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SUMMARY 

A density gradient-purified microsomal membrane  preparat ion f rom rabbi t  
fundic gastric mucosa was used for a detailed study of  the K+-stimula*,ed ATPase  
and  associated intermediate reactions. Membranes  incubated with 7-[3ZP]ATP show 
the rapid incorporat ion of 3ap into phosphoprotein.  Phosphoprotein  leve'..s were 
markedly reduced (1) when ATP  hydrolysis went to complet ion or (2) upon  addit ion 
of unlabeled ATP,  thus suggesting the p~a-ticipation of  a rapid turnover  phosphor-  
ylated inter~laediate in the gastric microsomal ATPase. Addit ion of K +, Rb ÷ or Tl + 
greatly reduced the level of  the intermediate while st imulating ATPase ~¢tivity; the 
observed affinities of  these cations were similar for the effects on both  ATPase and  
intermediate levels, with TI + > K + > Rb +. Neithe:- A'[Pase nor  intermediate were 
st imulated by Na  +, and ouabain  was with.:zt  effect on the rea~ions ,  thus  differ- 
entiat ing this system from the (Na ÷ + K ÷ ) - A T P a s e .  Addit ion of  various inhibitors 
showed differential effects on the par~jal reactions of the gastric ATPase system. 
N-ethylmaleimide and  Zn z+ showed characteristics of  completely abolishiug the 
K +-stimulated component  of  ATPase as well as the effects of  K + in reducing the level 
of  intermediate,  thus suggesting that  these agents exert their  inhibitory effect on a 
phosphopvotein phosphatase partial  reaction. F -  abolished the K+-st imulated 
ATPase,  but its more complex effects on the intermec~iate suggested an  addi t iona l  
reaction step within the domain  of the phosphoryla ted intermediate. Results are 
consistent with a model system for the gastric microsomal ATP,~se involving a M g  2 +- 
d e p e n d e n t  protein kinase, a phosphozylated intermediate(s),  and. a K+-st imulated 
phosphoprote~n phosphatase.  

I'N'FRODUGT] ON' 

Previous reports from our  laboratory have demonst ra ted  the  presence of a 
K*-s t imula ted  ATPase and  K+-st imulated P-ni t rophenyiphosphatase  in the oxyntic 
region of  gas t r~  mucosa  from variou,~ species, including frogs, rats, rabbits  and  

Abbreviation: MalNEt, A ~e~.hylmale~it,,ide. 
* To whom nil corresponde~zee should b~ adclressed. 
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pigs [!-31. The enzymes are associated with a very light microsomal  membrane  
f~-~ction, and  in addi t ion to s t imulat ion by K +, they require Mg  =+ for their  activity. 
The K+-s~,imulated enz~ane systems are quite unique for the oxyntic glands [3, 4], and  
unlike the ( N a + + K + ) - A T P a s e ,  are insensitive to  Na  + and  ouabain .  We have also 
previously reported that  these K*-ATPas¢  rich membrane  fractions give a phospho-  
protein when incubated with Mg 2+ and  7-[a2P] ATP [5]. Prel iminary character izat ion 
of  the phosphopro te in  suggested that  it might  b ,  the phosphor~la ted  intermediate  of  
the K+-s t imula ted  ATPase.  Since the K+-s t imula ted  ATPase  has b~en impl icated 
to be involved ~n some aspect o f t h e  p ro ton  t ranspor t  process of  oxyntic cells [4, 6, 7], 
it was import:rot  to  study the detailed molecular  mechanisms and  intermediate  
compounds  associated with this interesting enzy.ne. 

The present  paper  extends our  earlier work  using a purified microsomal  
prepara t ion  of  rabbi t  gastric microsomes to s tudy the ATPase  react/on and  
associated phosphory la ted  intermediates.  3¥e have established tha t  most  of  the 3zp_ 
labeled membrane  bound  phosphoprote in  has characteristics o f  being the inter- 
mediate of  the K+-s t imula ted  ATPase.  Fur thermore ,  using inhibi tors  of  K +- 
s t imulated ATPase,  like F - ,  Zn 2+ and N-ethylmal¢imid¢ (MalNEt ) ,  we have been 
able to ~so lve  the total ATPas¢ reaction into several distinct steps. 

EXPERI MENTAL PROCEDURE 

M¢'thods 

The ligh~ membrane  fractions used for these studies were isolated f rom rabbi t  
gastric mucosa  by the procedure  described previously [1]. Briefly, the oxyntic 
g landular  region of  the gastric mucosa  was scraped and  homogenized  for  cell 
f ract iona, ion in 0.25 IV[ sucrose conta in ing 5 m M  Tris • HCI (pH 7.5) and  0.2 m M  
ethylenediaminete t ra  acetic ¢-:id (EDTA) .  All operat ions  were carried out  in the 
cold (0-4 °C). A crude fraction of  microsomcs was isolated by differential ccntrifuga- 
t ion as the pellet which sedimented between 1 2 0 0 0 × g  for 15 min and  1 0 0 0 0 0 x g  
for 90 rain. Purification of  the microsomes was careied out  by centr ifugation overnight  
on a l inear s u c r o ~  density gradient  (20-55 ~/o sucrose, w/v). A b a n d  of  membranes  
appears  in the density region of  1.09-1.15 gm/ml  (measured at r o o m  temperature) .  
This band  of  membranes  will be designated as the purified light microsomes and  has 
b~en used for all the studies. The membranes  were stored at 0 -4  °C and  were usually 
used f rom 2-3 days after the membranes  were harvested (aged membranes) .  

Labeling o f  the me~lbranes 
"Fhe labeling reaction was generally carried out  at r o o m  tempera ture  

(20-23 °c) .  Unless it is stated otherwise, the incubat ion  mixture conta ined in a total  
volume of  0.13 ml, 50 m M  Tris/acetate (pH 7.0), 6-20 /JM T-[saP]ATP (about  
8 • 106 cpm),  abou t  5 t~g membrane  protein, 0.05 m M  Mg 2 + and  other test substances.  
The reactions were s topped after 15-30 s with 200/~1 of  35 ~/o ice cold perchloric 
acid. An  al iquot  o f  20 ~ul was transfer~'ed to 1.0 ml 5 ~/o ic~ cold pcrchloric acid for 
assay of P: release. The rest was used for assay of  phosphory la ted  intermediate.  A 
blank without  enzyme was run  in parallel  with each assay. 
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Assay o f  /ITPase (release o f  32p1) 
An aliquot f rom the tube designated for Pi iLssay was counted before and 

after Norite A charcoal t reatment  according to the method  of Crane [8 ]. The activity 
of ~h= ATPa:~e is expressed as /~mol Pt l iberated/ms prote in/hour  at the specified 
temperature.  The term basal ATPas¢ is used to  designate enzyme activity when Mg  2 + 
was the only metal ion activator and is differentiated from the K+-stimu~ated ATPase 
which refers to activity with K + plus Mg 2÷ 

Determination of  phosphorylated intermediate 
The phosphorylated intermediate was isolated by the method described 

previously [9]. The perchloric acid-stopped reaction medium was brought  to 10 m M  
wi~h respect to carrier ATP and P~ by adding a solution of  unlabeled ATP  and Pi. 
The precipitated membranes were then collected by filtration on paper discs 
(Whatman No. 3) using a suction device and followed by repeated washings ~ i l h  
cold 5 ~/o perchloric acid containing 10 m M  Pj and 2 m M  carrier ATP. The membrane  
precipitate was then wash~..d twice with ethanol to cemove most  of  tk.e lipids, dried 
and then counted in 10 ml Aquasol  (New England Nuclear).  

Treatment with hydrox)'iarnine 
The phosphorylated membrane  proteins were subject to t reatment  with 

hydroxylamine according to the method  of Lipmann and Turtle [10]. Thoroughly  
washed and dried filter paper discs containing the phosphorylated membranes  were 
transferred into 4.0 ml of  ice-cold, freshly prepared, 28 ~/o hydroxylamine (pH 
adjusted to 6.5 by NaOH) .  The paper discs were left for 30 min at 0 °C. gf ter  treat-  
met, t, the filter paper  discs and aliquots of the supernatants  were counted. 

Treat~:ent with different p H  values 
The washed and dried fiRer paper  discs containing thc phosphoryla ted inter- 

mediale were transferred into 4.0 ml buffers of different pH  values and. incubated 
for 60 rain at room temperature.  At the end of the incubation period, an aliquot of  
the medium and the paper  discs were counted. 

Materials 
7-[3Zp]ATP was purchased from New England Nuclear  in the form of the triethyl- 
a m m o n i u m  gait. Perchloric acid was purchased from Mallinckrodt.  Tris/ATP, 
A D P  and MaINEt  were from Sigma. [L4C]ATP was obtained from Calbio- 
chem. 

RESULTS 

Preliminary characterization o f  phosphorylation reaction 
: Table I shows the following observations. The membranes,  when incubated 
With 7-[~zP]ATP arid Mg z+ at p H  7.0 produced the phosphorylated intermediate. 
Unlike the (Na  + -kK+)-ATPase  [11], N a  + did not increase the level of intermediate 
formation.  K + reduced the level of  intermediate.  No  intermediate was formed when 
the K÷-st imulated ATPase was destroyed by heating the membranes  at 100 °C for 
3 rain. Presence o£ excess E D T A  in the incubation medium prevented the formation 
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T A B L E  ~[ 

~2~TZYMATIC N A T U R E  O F  L A B E L I N G  O F  T H E  RABBIT  G A S T R I C  M I C R O S O M A L  M E M -  
BRAI~ES 

E D T A  was  a d d e d  as  the  sodium salt .  

Sys~tart pmol  o f  i n t e r m e d i a t e  f o r m e d / m g  prote in  

w i t h o u t  K + w i t h  1 m M  K ÷ 

C o n t r o l  630 
W i t h  I m M  H a  + 600 
w i i h  2 m M  E D T A  ( w i t h o u t  Mg ~ +) 25 
Wii~t 2 m M  E D T A  and  2 mM M ~  + 600 

A f t e r  heat  i n a c t i v a t i o n  at  100 °C for 3 lnin 8 
[t4CIA.TP in p l a c e  o f  AT3~P 15 

O 
160 

7 
12 

"%°°1- 100 

t 
3 Q ~= 

(3 0 
~0 30 ~oo 70 90 1tO 
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Fig. 1. T i m e  course  o f  i n c o r p o r a t i o n  o f  a lp  from 7~-p2P]ATP in to  the  m i c r o s o m a l  m e m b r a n e s  a n d  
re lease  o f  32F in to  t h e  m e d i u m .  6.85/Jg o f  protein, 7.0~uM ~, -pap]ATP and 50/JM Mg 2+ were  
present  in the  i n c u b a t i o n  m e d i u m  c o n t a i n i n g  20  m M  "Iris, DH 7.0. E a c h  tube  was  i n c u b a t e d  for  the  
des i red  l eng th  o f  t i m e  at r o o m  t e m p e r a t u r e  a n d  p r ~  as  descr ibed  in  M e t h o d s .  (C)) ,  aap in-  
c o r p o r a t i o n  into  m e m b r a n e s ;  (f-I), percent  o f  to ta l  A T P  hydrolyzed. 

o f  the intermediate which could be ~s tored  by addition of  Mg 2+. When incubated 
with [l 4C]ATp,  no significant labeling o f  the membranes was detected. 

That the membrane phosphoprotein is an intermediate in an ATPase  
reaction is suggested by the time course o f  labeling and hydxolysis of  ATP shown in 
Fig. 1. The labeling reaction was complete within 10 s. The intermediate remained 
at the same !¢vel as long as sufficient ATP remained. When the ATP was hydxolyzed 
beyond 60 ~ ,  the level o f  intermediate fell down sharply. After the hydrolysis o f  
A T P  was > 90 ~ complete, the level o f  the intermediate reached a very low value. 
Separate experiments showed that the amount  o f  the phosphorylated intermediate 
increased linearly with the amount o f  membrane protein. 
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T A B L E  II 

R E L E A S E  O F  COUNT~I F R O M  TIIE 3ZP-LA~ELED INTEI~MEDL~;VE A F T E R  T R E A T M E N T  
AT D I F F E R E N T  p H  V A L U E S  

Treatment  for 60 min at Percent ,) f  counts  rclca~ed from the 
phospho -ylated inte: 'mediate 

p H  3.0 I 
p H  4.0 8 
pI-I 5.0 l 0 
p H  6.0 14 
p H  7.0 2 I 
p H  8.5 65 

As s h o w n  in 3[able II ,  th,~ i n t e r m e d i i t e  was  qui te  s table  a t  acidic  p H ,  
m o d e r a t e l y  s table  a t  n e u t r a l  p H  as~d very uns t ab l e  a t  a lka l ine  p H .  T r e a t m e n t  w i t h  
N H z O H  a t  ac id  p H  re leased  more  t h a n  70 ~,~ o f  the  m e m . ~ r a n e - b o u n d  p h o s p h a t e  
as  a soluble  form.  The~e chemica l  p roper t ies  suggest  t h a t  =he gas t r ic  m i c r o s o m a l  
interme¢fiate occurs  in tl~e f o r m  o f  a~ acyl  p h o s p h a t e  l inkage  a n d  are  s imi lar  t o  w h a t  
has  been f o u n d  for  othe;~" t r a n s p o r t  .x.TPases [12]. 

~ o _ ~ _ _ _ _ =  2 
3 °  t F ~ o /  ~ / 

. . . .  

, i - ~ / - , - , - . - - -  M 

0 "" 

5¢dt (raM) 

Fig. 2. Effects o f  different monoval,.-nt cat ions on  the gastric ALTPase and  the phosphoryla ted  inter- 
mediate in the presence and absenc0 o f  K +. 7.5/~g membran~ protein a~ld 20 ~ M  F-[3zP]ATP were 
used. Incubat ion  t ime was 2 0 s  a t  37 °C. N a + ( i ) ,  K ÷ ( 0 ) ,  Rb  + ( A )  oJ:d Ti + ( × ) .  
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Relationship between the K+-stinmlated ATPase and the 32P-intermediate 
To assess whether  the 32P-intermediate might  be a funct ional  par t  of  the K +- 

s t imulated ATPase,  the effects of  various agents and  co-factors in altering the enzyme 
rate and  the level of  the intermediate  were tested. Fig. 2 shows the effects of  different 
monova len t  cations on the gastric ATPase  and  the phosphory la ted  intermediate.  
K +, Rb  + and  Tl + reduce the level o f  the intermediate  while s~imulating the rate  of  
hydrolysis of  ATP.  The degree of  s t imulat ion o f  ATPase  by these cations at  different 
concentrat ions  bears an  inverse relat ionship to the decrease in the level of  the inter-  
mediate.  It is of  interest tha t  Tl +. which ha~ an ionic radius close to  K ÷ and  which  
has f requenl ly  been shown t.o be an excellent substi tute for K + [13], has a very high 
affinity for the enzyme in the activation process. Al though  N a  + has no appreciable  
effect on the ATPase,  it has a small  but  reproducible  effect in reducing the level of  
the intermedia~:e. 

An  interesting feature of  the gastric K+-s t imula ted  ATPase  is tha t  in the fresh 
m~mbrane  prepara t ion,  the enzyme activity is great ly s t imulated by ionophores  [14], 
such as gram;cidin,  in presence of  K +. Table  III  shows tha t  gramicidin,  which 
increases the rate of  K+-s t imula ted  hydrolysis of  ATP,  also decreases the level of  
intermediate further  than  that  p roduced  by K + alone. Various in terpreta t ions  for 
this ionophor ic  effect have been discussed before [2]. In freshly prepared  membrane  
vesicles, K + activation of  the ATPase  is restricted, possibly due to some kind of  
permeabil i ty  barrier  for g +, which is e l in~nated by gramicidin.  Gramic id in  effects 
are lost "after storage for several days at  0--4 °C. In order  to maximize the K + 
effect, we used the "aged"  membranes  for most  of  the studies reported here. 

T A B L E  I l l  

E F F E C T  O F  G R A M I C I D I N  O N  T H E  L E V E L  O F  P I - ] [ O S P H O R Y L A T E D  I N T E R M E D I A T E  
A N D  H Y D R O L Y S I S  O F  A T P  

E a c h  tube c o n t a i n e d  3.3 lzg o f  f r e sh ly  p r e p a r e d  m e m b r ~ n e . s  a n d  7 t eM 7"-[szP]ATP.  R e a c t i o n  was  
c a r r i e d  o u t  f o r  30 s at  r o o m  t e m p e r a t u r e .  

s~ p i n t e r m e d i a t e  
( p m o l / m g  p r o t e i n )  

A T P a s e  
( t l m o l / m g  p r o t e i n  p e r  h)  

Basa l  s t a te  (0 K + ) 109.0 3.3 

2 m M  K + 89.4 4 .6  

2 m h 4  K *  p lus  1 0 - S M  
g r a r n i c i d i n  A 63.2  6. i 

Fig. 3 shows results of  an experiment  in which the concentrat ion of  free Mg z+ 
was varied using E D T A  in the incubat ion medium.  Both the basal,  as well as the 
K+-s t imula ted  ATPase  were gradually reduced with an  increasing E D T A  concentra-  
t ion;  the K+-s t imula ted  activity appears  more dependent  on Mg z+ than  the basal  
ATPase.  The phosphoryla ted  intermediate,  bo th  in the presence and absence of  K +, 
also decreased vtith the reduction in ATPase  activity. Under  the conditiop, when  the 
rat io  of  Mg 2+ to E D T A  was 1 : 1 (Fig. 3 and  Table  I), the format ;on  of  the inter-  
raediate and  h.~drolysis of  A T P  were not appreciably affected. This indicates tha t  the 
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Fig.  3. Effects  o f  d i f ferent  c o n c e n t r a t i o n s  o f  E D T A  o n  the level  o f  ~zP- intermediate  a n d  hydrolys i s  o f  
P~TP in the  presence  ( O )  a n d  absence  ( O )  o f  2 =nM K +. T h e  ?4g z+ c o n c e n t r a t i o n  w a s  0.5 raM. 
R e a c t i o n s  were  carr ied o u t  for  30 s at r o o m  t©mp~;ratur¢. 3.8 ttg c [ membrant ,  prote in  was  used  for 
each experiment. 
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Fig. 4. Levels of  pbosphorylat¢,t intermediates and hydrol; .is of ATP  in the-, presenov of different 
c o n c e n t r a t i o n s  o f  a d d e d  M g  = 4.  I n c u b a t i o n  t i m e  w a s  30 s a~ 4 ~ o m  temperature .  2 .75 tag o f  t ~ e m b r a n e  
prote in  a n d  7 / ~ M  A T P  were  used  for  e a c h  study.  ( O ) ,  witlz , ,ut  K ÷ ;  ( Q ) ,  w i t h  K +. 
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M g  =+ r e q u i r e m e n t  for  this  A T P a s e  is very low at  7 / ~ M  A T P  concen t ra t ion .  In the  
absence  o f  E D T A ,  a n d  a t  low A T P  concen t r a t ion ,  the m e m b r a n e s  can  maintair~ the  
p r o d u c t i o n  o f  in t e rmed ia t e  a n d  hydrolys is  o f  A T P  a t  a n o r m a l  ra te ,  even in the  
absence  of  a d d e d  M g  2+ ( F i g  4). Inc reas ing  the  M g  z+ c o n c e n t r a t i o n  f r o m  10 /~M 
to  500 p M  to  the  in,~ubation m e d i u m  d id  no t  have  any  effect on  the  in t e rmed ia t e  a n d  
only  a small  effect on  the  ra te  of  hydrolys is  (Fig.  4). Since E D T A  in the  absen(:e o f  
any  a d d e d  M g  2+ comple te ly  b locked  the  fo rma t ion  o f  the  in te rmedia te ,  which  cou ld  
be re s to red  by the  add i t ion  o f  M g  2+ (Tab le  1), we c o n c l u d e d  t h a t  there  is some  
res idual  M g  2+ firmly b o u n d  to  these  m e m b r a n e s  wh ich  can  m a i n t a i n  intermet~tiate 
f o r m a t i o n  a n d  hydrolysis  a t  a low subs t ra t e  concen t r a t ion .  Similar  k inds  o f  observa-  
t ions  a n d  conc lus ions  have  been  m a d e  in the  case o f  ( N a  + + K + ) - A T P a s e  o f  k idney  
m e m b r a n e s  [!5] .  

~ re  t es ted  the  re la t ionsh ip  be tween  the  p h o s p h o r y l a t e d  i n t e rmed ia t e  a n d  
hydrolys is  o f  A T P  as  a func t ion  o f  A T P  c o n c e n t r a t i o n s  (Fig.  5). T h e  in t e rmed ia t e  
c o n c e n t r a t i o n  r e a c h e d  a s a t u r a t e d  level even  a t  5 / ~ M  A T P ,  the  lowest  subs t ra te  con-  
cen t r a t i on  tes ted  in this  exper iment ,  while  for  m a x i m u m  hydrolys is  a fa r  g rea te r  
subs t r a t e  c o n c e n t r a t i o n  was  needed.  T o  d iscover  the  s a t u r a t i o n  kinet ics  for  the  fo rma-  
t ion  o f  t he  in te rmedia te ,  an  e x t ~ r i m e n t  was  c o n d u c t e d  a t  0 - 4  °(2 us ing  very :,ow 
concent~'~Gcns o f  A T P  (Fig.  6). A l t h o u g h  it was  n o t  possible  t o  m e a s u r e  t he  rat~ o f  
A T P  hydroly,cis a t  the  low t e m p e r a t u r e  cond i t ions  o f  the  exper imen t s  s h o w n  in Fig.  5, 
a c o m p a r i s o n  o f  the  resul ts  o f  Figs.  5 a n d  6 show t h a t  the  A T P  s a t u r a t i o n  kinet ics  are 
clear ly different for  the  in te rmedia te  an zl the  enzvmic  hydrolysis .  T h e  a p p a r e n t  K= 

_ O ~ G  o C 0 

2" 

"I~ ~ 

0 :-- ~ I I -- i I 

~ " - - - ' - - - - - 1  

o 

0 1 0  5 0  

A T P  ( H M )  

Fig. 5. F.JToets of diiT©ront conoentrations of~-[~ZPjATP on the level of the phosphorylatod inter* 
mediate and hydrolysis of ATIP. Incubations wore earr~od out for 20 s ~¢ room temporaturo using 
6.9 pg membraa~e protein (O), without K ÷; ( 0 ) .  with I,L ' .  
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Fig ,  6. L e v e l s  o f  a = P - i n t e r m e d i a t e s  a t  d i f f e r e n t  c o n c e n t r a t i o n s  o f  A T P  in  t h e  p r e s e n c e  ( O )  a n d  
a b s e n c e  ( O )  o f  K +. I n c u b a t i o n s  w o r e  p e r f o r m e d  a t  0--4 °C  f o r  12 s.  

for the intermediate  was its= the order ot 0 .1/zM, while tha t  for the ATPase  wa~ abou t  
5/~M. 

Characterization o f  the different steps involved in the phosphorylation and dephosphor- 
ylation of  the enzyme 

Once the relat ionship between the phosphorYlated intermediate  and  the 
hydrolysis of  A T P  was established, it was of interest  to  characterize the steps ~ h i c h  
might  be involved in the total  ATPase  reaction.  The  simplest  mechan i sm w~uld  
involve a kinas¢ step where  3=p f rom 7-[szP]ATP is incorpora ted  into the prote in  
giving rise to  the phosphory la ted  intermediate  and  a phospha tase  step where the 
phosphorylate¢l intermecliate is b roken  clown into inorganic  phospha te  and  the 
enzyme.  We have shown before tha t  M g  2+ is absolutely necessary for the kinase ~tep 
because in the presence of  E D T A  the format ion  of  in termediate  was abol ished 
(Table I). In  order  to determine whether  the phospha tase  step requires  Mg 2÷, 
we first lab,.qed the  me~~branes in the presence of  Mg  z ~', then chelated all Mg z+ by 
adding excess of  E D T A  a n d  followed the fate of  the in termediate  under  different 
conditions.  The  results presented in Fig. 1 show tha t  within 15 s after chelat ion of 
Mg z+ by E D T A  the intermediate  achieved a new low level, which  is not  significantly 
al tered in the next 15 s, no r  is i t  significantly affected by the add.ition of  K* or 
unlabeled ATP.  Thus ,  within the 15 s t ime of  resolut ion tested here,  ei ther  Mg  2+ 
was not  required for the dephosphoryl~ t ion  of  the in termediate  or  the in termediate  
was unstable  in the absence of  the  divalent  cat ion.  Addi t ion  of unlabeled ATP,  
instead of  E D T A ,  brings the level of  the in termediate  down to the same level as did 
~ D T A  indicat ing tha t  the residual  in termediate  represents  a par t  of  a slow turnover  
componen t  p robab ly  not  associated wi th  the  in termedia te  of  the K+-ATPase .  
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Fig.  7. Effects o f  E D T A  drtlabeled AYP and  K + on  the s teady-s ta te  levels o f  the phosphory la t ed  
in termedia tes .  M e m b r a n e s  ~2.7 p g  pro te in )  were first labeled wi th  7 t4M [~,-s~P]ATP. Different  ageltts 
were theft  added  a t  the  t imes ind ica ted  b y  arrow~_. A t  30 s the  add i t ions  were buffer ( O ) ,  10 m~.|  
E D T A  ( N )  o r  0.12 m M  A'I P (liD. A t  45 s tubes  prev ious ly  t rea ted  wi th  10 m M  E D T A  then  received 
add i t ions  o f  2 m M  K ÷ ( Q )  or  0.12 m M  A T P  (El). 
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Fig.  8. Effects o f  different  concen t ra t ions  o f  Z n  2~ o n  the l©v©! o f  the p h o s p h o r y l a t e d  in te rmedia te  
a n d  hydrolys i~  o f  A T P .  I n c u b a t i o n  t ime  was 20 s a t  .~oom tempera ture .  Reac t ions  we~© irA~iated by 
a d d i n g  5.4!~g o f  m e m b r a ~ v  prote ins .  M g  z+ a n d  ~, - [saP]ATP conccntra~.ions were  5 0 0 p M  a n d  
10.7/~M, respectively.  (C)), wittzout K + ;  ( 0 ) ,  wi th  K +. 
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Za 2+, MalNEt and F -  have b ~ n  found to be good inhibitors of K +- 
stimulated ATPase and K+-st imulated p-nitrophenylphosphatase [1, 3]. ~Ne, 
therefore, attempted to determine the site of action of these inhibitors in the total 
ATPase reaction sequence, The effects of different concentrations of  Z n  2+ ¢,n the 
level of phosphorylated intermediate and hydrolysis of ATP in the presences- and 
absence of M. + are shown in Fig. 8. Incorporation of 32p into membrane protein ~n the 

T A B L E  IV 

E F F E C T S  O F  N - E T H Y L M A L E I M I D E  O N  T H E  LEVEL t'-~ 3 2 P . I N T E R M E D I A T E  A N D  
HYE)ROLYS!S  O F  A T P  

React ions  ,vere s tar ted by adding  3.3/zg m e m b r a n e  pro te in  to each tube also conta in ing  3 m M  
/~-mercapt~.th~uol and  $ p M  7,-[32P]A,TP, tl~en incubat ing for 30 s at  r o o m  temperature .  

32p in termedia te  
(pmol /mg  Drotein) 

,qTPase 
(/~mol/mg protein p,)r h)  

Con t ro l  m~mbrancs  
0 K + 106.0 3.," 
2 m M  K ÷ 66.9 6.3 

Membrancs  pretreated 
with 10 m M  N-ethyl-  
maloimide for 30 n,in 

0 K + 104.9 3.5 
2 m M  K + 103.1 3.7 
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Fig. 9. Effects o f  unlabcl~d ATP  and  A D P  or. the  swady-stat© level ofd~© phosphors  fated iutcrh.ediat¢ 
fo rmed  by con t ro l  an~, ~vlalNEt-treated membranes .  Membranes  ~ero  first Dr©incubated wi th  and 
wi thout  10 raM Mall~Et  for 30 ra in  a t  r o o m  temperature .  2.7/~g m e m b r a n e  prote iu  and  143¢M 
y-[3aP]ATP were used for each ez l~ r in~n t .  After  15 s o f  incubat ion  at r o o m  tempera tu le ,  the  fol- 
lowing addi t ions were mad~ ( indicawd by arrow):  150/~M unlabeled ATP,  300/AM A D P  or 5 ~(I o f  
buffer. The  react ions were s t o p l ~ d  at desii |nateO t imes  a n d  assayed for the  32P-intermcdia~.  ATP  
(I-4 cont ro l  membranes ;  III, MalNE~ membranes ) ;  A D P ( ~ ,  cont ro l  membranes :  A, Mall~lEt mem-  
brartes). 
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absence of K + showed only an inhibitory effect at about  the same concentration of  
Zn =+ as the diminution of the basal ATPase. In the presence of  K +, there was an 
interesting elevation in the intermediate in the rang~ o f Z n  2+ where the K+-stimulated 
ATPase was most severeiy depressed. Tbe K+*s~imulated component of the  ATPase 
is especially sensitive to ~ower levels of Zn 2+, Thus, elevation of the intermedia:~ at 
Z n  2+ concentrations between 0.1-0.3 m M  in presence of  K + may be explained on 
the bcsis of  inhibition of the dephosphorylation step by the heavy metal, 

The effects of MalNEt  on the hydrolysis of  ATP and level of the intermediate 
is shown in Table IV. In MaiNEt pretreate¢t membranes the K + sensitivity of  the 
imermediate, as well as the ATPase, was lost. However, the level of the intermediate 
for the MalNEt-t.~eated membranes remains almost tl-~e same as tl-at of  the control 
membranes. The re.suits strong|y suggest that  K + stimulates the hydrolysis of  ATP 
by enhancing the dephosphorT]ation of the intei'medi~te, while MMNEt specifically 
blocks or interferes with the K+-coupled step of*.he enzyme. We tested the turnover 
of the inlerrnediate f3r control and MalNEt4reated  membranes in order to get more 
fnformation about t~te mechanism of action of the ATPase. Fig. 9 shows tlmt the 
control membranes reached a new ste&dy state within a few seconds after addition of 
unlabeled ATP, whereas MalNEt-treated membranes took about 10 s to reach the 
same steady-state level. Although the difference between control and MalNEt4reated 
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Fig. Iv. E~ects o f  d/fl'crent concezmations  o f  N a F  on  the. level o f  phospho~ i~ ted  intermediaW and 
hydrolysis o f  AT]P. 2.7 Fg o f  m¢m~brane protein was proineubatod o, vith d/fl'¢rent concentrations o f  
NaF fo~ 15 rain at room temperatttre. The reactions were initiated by adding 14FM }'-[~aP]ATP and 
incubated for 30 s at room lemperature. (O), withc~t g.+; (Q), with K +. 
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membranes  appear small, it was very reproducible giving similar kinetic differences 
in four separate expe~ments. Since the ATP-hydrolytic activity in the absence of K + 
is the same for both  control and MalNEt- t reated membranes,  the apparently slower 
turnover  rate of  the MalNEt-intermediate indicates some additional site of  action of 
N-ethylmaleimide in the ATPase reaction. 

Cur  results testing the effects of  different concentrations of N a F  on the 
formatio~t of intermediate  and hydrolysis of ATP are shown in Fig. 10. In the presence 
of K +, the typical decrease in the level of the intermediate occurred with no F "  
present; as F -  concentration was increased, a small, but consistent, further drop3 in 
the level of the intermediate was observed, in  the absence of K ÷, the level of  *,he 
intermed~;~te was not affected below 0.25 m M  F - ,  whereas the l,~vel systematically 
decreased with ~igher concentrations of F - .  On the other hand,  the K÷-st imulated 
ATPase continuously decreased with an increase in F -  concentration and reaci~ed 
the basal value at 0.5 raM. The fact tha t  K + can reduce, the level of'~he intel~mediate 
at  all concentrations of F -  tested suggests tha t  F -  inhibits the K+-st imulated A T P ~ e  
by acting at a step other than the dephosphorylat ion step. 
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FiB. 11, Effects o f  i t  +, un labe led  A T P  e n d  A D P  o n  the  steady-stat~ level o f t h e  int©rmed~ate i~rroed 
by  the con t ro l  and  F - - t r e a t e d  membranes .  M © m b r a n ~  were  first pre i r ' .uba~ed wi th  and  wi thou t  
0.5 m M  Nt tF  fo r  1 $ ra in  a t  r o o m  tempera tu re .  T h e  reac t ion  m e d i u m  cow,rained 2.7 t*g pro te in  and  
7/~M ~,-[3aP].kTP. %I~e pOint o f  add i t i on  o f  un labe led  0.12 m M  AI ' •  i~i--I), 0.24 m M  A D P  ( A ) ,  
o r  2 m M  K ÷ ( O )  is s h o w n  by a r row.  
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In order to get further  insight as to the raechanism of  F -  inhibition, we studied 
the turnover  of  the F--tt~eated and control taembranes. Fig. I 1 shows that  A T P  
with K + lowers the level of  the intermediate to about  the same extent in both  F - -  
treated and  control  mernb:ranes. 

D I S C U S S I O N  

Some ATPases, such as the ( N a ~ + K * ) - A T P a s e  f rom a variety of  tissues 
[16, 17] and the ATPase of  muscle sarcoplasmic ret iculum [18] give phosphorylated 
intermediates which have b~en characterized as part  o f  the ATPase reaction. In this 
paper, ~ have describ~l  the properties of  the phosphorylated intermediate of  an 
ATPase which is associated with a light membrane  fraction isolated f rom rabbit  
gastric mucosa. This K+-st intulated ATPase is found  in oxyntic # a n d s  and, unlike 
(Na + + K  + )-ATPase, is insensitive to Na  + and  ouabain.  Mg 2+ is absolutely necessary 
for the format ion of  the gastric membrane  intermediate.  Na  +, which stimulates the 
formation oi the intermediate of  ( N a + + K + ) - A T P a s e ,  does not  do so in the case of  
the gastric ATPase; however, K + and  its analogs significantly stimulate hydrolysis of  
ATP  and reduce the level of  the intermediate for both of  these ATPases. The cationic 
affinities for reducing the intermediate and  st imulat ing gastric ATPase activity are 
about  the same. with the order of  effectiveness bzing TI + > K + > Rb + (Fig. 2). 
Al though Na + does not st imulate the hydrolysis of  A T P  for the gastric system, 
it does reduce the level of  intermediate to a small extent. At present, this latter effect 
of  Na + is not clear, but it is very different f : om what is found in the ease of  
(Na + + K  +)-ATPase. 

The relationships found between the intermediate and  ATPase give clues to 
features of  a possible reaction sequence. Mg 2+ is necessary for the format ion of  the 
intermediate, and K ~ catalyzes the dephosphoryla t ion step, which bre.aks down the 
intermediate. A simple model  for the sequence of  ATPase reaL:don which would be 
consistent with data  so far discussed can be represented as follows: 

E + A T P  M~-" ~ • > E L - P ~  E + P i  

In the first Mg2+-requiring step, the terminal  phosphate  group of  ATP  is transferred 
to the enzyme with a release of ADP.  In a subsequent step, hydrolysis of  the 
enzyme-phosphate  bond is accelerated by K +. The differential rate constants of  the 
combined steps make up a K+-s t imulated ATPase activity. Since the level of  inter- 
mediate is reduced by K + in the presence of  partially inhibitory concentrat ions of  
E D T A  (Fig. 3), it is likely that  the dephosphory |a t ion  step is independent  of  Mg z *. 

The apparent  K= for the hydrolysis of  A T P  is about  50-times higher than the 
K= for format ion of  the intermediam (Figs. 6 and 7). This might  suggest the possibility 
of  two different ©nzymes, one o f  high Ks  value and another  of  low K=. Since the level 
of  the intermediate does not  incre~xse with increasing concentrat ion of  ATP,  the low 
K,n enzyme would have to produce almost  all o f  the phosphorylated intermediate 
and  show low turnover.  Th.e high K= enzyme producing ~irtually no intermediate 
would unlikely be sensitive to K +. Under  these conditions,  it would be difficult to 
explain the enh~xiced rate of  hydrolysis by K + at higher A T P  concentrat ion using 
the two enzyme hypothesis. An alternative possibility for the apparent  differences 
in K= value is that  A T P  may have a secondary effect at higher concentrat ion,  perhaps 
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at some point  b :yond  the initial enzyme-substrate complex, which increases the 
turnover  of the enzyme. Such an explanauon would satisfy the intermediate and 
hydrolysis dat;~, at  different concentrations of  ATP, and, it also implies the involve- 
ment  of multiple steps and delicate control mechanisms for this ATPase reaction. 
It is of interest to mention that in the case of (Na+ + K + J - A T P a s e  the apparent  K= 
of ATP for phosphorylat ion catalyzed by Na + ha:~ been reported to be 300-fold 
lower than the K~ of ATP for hydrolysiq in the presence of both  Na  + and K + [19], 
and the K m for hydrolysis varies directly with concentrat ion of K + [20]. The data  of 
Post et al. [19] strongly suggest that  higher concentrations of ATP  (0.1 raM) may 
act as an activator of the ATPase in a fashion functionally distinct from its role as 
a 0hosphate donor.  

We have considered a number  of alter~lative possibilities to interpret our 
results concerning the basal and K÷-st imulated ATPas¢ and the phosphorylated 
intermediates associated with th~s¢ conditions. Our  data  do not support  the hypothesis 
that either the basal or the K +-stimuhtted ATPas¢ alone produce all the i n t e~ed i a t e s .  
In the: former case K + should not reduce *~he steady-state level of the intermediate,  
and  in the latter unlabeled ATP in the absence of K + should not reduce the steady- 
state level of the intermediate to any significant extent. On tLe contrary,  we observe 
that  in the ab..~ence of K + the steady-state level of intermediate reaches a new low 
value within a few seconds after addition of unlabeled ATP. Such results suggest that 
phosphorylated intermediates are associated with both the basal and  K+-st i lnulated 
ATPase, and that  they may share some common interrelations in the overall reaction 
seouence. Studies with inhibitors of K+-st imulated ATPase, such as Zn 2+, MalNEt  
and NaF,  further strengthen this idea. To account for some of the complexities 
introduced by these various results, we propose the following model for the gastric 
microsomal ATPase.  

E + A T P  -~ E -  ATP  M__~q.. E1 ~ P  ~ E1 + P i  

E z ~ P  ~ Ez'-~-Pi 

In this scheme, an initial enzyme-substrate complex (E-  ATP)  eventually gives rise 
to two distinct forms of phosphorylated intermediate. The basal ATPase .~ctivity is 
expressed th rough  the turnover  of E , - - P ,  and the K+-st imulated activity is expressed 
through the turnover  of Ez--P .  Since the K+-st imulated activity appears to be most 
sensitive to the higher concentrations of ATP without  any significant effect on the 
basal rate, the activating effect of  ATP, as discussed previously, may be taking place 
in the E z - - P  pathway.  

Zn 2+' Ma lNEt  and F -  have little or no effect on the basal rate of  A T P ~ ¢  
at such concentrat ions when the K+-st imulated rate is abolished. This suggests that 
the turnover  of E l - - P  remains unaffected in presence of the inhibitors. 

Elevation in the level of phosphorylated intermediate, in the presence of K ÷ 
with a simultaneous reduction c,f K+-st imulated ATPase activity at g n  z + concentra- 
tions b¢'twcen 0.1 and 0.3 m M  (Fig. 10) can be explained by an inhibitory effect of  this 
divalent cation on the K~'-stimulated dephosphorylat ion step of Ez- -P .  Similar 
results for MalNEt  pretreated membranes  (Table IV) suggest that  the K+-st imulated 
dephosphorylmion of the E z - - P  intermediate is also sensitive to this inhibitor.  



466 

MalNEt might also ha ce some effect on another step in the reztction. Since, in the 
absence of  K + there appeared to be a decrease in "the rate of  exchange with unlabeled 
ATP as compared to the untrea~ect membranes (Fig. I l), but no .effect was apparent 
on the steady-state level of intermediate or on the basal ATPase, an action of  
MalNEt on the enzyme-substrate formation step is proposed. 

Like Zn 2+ and Malt~Et, F -  also appeared to be relatively s~ecific for the K +- 
stimulated portion of  the ATPase reaction; however, F -  did not abolish the effects 
of K + on reducing the leveil o f t he  32p intermediate (Fig. I l). Thus, F -  must have its 
effect prior to the K+-dependent dephosphorylat~on of  E , ~ P ,  anct since the basal 
ATPase is virtually unvffe,~ted by F - ,  the step involving interconversion between 
E, - - P  and E2 - -P  is suggested. Although it would be erpected from ~uch an explana- 
tion that after the addition of  unlabeled ATP, the E2--P  form of' the F -  treated 
enzyme would disappear at a slower rate than the native enzyme, we could not detect 
such a distinction in the kinetic experiments (e.g. Fig. 11), possibly due to the fact that  
the time resolution was not adequate. 

It is of  interest to compare the effects of  M~flNEt in our system ~vith those of  
the (Na + q-K + )-ATPase reported by Post et al. [21 ]. ih  both cases, the intermediates 
derived from the MaINEt treated membranes lose their sensitivity to K + .  However, 
the effects of  A D P  on the MaINEt-poisoned preparation is quite different for the 
two systems. In the case of  (Na + +K+)-ATPase ,  A D P  had no signifithant effect on 
the steady-state level of  in terme~ate  derived from the native enzyme, but had a 
dramatic effect in reducing the level of  the intermediate from NEM-poisoned 
membranes. In our system, we find that ADP lowers the level of  the ~intcrmediate 
from both native and MalNEt treated membranes, and to about the ~ame extent. 
Also, oligomycin, which has been reported to have effects similar to MalNEt on the 
(Na + -kK+)-ATPase [21 ], shows no appreciable effect on the K+-stimula~ed ATPase 
system of  gastric microsomes (unpublished observation). Thus, in spite of  certain 
simi!ari~ies between these two ATP utilizing systems, there clearly exist some very 
fundamental differences in specific mechanisms of  these enzymes. 

In a previous study, it was shown by sodium dodecyl sulfate acrylamide gel 
electrophoresis that the ~2P-intermediatc of gastric microsomes migrated a~ a major 
band of  90 000-100 000 daltons [3]. The molecular size of  this presumed s~bunit of 
the gastric ATPase molecule is very simila:' zo that  of  the (Na + -FK+)-ATP,ase or of 
the ATPase of  sarcoplasmic reticulum. For these latter systems, specification of  
aspartyl phosphate [22 ], as well as numerous other similarities of  amino acid sequence 
surrounding the active phosphoenzyme site [12], represent a rather intrigLAng set of  
comparisons for the two ion transport  enzymes. Since the gastric ATP~se, which 
may be involved in son~ K+/H  + transport process in the oxyntic cell, a!so shares 
some common features with the (Na+q-K+)-ATP;tse ~.nd the Ca2"~-ATPase, it is 
tempting to speculate on the principles of  commonality which may underlie the 
function of  the various membrane transport proteins. However, before such an 
analysis could proceed with any real meaning, it will be essential to have a more 
complete assessment of  the kinetic mechanisms and molecular architecture of the 
transport  enzymes. 
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W e  g r a ~ : e f ~ l y  a c k n o w l e d g e  t h e  sk i l l fu l  t ~ h n i c ~ l  a s s i s t a n c e  o f  J e a n  P o u l t e r .  
T h i s  w o r k  wa~: s u p p o r t e c [  in  p a r t  b y  a g r a n t  f r o m  t h e  U . $ .  P u b l i c  H e a l t h  Se, rvice ,  
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