t  is i m p o r t a n t  to note  t ha t  hydroxy lamine ,  a t  o.8 M, inhibi ts  the  Mg2+-depen - 
den t  exchange a lmost  comple te ly  wi thou t  apprec iab ly  affecting the Mg2+-dependent 
ATPase  ac t iv i ty .  In  o ther  words, in the  presence of hydroxy lamine ,  the  overal l  Mg 2+- 
dependen t  hydro lys i s  occurs in the  absence of any  de tec tab le  exchange reaction.  

Effect of sucrose on exchange reaction 

Not  shown, are control  d a t a  on the effects of added  sucrose (at concent ra t ions  
isosmotic  to those of the  added  hydroxy lamine )  which showed tha t  the  Mg~÷-depen - 
den t  exchange ra te  remained  at  i ts  control  level when the a d d e d  sucrose concent ra t ion  
was 0.4 M; and  decreased to 50 % of i ts  control  level when the  added  sucrose concen- 
t r a t i on  was raised to 0.8 M. 

In  o ther  words,  a t  0.8 M sucrose, the  degree of inhibi t ion  of e i ther  the  Mg 2+- 
dependen t  or the  (Mg 2÷ + N a + ) - d e p e n d e n t  exchange ra te  was s imilar  to t ha t  of the  
(Na + + K÷)-s t imula ted  MgZ+-ATPase, bu t  dissimilar  to t ha t  of the  Mg2+-dependent 
ATPase  (which was p rac t i ca l ly  uninhibi ted)  under  the  same condit ions.  This  fits the  
not ion  t ha t  the  (Na + + K+)-s t imula ted  Mg2+-ATPase molecule is an in tegra l  pa r t  of 
the  Mg~+-dependent exchange e n z y m e - e v e n  in the  absence of Na  + and/or  K +. F r o m  
a prac t ica l  view-point ,  the  inh ib i to ry  effect of hyd roxy l a mine  (at concent ra t ion  of 
o.4 M) on the exchange react ions  cannot  be a t t r i b u t e d  to osmolal i ty .  

Pre-treatment of microsomes with hydroxylamine 

Microsomal proteins,  2-3 rag, were i ncuba ted  at  38 ° with o.I  M hyd roxy l a mine  
(pH = 7.3) for IO rain. Then the excess h y d r o x y l a m i n e  was removed  b y  re-centr i -  
fuging the microsomes at  65 0oo × g for I h and  discarding the superna tan t .  This 
suspension was used as the  source of microsomes in the  following set of exper iments ,  
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which involved the incubation of a hydroxylamine-treated enzyme mixture in the 
absence of hydroxylamine. 

Table I I I  presents a summary  of results on the ATPase activity and the ex- 
change rate of such a hydroxylamine-pre-treated enzyme under the ionic conditions 
designated in the first column. 

T A B L E  I I I  

ATPase  and  exchange  ac t i v i t i e s  of mic rosomes  p rev ious ly  t r e a t e d  w i t h  o. i  M h y d r o x y l a m i n e .  
The va lues  of a c t i v i t y  are  expressed  in t e r m s  of #moles / r ag  p ro t e in  per  h. Microsomes were incu- 
b a t e d  w i t h  o. i  M h y d r o x y l a m i n e  for i o  ra in  a t  3 8°. Af te rwards ,  the  excess  of h y d r o x y l a m i n e  
was  r emoved  by  centrifugatior~, t h e n  the  mic rosoma l  pe l le t  was  r e suspended  in  t m M  EDTA.  
These microsomes  were used  as a source of enzyme.  The a s say  procedure  for ATPase  and  e x c h a n g e  
ac t i v i t i e s  was  car r ied  ou t  accord ing  to  t h a t  in  METHODS. Four  e x p e r i m e n t s  were per formed  on 
two di f ferent  ba t che s  of microsomes .  For  each cond i t ion ,  the  a c t i v i t y  was  e s t i m a t e d  from t h r e e  
r ep l i ca t e  d e t e r m i n a t i o n s .  

Experimental A TPase Exchange rate 
conditions (btmoles/mg protein per h) (% exchange) 

Mg z+ 5.o 4- o.5 12.o zk 2.o 

Mg a+ + Na  + - -  i i . o  i 2.o 

Mg z+ + Na  + + K + 5-1 -4- o.5 

A TPase. The mean value of the Mg2+-dependent ATPase activity of the 
hydroxylamine-treated microsomes was 5 #moles/mg protein per h. The (Na ÷ + K +)- 
stimulated part  of ATPase was abolished (P<o .ooI )  in the hydroxylamine-treated 
microsomes just as it was in the microsomes incubated in the presence of hydroxyl- 
amine. The results shown in Tables I and I I I  and Fig. I suggest that  hydroxylamine 
t rea tment  of the enzyme produces an irreversible inhibition of the (Na + + K+) - 
ATPase without inducing any change (not even a reversible one) in the Mg~+-depen - 
dent ATPase. 

Exchange rate. When the hydroxylamine to which the enzyme had been exposed 
was removed from the incubation medium, neither the Mg *+ nor the (Mg *+ + Na+) - 
dependent exchange activity was abolished. This contrasts sharply with the blockade 
of such activity when the enzyme was treated with and incubated in the presence of 
hydroxylamine. Thus, hydroxylamine induces a reversible blockage of the exchange 
reactions, because its presence guarantees the cleavage of the phosphorylated inter- 
mediate as soon as it is formed, thereby eliminating the exchange reaction. The subse- 
quent removal of hydroxylamine allows for the formation of the phosphorylated 
intermediate (even in this pretreated enzyme with no detectable (Na + + K +)-activity) 
and thus the exchange reaction is restored. 

Effect of hydroxylamine on 32P-binding 
Table IV presents mean values zk S.E. on the formation of 3*P-labelled phospho- 

protein in native and hydroxylamine-treated microsomes after incubation at o ° for 
50 sec under the ionic conditions designated in the first column. In these experiments, 
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T A B L E  IV 

32P-Binding of n a t i v e  and  h y d r o x y l a m i n e - t r e a t e d  mic rosomes  a t  o °. The va lues  of 3~p-binding 
a re  expressed  in t e rms  of n m o l e s / m g  prote in .  E a c h  t u b e  con ta ined  approx ,  o. i -o .  2/~g of mic rosomal  
p ro t e in  in a n a t i v e  or h y d r o x y l a m i n e - t r e a t e d  sys tem.  F ina l  concen t r a t i ons  of each c o n s t i t u e n t  
are those  descr ibed  in  METHODS, t h a t  of h y d r o x y l a m i n e  o.8 M. Before the  t r igge r ing  of t i le  r eac t ion  
w i t h  ~?-32p3ATP , the  m i x t u r e  was i n c u b a t e d  for i o  min  a t  38°. The  res t  of the  procedure  is as 
desc r ibed  in  METHODS. Four  e x p e r i m e n t s  were per formed  on two different  ba t ches  of microsomes.  
For  each condi t ion ,  the  a c t i v i t y  was  e s t i m a t e d  from three  rep l ica te  de t e rmina t i ons .  

Experimental 
4onditions 

32P-binding (nmole/mg protein) 

Native Hydroxylamine 

Mg 2+ o.6 t o.I  o.2 -- o . t  
Mg 2+ + Na  + 1.6 ~: o.2 o . i  ! o . i  

the microsomes were incubated for IO min at 3 8° with or without 0.8 M hydroxyl- 
amine prior to starting the reaction by the addition of Ey-a2pIATP. 

In the native microsomes, the addition of Na ÷ increased the a2p-binding from 
o.6 to 1.6 nmole/mg protein in 50 sec (P<o.o2),  in confirmation of what had been 
reported previously from this laboratory ~. The presence of hydroxylamine decreased 
the Mg2+-dependent 32p-binding from 0.6 to 0.2 nmole/mg protein per 5 ° sec, a de- 
crease which was not statistically significant (P<o . i ) .  Addition of Na + to the hydro- 
xylamine-treated microsomes failed to cause a significant change in ~2p-binding 
(P>o .9)  in 4 experiments. These data fit the idea that  the presence of hydroxylamine 
prevents the Na+-stimulated phosphorylation of the enzyme by cleaving the phospho- 
protein, E ~ P as soon as it i. o generated with the resultant formation of an enzyme- 
hydroxamate  and inorganic phosphate. 

The next set of experiments was designed to show the effect of 0.8 M hydroxyl- 
amine on the 32p-labelled phosphoprotein after acid precipitation. The technique used 
was that  described in METHODS, except that  the microsomes were incubated with 
approx, o.oi mM ATP (instead of i .o raM). This change in substrate concentration 
was used for the purpose of increasing the specific activity of the Ey-32p~ATP. 0.8 M 
hydroxylamine was then added to one aliquot of the precipitate and water to the 
other, after which both aliquots were incubated for IO min at 38 °. Then the amount  
of 32p-binding to the microsomal precipitates was determined in the manner described 
previously a. 

Table V presents values for 32p-labelling of the acid-precipitated microsomes 
(which had been incubated with [32pIATP at o ° for 50 sec under the ionic conditions 
designated in the first column) after their reaction for IO rain at 3 80 with water; 
and after their reaction for IO rain at 38 ° with hydroxylamine. 

The values for 3sp-binding to native (water-treated) microsomal precipitates, 
similar to those shown in Table IV, were not different from those found in the con- 
ventional 32p-binding experiments under the designated ionic conditions. The amount  
of asp-labelling of the precipitate formed from the Mg~+-dependent phosphorylation 
was changed little if any after incubation of that  precipitate with hydroxylamine 
(compare the values in the first and third rows). In contrast, the amount of asp-label- 
ling of the precipitate formed from the (Mg 2+ + Na+)-induced phosphorylation was 
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T A B L E  V 

a2P-Binding (in counts /miD) of n a t i v e  mic rosomes  a t  o °. The  p rocedure  is t h a t  descr ibed in  
METHODS. The  final p rec ip i ta te  (microsomal  pellet-saP) was  ob ta ined ,  two ba tches ,  one to wh ich  
o.8 M h y d r o x y l a m i n e  was  added ,  t he  other ,  to  wh ich  wa te r  was  added .  B o t h  ba t ches  were incu-  
b a t e d  a t  38 ° for IO miD, af ter  wh ich  cen t r i fuga t ion  and  w a s h i n g  was pe r fo rmed  four  t imes ,  t h e n  t h e  
prec ip i ta te  was  r e m o v e d  for coun t ing .  E a c h  e x p e r i m e n t  was  pe r fo rmed  in four  replicates,  P - v a l u e s  
shown  deno te  probabi l i t ies  t h a t  the  m e a n  differences des igna t ed  E(a--b) for ionic condi t ions  and  
( N - - H )  for na t i ve  vs. t r ea t ed  enzyme]  are  zero. 

Expt. Ionic Amount of 32p-binding (raw counts/miD) P 
No. conditions (N--H) 

Native Hydroxylamine 
(N) (H) 

I. (a) Mg 2+ 8623 ± 883 6234 ~ 842 > o . I  
(b) Mg 2+ + Na  + 1298o i 866 6677 ± 72 < o . o i  

P (a - -b)  < 0 . 0 5  > 0 . 6  - -  

2. (a) Mg 2+ 133o 5 -¢- 763 145o 9 ± 723 > o .  3 
(b) Mg 2+ + Na  + 25126 4- 1683 12641 i 126 < o . o i  

P (a - -b)  < o . o i  > o . i  - -  

reduced by about 50 % after incubation of tha t  precipitate with hydroxylamine (com- 
pare the values in the second and fourth rows of the table). The data show clearly 
that  practically all of the Na+-induced increment of 3~P-labelling was stripped from 
these microsomal precipitates after their exposure to hydroxylamine. 

The data suggest that  the Mg2+-dependent s2p-binding cannot be identified 
with a hydroxylamine-sensitive acyl bond. This contention is fully consistent with 
the lack of effect of hydroxylamine on the overall Mg2+-dependent hydrolysis previ- 
ously mentioned. However, it does not appear to agree with the strong inhibitory 
effect of hydroxylamine on the Mg2+-dependent exchange reaction. Either the Mg 2*- 
dependent exchange reaction is totally independent of Mg~+-dependent ATPase 
activity as well as of the Mg2+-dependent phosphorylation; or the Mg2+-dependent 
exchange reaction is independent of any reaction step in the overall ATPase reaction. 

The data obtained after addition of Na + or Na + + K + suggest that  the Na +- 
induced increment of 3zP-binding, the Mg 2+ and the (Mg 2+ + Na+)-dependent exchange 
reactions, and the (Na + + K+)-stimulated increment of ATPase activity are all identi- 
fiable with a hydroxylamine-sensitive acyl bond such as the ~-glutamyl residue n, 13 
in the protein. 

DISCUSSION 

The reaction model for ATPase activity proposed by  use, ~ differs from that  
proposed by others 5,*s insofar as the formation of E ~ ATP prior to that  of E ~ P is 
explicitly stated and the reaction sequence diverges into two branches, Mg2+-ATPase 
and (Na + + K+)-stimulated Mg2+-ATPasee, ~. One branch which requires Mg *+ alone, 
had been represented by the equations: 

Mg2+ Mg2+ 
E + A T P  ~--- E - A T P  ~--- E N p +  A D P  

E N P ~ E + P I  
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and the other branch, which represents the (Na+ + K+)-stimulated Mg2+-dependent 
ATPase and which requires Mg 2+, Na + and K +, had been represented by the equations 

Mff2+ Mg2+ 
E + A T P  ~ E -ATP  -~ E , - ~ P +  + A D P  

M 2+ Na + 
E" ,~ P g ' -~ E - P  

K + 
E ' - P  ---,'. E"  + Pl  

E '  ~,~ E, 

where E' denotes the Na÷-form of the enzyme and E, the MgZ+-form. 
In short, the model included the existence of E ~ P  (a high energy phospho- 

protein) as an intermediary in the overall reaction for Mg*+-dependent ATPase, and 
required that this Mg2+-dependent E ~ P  phosphorylates ADP, thus contributing to 
the Mg*+-dependent exchange activity. 

Present data clearly indicate that some of these ideas require modification. For 
example, after addition of hydroxylamine, the overall Mg2+-dependent ATPase ac- 
tivity is still present while there is no detectable Mg*+-dependent exchange activity. 
This means that the intermediary phosphoprotein formed in the Mg*+-ATPase reaction 
does not phosphorylate ADP, and consequently that there is no evidence (at least 
none in the turtle bladder) for endowing it with properties of a high energy bond-- 
i .e.,  high energy relative to that required for phosphorylating ADP. Therefore, a 
phosphoprotein other than that formed in the Mg2+-ATPase sequence must be impli- 
cated as the substance which phosphorylates ADP in the Mg2+-dependent exchange 
reaction. In this connection, the reaction model previously postulated for (Na + + K+)- 
stimulated Mg2+-ATPase 7 did require that the high energy phosphate formed after 
the first two intermediary steps (E ~ P) would phosphorylate ADP even in the absence 
of Na + and/or K +. This requirement is satisfied by: previously reported data showing 
that sodium can completely inhibit the Mg2+-dependent exchange reaction7; current 
data on hydroxylamine and sucrose; and by preliminary data showing that NEM 
(10 -2 M), like hydroxylamine, completely inhibits the Mg2+-dependent exchange re- 
action as well as the (Na + + K+)-stimulated moiety of ATPase activity without af- 
fecting the Mg2+-ATPase activity (A. E. SHAMO0 AND W. A. BRODSKY, unpublished 
data). 

Apart from the transphosphorylating role of (Na++K+)-stimulated Mg 2+- 
ATPase as adduced above, it is possible that the Mg2+-dependent exchange reaction 
is catalyzed by a di-nucleotide kinase which is independent of the (Na + + K +)-ATPase. 
Along these lines, FAHN et a~.8,19, 28, STAHL et al.lS, 24 reported a Na+-dependent ex- 
change reaction in microsomes from electric organ, cerebral tissue and nerve endings. 
They concluded that the part of the exchange reaction which is not stimulated by 
Na ÷ is extraneous to the (Na+ + K+)-stimulated ATPase, and could be due to an 
Mg2+-dependent dinucleotide kinase. Although the possibility of two separate ex- 
change enzymes cannot be rigorously excluded, there is no conclusive evidence 
showing that one of these enzymes is separable from the other in turtle bladder 
microsomes. In fact, in the case of the turtle bladder, the data suggest that the di- 
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nucleotide, kinase (Mg2+-dependent exchange enzyme) is the same enti ty as, or is an 
integral part of the (Na + + K+)-stimulated Mg*+-ATPase. For example, the Mg 2+- 
dependent exchange reaction is stimulated by ouabain 7, a known inhibitor of 
(Na + + K+)-stimulated, MgZ+-ATPase; and the Mg2+-dependent exchange reaction is 
completely inhibited in the presence of hydroxylamine, sucrose, and NEM; all of 
which inhibit (Na++K+)-st imulated Mg2+-ATPase and not Mg*+-ATPase (see 
RESULTS). 

Present data on phosphorylation of the enzyme show that  Mg2+-dependent 
3*P-binding to the enzyme is reduced to a small extent by hydroxylamine, whereas 
the (Mg 2+ + Na+)-dependent ~*P-binding is drastically reduced. In fact, all of the Na +- 
induced increment of the 3zP-binding is eliminated by hydroxylamine. 

Present data on the pre-formed phosphoprotein precipitate show that  hydroxyl- 
amine treatment of the 32P-labelled precipitate (formed from Mg2+-dependent phos- 
phorylation) does not release 32p into the supernatant. However, hydroxylamine 
treatment does release all of that  32p originating from the Na+-induced increment of 
82p-binding (see Table V). This suggests that  the phosphorylated intermediate formed 
by the Mge+-dependent ATPase is not an acyl bond type. Moreover, the phospho- 
rylated intermediate of the Mg2+-ATPase cannot be a high energy bond, because in 
the presence of hydroxylamine, the Mg*+-dependent exchange rate is nil while the 
Mg2+-ATPase proceeds unabated. Consequently, the pathway for Mg~+-dependent 
ATPase may be written as follows: 

E + ATP -+ E - P  + A D P  

E - P - + E  + Pi 

where the notation E - P  instead of E ~ P  denotes the relatively low energy level of 
this phospho-protein bond. 

We have previously shown that  an E-ATP complex is formed when the enzyme 
is incubated with ~'*CIATp6. Thus the **P-labelled phosphoprotein must include 
E-ATP as well as E ~ P. I t  follows that  hydroxylamine could remove intact ATP as 
well as Pi from the E ~ P  complex. Preliminary data indicate that  hydroxylamine 
does indeed remove 14C-labelled ATP from the l~C-labelled enzyme intermediate sug- 
gesting that  the bond between ATP and the enzyme is the same as that  between 
phosphate and the enzyme--namely,  an acyl phosphate (A.E. SHAMO0 AND W. A. 
BRODSKY, unpublished data). 
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