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The e f f ~  of Mg 2+ and nudeofides on the ~ p h o ~ i a t i o n  ~ e s s  ~ the (K++ H +)-ATPa~ 
phosph~nzyme h ~ e  ~ e n  s ~ .  Phospho~lafi~ ~ [ ~ A T P  ~ ~ o p ~ d  e~her ~ ~ f i o n  of 
n o n - r ~ f i ~  ATP ~ ~ ~ m ~ g  ~ Mg 2+ ~ EDTA. The ~phosphofflafion p r ~ s  is ~ow ~ d  
m o n ~ x ~ n f i ~  when ~phosphofflafion ~ inifia~d ~ AT~  When phospho~lation ~ s~pped ~ 
com~e~ng of Mg 2+ the ~phosphofflation pr~ess is fa~ and ~ n f i ~ .  The ~ p a n ~  ~ d  ~ 
~ p l a i n ~  ~ a nucleofi~ m ~ i ~  i~hibiti~ ~ the ~phosphofflafion ~ e ~  The 10.s for ATP fer this 
~ f i o n  is ~1 mM and th~ f ~  ADP ~ ~7  raM, sugge~ing that a l o w - ~ f i ~  ~n~ng ~ ~ ~v~ve& 
When Mg 2+ ~ present in m f f i i m ~  concen~ations ~ ~ f i o n  to the nud~tides the ~phospho~lation 
~ s  ~ e n h ~ c ~ .  E v ~  ~ s  ~ e n  o b ~ i ~ d  ~ Mg 2+ ~ t ~ ¢ u ~  ioweri~ ~ e  ~ f i ~  ~ r  ATP. In 
con~a~ ~ K +, Mg 2+ d ~ s  not s f i m ~ e  ~ o ~ l a t i ~  ~ the absence ~ n ~ l ~ f i ~  Mg 2+ and 
nudeofi~s show ~ e  ~me  ~ c f i o n  in ~ e  ~ m ~ o f f l a f i o n  p m ~  ~ a p h o s p h ~ y m e  ~ r a t e d  from 
~ n i c  phospha~ The~ findin~ ~ e ~  the p r e ~ e  ~ a ~ a f f i n i ~  n u d ~ f i ~  binding ~ e  ~n the 
p h o s ~ o e ~ y m ~  ~ ~ ~und ~ ~ e  (Na + + K+)-ATPase ~ m ~ y m ~  This I o w - ~ f i ~  b ~  ~ mw 
~ncfion ~ a ~ k  me~a~sm ~ pm~n ~ s ~  

I n ~ f i ~  

Recently we reposed on the dephosphorylation 
behaviour of the (K÷+ H+~ATPase phosphoen- 
zyme [1]. Dephosphorylation of the ~P-labded 
phosphoenzym~ initiated by adding millimolar 
ATP in the presence of micromolar Mg 2÷, could 
be stimulated by ADP, giving direct evidence for 
the exi~ence of an ADP-senfitive phosphoen- 
zyme. A discrepancy was observed between the 
kinetics of dephosphorylation in the presence of 
eRher CDTA or rnillimolar ATP. In the presence 
of CDTA dephosphorylation was faster than with 

Abb~fiafion: CD~, ~ 1 2 ~ ~ ~  tetra- 
~ 

ATP and no s t i m d ~ g  effect of ADP was ob- 
J .  

In the present paper we show ~ u ~  on de- 
~ o ~  ~ ~e  (K ÷ + H+kATP~e  p h ~  
phoenzyme in w~ch we have tried to d u d d a ~  the 
discrepancy b~ween ~ p ~ ~ a ~ n  in the 
presence of ATP ~ d  EDTA (or C D ~ ) .  

M ~ e d ~ s  and M e ~ s  

Enzyme preparation 

A (K++H+~ATPase  c o n t ~ n g  membrane 
fraction ~ ~ e d  from pordne ga~ric mucosa as 
described before [1]. The ~ e d  preparation is 
stored at - 2 0 ° C  in 0.25 M sucrose. The specific 
a c t i ~  of the enzyme preparation ranges from 90 
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to 130 # m o l . h - ~ . ( m g  protein) -~ (determined 
according to Lowr~ using bovine serum albumin 
as a standard) and the phosphorylation capadty  
with ATP ranges from 700 to 1200 pmol .  (rag 
protein) ~. 

Phosphorylation experimen~ 
P h o s p h o r ~ n  w i ~  ATP is carried out by 

a d ~ n g  50 ~1 membrane suspenfion (10 ~g pro- 
t i n )  to 50 ~1 phosphor~at ion me~um.  The f in~ 
m i x ~  contains 50 mM i m i d a z ~ H C 1  (pH 7.~, 
7 15 ~M Mg 2÷ (including 5 ~M added Mg 2÷) 
and 5 ~M [ ~ A T E  When other con~fions  are 
used t~s  is mentioned ~ ~ e  text. A~er  10 s at 
20 °C the reaction is stopped and f u r ~  p r o c e e d  
as described before [1]. 

Phosphor~at ion with 3 ~  is carried out by 
a d ~ n g  50 ~1 membrane suspenfion (10 ~g pro- 
ton)  to 50 ~1 phosphor~at ion m e , u r n .  The fin~ 
m i x ~  cont~ns 50 mM i m i d a z ~ H C 1  (pH 7.~, 
50 ~M Mg 2÷ and 50 ~M 32~. After 10 seconds at 
20°C ~ther  ~ e  reaction is s ~ pped  imme&ately 
or dephosphor~at ion ~ ~ i f i a ~ &  by ad~t ion  of 
11 ~1 20 mM non-ra&oactive ~.  S top~ng and 
further processing of the sampl~  is p~fo rmed  as 
described above. 

Phosphorylation Nanks are prepared by add~g  
the enzyme to the s top~ng  reagenL after w~ch  
• e phosphorylation m e ~ u m  is added. 

Dephosphory~t~n of ~e (K + + H +)-A TPase 
phosphoenzyme 

Dephosphorylation of the 3ZP-~b~ed enzyme 
is initiated in three different ways: 

(1) D~ufion of the tracer by addition of 11 ~1 
10 mM non-radioactive ATP plus possible 
additions to 100 ~1 incubation mixtur~ 

(2) Comp~xat ion  of Mg ~+ by add~ion of 11 ~1 
10 mM EDTA plus pos~ble additions. 

(3) Substrate and cofactor dilution as in method 
1 or 2, in combination with a 20-f~d increase of 
the reaction v ~ u m ~  

The third m ~ h o d  is used to study dephos- 
phor~at ion  in the presence of micromolar ATP 
concentrations. The concentrations mentioned in 
the text are all final concentrations. Dephosphory- 
lation blanks are prepared by mi~ng  phosphoryla- 
tion- and dephosphorylation medium, after which 
the enzyme is added. After 20 s reaction the 

~ l f i n g  ~ c o r p ~ a t i o n  is determined as 
described above. 

Calcu&tions 
Concen~ations of free Mg 2+, free ATP and 

MgATP are c N c d a ~ d  ufing smbNff  constants 
de~rmined in 0.1 M KC1 at 20°C, Nven by S~ldn 
and M a ~ d l  [2]. For the equilibrium constants of 
the first and second promnafion step of ATP 4- 
the vNues are 6.5 and 4.05 and for comp~xat ion 
of ATP ~- and ATPH 3 with Mg 2+ vNues of 4.00 
and 2.00 are used. 

R e s ~  

The m ~ n  purpose of t~ s  study is to ~ v ~ t i g ~ e  
the dephosphorylation process of the (K ÷ + H÷)  - 
A T P a ~  phosphoenzyme. Howev~  we have first 
determined the K m for ATP in the phosphoryl~ 
tion reaction in order to establish ~ e  m i ~ m ~  
ATP concentration that is saturating to ~ve  full 
phosphoryht ion of all availab~ fi~s. 

Fig. 1 shows ~ a Sca~hard p ~ t  the phosphory- 
lation l e v i  as a function of the ATP concentra- 
tion. For various enzyme samp~s a v~ue  for the 
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~g. 1. ATP dependence of the phospho~lation reaction of 
(K + + H ÷ ~ATPase. (K + + H + ~ATPase preparation ~ #D is 
incubated ~r 10 s at 20°C in a 200 ~1 v~um~ contai~ng 50 
mM imidaz~HC1 (pH 7.0), 1 mM Mg 2+ and [ ~ A T P  m 
concentrations ran~ng ~om 0.02 to 1 ~ ~ M. Fu~her proce~ing 
of the sam~es ~ as described in M~eri~s and M~hods. 



g m for ATP has been d~ermine& gi~ng an aver- 
age v~ue of 0.016 ~M (S.E. = 0.(02, n = 5). This 
v~ue is at ~ast  5-times lower than the K m v~ue 
of 0.1 ~M reposed  by Ray and Forte [3]. 

F ig  2 shows the dephosphorylation kinetics of 
the ( K ÷ + H + ~ A T P a s e  phosphoenzyme in the 
presence of 1 mM EDTA, 1 mM ATP or 1 mM 
ATP plus 5 mM Mg ~÷. The concentration of 
Mg 2+ during phosphorylation is 7-15 ~M. In the 
presence of ATP ~one  the dephosphorylafion pro- 
cess is ~ow and monoexponenti~ with a rate 
constant of 0.36 min -~. From earlier ~udies [1,~ 
we know this occurs when the ADP-senfitive 
phosphoenzyme (E~P) and the K%sensitNe one 
(E2P) dephosphorylate with the same rate con- 
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N ~  2. E f ~ s  of E D ~ ,  ATP and Mg ~+ on the dephosphory- 
Nfion ~te. S ~ a d ~ e  ~ o ~  le~ls are ~ n ~ a ~ d  
~ ~ ~ ~ W ~ f i ~  ~ 10 s ~ ~ * C  ~ a 
m ~ i u m  ~ n ~  5 ~M Mg ~+, 5 ~M [ ~ A ~  ~ d  50 
mM ~ d ~ l  ~ H  7 ~  D ~ ~ n  ~ ~ by 
ad~fion of 1 mM E D ~  (©), 1 mM ATP ~ )  ~ 1 mM ATP 
Nus 5 mM ~ +  ~ ~ the de,red ~nNh of time (10 s-6 
~ ,  d ~ h o w ~ n  is ~ t ~  by ~e  ~ f i o n  of ~e  
~opNng ~ a ~ m .  Fu~her p ~ g  of ~e  s ~ N e s  ~ as 
~ b ~  ~ M~e~Ns ~ d  M ~ h ~  1 ~  EP ~ p ~ m s  ma~- 
mM ~ o ~  c ~  of the e~yme  ~ a f i ~ .  
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stanL i.e., k 3 = k_ 1 in Scheme I. 

k_ 1 k~ k 3 
~ E~P ~ E : P ~  

k .  2 

Scheme I. 

In the presence of EDTA a curved line is 
obtained showing a fast phase (3.8 min-1) and a 
~ow phase (0.5 min-~). E~den t~  in this cond~ 
tion k 3 and k_l  are not idenfic~. The same curve 
is obt~ned in the presence of CDTA. 

From Fig. 2 ~ becomes clear that dephosphory- 
lation in the presence of ATP or EDTA are essen- 
t i~ly dif~rent processes. It is impo~ant to estab- 
fish whether EDTA stimulates the dephosphoryla- 
tion process in an abnorm~ way or whether ATP 
in millimolar concentrations inhibi~ dephos- 
phorylation. Therefore we ~ud~d  the dephos- 
phorylafion process in the presence of 1 mM 
EDTA plus ATP in concentrations ranging ~om 5 
~M to 5 mM (Fig. 3). Due to the presence of 
EDTA, phosphorylation is stopped suffidently. 
The ATP concentration during phosphorylation is 
0.5 ~M. Fig. 3 shows that increafing the ATP 
concen~ation during dephosphorylation causes an 
increasing inhibition of the dephosphorylation 
process. A h ~ m a x i m ~  concen~ation (I~5) for 
ATP of 0.1 mM is c~culated. ADP has a fimilar 
inhibitory effect (data not shown) with an I0. 5 
v~ue of 0.7 mM. 

Fig. 2 ~so shows the effect of Mg z+ on the 
dephosphorylation beha~our  of the ( K + +  H + ~  
ATPase phosphoenzyme. When 5 mM Mg 2÷ is 
present in addition to 1 mM ATP, the dephos- 
phorylation process is the same as in the presence 
of EDTA. Increasing the Mg 2+ concentration ~om 
15 ~M to 5 mM changes the kinetics of dephos- 
phorylation g r a d u ~  from the slow, monoex- 
ponenti~ proces~ observed in the presence of 
ATP ~on~  to a fast doub~ exponenti~ proces~ 
fike in the presence of EDTA. The stimulatory 
effect of Mg 2÷ is ~so observed when ADP is 
present instead of ATP. 

In F~s. 2 and 3 two impo~ant phenomena are 
observed: (1) nudeotides inhibit the dephosphory- 
lation process of the ( K + +  H+~ATPase phos- 
phoenzym~ (2) Mg z+ abol~hes the inhibitory e~ 
fect of nucleofide~ 

We conclude that the inhibitory effect of 
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~ 3. Concen~afion dependence of ~e  ATPqnM~fion on 
d e p h o s p h o ~ l ~ m  S ~ a d ~ e  phospho~lation ~vds are 
generated by ~eating ~e  enzyme preparation for 10 s at 20°C 
in a me~um contai~ng 5 #M Mg 2+, 0.5 #M [ ~ A T P  and 
50 mM imidaz~HC1 (pH 7~). Dephospho~lation is started 
by ad~t~n of 1 mM EDTA (~) or 1 mM EDTA p~s ATP ~ 
• e concen~afions: 0.005 mM (~), 0~5 mM (aL 0.1 mM (©L 
0.2 mM (~)  or 5.0 mM (~). Dephosphor~ation ~ termina~d 
as described in the ~gend ~ Fi~ 2. R~e con~an~ ~ r  depho~ 
phowlation are d~ermined from phosphoenzyme ~vds after 
10 s dephospho~lation. In this period of time dephospho~la- 
tion is finear under all ~rcum~ances of ~e  experime~. 1~5 
v~ues ~r  ATP and ADP have been c~c~a~d from Scatchard 
plots showing ~e  i~tial dephospho~htion rate as a function 
of ~e  ATP or ADP concen~ation. 100% EP represents ma~- 
mM phospho~lation c a p a ~  of the preparation. 

nucleotides occurs through low-affinity binding 
([ATP]0.5 = 0.1 mM) to a nudeotide binding rite 
on the phosphoenzyme. Three posfible explana- 
tions are proposed for the activating action of 
Mg ~+ on dephosphorylation: 

(1) Mg 2+ complexes ATP and thus the con- 
centration of free ATP is lowered. Free ATP would 
be an effective inhibitor and MgATP not or much 
less. 

(2) Mg 2+ decreases the ATP effect by lowering 
the affinity for ATP binding at the nucleotide rite. 
According to this model an effect of Mg 2÷ on the 
10. 5 value for ATP is expected. 

(3) The effect of Mg 2+ is not rdated to the 
presence of nucleofides. In other words Mg 2+ 
exerts a general K+-like effect by inducing a con- 
formational change of the enzyme and thus pro- 
moting the hydrolyfis of the phosphoenzyme. 

To investigate the validity of explanation 1 we 
have measured the initial rate constants of de- 

phosphorylation in the presence of three ATP 
concentrations ( tot~ concen~ationO and varying 
Mg 2 ÷ concentrations (Fig. 4). These rate constants 
have been plotmd ag~n~  the concentrations of 
f e e  Mg 2÷ (Fig. 4A), MgATP complex (Fi~ 4B) 
and free ATP (Fig. 4C), which concenvations 
have been c~culated ufing the stability constants 
for the MgATP complexes [2]. Posfib~ binding of 
Mg 2÷ to the enzyme is not included in the c~cula- 
tions, but is not of much impo~ance at the used 
enzyme concentrations (1-2 #M). 

Fig. 4A shows the effect of flee Mg 2÷ con- 
centrations on the initi~ dephosphorylafion rate. 
The h ~ e f f e c t i v e  concentration (K~5) of Mg 2÷ 
increases with increasing ATP concentration from 
0.1 mM at 0.1 mM ATP to 0.24 mM at 1 mM 
ATP (Fig. 5A). Figs. 4B and 4C show that there is 
no ~m p ~  rdation between the dephosphorylation 
rate and the concentration of tither MgATP or 
free A TE At a spedfic concentration of free ATP, 
obt~ned by different combinations of tot~ ATP 
and Mg 2÷, different rate constants are obt~ned. 
Therefore the assumption that Mg 2+ antagon~es 
the effect of ATP fimply by c o m p ~ n g  f e e  ATP 
can not be valid. 

Fig. 5B shows that the I0. 5 v~ue for ATP 
increases with increa~ng Mg 2÷ concentration. In 
this experiment 10-s dephosphorylation levds have 
been taken, under which drcum~ances the rate of 
dephosphorylation is ~near on a semilog sc~e. 
Moreover the K0. 5 v~ue of Mg 2÷ increases with 
increasing ATP concen~ation. The antagonistic 
effects of Mg 2÷ and ATP are in line with explana- 
tion 2. However fince K ÷ has fimilar antagonistic 
effects towards ATP (Figs. 5A and 5B), explana- 
tion 3 is not excluded. 

K ÷ not only affects binding of nudeotides to 
the enzyme but ~so induces a conformation~ 
change which leads to ~imulation of dephos- 
phorylafion and is ~so observed in the absence of 
ATP [5,6]. We therefore would ~ke to study the 
effect of Mg 2÷ on dephosphorylation in the ab- 
sence of nu~eotide~ 

Two methods e~st to initia~ dephosphoryla- 
tion: (1) Dilution of [y-~P]ATP by addition of 
non-radioactive ATP, after which dephosphor~a- 
tion of the nP- labded  enzyme can be studied. (2) 
Chdation of Mg 2+ ions, which are essenti~ for 
phosphorylation. In this way phosphorylation 
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Fi~ 4. Dephosphorylation of the (K++  H + ~ATPase phosphoenzyme in the presence of various ATP and Mg 2÷ concentrafiong 
Steady-state phosphorylation Mvds are generated as described in the Mgend to Fig 2. Dephosphorylation ~ initiated by addition of 
0.1 mM ATP (~), 0.3 mM ATP (©) or 1D mM ATP (~) (fin~ concen~afions of total ATP presen 0. Mg ~+ is included in the 
dephosphorylation mixture in coneen~ations, ranging from 0 to 5 mM. Rate constants for dephosphorylation are cMculated as 
described in the legend to Fig 3. Dephosphorylation rate constants are plotted agMn~ concen~afions of ~ee Mg 2+ (A), MgATP (B) 
and of ~ee ATP (C), which values have been cMculated by use of stabifity constants for the MgATP compMxes as described in 
MatefiMs and Method~ 

Fig 5. Mutu~ effects of K + and Mg 2+ vs. ATP on the dephosphory~tion proces~ Phosphoenzyme is generated from ATP as 
described in the legend to Fig 2. Dephosphorylation ~ initiated by addition of ATP in concen~afions from 0~5 to 1~ mM, in the 
presence of various Mg 2÷ (O) or K + concen~ations (0). K0. 5 values have been tabulated from Sca~hard plo~ showing the initi~ 
dephosphorylation rates as a function of the Mg z+, K + or ATP concentrations. Initi~ rate constants for dephosphorylation in the 
presence of Mg 2+ have been ca~ula~d as described in the ~gend to Fig. 3. For the K + ~imulated dephosphorylation initi~ rate 
constants have been calculated by taking 2,s dephosphorylation ~vd~  In this period dephosphory~tion is not quite hnear on a 
semflog plot, especially not at high K+-concentration~ The actu~ K~5 v~ues wiU thus differ flighty from the c~culated values. (A) 
K0~ values for Mg ~+ and K + plotted as a function of the ATP concentration. (B) lo. 5 v~ues for ATP plotted as a function of the 
Mg :+ or K + concentration. 
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stops c o m p ~ t ~  Confidering the nature of the 
two methods it is ob~ou~y  imposfib~ to study 
the effect of Mg 2+ in the a b s ~ u ~  absence of 
nucleofides. Therefore we have initiated dephos- 
phorylation by adding a microm~ar concentra- 
tion of ATP (m~hod 3, M~er i~s  and Methods). 

Fig. 6 shows the dephosphorylation of a phos- 
phoenzym~ genera~d from 0.25 ~M ATP, a con- 
centration which is low, but saturating to ~ve  the 
m a ~ m ~  s~ady-s ta~ phosphorylation levd (Fig. 
1). Dephosphor~afion ~ initiated by 20-fold dilu- 
tion of the 50 ~l phosphor~afion medium in 
combination with tracer dilution or Mg ~+ com- 
plexafion (method 3 in Matefi~s and M~hod~.  
The concentration of non-radioactive ATP used 
during dephosphorylation is 5 ~M. As a conse- 
quence [y-nP]ATP is ~ l u ~ d  suffidenfly (20 × 20 
= 400 fime~ during dephosphor~afion to enable 
~ud~ng  this process c o ~ e ~ .  Fig. 6 dearly shows 
that dephosphorylation in the presence of 2 mM 
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~ 6. Effect of various figands on dephosph0rylation ~ ~e  
presence of m~rom~ar ATE Phosphoenzyme ~ genera~d by 
incubating (K + +H + )-ATPase (5 ~D ~ a 50 ~l v~ume con- 
taimng 50 mM imidaz~HCl  (pH 7.0), 1 ~M Mg 2+, ~25 ~M 
[ ~ A T E  Dephosphory l~n  ~ i~t i~ed by ad&fion of a 
v~ume of 950 ~l, c o m ~ n g  2 mM EDTA (©), 5 ~M ATP 
(@L 5 ~M ATP ~us 0.1 mM EDTA (~), 5 ~M ATP ~us 10 
mM Mg 2+ (~), 5 ~M ATP ~us 5 mM K + (~). ~op~ng  of ~e  
reaction and further processing of sam~es is as described in 
the kgend ~ Fig. 2. 100% EP represems ma~m~ phosphoryl~ 
fion capacity of ~e  enzyme preparation. 
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Fi& 7. Effect of various figands on dephosphorylation of a 
phosphoenzym~ generated from ~. Phosphoenzyme ~ gen- 
era~d by incubating a (K + + H + ~ATPase preparation (10 ~g) 
in a v~ume of 100 ~l, cont~ning 50 mM imidaz~HC1 (pH 
7.0L 50 ~M Mg 2+ and 50 ~M ~. After 10 s at 20°C 
dephosphorylation is initia~d by addition of 2 mM ~ (~), 2 
mM ~ + 5  mM EDTA (C)L 2 mM ~ + 5  mM Mg 2+ (~), 2 
mM ~ ÷5 mM ATP (~) or 2 mM ~ +5 mM K + (~L Stopping 
of the reaction and fu~her processing of the samples ~ as 
described in the legend to Fi& 2. 100% EP represents a 
~ P-incorporation of 420 pmol per mg proto~ 

EDTA, 5 #M ATP ~one or 5 ~M ATP plus 0.1 
mM EDTA ~ the sam~ suggesting that ~P-incor- 
poration is stopped suffioenfly and that a con- 
centration of 5 #M ATP is not inhibitin& The 
latter observation is not surpri~ng as we de- 
termined an 10. 5 v~ue of 0.1 mM for the inhibi- 
tory effect of A T E  When 10 mM Mg 2÷ is in- 
cluded with 5 #M ATP, no ~gnificant stimulation 
is observed, whi~ K ÷ has an accelerating effect 
(Fig. 6). Hence it is concluded that the stimulatory 
effect of Mg 2÷ in contrast to that of K ÷, depends 
on the presence of nudeotides and the effect of 
Mg 2+ cannot be a gener~ K+-like effect as ex- 
planation 3 assumes. 

More efidence for this conclufion is obt~ned 
in the experiment of Fi~ 7, which shows the 
dephosphorylation kinetics of a ( K + +  H +~  
ATPase phosphoenzym~ generated from 50 ~M ~ 
in the presence of 50 ~M Mg 2+. It ~ shown that 
ATP ~so stabihzes this phosphoenzyme (10. 5 = 



0.45 mM). Mg 2+ here ~ o  abolish~ the ATP 
effect (not shown). When dephosphorylation is 
inif iaed wilh 2 mM ~ no diff~ence in dephos- 
phorylation behafiour is observed w h ~ h ~  50 ~M 
Mg ~+, 5 mM EDTA or 5 mM Mg 2+ are present. 
On the other hand K + s t i m ~  the dephos- 
phorylation. Thus in the absence of nudeotides 
Mg ~+ does noL ~ con~a~  to K ÷, ~ i m ~ e  de- 
phosphorylation of a phosphoenzyme, generamd 
~om d t h ~  ATP or ~.  

Discussion 

This paper shows two impoRant phenomenm 
which may hop  Io d u o d a m  the mecha~sm of 
action of the (K + + H+~ATPasm Firstly, e~dence 
is ~ven for ~w-affiniff  bin&ng of nudeo t id~  to 
the phosphoenzyme and secondly Mg 2+ is ab~ to 
abolish this e f ~ ,  thus stim~ating dephosphory- 
lation. 

The reduction of the dephosphorylation rate of 
the ( K + +  H+)-ATPase phosphoenzyme by ATP 
demon~rams that ATP binds to the phosphoen- 
zyme. That lhe ATP ~ is functionally ~g~fi-  
cant and not due to non-spedfic ~nding is indi- 
cated by the different efficacies of the tested 
nudeot id~ .  Io.s v ~ u ~  of 0.1 mM ATP and 0.7 
mM ADP have been demrmined. 

In ~ u d i ~  on (Na + + K+~ATPase ~milar phm 
nomena have been observe& Askafi and Huang 
[7] have reposed  inhi~tion of dephosphorylation 
of a ( N a + +  K+~ATPase phosphoenzyme, gener- 
ated ~om ~,  by nudeotides on a ~ w - a f f i ~  ~te. 
The phosphoenzyme generated ~om ~ in the 
~u&m of Askafi and Huang is nother  K + nor 
ADP sen~tN~ but as phosphorylation by ~ is at 
the same ~te as with ATP, the repoRed phenom- 
ena may neve~hdess be ~milar to our t in,rigs.  
Moreover Fukushima et ~.  [8] have ob~rved sta- 
bfl~afion of a phosphoenzymm generated from 
A T E  by nudeof id~  on a low-affiniff ~te. In thor  
~ u ~ e s  Mg 2+ ~so decreased the nudeotide effecL 
as ob~rved for the ( K + +  H + k A T P a ~ .  In both 
papers the repoRed phenomena have been corre- 
lated with the ~ w - a f f i ~  for ATP in the overall 
K ~ s t i m ~ a e d  reactiom ~though lhe r e s ~  c o d d  
not completdy be expl~ned ~ this fashiom Wilh 
respe~ to ( K + +  H + k A T P a ~  it seems ~ c ~  m 
make the same co,clarion.  
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The 10. 5 for ATP in the dephosphorylation of 
the (K + + H+FATPase phosphoenzyme is f imi~r 
to the K m of the low-affinity ATP effec~ detected 
by kinetic ~udies on the K~stimulated M g  2 ~  

ATPase acti~ty of ( K + +  H+kATPase  (0.2 raM, 
ReE 9). A low affinity for ATP and ADP has ~so 
been observed in ~udies on the A T P / A D P  ex- 
change reaction (0.12 mM, Ref. 10). However it 
seems paradoxic~ that ATP binding to the phos- 
phoenzyme s t a b i l e s  it, while the overall ATPase 
reaction is enhanced at a low-affinity fi~. 

In this regard it is important to fecal  that in 
pre¼ous studies, inhibition by high ATP on the 
overall ATPase reaction has been reposed [11]. 
From the pubfished data we roughly estima~ a 
K ~  v~ue of 0.1 mM for the inhibition. This 
apparently high v~ue has been determined in the 
presence of 20 mM K + and 3 mM Mg ~+, both of 
which have been shown to decrease the affinity for 
ATP (Fig. 5). High ATP concentrations inhibit 
Mso the A T P / A D P  exchange reaction, probably 
in the same manner. K0. ~ v~ues for the inhibition 
are estimated by us to 0.5 mM [10] and 0.3 mM 
[12]. 

T~e second impoRant observation in this paper 
is the fact that Mg 2+ counteracts the inhibitory 
effect of nudeotides. It appears unlikdy that Mg 2+ 
acts through comple~ng ATP: no dire~ rdation- 
ship between ~ee ATP and the inifi~ dephos- 
phor~at ion rate e ~  The I0. s v~ue for ATP 
decreases with increasing Mg 2+ (and K+). This is 
not merdy an effect of ionic ~rength as we did 
not observe any effect with choline. We assume 
that lhe low-affinity binding of nudeofides is 
hindered by the binding of Mg 2+. In this way 
Mg 2+ and K + act ~milarl> However Mg z+ does 
not a c t ~ m ~ a r  to K + in all aspens: only K + 
directly stimulates dephosphorylation in the ab- 
sence of nudeotides. Mg 2+ is not able to perform 
the same action. 

Antagonistic effects of K + and ATP and 
of Mg ~+ and ATP have been reported before. 
Schfijen et ~. [13] observed in ~udies on 
butanedionoinacfivation that K + and Mg 2+ lower 
the promctive action of nudeofides ag ~n ~  in- 
activation. In a study on inactivation of the (K + + 
H+kATPase  by 5,5'-dithiobis(2-ni~obenzoic acid) 
(DTNB) it has been observed that ATP proteus 
a g ~ n ~  the K~sfimulated enhancement of in- 
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activation [1~. Moreover K + lowe~ the K~ for 
ATP in the net ~anspo~ process [15] and the 
over~l ATPase reaction [16]. 

The findings in this paper shed new fight on the 
fact that an ADP~enr t ive  phosphoenzyme could 
not be detected initially. ADP can have two eG 
fects on dephosphorylation: (1) a sfimulatory eG 
~ct  which is d ~ e ~ e d  when the rate constants of 
hydrolyfis of the two phosphoenzymes ( k  3 and 
k_~) are equ~ [1]; (2) an inhibitory effect as 
shown in this pape~ which is a gener~ nudeotide 
effec~ This ef~ct  can be observed when dephos- 
phor~afion ~ initia~d in the presence of tither 
CDTA or miHimolar ATP plus Mg 2+. It might be 
that under those condition~ gener~ly used by 
other authors [5,6,17] the stimul~ory effect of 
ADP is overru~d by the inhibitory ef~ct  of ADP. 

From the presen~d results on inf rac t ion  of 
Mg 2÷, ATP and K ÷ with the (K + + H÷)-ATPase 
the following reaction sequence is summarized 
(adap~d from the model proposed by Ljungs~tm 
et ~. [9,15]. Much of the e¼dence for this modal 
(Scheme II) has been pubfished dsewhere 
[6,%1&17]. 

~*...._.. E HtAT ~ M~÷~AH~DP 
~ow a~i~ 'y 

Scheme II. 

The first step in the sequence is binding at the 
enzyme of a cytosol~ proton, forming a comp~x 
which binds ATP at a high affinity site. After 
binding cf Mg ~÷, ATP b~eaks down forming an 
E - P . H + - A D P  comformation of the enzym~ 
Whether Mg ~+ rem~ns bound at the enzyme has 
not been proven as yet. The enzyme is 
phosphorylated at an aspa~yl re rdue  [181. Evi- 
dence for this step and the subsequent rdease of 
ADP ~ the occurrence of an A T P / A D P  exchange 
reaction [10,12]. An ADP senrfive phosphoen- 
zyme (E~ P) has recently been de~cted [1]. 

ADP ~aves the phosphoenzyme ~om a low-a~ 
finity rite whi~ H + remNns bound [17]. As pro- 
posed by Scarborough [19] E~P is the conforma- 
tion of the phosphoenzyme ~om which ADP has 
dissodated but which has not yet moved into such 
a conformation to make hydrolyrs  of the aspartyl 
phospha~ possibl~ We assume ~ a b ~ a t i o n  of the 
phosphoenzyme by nudeotides occurs in this stage 
of the reaction cycle. Nudeotides bind at the 
low-affinity nudeotide rite, thus hindering the next 
step. Mg 2+ and K + decrease the affinity for 
nudeotides and consequently ~imulate dephos- 
phorylation. 

The overN1 ATPase reaction measured as the 
rdease of ~,  ~ a complex reaction as subs~ate 
(ATP) and cofacto~ involved (K ÷, Mg ~+ and 
H ÷) have both stimulating and inhibiting effects. 
OpfimN conditions for the ATPase reaction are 
obt~ned at such a pH and K÷-concentration, 
wh~h provide suffi~ent turnover of the phos- 
phoenzym~ whi~ the rate of phosphorylation is 
not too far decreased [9]. It is assumed that at the 
opfimN K + concen~ation the rate of phosphory- 
lafion is rate fimiting for the overM1 ATPase reac- 
tion [6]. Mg 2+ plays its own spe~fic role in this 
process. It is essentiN for phosphorylation [3] and 
stimulates dephosphorylation as shown in this 
pape~ At high A T P / M g  ~+ ratios, ATP will bind 
to a low-affinity site on the phosphoenzyme and 
will thus slow down the rdease of ~.  Thus it 
functions as a conUol mechanism at the E-P- H ÷ 
rather than the E.  K ÷ stage. Actually inhibition at 
the E-P. H ÷ levd may serve as a feed-back mech- 
anism in proton Uanspo~. 
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