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(1) Effects of various cations on the dephosphorylation of (Na++ K +)-ATPase, phosphorylated by ATP in 
50 mM imidazole buffer (pH 7.0) at 22°C without added Na +, have been studied. (2) The dephosphorylation 
in imidazole buffer without added K + is extremely sensitive to K +-activation (Kin K +-- 1 ~tM), less sensitive 
to MgZ+-activation (Km Mg2+= 0.1 mM) and Na+-activation (K m Na+= 63 raM). (3) lmidazole and Na + 
effectively inhibit K +-activated dephosphorylation in linear competitive fashion (K i imidazole 7.5 mM, K i 
Na + 4.6 mM). The K i for Na + is independent of the imidazole concentration, indicating different and 
non-interacting inhibitory sites for Na + and imidazole. (4) lmidazole inhibits Mg2+-activated dephosphoryla- 
tion just as effectively as K +-activated dephosphorylation, as judged from the K i values for imidazole in the 
two processes. (5) Tris buffer and choline chloride, like imidazole, inhibit dephosphorylation in the presence 
of residual K + ( <  1 I~M), but less effectively in terms of 15o values and extent of inhibition. Tris inhibits to 
the same extent as choline. This indicates different inhibitory sites for Tris or choline and for imidazole. (6) 
These findings indicate that high steady-state phosphorylation levels in Na+-free imidazole buffer are due to 
the induction of a phosphorylating enzyme conformation and to the inhibition of (K ++ Mg2+)-stimulated 
dephosphorylation. 

Introduction Materials and Methods 

Recently [1] we have detected that the buffer 
cation imidazole-H + permits (Na + + K +)-ATPase 
to be phosphorylated in the absence of Na + at low 
Mg 2+ concentration (0.1 mM). This has allowed us 
for the first time to study the effect of Na + on the 
dephosphorylation step without disturbance by its 
strong activating action on the phosphorylation 
step. We have also been able to determine the 
effects of buffer cations on the dephosphorylation 
reaction in the absence of Na+. 

* This article is No. 59 in the series 'Studies on (Na ÷ + K + )- 
activated ATPase'. 

Isolation of a purified preparation of (Na++ 
K+)-ATPase from rabbit kidney outer medulla, 
removal of contaminating ATP, washing and stor- 
ing of the preparation (in 10 mM imidazole-acetate 
(pH 7.0), 0.25 M sucrose and no CDTA) and 
determination of protein are described in a previ- 
ous paper [1]. 

Phosphorylation by [y-32p]ATP (5 #M) at 22°C 
is carried out in 50 mM imidazole-acetate (pH 7.0) 
containing 0.1 mM Mg 2+, 0.1 mg/ml enzyme 
protein and no added Na + in a total volume of 0.1 
ml. 

Dephosphorylation is assayed by one of two 
tracer dilution methods. 
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Method 1: after 10 s phosphorylation as de- 
scribed above, we add 0.5 ml 2-50 mM 
imidazole-acetate (pH 7.0), containing 0.6 mM 
non-radioactive ATP and ligands (K +, Mg 2+) in 
final concentrations as specified in the Results 
section. Dephosphorylation is stopped after 3 s by 
addition of 4 ml trichloroacetic acid (5% 
w / v ) / H 3 P O  4 (0.1 M). 

Method 2: after 10 s phosphorylation we add 
0.1 ml 50 mM imidazole-acetate (pH 7.0), contain- 
ing 1 mM non-radioactive ATP; 10 s later we add 
0.5 ml 8 or 50 mM imidazole-acetate (pH 7.0), 
containing 0.5 mM non-radioactive ATP and 
ligands (K ÷, Na ÷, final concentrations specified 
under Results). Dephosphorylation is stopped after 
3 s by addition of trichloroacetic acid/H3PO 4. 
The non-radioactive ATP (imidazole salt, final 
concentration 0.5 mM) contributes 2.7 mM to the 
final imidazole concentration. 

Method 2 thus contain a 10-s dephosphoryla- 
tion interval, which allows complete equilibration 
of residual enzyme bound [y-32p]ATP with non- 
radioactive ATP in solution. We apply this method 
when Na ÷ is present during dephosphorylation, 
since in its presence phosphorylation by enzyme 
bound radioactive [~(-32P]ATP would overrule the 
phosphoenzyme decay (see Results). In the ab- 
sence of Na ÷, methods 1 and 2 give similar results, 
and thus the more convenient method 1 has been 
applied. 

Dephosphorylation is expressed as the decrease 
in acid-stable 32 P-enzyme level during the 3-s chase 
with non-radioactive ATP relative to the level at 
the start of this chase (10 s after start of phos- 
phorylation in method 1, 20 s in method 2). Per- 
centage hydrolysis is plotted as a function of the 
concentration of the activator or inhibitor. The 
K0. 5 of K m value for the activator is defined as the 
concentration given a half-maximal increase in 3-s 
dephosphorylation in the presence or absence of 
inhibitor, respectively. 150 is defined as the inhibi- 
tor concentration giving half-maximal inhibition 
of dephosphorylation at a given activator con- 
centration and K i as the 150 value, extrapolated to 
zero activator concentration. The concentration of 
free Mg 2÷, not complexed to ATP, is calculated by 
means of the equilibrium constants for the first 
( K =  10 6.25 M - I )  and second ( K =  10 4.06 M -1)  

protonation step of ATP 4- and for complexation 

of ATP 4- ( K =  10 4.o5 M -1) and ATPH 3- ( K =  
10 212 M -1) with Mg2 +, reported by Sillrn and 
Martell [2]. 

All further methods, such as determination of 
phosphoenzyme levels after acid denaturation, in- 
cluding determination of blanks [3], conversion of 
ATP to its imidazole salt [4] and determination of 
residual K + concentrations [1] have been pub- 
lished in earlier papers from our laboratory. Re- 
crystallized K+-free imidazole is used [1]. 

Results 

Strategy of the dephosphorylation method 
Dephosphorylation, after phosphorylation in 50 

mM imidazole-acetate (pH 7.0) and 0.1 mM Mg 2+. 
is assayed according to method 1 or 2 (see Meth- 
ods), illustrated in Fig. 1. Each method is based on 
a more than 600-fold tracer dilution by the ad- 
dition of excess non-radioactive ATP and a 6- to 
7-fold dilution of the Mg 2÷ concentration to a 
value of 3/xM for free Mg 2+. This free Mg 2÷ level 
does not affect the dephosphorylation rate (see 
section on Mg2+-stimulated dephosphorylation). 
In method 1 the nonradioactive ATP and the 
dephosphorylation-effecting ligand are added 
simultaneously; in method 2 a 10-s interval is 
allowed for equilibration of residual enzyme-bound 
[y-32p]ATP with non-radioactive ATP in solution. 
When the ligand does not stimulate phosphoryla- 
tion by residually bound [y-32p]ATP, we observe 
comparable dephosphorylation rates in methods 1 
and 2 (Fig. 1). 

On the other hand, when the ligand stimulates 
phosphorylation by residually bound [7-32p]ATP, 
as in the case of Na ÷, method 1 leads to a tran- 
sient increase in phosphorylation level above the 
steady-state phosphorylation before addition of 
the non-radioactive ATP (Fig. 2, upper line). This 
increase changes to a decrease above 10 mM Na ÷, 
where stimulation of dephosphorylation starts to 
overrule stimulation of phosphorylation. Above 
300 mM Na ÷ dephosphorylation is inhibited, pos- 
sibly by reversal of the E1P~E2P transition [5], 
E1P being insensitive to Na+-stimulated hydroly- 
sis. 

When a 10-s ATP-[y-32p]ATP exchange inter- 
val is introduced in method 2, the phosphorylation 
overshoot is abolished (Fig. 2, lower line). Na + 
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Fig. 1. Time-course of phosphorylation and dephosphorylation. Phosphorylation proceeds in 50 mM imidazole-acetate (pH 7.0) in the 
presence of 5 #M [y-~2p]ATP and 0.1 mM Mg 2+, dephosphorylation is assayed by method 1 or 2. Method 1 (A): 5 vol. of 50 mM 
imidazole-acetate (pH 7.0), containing non-radioactive ATP (imidazole-salt, final concentration 0.5 mM) and K ÷ (in the final 
concentrations indicated) are added at 10 s after the start of phosphorylation. Method 2 (B): same as (A), but K + added 10 s later 
than the other additions. The slightly lower dephosphorylation rate in the presence of 0.6 # M residual K ÷ is due to its dilution upon 
addition of K+-free buffer. 

above 1 m M  starts to enhance dephosphoryla t ion 
with a K m of 63 mM. At  much higher Na  + levels 
(above 300 mM) there is again inhibition of  de- 
phosphorylat ion.  

In  order  to avoid the phosphoryla t ion  over- 
shoot  in the presence of  N a  + during dephosphory-  
lation, we have applied method  2 in all experi- 
ments  with N a  +. Method  1 is applied in all other 
experiments. 

Na +-inhibition of K +-stimulated dephosphorylation 
In  the absence of  N a  + very low concentrat ions 

of  K + stimulate dephosphorylat ion.  Half-maximal  
st imulation in 50 m M  imidazole-acetate (pH 7.0) 
occurs at 5.8 /xM K + (Fig. 3A). This K + con- 
centrations is 15-times lower than when phos-  
phoryla t ion has taken place in the presence of  100 
m M  Na  + [6], indicating that N a  + inhibits K +- 
stimulated dephosphorylat ion.  This inhibi tory ef- 
fect of  N a  ÷ on K+-st imulated dephosphoryla t ion 

is evident f rom the shift to the right of the dose-re- 
sponse curve of  percent dephosphorylat ion versus 
K + concentrat ion upon addit ion of  N a  + together 
with K + (Fig. 3A). Up  to 10 m M  N a  + is used, 
since this concentrat ion gives only moderate  en- 
hancement  of  dephosphoryla t ion by itself (about 
20%, cf. Figs. 2 and 3A). Fig. 3B shows the Km 
values for K + as a funct ion of the N a  + concentra-  
tion at two different buffer  concentrations.  It dem- 
onstrates that the K i value for N a  + (4.4 m M  in 53 
m M  imidazole), 4.8 m M  in 23 m M  imidazole) is 
virtually independent  of  the buffer  concentrat ion.  
This is different f rom the steady-state phosphory-  
lation, in which buffer and Na  + appear  to cooper- 
ate (decreasing K m value for N a  + at increasing 
buffer  concentrat ion,  Ref. 1). 

Imidazole buffer  also inhibits the K + effect, 
giving a 2.3-fold increase of  K~. s upon  a 2.3-fold 
increase of the Na+-free imidazole concentra t ion 
(Fig. 3B). Independence  of  the K i value for N a  + 
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Imidazole-inhibition of K +-stimulated dephosphory- 
lation 
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t i o n  b y  i m i d a z o l e  is s h o w n  b y  a sh i f t  o f  t he  
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Fig. 2. Effect of Na ÷ on the phosphoenzyme level during 
dephosphorylation. Phosphorylation and dephosphorylation 
occur according to method 1 (upper curve) or method 2 (lower 
curve) as described in Fig. 1, but with Na + added instead of 
K +. Phosphoenzyme levels 3 s after addition of Na ÷ are 
presented. The steady-state phosphorylation level before 
addition of non-radioactive ATP is given by the dashed line. 
Method 2 reveals a K m value for Na ÷ of 63 mM in the 
activation of dephosphorylation. 
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Fig. 3. Inhibition of K+-activated dephosphorylation by Na +. (A) Phosphorylation and dephosphorylation (method 2) as in Fig. IB, 
but with Na + (0-10 raM) and K + (1-100 ~tM) present during dephosphorylation. Dephosphorylation for 3 s in the presence of 53 
mM imidazole. (B) Dixon plot of Ko. 5 for K + versus the Na + concentration at two (23 and 53 raM) irnidazole concentrations (see 
Methods). Lower K + concentrations are applied at 23 mM imidazole than at 53 mM imidazole (1-16 ~tM vs. 1-100/~M) in view of 
the higher K+-sensitivity at the lower imidazole concentration. Kg[5 is the K ÷ concentration giving a half-maximal increase in percent 
EP hydrolysis (3 s) above that in the presence of residual K + (1 ttM). The K~. 5 values in 23 and 53 rnM imidazole (no Na ÷ ) are 2.5 
and 5.8 ttM, respectively, and the K i values for Na + (abscissa intercepts) 4.8 and 4.4 raM, respectively (average indicated). 
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determined by Hill plot analysis of dephosphorylation as percent of the maximum as a function of five imidazole concentrations at 
several fixed K ÷ concentrations. The minimum level at 53 mM imidazole, representing a back-ground level (cf. Fig. 6), has been 
deducted, 

(Fig. 4A). The buffer  cat ion appears to lack the 
K+-like properties of  N a  ÷, since only inhibition of  
dephosphoryla t ion  is evident upon  increasing the 
buffer  concentrat ion.  The half-maximally inhibit- 
ing concentra t ion of  imidazole increases in linear 
fashion with the K ÷ concentra t ion (Fig. 4B), re- 
vealing a g i value for imidazole of  7.5 m M  (3.4 
m M  for imidazole-H +) and a K m value for K ÷ in 
the absence of  imidazole of  0.9 #M.  The latter 
value is strikingly similar to the minimal K i value 
for K + in steady-state phosphoryla t ion  (0.7 #M,  
Ref. 1) and comes close to the K d valules for K + 
binding (1.8-2.6 # M  in the p H  range of  6.7-7.8, 
Ref. 7). 

lmidazole-inhibition of Mge+-stimulated dephos- 
phorylation 

Mg 2+ concentrat ions above 0.1 m M  stimulate 
dephosphoryla t ion and this stimulation is also re- 
pressed by increasing imidazole concentrat ions 
(Fig. 5A). Plots of  the g m value for Mg 2+ versus 

the imidazole concentrat ion (Fig. 5B) and of  150 
for imidazole versus the free Mg 2+ concentrat ion 
(Fig. 5C) show non-linear relations. These plots 
allow an estimation of  the Km and K i values by 
extrapolat ion to zero imidazole and Mg 2+ con- 
centrations, respectively. This yields a K m value 
for Mg 2+ of  0.1 m M  and a g i value for imidazole 
of  11 mM. The latter value is comparable  to the 
value of  14 m M  in Fig. 4B at 0.7/~M residual K ÷, 
considering that the data  of  the Mg 2÷ experiment 
are not corrected for contaminat ing K ÷. Hence, 
we conclude that inhibition of  Mg 2+- and K +- 
stimulated dephosphorylat ion occurs via the same 
buffer  cation binding site. 

Inhibition of dephosphorylation by Tris buffer and 
choline 

We have investigated whether inhibition of  de- 
phosphoryla t ion is specific for N a  + and imidazole- 
H + or that other buffers display the same be- 
haviour. This has been done by compar ing the 
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Fig. 5. Inhibition of Mg2+-activated dephosphorylation by imidazole. (A) Phosphorylation and dephosphorylation (method 1) as in 
Fig. 1A, but with Mg 2+ as the only ligand added. Dephosphorylation for 3 s at 13-53 mM imidazole and 0.02-10 mM free Mg 2+. 
Imidazole concentrations below 53 mM are obtained by dilution. Mg2.~ is defined as the concentration giving the half-maximal 
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the free Mg 2÷ concentration, revealing a K i value for imidazole of 11 mM. The 150 values are determined as indicated in the legend 
of Fig. 4B, but at several fixed Mg 2÷ concentrations. 

effect of Tris with that of imidazole, using choline 
chloride as ionic strength reference. Dephosphory- 
lation is tested in 13 mM imidazole buffer at 
increasing ligand concentrations (Fig. 6). It is evi- 
dent that imidazole inhibits dephosphorylation to 
a larger extent (90%) than Tris or choline chloride 
(65-70%). Half-maximal effects are obtained by 
addition of 4 mM imidazole (1.8 mM imidazole- 
H+),  5 mM Tris (4.6 mM Tris-H +) and 6 mM 
choline +. Thus, although there is a slight (3.3-fold) 
difference in specificity as far as the half-maxi- 
mally effective cation concentrations are con- 
cerned, the stronger inhibitory action of imidazole 
is mainly based on the extent to which rather than 
on the affinity by which it is exerted. The higher 
residual dephosphorylation rates in Tris and 
choline chloride than in imidazole are not caused 
by a simultaneous occurrence of a Tris- or 
choline-stimulated dephosphorylation. Addition of 
up to 150 mM Tris or choline chloride in 50 mM 
imidazole does not affect the imidazole inhibited 
dephosphorylation (not shown). This indicates that 
imidazole and Tris probably act at different sites. 
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Fig. 6. Inhibition of dephosphorylation by imidazole, Tris and 
choline. Phosphorylation and dephosphorylation (method 1) as 
in Fig. 1A (no K + added), except that upon addition of 
non-radioactive ATP the imidazole concentration in the control 
is diluted to 12.7 mM. Dephosphorylation for 3 s at the 
indicated imidazole, Tris or choline concentrations, added on 
top of the 12.7 mM imidazole present in the control. 



Discussion 

Inhibition of dephosphorylation by Na + and amino 
buffers 

By making use of our recent finding of the 
Na+-replacing effect of imidazole buffer on the 
phosphorylation of (Na++ K +)-ATPase, we have 
for the first time been able to study the effects of 
Na + and other cations (in the absence of Na +) on 
the dephosphorylation reaction. The experiments 
reported here indicate that Na +, amino-group con- 
taining buffers and choline + inhibit the K+-stimu - 
lated dephosphorylation of (Na + + K+)-ATPase. 
However, specificity differences seem to exist, so 
the inhibitory effects are not mainly due to an 
increase in ionic strength. In this light it is relevant 
to mention that choline + exerts a Na+-like effect 
on the conformation of the enzyme [8,9], which is 
opposite to that of K +. These effects have been 
assigned to intracellular sites of the membrane 
[8,10]. It is quite probable that the inhibitory ef- 
fects of Na + and imidazole and the stimulation 
effect of K + on dephosphorylation involve confor- 
mational changes in the enzyme molecule. We 
consider it unlikely that these effects are exerted 
via intracellular sites for the following two reasons. 
First, in resealed red cell membranes dephosphory- 
lation is stimulated by extracellular K + [11] and 
inhibited by low concentrations (5 raM) of ex- 
tracellular Na + [12,13]. Secondly, imidazole en- 
hances the affinity for Na + in phosphorylation [1], 
which takes place at intracellular sites [14], but it 
does not have an effect on the Na + affinity in the 
inhibition of K+-stimulated hydrolysis. A defini- 
tive answer must await studies with the enzyme 
reconstituted into proteoliposomes. 

The sites at which Na + inhibits dephosphoryla- 
tion are probably different and independent from 
the buffer cation binding sites, since the Ki value 
for Na + is virtually independent of the imidazole 
concentragion. Differences exist in the size of max- 
imal inhibition between imidazole and Tris 
(80-100% by imidazole vs. 70% by Tris). The 
Dixon plot of/5o vs. the K ÷ concentration reveals 
linear competitive inhibition rather than partial 
(hyperbolic) competitive inhibition. This suggests 
that activation by K + may be abolished com- 
pletely at sufficiently high imidazole concentra- 
tions. 
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The variability in the maximal inhibition by 
imidazole may be due to a variable coupling of the 
hydrolysis to K+-activation, with K+-independent 
(spontaneous) hydrolysis being insensitive to the 
buffer. The lower maximal inhibitions exerted by 
Tris and choline may be due to their being partial 
competitive inhibitors or to their inability to com- 
plete the conformational change leading to inhibi- 
tion within the 3-s dephosphorylation period. It 
has been proposed that Tris blocks the conforma- 
tional transition to the K+-sensitive phosphoen- 
zyme, in addition to inhibiting its dephosphoryla- 
tion [15]. It it unlikely that imidazole has such a 
blocking effect, since the phosphoenzyme remains 
K+-sensitive (Km app. K +-- 5.6 #M) in the pres- 
ence of high concentrations (53 mM = 7 Ki) of 
imidazole. The fact that Tris does not enhance the 
maximal inhibitory effect of imidazole argues 
against a different mechanism in the inhibition 
exerted by Tris. It may mean that Tris, like choline, 
cannot induce a further conformational change of 
the kind that has already come to its full effect in 
imidazole. 

Imidazole also inhibits MgZ+-activated dephos- 
phorylation via a site of similar affinity for the 
buffer as determined from experiments with K + 
(K~ = 11 vs. 14 mM). This means that the same 
binding site for the buffer cation is involved. Dix- 
on plots of K m Mg 2+ versus imidazole concentra- 
tion and 150 versus Mg 2+ concentration reveal 
that Mg 2+ stimulates progressively less at higher 
imidazole concentrations. Similar plots for K + in- 
stead of Mg 2+ are linear. The question whether 
this discrepancy is due to an interplay of Mg 2+ 
with the residual K + present in our experiments 
must await studies with a series of K + additions. 

These data lead to the conclusion that Na +, 
imidazole and Tris inhibit dephosphorylation at 
different non-interacting sites but via a similar 
mechanism, viz. by increasing the K m values for 
K +. The Tris site is probably shared by the choline 
cation. 

Impact of the inhibition on steady-state phosphoryla- 
tion 

It is clear that inhibition of dephosphorylation 
will lead to high steady-state phosphorylation 
levels, provided that the enzyme is in the phos- 
phorylating E~ conformation. So it is not surpris- 
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ing to find that imidazole, which induces such a 
conformation, induces high steady-state phos- 
phorylation levels [1]. Tris, on the other hand, 
lowers the steady-state phosphorylation level ob- 
tained in imidazole medium, while it also inhibits 
dephosphorylation and promotes the E 2 ~ E 1 
transition [1]. Hence, Tris must inhibit the phos- 
phorylation step. Na + exerts an action similar to 
that of imidazole, but in addition activates dephos- 
phorylation in concentrations above 1 raM. Yet 
high steady-state phosphorylation levels in Na + 
are reached, because the phosphorylation rate is 
higher than the dephosphorylation rate. This is 
also evident from the overshoot in the phosphory- 
lation level during dephosphorylation in the pres- 
ence of Na +, when using assay method 1. ~ -  
idazole lacks this overshoot effect, thus yiel~lS a 
lower phosphorylation rate than Na ÷. 

On the other hand, ligands which stimulate 
dephosphorylation will match this effect in 
steady-state phosphorylation. For example, the K~ 
value for K ÷ in steady-state phosphorylation (0.7 
t~M), is strikingly similar to the K m value for K + 
in dephosphorylation (0.9 ~M). However, we can- 
not exclude an inhibitory effect of K ÷ on the 
E 2 ---, E1 transition, since both dephosphorylation 
and binding of K ÷ to the dephosphorylated en- 
zyme lead to the same occluded E2K complex 
[16,17]. The high K+-sensitivity of dephosphoryla- 
tion is also reflected in the relatively high ATPase 
activity (50% of the maximal Na+-activated 
ATPase) in 50 mM imidazole buffer in the absence 
of added Na ÷ but with 6 /~M residual K + [18] 
present. Na ÷ (0.5-5 mM) inhibits this ATPase 
activity like it does K+-stimulated dephosphoryla- 
tion. 

Mg 2+ also stimulates dephosphorylation, but its 
K m value (0.1 mM) is one-third of the K~ value 
(0.3 mM) in imidazole-activated steady-state phos- 
phorylation [1]. In addition the shapes of the plots 
of K m for imidazole in steady-state phosphoryla- 
tion and of 150 for imidazole in dephosphorylation 
as a function of the Mg 2÷ concentration are al- 
most symmetric: upward concave in steady-state 
phosphorylation (Mg 2÷ being more effective at 
higher concentrations, Ref. 1), upward convex in 
dephosphorylation (Mg 2÷ being less effective at 
higher concentrations). It may be a reflection of an 
equally symmetry action of a ligand such as Na +, 

which activates phosphorylation at the inner mem- 
brane sites [14] and inhibits at the outer membrane 
sites [12,13]. Nevej'theless, it is safe to conclude 
that at least part of the Mg 2÷ inhibition of 
steady-state phosphorylation must be due to 
activation of dephosphorylation by Mg 2 +. 

In conclusion, a high steady-state phosphoryla- 
tion level could be the resultant of (a) stimulation 
of the E 2 ---, E 1 transition, (b) absence of inhibition 
of the phosphorylation step, (c) inhibition of the 
dephosphorylation step. Na ÷ and imidazole-H ÷ 
exercise all three effects. Na ÷ is more active than 
imidazole-H ÷ as cofactor in phosphorylation but 
equally active in effect (c). Tris exercises effects (a) 
and (c), but not effect (b). 
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