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The aim of the present work was to study the MgZ+-Na+/K+-ATPase interaction that was proposed to 
lead to the formation of a stable Mg.enzyme complex during phosphorylation from ATE Instead of Mg we 
used Mn, which can replace Mg as essential activator of Na+/K+-ATPase activity. The amounts of 
steady.state Mn beun0 to the enzyme were estimated at 0°C on the basis of the S4Mn remaining in the 
effluent aher i~ssing the reaction mixture through a cation exchange resin column. As a functien of the 
MnO 2 concentration, the amount of Mn retained by the enzyme in the absence and presence of ATP 
showed a saturable and a linear component; the slope of the !'near component was the same in both 
instances (0.016 nmol/mg per/tM). The ATP-dependent Mn binding could be adjusted to a hyperbolic 
function with a K~ of 0.76/tM. The ratio [ATP-depen~ent E-MnI/[E-P ] measured at 5/zM MnC! 2 and 5 
/~M ATP was not different from 1.0, both in native (Mn-E2-P) as well as in a chymotrypsln treated enzyme 
(Mn-Et-P ~ When the Mn. E-P complex was allowed to react with KCI (E2.P form) or ADP (Et-P form), 
the enzyme was dephosphorylated and simultaneously lost the strongly bound Mn in such a way that the 
ratio [ATP-dependent E-Mn]/[E.P] remained 1:1. These results show the existence of strongly bound Mn 
inns to Na +/K +-ATPase during phosphorylatiun by ATP. That binding is (i) of high affinity for Mn, (if) 
probably on a single site, and (iii) with a stoichiometry Mn-P t of 1:1. 

Introduction 

Since the discovery of the Na+/K+-ATPase, it 
was known that that enzymatic activity required 
Mg 2+ ions as an essential activator [1]. In ad- 
dition, it was found that the optimal MgCI 2 con- 
centrations were equal to those of ATP for the 
Na+-ATPase activity whereas they doubled ATP 
when hydrolysis took place in the presence of 
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Na + K [1]; this could indicate that, besides for- 
ming the Mg-ATP complex, Mg might have an 
activating role of its own, Based on the fact that 
the Mg concentrations required for ATP-ADP 
exchange were lower than those required for 
Na+/K+-ATPase activity, it was suggested that 
there was indeed a stimulating effect of Mg '+ that 
took place beyond the phosphorylation step accel- 
erating the EI(P)-E2(P ) phosphoenzyme conver- 
sion [2,3]. This hypothesis was later considered 
unlikely [4], but the relationships between the 
Mg. ATP complex, free Mg 2+ and free ATP with 
the Na+,K+-dependent ATP hydrolysis remained 
undefined and up to the present times there is no 
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agreement about what ATP form is the real sub- 
strate for the reaction [5-10]. On the other hand, 
there are ove~helming evidences that Mg ions 
per se indeed have effects on the enzyme; these 
effects are activating as well as inhibitory, and the 
Mg 2+ concentrations required depend on the reac- 
tions or ligand interactions being looked at. Thus, 
Mg 2+ stimulates with high affinity (micromolar 
range) ATPase .qctivity [7], enzyme phosphoryla- 
tion from ATP [8] and ATP-ADP exchange 
[2,11,12] and with low affinity (milfimolar range) 
phosphatase activity [13], phosphorylation by in- 
organic phosphate [14], vanadate binding [15] and 
the induction of conformational changes [16]. On 
the other hand, Mg 2+ inhibition of ATP-ADP 
exchange takes place in the micromolar range 
[12,17] whereas other inhibitory actions (ATPase 
activity [18-21], active Na+/K + traasport [22] 
and nucleotide binding [23]) show low affinity for 
Mg 2+. 

All the experimental evidence that has been 
described so far addresses to the question~ about 
the number and identity of the Mg 2+ binding sites 
present in the ATPase molecule. Different schemes 
for Mg 2+ inhibition of ATPase activity have been 
proposed [17,18-21], but even in those cases where 
the inhibitor could act at more than one step in 
the reaction cycle [18-21] the possibility remains 
that the 'geographical' site is the same with some 
of its properties changed. On the basis of physical 
evidences a single Mg 2+ binding site has been 
recognized in the enzyme [2,*]. Very recently, it 
has been proposed that during phosphorylation by 
inorganic phosphate Mg 2÷ is bound to a site 
which is different from that involved in E-P for- 
mation from ATP [10]. On the other hand, there is 
indirect evidence that in the ATPase cycle E-P has 
Mg tightly bound to it [25], although there is no 
indication about the number of Mg ions per phos- 
phoryla~ing units. 

The resuRs of these experiments, part of which 
have already been communicated elsewhere [26], 
confirm the existence of a strong binding of Mn 2+ 
to Na+/K+-ATPase during ATP promoted phos- 
phox~htion. That binding is (i) of high affinity for 
Mn 2+, (ii) very likely on a single site, and (iii) with 
a Mn2+-inorganic phosphate stoichiometry of one 
to one. While this work was in process, D.E. 
Richards (Ref. 27, and personal communication) 

using cobalt as Mg 2+ substitute also found a 
phosphorylation dependent Co 2÷ binding to this 
ettzyme. 

l~[etb~ds 

Pig kidney Na+/K+-ATPase partially purified 
according to Jzrgensen [28] was used throughout; 
the specific activity was 15-20 units/rag and it 
remained stable when the preparation was stored 
(3-5 mg protein/ml) at -85°C in 25 mM im- 
idazole (pH (20°C) 7.5)/2 mM EDTA/10~ 
sucrose. Immediately before used, and in order to 
remove any tightly bound Mg, the enzyme was 
washed five times (1 : 10, v/v) and resuspended in 
a solution containing 100 mM NaCI/10 mM im- 
idazole without sucrose and EDTA. 

ATPase activity was assayed as in Ref. 29 fol- 
lowing the release of [32p]p~ from ['~-~'P]ATP 
labelled according to the method of Glynn and 
Chappell [30], sfightly modified [31]. Protein was 
determined by the method of Lowry et al. [32]. 

The amount of manganese bound to the en- 
zyme was determined at 0°C on the basis of the 
S4Mn2+ remaining in the effluent after the reaction 
mixtures were passed through a 0.5 ml Dowex 
50-8-400 cation-exchange columns using the same 
system described for Rb ÷ occlusion experiments 
[29]. Aliquots of 0.05 mg enzyme were. prein- 
cubated for 30 s with variable concentrations of 
S4MnCI2. 100 mM NaCl and 70 mM imidazde 
(pH (20°C) 7.5); when KCI was also present (20 
mM) the amount of imidazole was reduced 
accordingly. After 20 s of adding 0.005 mM ATP, 
or equal volume of buffer, the reaction mixture 
was passed through the cation exchange resin col- 
unto; the time that the enzyme spent in contact 
with the resin was about 0.7 s. In parallel experi- 
ments where what was measured was the amount 
of phosphoenzyme formation, the protocol was 
identical but unlabelled MnCl 2 and [T-32P]ATP 
were used instead. In these cases, tbe effluent was 
collected in 2 ml of ice. c~ld solution containing 
20~ (w/v) trichloroacetic acid/1 mM ATP/5 mM 
inorganic phosphate; after 15 rain in the cold the 
denatured protein was retained in Whatman GF/F 
glass fiber filters, washed with 5% trichloroacetic 
acid/5 mM inorganic phosphate and counted in a 
liquid scintillation counter. 
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The effects of KCI and ADP on the release of 
labelled inorganic phosphate or Mn fl'om Mn. E-P 
were investigated using the two syringes, mixing 
chamber and resin column already described in 
detail for Rb ÷ occlusion experime?ats [33] with 
slight modifications. In this case, in order to re- 
move external Mn before the KCI or ADP chal- 
lenge, there was a 0.3 ml resin cogumn in the 
s:,'ringe containing the phosphorylr;ted Na+/K +- 
ATPase. On the other hand, to reduce the time of 
exposure to the last colunm to a rainimum, that 
column was only 0.2 ml in volta-he arkd was inserted 
directly below the mixing chamber (without con- 
necting tube); with this arrangement, an excellent 
performance could be at:ained with a total contact 
time of 0.15 s. In this set up, one (,f the syringes 
contained the phosphorylated enzyme (in the same 
solution as before) with either S4Mn2+ and 
unlahdled ATP or unlabelled Mn 2+ and [7" 
32p]ATP; the other syringe contained the same 
solution without Mn 2+ and ATP with the addition 
of KCI or ADP at twice the desired final con- 
centration. The effects of ADP were studied on 
Na+/K+-ATPase subjected to partial chymotryp- 
sin inactivation prior to phosphorylation from 
ATP; this procedure is described in Ref. 34. The 
temperature daring dephosph~ry~ation was be- 
tween 0 and 4°C. 

All solutions were made with de-ionized bidis- 
tilled water. NaCI and KCI were of sp~trometric 
grade; the other chemicals were of reagent gt'ade. 
Ouabain, imidazole, ATP (vanadiuta-frec), ADP 
and chymotrypsin were from Signta Chemical Co, 
U.S.A. 54Mn2+ was purchased from New England 
Nuclear and [32p]p i from the Coi~si6n National 
de Energia At6mica of Argentina. 

Radioactivity assays were performed in a Beck- 
man liquid scintillation counter using a toluene 
based scintillator; counting times were long enough 
to obtain standard errors of approx. 1~. When 
required, curve fitting was performed with a non- 
linear regression computer program. 

Results 

In a preliminary group of experiments (not 
shown) we confirmed results reported by Robin- 
son [6] in the sense that manganese was able to 
substitute for magnesium as essential activator of 

both Na+/K +- and Na÷-ATPase activities (3 mM 
ATP and 130 mM NaCI with and w~thout 20 mM 
KCI), and that that effect was concentration 
dependent. At 0.1 mM or less, the levels of activi- 
ties were practically the same with both divalent 
cations; above that concentration Mn 2+ was less 
effective than Mg 2+ and above 2 mM it became 
inhibitory. These results enabled us to use Mn 2+ 
in the micromolar concentration range as Mg 2+ 
analogue. 

Fig. 1 suramarizes the results of a series of 
experiments where the amount of S4Mn2+ retained 
by Na÷/K+-ATPase after passing through a 
cation.exchange column was measured as a func- 
tion of MnCl~ concentration in the absence and 
presence of ATP. The concentrations of MnCI 2 
ranged from 0.l FM to 50/tM whereas that of 
ATP was kept constant at 5/tM; temperature was 
0 o C. Prior to the addition of the nucleotide (or 
equal volume of buffer) the enzyme was equi- 
librated with all ligands (100 mM NaCI, 70 mM 
imidazole-HCl and 54MnC12). With and without 
ATP a saturable and a line~ component were 
observed; the linear compor:ent had the same 
slope in both cases (0.016 nmol/mg per FM). On 
the other hand, the addition of ATP markedly 
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Fi 8,1. Binding of 54Mn to partially purified Na+/K÷-ATPasc 
as a function of ~HnL-'l 2 in the absence (open circles) and 
presence (filled ,'i~.les) of phosphoryladon from ATP. ~ The 
composition of the iaeubation solutions was (raM); NaCI, 100; 
imidazole (pH 7A at 20°C), .~0; ATP 0 or 0.005 and 54MnCl, 
0.0001 to 0.05. Temperature 0ffOUghOIll the experiment was 
O°C. Binding was estimated from the ~Mn remaining in the 
effluent after passing the reaction mixture through a Dowex 
cation exchange resin column. Eacl~ point is the mean + S.E. of 

three to five different experiments. For details see Methods. 
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Fig. 2. ATPalependent Mn binding to partially purified 
Na+/K+-ATP~e. The da~ corresponds to the experiments 
illustrated in Fig. 1. The line through the points is the fit to an 
hyperbolic function with a K= of 0.75+0.13 /~M and a 

maximal bmding of 1314. 0.09 nmol Mn/mg protein. 

increased the saturable component of bound Mn. 
When that ATP-stimulated binding was plotted as 
a function of MnCI 2 concentration (Fig. 2), the 
points could be fitted reasonably well to a hyper- 
boric function with a K m Of 0.76 ~ 0.13 pM and a 
maximal binding of 1.71 + 0.09 nmol Mna+/mg 
protein. 

The following group of experiments was desig- 
ned to test the stoichiometry between the number 
of Mn 2+ ions bound and acid-stable phosphory- 
lated sites. Preliminary results (not shown) indt- 
cater that whereas acid denaturation of the en- 
zyme preserved the phosphorylated intermediate it 
resulted in a complete loss of manganese. For this 
reason we tackled the problem running parallel 
expemnents on S4Mn trapping (with and without 
unlabelled ATP) and phosphorylation from ['),- 
nP]ATP (with unlabelled Mn) keeping all other 
conditions constant; in the latter case the effluent 
from the columns was collected in ice-cold acid 
media. The concentrations of S4MnCl2 and ATP 
were both 5 /tM. The results of five different 
experiments, carried out over a period of several 
months mid with different batches of e~tzyme, arc 
summarized in Table I. They clearly indicate that 
the ratio between the ATP-dependent E-Mn and 
the amount of phosphoenzyme formation is 1 : 1. 
The upper part of Table II shows complementary 
experiments were Mn 2+ binding and phosphoen- 
zyme formation were compared in the absence 
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and presence of 30 mM KCI in the incubation 
solution. Without KCI the results repeated those 
of Table I; with KCI there was no detectable 
phosphorylation and the ATP-dependent Mn 2÷ 
binding was non existing. 

All phosphorylating conditions explored so far 
were likely to result in the formation of phos- 
phocnzymes in the E 2 state. In order to see if the 
same behavior was observed in phosphoenzyme 
formed from ATP but remaining in the Et state, 
we explored ATP-dependent Mn 2÷ binding and 
phosphorylation in Na~/K÷-ATPase partially in- 
activated with chymotrypsin. The lower part of 
Table II indicates that also under these conditions 
there is an ATF'.dependent Mn 2+ binding with a 
1 : 1 stoiclfiometry in relation to E-P. In addition, 
the presence of 0.02 mM ADP (just four times the 
ATP concentration) led to a complete absence of 
phosphorylation and ATP-dependent Mn 2+ bind- 
ing. 

The next step~ explored the release of inorganic 
phosphate and Mn 2+ from the Mn. E-P complex 
when the enzyme was in the Et and E2 conforma- 
tions. The rationale was the following', if the re- 
lease of Mn 2+ following dephosphorylation is slow 
enough, it might be possible to separate it from 
E-P breakdown and to study the effects of related 
ligands (K + and its congeners, different nueieo. 
tide, etc.) on the stability of E-Mn after dephos- 

TABLE 1 

RELA'rIONSHIP BETWEEN THE AMOUNTS OF ATP. 
DEPENDENT E.Mn COMPLEX AND PHOSPHOENZYME 
FORMATION FR, OM ATP 

The experiments were perforated as described in the legend to 
Fig, 1 and Methods. F~eh entry is the mean+S.E, of triplicate 
detenoinations ruing different batches of enzyme. The con. 
centrations of ATP and MnCI 2 were 0,005 mM, Temperature 
was 0 ° C. 

Expt. No. ATP-dependent E-P ATP-dependent 
E-Mn (nmol/mg) E.Mn/E-P 

1 0,97-1-0,03 0,904.0,02 1.08 
2 0.954.0.08 0.914.0.04 1.03 
3 1.504.0.15 IA9±0.03 1.00 
4 1.404.0,10 1,74±0,02 0.80 
5 1.80+0.10 1.714.0.02 1.06 

Mean4.S.E, 1.32±6.16 1,35±0.19 1,00±0,05 
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TABLE !I 

EFFECTS OF KCI AND ADP IN THE INCUBATION MIXTURE ON THE AMOUNTS OF ATP-DEPENDENT E-Mn AND 
PHOSPHOENZYME FORMATION FROM ATP IN NATIVE AND CHYMOTRYPSINE TREATED Na+/K%ATPase 

The experiments were performed as described in the legend to Fig. 1 and Methods. All ligands were present at the beginning of 
phosphorylation, The concentrations of ATP and MnCI2 were 0.005 mM and the temperature was 0°C. Each entry is the 
mean4- S.E of triplicate determinations, 

Enzyme Incubation solution ATP-dependant E-Mn E-P 

pretreatment NaCI KCI MnCI 2 ATP ADP (nmol/mg) (nmol/mg) 

(raM) (raM) (mM) (raM) (raM) 

None 100 - 0.005 0,005 - 1.62 4. 0.10 1.55 + 0.06 
None 100 30 0.005 0.005 - 0.08 4- 0.07 0.05 4- 0.03 

Chymotrypsin 100 - 0.005 0.005 - 1.32 4- 0.07 1.37 4- 0.04 
Chymotrypsin 100 - 0.005 0.005 0,02 0.104.0.07 0.074.0.04 

phorylation. To attain this aim, we modified the 
two syringes and chamber system in such a way 
that the contact time of the reaction mixture with 
the cation exchange columns was approx. 150 ms 
(see Methods). Just like before, Mn. E2-P was 
obtained with native enzyme whereas Mn. ErP 
with enzyme partiaUy inactivated with chymotryp- 
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Fig. 3, Effects of different concentrations of KCI on the levels 
of E-P (open circles) and ATP-dependent E-Mn (fried circles). 
The enzyme was in contact with KCI after 20 s phosphoryla- 
lion in 100 mM NaCI with 0.005 mM [7-32P]ATP and 0.005 
mM nnlabelled MnCI 2 or the same c, onwntrations of on- 
labelled ATP and ~MnCI 2. In thee experiments two syringes, 
a mixing chamber and a 0.2 ml Dowex resin colum were used. 
The exposure to potassium lasted about 0.2 s at a temperature 
between 0 and 4=C. Each point is the mean± S.E. of triplicate 
determinations and expresses E-P and E.Mn as percentage of 
those observed when KCI was on'fitted; the 1 ~  percent values 
were 1.654-0.01 nmol/mg and 1.624-0.05 umol/mg for the 
ATP-dependent E-Mn and E-P, respectively. For details see 

Methods. 

sin. The results of these experiments, illustrated in 
Figs. 3 and 4, indicate that within the resolution 
of the method it is not possible to separate the 
release of inorganic phosphate from that of Mn. 
Therefore, the 1:1 stoichiometry between 
ATP-dependent  E-Mn and  E-P was  mainta ined  

regardless of  the phosphoryla t ion levels. It is im- 

por tant  to point out that the total dephosphoryla- 
tion t~me consisted of approx. 0.05 s in the mixing 
chamber plus 0.15 s in the resin column. In ad- 
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Fig. 4. F~.*ects of different concentrations of ADP on the levels 
of E-P (open circles) and ATP-dependent E.Mn (filled circles). 
The general lechnJqae was similar to that described ir the 
legend to Fi~ 3 except that the enzyme had been previously 
partiaily inactivated with ehymotrypsin and ADP replace KCI. 
Each point is the mean:/: S,E. of triplicate determinations and 
represents E-P and E-Mn as percentage of those observui 
when ADP was omitted; the 100 percent values were 1.28.~ 0.08 
nmol/mg and 1.22+0.03 nmol/mg for the ATP-dependent 

E.Mn and E-P, respectively, See Methods for details. 
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dition the temperature of dephosphorylation, al- 
thoug~ constant through the experiment, could 
have l:,een as high as deC. 

Discussion 

The experiments on manganese binding have 
confirmed the hypothesis [14,25] that in the early 
stages of the cycle of ATP hydrolysis, more pre- 
cisely at 'the moment of enzyme phosphorylation 
from ATP, the essential divalent cation activator 
becom~,i tightly bound to the Na+/K+.ATPase, 
and it remains so as long as the enzyme stays 
phosphorylated. In addition, these results show 
that the stoichiometry between the number of 
ATP-dependent Mn 2+ bound and the acid-stable 
phosphorylated sites ~s 1 : 1 (see also Ref. 27); this 
su~ests that dnring the ATPase cycle the MgE-P 
complex has the same number of Mg 2+ ions and 
inorganic phosphate attached to it. Furthermore, 
the same ratio is obtained whether the E-P inter- 
mediate is in the E 1 or E 2 conformation, an indi- 
cation that the E1-E 2 transition of the phos- 
phoenzyme does not affect its affinity for Mn 2 + 
(Mg2+). Looking at Fig. 1 one sees that in the 
absence of ATP the Mn collected in the effinent as 
a function of [MnCi2] still has a small saturable 
component (approx. 10~ of the total at 5 /~M 
MnCI2). The nature of that component is not 
clear, b~t ;-! seems rea.~onable to consider it an 
expression of the Mn 2+ originally bound to the 
enzyme which will become part of the ATP-depen- 
dent MnE-P complex upon phosphorylation; actu- 
ally, if instead of taking the difference between the 
Mn 2+ bound in the presence and absence of ATE 
one subtracts the linear component from the total, 
both in the presence of ATP, the [E-Mn]/[E-P] 
ratio increases by less than 10~ at the lowest 
saturable [MnCI2]; ~thin the errors of measure- 
ment this is not different from 1:1. Obviously, 
this ¢xplanation spe~'ifically excludes any Mg 2+ 
site other than that where the ion acts as essential 
activator for phosphorylation, at least during the 
early stages of the reaction cycle. The K m value 
for MnCI 2 is less than 1 ~tM at 0°C. However, in 
curves like that of fig. 2, the Mn. ATP complex 
and free-Mn ~+ coexist as a sum in the abscissa; 
therefore there is no way to assess the participa- 
tion of each species in the overall affinity con- 

stunt. Moreover, the enzyme form involved (E~, 
E~Na, E~ATP) cannot be identified. 

When E2-P was dephosphorylated by K or 
E1-P by ADP we were unable to separate the 
release of inorganic phosphate from that of Mn z+, 
i.e. the [E-Mn]/[E.P] ratio was kept constant for 
all [E-P] (Figs. 3 and 4) even when the contact 
time with the resine was reduced to the minimum 
compatible with an acceptable Mn 2+ removal. Two 
interpretations are possible: (i) Mn a+ and in- 
organic phosphate are simultaneously released, or 
(ii) Mn 2+ is debound after dephosphorylation has 
taken place, but that process is an extremely rapid 
one. In llne v.'ith the second interpretation are 
studies on inhibition kinetics of Na +- and 
Na+/K+.ATPase activities "#hich are consistent 
with an orderly release where inorganic phosphate 
comes out first [20] and indications that the re- 
lease of Mg ~+ from MgEa(K ), the intermediate 
that follows K+.stimulated dephosphorylation, is 
indeed a very fast reaction [10]. 

The fact that the relationship between [Mn z+] 
and [E-P] is hyperbolic does not necessarily imply 
a single site, for that relationship can also be 
obtained with multiple sites as long as they are 
identical. However, taken together with the [E- 
Mn]/[E-P] ratio of one, the existence of more 
than one Mg 2+ site in E;(Na) seems rather un- 
likely. 
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