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We have previously demonstrated that Na+,K +-ATI~as~ ~.~,J be phosphoryl,ted by IQ0/LM ATP and 5 mM Mg z+ 
and in the absence of Na +, provided that 40% dimetbylsulfoxide (MezSO) is pcesont. Phospho~lation was 
stimulated by K + up to a steady-state level of about ~ of E ~  (Bocrabin el al. (lgg0) Biocbim. B i o p h ~  Acts 
1023, 26~-273). Here we describe the time-course of phosphointecmediate (El)) formation and of  d e p h o s ~  
of EP at concentrations of Mg z+ from 0.1 to .~t00 p M  and of K + from 0.01 to 1041 raM. The results were siutalated 
by a simplified version of the commonly accepted Albers-Post model, i.e. a 3-step reaction scheme ~ u 
phosphorylatiou, a dephosphorylation and an isomerization/deocclusien step. Furthermore it was nccessnc~ to 
include an a pr/m'/, Mg '+.  and K+-independent, equilibration between two enzyme forms, only one of which 
(constituting 14% of Eto a ) reacted directly with ATP~ The role of MIg '+  was two-fold: At low Mg "+, phosphot2flNim 
was stimulated by Mg '+ due to formation of the substrate MgATP, whereas at  higher concentrations it acted as am 
.*~lhib~tor at  all  three steps. The affinity for the inhibitory MgZ+-binding was increased several-fold, relative to that  
in aqueous media, by dimethylsulfoxide. K + stimulated dephosphorylation at  all  Mlg2+-concentrations, but at  
inhibitory [Mg2+], K + also stimulated the phosplmrylation reaction, increasing both the rate coeflkient and the 
steady-state love! of El). Generally, the presence of Me,SO seems to inhibit the dephosphcryiotion step, the 
isomerization/deocclusion step, and to a lesser extent (if at  all) the phospho~iothm reaction, and we 
whether this reflects that MezSO stabilizes occluded conformations of the enzyme even in the abstqlce of 
monovalent cations. The results confirm and elucidate the stimulating erect  of K + on EP formation from ATIP ha 
the absence of N~ +, but they leave open the question of the molecular mechanism by which Me,SO, inbihitory 
Mg 2+ and stimulating K + interact with the Na+,K +-ATPase. 

Introduction 

The transport ATPases like H+,K+-ATPase (EC 
3.6.1.36), Na+,K+-ATPase (EC 3.6.1.37) and Ca 2+- 
ATPase (EC 3.6.1.38) catalyze the transduction of 
chemical energy in ATP to mechanical and potential 
energy related to the formation of ion gradients across 
biological membranes. Coupled to the ion transport, 
ATP is hydrolyzed via formation and hydrolysis of 

Abbreviations: Me2SO. dimethylsulf'~xidc; EP. phosphoenzyme: 
EDTA. (ethylenedinitrilo)tetraacetic acid: Tris. 2-amino-2-hydro~- 
methylpropane-1.3-diol: Pl. inorganic orthophosphate; FITC. fluores- 
coin isothiocyanate, 

Correspondence: .LG. Nerby, Institute of Biophysics, University of 
Aarhus. DK.80(O Aarhus C, Denmark. 

phosphorylated intermediates, where phosphate is 
bound to an aspartyl residue at the enzyme's substrate 
site [1-3]. In this process water acts as solvent, a 
substrate and probably also as a structural component 
important for the microenvironment of the sites of 
catalysis, ion binding and transport. The role of water 
is t:nclear (for reviews containing observations, theories 
and hypotheses related to the transport ATPases, see 
Refs. 4-9)  and one way to study this subject is to 
determine effects of changes in the water-activity in 
the medium, e.g. by substituting water with water-mis- 
cible organic solvents like glycerol, ethyleneglycol, 
poly(ethylene glycol) or Me,SO. 

Several laboratories have been engaged in charac- 
terizing the importance of the activity of water in the 
reaction mechanism of Na+,K+-ATPase and the asso- 
ciated K+-pNPPase activity (for refercnccs see Refs. 10 
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and 11). In our previous paper [11] we have studied the 
effect of M¢2SO on the initial steps of ATPwhydrolysis 
and showed that formation of the phosphotylated in- 
termediate(s), EP, o f  Na+,K+-ATPase by A T P  - usu- 
al ly believed to be closely connected wi th  binding and 
subsequent transport  o f  Na + - could proceed in the 
absence o f  Na +, p- /e ided that medium water was 
substituted with 40% MezSO. Not only did we thus 
observe an apparent uncoupling between the first steps 
of ATP-hydrol~is (EP formation) and transport, but 
we furthermore obtained evidence that K + might acti- 
vate the phosphorylation process and increase the 
steady-state level of EP (e.g. Fig. 2 in ~'.ef. 11). Thi~ is 
also contrary to the generally accepted reaction 
schemes where the principal action of K + during trans- 
port is in catalyzing the dcphosphorylation, i.e. the 
hydrolysis of EP. In the present paper we attempt to 
characterize thi~ unexpected effect of K + by perform- 
ing phosphorylation and dcphosphorylation experi- 
ments at different concentrations of Mg 2+ and K +. 
The interplay between Mg 2+ and K + in determining 
the level of EP and their influence on phosphorylation 
and dephosphorylation was evaluated b~ modcl simula- 
tions of the data. The results show that K + really 
stimulates dephosphorylation at all concentrations of 
Mg 2+. The Mg 2+ ion, however, seems to exert both an 
activating (due to formation of MgATP) and an in- 
hibitory effect, and 5 mM MgCI 2 inhibits, relative to 
lower MgCI2-conccntrations , both the phosphorylation 
and the dephosphorylation process. K + activates phos- 
phorylation only when it is a priori inhibited by Mg 2+, 
i.e. there is no K+-stimulation of the phospborylation 
at low Mg2+-concemrations. Furthermore, to simulate 
the time course of phosphorylation, it is necessary to 
assume ttmt there is a Mg 2+ and K + independent 
equilibrium between two unphosphorylated enzyme 
forms, only one of which is readily phosphory!atcd (in 
the absence of Na + ~ by ATF. 

Experimental procedures 

Enzyme preparations. Membrane-bound Na+,K +- 
ATPasc from pig-kidney outer medulla was prepared, 
and contaminating Na + and K + determined, as de- 
scribed [11]. In the enzyme stock solution (2-5 mg 
protein/ml,  250 mM sucrose, I mM EDTA, 12.5 mM 
imidazole, pH = 7.4 at 20°C) the concentrations of 
Na + and K + were less than 20 and 15 /~M, respec- 
tively. At 37°C and under standard conditions [12], the 
Na*,K+-ATPase activity was 15-18 U / m g  protein, and 
the maximal phosphorylation level [ 13] was determined 
to 1.8-2.0 nmol /mg protein. Protein was measured by 
the method of Lowry et al. [14]. 

Chemicals. [.y-32p]ATP was prepared according to 
Glynn and Chapel! [15] with the modifications de- 
scribed [1 I]. The contaminant [32 P]Pi was 0.3-1 mol%. 
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Fig. I. Phosphorylation of Na+,K+-ATPasc by 2 p.M (open symbols) 
or 5 pM (closed symbols) inorganic l't2plpbospbetu in the absence of 
Na +, but in the presence of 40% Mu2SO, 100 pM uulabelled ATP. 
5(XI0 p.M MB 2+ and K +. The K+-conccntrations were 0.01 (z~,&), 
0.5 ([3,11) or 100 mM (o,e), and E32p was determined as described 
in Experimental procedures. All cuwcs are drawn by eye. Tbe 
experiments arc used for constructing ~be 'Pi-coutribution curves" 

shown in Figs. 8 and 9. 

MgCI 2, EDTA (both analytical grade), Tris and unla- 
belled ATP were purchased from Sigma, and Me2SO 
(spectroscopic grade) from Merck. [32 P]Pi was obtained 
from the Brazilian Institute of Atomic Energy and 
purified according to De Meis and Tume [16]. 

Determination of  the time course of  phosphorylation. 
The enzyme (50-120 p .g /ml)was  preincubated at 27°C 
in 5 mM Tris-HCI (pH = 7.0), 40% MeeSO, 2 mM 
EDTA-Tris, MgCI 2 to give the desired free Mg2+-con- 
centration and KCI in the concentrations indicated. 
After adjustment of the pH to 7.0, the reactions were 
started by addition of 100 /LM [1,-'~2p]ATP. The vol- 
ume was 0.5 ml. At each time-point, the amount of 
acid-stable phosphoenzyme, EP, was determined as 
described [1 !]. The Pi-concentration in the ~.:say was 
estimated by extraction of an aliquot with phospho- 
molybdate according to De Meis and Carvalho [17]. 

Correctious for phosphorylation by Pi. Inorganic 
phosphate (Pi) is an inevitable contaminant of the 
[7-'~2P]ATP and it is also slowly produced during the 
phosphorylation experiments. In the presence of 
Me2SO and Mg 2. the affinity of Na+,K+-ATPasc for 
Pi is very high [18], and we therefore investigated to 
what extent Pi contributed to the EP formation. I;ig. l 
gives lhe time course of E32P formation resulting from 
phosphorylation with 2 or 5 p.M [32P]P i in the presence 
of 100 p.M unlabelled ATP, 5 mM Mg 2+ and 0.01, 0.5 
or 100 mM K +. From this, the 'Pi-contribution curves' 
to be used in the simulation of the phosphorylation 
data from ATP were constructed. These curves are 
shown as dotted lines in Figs. 8 and 9. It has been 
shown convincingly, that with /,~molar Pl-concentra- 
tions, at least 1 mM Mg 2+ is required to obtain signifi- 
cant phospborylation from Pi [19], ~:~d we have there- 
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fore only applied the corrections at 5 mM Mg 2+ in the 
present work. 

Dephosphorylation reactions. The Na*,K*-ATPase 
(about 200 p.g/ml) was phospborylated at 27°C in an 
assay medium containing 5 mM Tris-HCl (pH = 7.0), 
40% Me2SO, 2 mM EDTA-Tris, MgCI2 and KCI to 
give the desired concentrations as indicated in the 
figures, and 100/zM [y-'~2P]ATP. After one minute of 
reaction, the incorporation of radioactive phosphate 
was abolished by a twenty times dilution with an identi- 
cal medium except for the presence of 100 p.M unla- 
belled A T E  As indicated (Figs. 4 and 5) the K+-eon - 
centration was also changed in some experiments. At 
different time-points thereafter, 0.8 ml aliquots were 
withdrawn and vigorously mixed with 3 ml ice-cold 
solution of 125 mM perchloric acid, 5 mM Pi and 5 
mM Na-pyrophosphate. The E32p was then isolated 
and counted as described [I 1]. 

Calculation of the concentration of free Mg 2 +. For 
each experiment [Mg 2+] was calculated from the known 
concentrations of MgCI 2, EDTA, ATP and H +, using 
the protonation and stability constants reported by 
Schwarzenbaeh et al. [20], Fabiato and Fabiato [21] and 
the procedure devised by the latter authors. The values 
for  [Mg 2+] thus obtained are probably only approxi- 
mate, most o f  all because the effect o f  MczSO on the 
stability constants is unknown. We have therefore given 
not only the concentration of Mg 2+, but also that of 
total MgCI 2, EDTA and ATP in each experiment. 

Results 

Phosphoenzyme level from phosphorylation of Na +,K +- 
ATPase by ATP at various concentrations of Mg z+ and 
K + 

The effect of [Mg 2+] and [K +] on the level of 
phosphoenzyme is shown in Figs. 2 and 3. The data are 
obtained after 60 s incubation with 100 p.M ATP and 
the concentrations of Mg 2+ and K + indicated. The 
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Fig. 3. The effect of l~tg -~ ' concentration on ph~pl~nzy,nc level 
(EP) at four different K * concentrations. The enzyme was phospho- 
rylated with 100 p,M ATP for 60 s in 40% Me,SO. and EP wo.s 
determined as de~rihed under Experirncnta! procedures. ~ Ha* 
was added, and the concentrations of Mg: * awl K* were as 
indicated ~.n the figure, together wile the total concentration of 
MBCI~ (Mgto t) used in preparing the solutions (see Experimental 
procedures). The EP values age not corrected for the small cootribu- 
tion from phospho~Jlation by P~ (see Figs. I. 8 and 9). The curves arc 

drawn ~ eye. 

highest values obtained for  EP are about 60% of  the 
maximal phosphorylation capacity. The results suggest 
both 'activating' and ' inhibitory' effects o f  both K ÷ and 
Mg 2+, and they also point towards some kind of  inter- 
action between K + and Mg:+: The lower the Mg 2+- 
concentration, the lower the [K*]-values for 'half-maxi- 
mal' activation or inhibition. Thus, at 0.1 IzM Mg 2+, 
only the ' inhibitory' effect o f  K + was observed (Figs. 
2A and 2B). The same relationships could be deduced 
from Fig. 3: Mg 2+ apparently both activates and in- 
hibits, and the half-maximal values are increased by 
increasing [K + ]. 

It is important to note (see Figs. 6-9), that the 60-s 
FP-values are close to steady-state values for all K +- 
concentrations equal to or larger than 0.5 mM irre- 
spcetive o f  the Mg2+-coneen:ration. Likewise, steady 

00 o.t 0.2 0.3 o. 0. 
KCI (mM) 

Fig. 2. The effect of K + concentration on phosphnenzymc level (EP) at different concentrations of Me 2+. The enzyme was phosphorylatcd with 
100 p.M ATP for 60 s in 40% Me2SO. at~d EP determined as deseribed under Experimental procedures. No Na* was added. [K + ] was as 
indicated on the x-axis, and the following Mll 2+ conccotrations (p.M) were used: 0.1 (A), 2 (o), IO (~.), 50 (+), 500 (n)  or 50(10 (e). The 
corresponding values for [Msto,] are shown in Fill. 3. Panel B corresponds to the left part of panel A. i.e. for [K + J < 0.5 mM. The EP values arc 

not corrected for the small contribution from phe~phory]ation by Pi (see Fills. I. P and 9). All curves arc drawn by eye. 
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state is achieved with 0.01 and 0.1 mM K ÷ when Mg 2+ 
is kept lower than about 10 /xM. However, at high 
[MgZ+], like 5000 ~M, and low [K+], e.g. 0.01-0.1 mM, 
the phosphorylation reaction is slow and there is a 
steady contribution :o EP-format~on from Pi, so that 
the EP-level is nnt at steady state but st!l! increasing at 
the 60-s time point (Fig. 8). 

Whether or not the 60-s values of EP represent 
steady state or not, the apparent  activating and in- 
hibitory effects of K ÷ and Mg -'+ and their interdepen- 
dence can only be elucidated by studying the two 
reactions of which the measured EP level is the- res-,-l- 
tant. Consequently we have measured ~cp~i,~sphoryla- 
tion and phosphorylation rates under  a series of differ- 
ent ionic conditions. 

Dephosphorylatiort of the phosphointermcdiaws of 
Na +,K +-ATPase at low (0.1/~M) and high (5000 ttM) 
[Mg" + ], as a ~mction of the K *-concentration 

To characterize the dephosphorylation, the enzyme 
was first phosphorylatcd for 60 s under  conditions 
where a reasonable level of EP was obtained. The 
concentration of Mg 2+ was always the same during 
pbosphorylation and depbosphorylation. 

With 0.l p.M Mg z +, phospborylation was performed 
with 0.01 or 0.1 mM K ÷ yielding about 1 or 11.35 nmol 
E P / m g  protein (see also Fig. 3). Tile time course for 
dephosphorylation was then determined as described 
under  Experimental procedures, and the data are given 
in Fig. 4, from which the following conclusions can be 
drawn: (at There is about 0.1 nmol E P / m g  protein 
which is not (or only very slowly) dephosphorylated in 
the 5-rain duration of the experi:Jent. This corre- 
sponds to about 5% of the maximal capacity; (b) The 
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Fig. 4. The effect o=" [K"  ] on the rule of  dcphosphorylation of EP at 
[Ms " '  I = (I.I #M .  The enzyme was phosphorylated in 4()~ Me:SO 
with t).l p.M Mg ;  ~ and l in t /zM ATP for 60 s in the presence of 0.01 
( e . o . • )  or 0.1 mM K"  ( z~ ). and at time = 0 the dcphosphorylalion 
reaction was started as dc~r ibcd under Experimental procedures. 
During dcphosphonylallon [K"  ] was (t.01 (eL 0.1 (c, ,o )  or I).5 mM 
( • ). The y-axis values for ( ~. ) must be divided by 4 to represent real 
EP-concenlrations. At  ~1(} s EP was (I.18 nmol /mg protein for the 
upper curve (o). whereas the two lower curves did nnl change from 

6It Io 30(I s. All curves arc drawn by ¢y¢. 
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Fig. 5. The effect of  [K*  ] on the rate of dephosphorylation of  EP at 
[Mg" *  ] = SilO0 pM.  The enzyme was phosphorylatcd in 40% Me,SO 
with 5OO0 #M MB z* and 10(t/~M ATP for 6O s in the presence of  
(LOt (17) or 0.5 mM K + (nolo • ), and at t ime = 0 the dephosphoryla- 
lion rcactlnn was sinned as de~rlbed under Experimental proce- 
dures. During dcphosphorylaticn [K ÷ ] was 0.01 ( [ ]  .o) .  0.5 (e) or 100 
mM (11). At  3(10 s, EP was 0.13 ( rue) ,  0.08 ( o )  and 0.05 nmol /mg 
protein ( I l L  respectively. Thn curves are dr~.wn by eye. and the EP 
values art: not corrected for the contributlon to phosphorylalion from 

contaminating Pi (see Figs. 1, S and 9). 

rate of dephosphorylation increases with increasing 
[K +] in the dephosphorylation medium and at 0.5 mM 
K + it is about as fast as we can measure accurately; (c) 
The dephosphorylation time course seems to be inde- 
pendent  of [K ÷] in the phosphorylation medium, as 
exemplified by the dephosphorylation curves with 0.1 
mM K +. The curves in Fig. 4 can be semi-quantita- 
tively characterized by 'dephosphorylation rate con- 
stants '  for the disappearance of EP, kdephos, estimated 
as In2 divided by t ! for the decay of EP. With 0.01 mM 
K + there is a biph~lsic disappearance of EP: 50% with 
k = 0 . 2  s - I ,  50% with k about 0.01 s - I .  With 0.1 mM 
K +, kd~ph,, ~ is about 0.2 s -I  and with 0.5 mM K + 
kd,nh,,~ is 0.5 S- i. 

When pbosphorylation and dephospborylation is 
carried out with 5009 /~M Mg 2+, the dephosphoryla- 
tion rate is slower titan with 0.1 p.M Mg 2+. in three 
examples of experiments about 0.7 nmol E P / m g  pro- 
tein was formed when the enzyme was phosphorylated 
for 60 s in the presence of 0.5 mM K ÷. The time course 
of the subsequent dephosphorylation in the presence 
of 0.01, 0.5 or 100 mM K + is given in Fig. 5, and the 
apph)ximate values for kd=pho~ are 0.015, 0.015 and 
0.04 s i, respectively. In one experiment, the phospho- 
rylation and depbosphorylation were both carried out 
in 0.01 mM K*. As expected from Fig. 3, the yield of 
EP under  these conditions is low (around 0.3 n m o l / m g  
protein), and considering that there also here seems to 
be some 'stable '  EP it is difficult to quantify the 
dephosphorylation curve. The values for kdephos , see 
Table I, will serve as a guideline in the model-simula- 
tion of the phosphorylation time courses described in 
the following sections. 



TABLE I 

Steady.staW level of EP (EP,,) and rate ¢vJefficit, nrs eharaeWrizing 
phasphorylation attd depha.~phorylation af Na +.K ~ -ATPase in 40~; 
Me2SO with different Mg 2 *- mtd K *-cancemration.v 

The values in this table are obtained from the dephosphorylation 
cuD/cs (kdcph,~; Figs. 4 and 5) and the phosphorylation experiments 
(EPic, kph,~, koh,: Figs. 6-9) as described in the text and in legends. 
kpho~ is vo/EPma ~ and k,,h, is ln2 / r ,  

[K+I EP,, kpho, i S t) kd~thtt~ls 1) kt,h,i S I I 
(raM) (% of EP~,,~) 

[Mg 2 ~ ] : 0.1 p,M 
0.01 50 0.2 0.,2-0.i)1 0.1 
0.1 27 0.2 0.2 0.17 
0.5 15 i).l 0.5 0.2 

[Ms -'+ ]= 50(~) p.M 
O.Ol 18 " (I.tN~ 0.015 (I.(12 
O. I 30 " O.Ol O.tt2 
O.5 35 O.O5 (l.015 O.IM 
2 25 0.05 0.1)7 

I IX }  7 I ) .O I  I t . d4  0 .07  

" Not steady state, see Fig. 8. 

Time course o f  Na +,K +-A TPase phosphoenzyme forma-  
tion (phosphorylation) f rom A T P  at rarious concentra- 
tions o f  Mg 2 * and K * 

T he  phosphorylat ion exper iments  arc  illustratcd for 
0.1 (Fig. 6), 0.5 (Fig. 7) and 5000 p,M Mg 2÷ (Figs. 8 
and 9) and with the  K + concentrat ions given in the  
figures. The  points a te  exper imental  data ,  and the 
curves are  s imulated using model  C in Fig. i0  as 
outl ined below. The  60-s values of  these curves  corre-  
spond to the EP concentra t ions  given in Figs. 2 and 3 
under  the same ionic conditions. The  character izat ion 
o f  the curves that  follows, serve as the basis for the 
choice of  the  minimal  model  in Fig. 10 to describe the 
t ime-courses of  EP formation.  

A t  0.1 p.M Mg 2+ (Fig. 6) the steady-state level of  
EP (EP~,) decreases  with increasing [K+], and  if one  
were  to character ize the t ime course (da ta  points) with 
a single constant,  k,,b, values  of  about  0.1 s - t  0.17 s -  t 
and 0.2 s -  i would be obta ined for [ K  ~ ] = 0.01, 0.1 and 
0.5 mM, respectively (k,b~ is calculated as l n 2 / t , ,  
where  t :  is the t ime it takes to reach ½ x Ep~,). The  
same effect of  K + on Ep~, is observed at IMg 2+ ] = 0.5 
p,M (Fig. 7), where  k,,b~ is a round  0.15 s -  i for both 0.1 
and 0.5 m M  K +. 

With 5000 p.M Mg 2+ (Figs. 8 and 9), the t rend for 
the K+-effect is reversed,  in the sense that  ' initial '  rate 
and ' f inal '  level increase with increasing [K +] up to 
about  0 .5 -2  mM. The  values for kob s are  smaller  than 
0.02 s - I  ([K +] = 0.01 and 0.1 m M )  and equal  to about  
0.04 ~- i  at [ K + ] = 0 . 5  m M  (Fig. 8). With  the higher  
K+-concentrat ions (Fig. 9), kob s is increased to 0.07 
s - t .  

The  phospborylat ion curves in Figs. 6, 8 and 9 can 
also yield a rough es t imate  o f  kpho~ which is deter-  
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Fig. 6. Time omr~e of phl~phor'/lation of N a ' . K ' - A T P a ~  by It}0 
.u.M ATP in the presence of 40~'.~ Me,SO and 0.1 uM Mg' ' with 
the K*-concentrations ~hown in the figure. The data were obtained 
;is described under Experimental pn~:udures, the total Mg(' l:-con- 
centration being 46 , .M. The curves are calculatod from the model in 
Fig. Ill as described in the text and with the consta:lts given in Table 
II. The apparent k,,l~ for pla~phorylation, determined from th~ 

approximate r .-values. are I).l (el. ll.17 (~i) and 02 s i ( • ) .  

mined as the initial rate, ro n m o l / m g  protein per  s, 
divided by the total concentrat ion of  E = E,, ,  = EPm~ , 
= 2 n m o l / m g  protein (Experimental  procedures).  Note 
that this method  est imates  a minimal value for kph,~,, 
since the concentrat ion of  enzyme readily available for 
phosphorylation may be less than 2 n m o l / m g  protein 
as shown below. Values for knh,~ ,, kd~p~,~, and k,,t~ are  
presented  in Table  I. 

Strategy for, and results of, model  simulations o f  phos- 
phorylation cun'es 

We have now demons t ra ted  that Na+,K*-ATPase  
can be phosphorylated by A T P  in the a b ~ n c c  of  Ha + 
when  Me2SO is present,  and that K* and Mg 2 .  have 
profound influence on this process. In o rder  to evalu- 

14 " ,2/ 0t mr___ ~ ~ 
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Fig. 7. Time course of phosphowlation of Na " .K ~-ATPase by ATP 
ifl the presence of 40% Me,SO as in Fig. 6. but with 0.5/.tM Mg 2+ 
(total MgCI 2 = 212 p.M) and the K÷-concentrations shown in the 
figure. The culves are calculated from the model in Fig. l0 with the 
constants 81yen in Table II. The apparent k,,t~ for phosphowlation 

obtained from this figure is 0.14 (o) and I).l 7 s : ( • ). 
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Fig. S. Effect o f  K + (concemmti,.:ns indicatod on the figure) on the 
tim=: course of  phosphorylation of Na ' .K  "-ATP~se by ItS} #M  ATP 
in the presence of  4(l% Me .SO and high IMg" * ]. i.e. {MgCI2] = 7100 
#M corrcspooding to [Mg -~' l = 5(XI(I /LM (see Experimenlal proce- 
dures for further details). The dotted curves represent the contribu- 
lion to EP-formalion by contaminating P,. assuming that [P,] is about 
I #M ,  see Fig. 8 in Ref. 11. This conlribution increases with 
K*-conccntration and the curves are calculated on the basis of  the 
-..xpcriments shown in Fig. I. The apparcnl 'non-zero" inle~'cepl of  
some of the 'P~-contrihutitm curves' signifies the rapid initial phos- 
phorylalion by [~:PIP, (conlaminaling the AT3'P) when K + is higher 
than a.I nlM (s~e Fig. I. circles and squares). The broken lines are 
simulations of phosphoD'lalion by ATP. using Ihe model in Fig. l0 
with the rate constants of Table I[. as described in Ihe text. The fui] 
line. describing the Iolal EP-concentratlon as a function of lime. is 
then the sum of the other Iwa curves for each experimental condi- 
tion. Apparent k,,b, hit phosphorylalion is smaller than about O.02 

(e .o )aod l l .04s  m (11). 

ate the  effect  o f  K + and Mg  -'+, it is preferable  to have 
a (simple)  model ,  by which the  data  can be analyzed 
and s imulated.  In Table  i somc coefficients charac-  

0 20 40 60 80 100 120 
time Is) 

Fig. 9. Time course of phosphorylalion of Na*.K*-ATPase from 
ATP under experimental conditions like those described fi)r Fig. 8. 
i.e. with [Mg" ÷ ] ~ 5(Xgl ,u M. but with 2 or liX} mM K ' as indicated. 
As in Fig. 8. the datled cu~e (here common for the two K+-con - 
cenlrationsl is the calculated contribution to EP-formalion from 
contaminaling P, (the "non-zero' inlclcepl relates to the rapid initial 
l,hosphorylalion by preformed ['~"P]P, in AT~"P. see Fig. 8 and Fig. 
I). Ihe broken cuwcs arc calculated from the model in Fig. l0 and 
the rate constants in Table II. and the full curves are the sum of the 
dolled and the broken, thus simulating tolal EP-formalion. Apparent 
k,,1,, for phosphorylation is around O.07 s- i in Imlh experiments. 

kin 
E E.  rJ E " EP  

@ E(K) 
kl ks 

E '  ~, " E " EP  

" , \ A  
E(K) 

Fig. IlL Three simple, minimal models for the mechanism of forma- 
lion of EP (the phosphoinlermediales of Na*.K+-ATPase) in the 
presence of Me,SO but in the absence of Na ÷. E(K) represents a 
dephosphoform thai may have K + occluded. The models can be 
regarded as considerably reduced versions of the AIburs-Post ~hcme 
in the sense that they contain a phosphorylalion and a dephospho- 
wlalion sequence and. in the case of B and C. also an intermediate 
with a possibly occluded caliem. The models were evaluated quantita- 
tively, as de~ribcd in thu text. [or their ahilily to simulate the 
phosphorylation data shown in Figs. h-9. and only model C was 
found suitable. The rate coefficients corresponding to model C at 

diffurunl K +- and Mg' +-concenlraliuns are listed in Table II. 

ter iz ing the exper imenta l  da ta  of  the  phosphoryla t ion 
exper iments  in Figs. 6 - 9  are  collected, and  in Fig. 10 
we show three  s imple reaction schemes  of  slightly 
increas ing complexity, which we will briefly invest igate  
in o rde r  to choose the  minimal  model  for s imulat ion of  
the results. 

W h e n  Model  A (Fig. 10) is corre la ted  with Table  i, 
kin, x = kl,;,,, ~, kz^  = kdcph,, s and,  as is well known, k , ~  
must  then be equal  to kphas + kdephos ( =  k i n  + k2a) .  
Th i s  condi t ion s eems  t.o be fairly well fulfilled by the  
rate  coeff icients  obta ined at [Mg 2+] = 5000 p.M. but 
not at all at [Mg 2+] = 0.1 p.M, where  e.g. at [K +] = 0.1 
and 0.5 mM,  k,,h~ is smal ler  than kdeph,, s. 

Model  B (Fig. 10) poses s imilar  problems.  Simula-  
t ions of  the t ime course  for EP format ion,  us ing differ-  
ent  combinat ions  of  k m, k2a and  k3a (not  shown)  
reveals a general ,  and not unexpected  pa t tern :  W h e n  
k 3 ,  is (considerably)  larger  than k ,  a, a monotonic  rise 
in EP  towards  s teady s late  is observed.  Model  B is then 
equivalent  to Model  A,  and  k,,b, = k m + k2u. But when  
k.~ a is smal ler  than or  equal  to k2u, an  overshoot  in the  
EP curve appears .  Consequent ly ,  the  exper imenta l  re- 
sults cannot  be s imula ted  with this model .  

By in t roducing an a priori  equi l ibr ium be tween  en- 
zyme species as shown in Model  C, Fig. 10, it becomes  
possible to s imulate  the  results, as i l lustrated in Figs. 
6 -9 .  T h e  rat io  be tween  [E ' ]  and  [E] (de te rmined  by the 
k 2 / k  m ratio), that  gave  the  best results,  was  about  6.25. 
The  presence  o f  a suitable proport ion of  the  readily 
phosphoryla t ing species E, accounts  for the  initial rapid  
phase  as seen  in Fig. 6 and especially in Fig. 7. T h e  



TABLE II 
Rate coefficients for model ¢, Fig. I0. used in the sbnulation of 
phosphorylation cun'es (Figs. 6-9). 

All coefficients have units of s- i. 

IK + ] k t k~ k 3 k 4 kA 
(raM) 

[Mg2" ]=  0.1 #M 
0.01 0.08 0.5 0.8 0.09 0.5 
0.1 0.08 0.5 0.75 0.22 0.5 
0.5 0.08 11.5 0.8 0.43 0.5 

[Mg :+ l = 0.5 #M 
0.1 0.08 0.5 4.5 0.17 ((.45 
0.5 0.08 11.5 4.0 (1.5 11.45 

[Mg 2+ ] = 5000 #M 
0.01 0.08 0.5 0.025 0.0 0.05 
0.1 0.1)8 0.5 0.047 0.01 0.05 
0.5 11.08 0.5 0.15 0.028 0.05 
2 0.08 0.5 0.14 0.04 0.05 

IIX) 0.08 0.5 0.033 0.055 0.05 

rate of this rise is profoundly influenced by k3. The 
subsequent slower rate of phosphorylation, that pri- 
marily determines the t_, and thus k,,~,, (Table i), is 
mainly accounted for by" the rate coefficient (k I) for 
the E '  to E conversion. (At [Mg2+l ~ 5000 p,M (Figs. 
and 9), the rapid and slow phase of phosphorylation 
are no longer observed, since k 3 is equal to or smaller 
than k(). In the simulations, the rate coefficient for 
dephosphorylation, k 4, was kept close to those experi- 
mentally obtained (compare ko~pho~, Table ! and k 4 
Table Ill,  and finally, k 3, k 4 and k.s together deter- 
mines the simulated steady-state level of EP. It should 
be noted that the necessity of having the intermediate 
E(K) in the model is especially apparent at [K ÷ ] _>__ 0.5 
raM: Here the value of k s is important for the adjust- 
ment of Ep~,. 

The final results of the simulations with Model C, 
Fig. 10, are shown as curves in Figs. 6 -9  and the 
coefficients are given in ( 'able II. The following fea- 
tures appear: Ti~e ratio [E ' ] / [E]  = k 2 / k  ~, and also the 
absolute values of k I and k 2, can be assumed to be 
independent of [K +] and [Mg2+]. The rate coefficients 
for the phosphorylation and dephospborylation reac- 
tions are all lower at [Mg~+]=5000 /zM than at 
[Mg 2+ ] = 0.1 or 0.5/zM, indicating that these reactions 
are inhibited by high [Mg2+]. It should also be noted, 
that the rate coefficient for phosphorylation, k3, can lag 
set to be proportional to [Mg 2+] at low [MgZ*]. This is 
an expected relationship: Under these conditions and 
with [ATP]= 100 #M, [MgATP] is proportional to 
[Mg 2+] and the MgATP concentration is much lower 
than its Ko. 5 (see Discussion). 

It appears from Table II that k 4 increasos with [K +] 
at all Mg 2+ concentrations, i.e. K + stimulates dephos- 
phorylation. The 'phosphorylation rate coefficient' k 3 
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is independent of [K +] at low [Mg ~÷ ], but at [Mg 2÷ ] = 
5IX)0 #M, an increase in the K+-eoncentrafion from 
0.0! to 0.5 -2 mM leads to a 6 times larger k v Further 
increases in [K +] up to 100 mM may reduce k~ to the 
level in the absence of K +, but due to the low level of 
EP,~ and the relatively large contribution by 'Pi-phos- 
phorylation', the simulation is probably equivocal. The 
behaviour of k 3 at [Mg 2+ ] = 5000/.tM is also reflected 
in the change in EP,, level with K+-concentration, see 
F~g. 2A and Table l. 

Discussion 

The results of the present study are evaluated using 
a simplified reaction scheme - model C in Fig. 10 - 
that adequately can describe the data by mathematical 
simulation. The scheme consists, as an e~sentia I and 
necessary feature, of an a priori equilibrium between 
two enzyme forms. E '  and E, of which the form E is 
phosphorylated by ATP in an irreversible step (no 
ADP present) with rate coefficient k~. followed by an 
irreversible dephosphorylation (Pi absent), rate co¢ffi- 
cient /f4. and a deocclusion/isomerization reaction 
likewise considered in'eversible (see below) with the 
coefficient k 5. The reaction scheme can be considered 
as a simplified version of the currently accepted more 
detailed model for the Na+,K+-ATPase reaction [2], in 
the sense that it contains both dephospho- and phos- 
phognzyme and also features a transport intermediate 
with a possibly occluded cation, E(K). The discussion 
below is aimed at: (I)  comparing tbesc reactions in 
Me2SO with their properties in water, and (2) elucidat- 
ing the roles of Mg z+ and K + in the different pro- 
Cesses. 

The a priori equilibrium between E and  E '  
This equilibrium is characterized by the Mg 2+- and 

K+-indepondent rate constants k,  = 0.08 s -  i and k 2 
0.5 s - I ,  meaning that before addition of ATP and 
irrespective of the concentration of M g :  aria K+, E 
constitutes about 14% of Ere ,. This model feature has 
important implications for the E(K)--, E reaction se- 
quence since this sequence as a logical con~quence 
then must be irreversible. The ol~rational basis for 
introducing the a priori equilibrium is given in tbo last 
section of Results, and although it is tempting to draw 
a parallel between the two forms in the present model 
and the well established major classes of conformation 
in aqueous media, the K+-form E 2 and the Na÷-form 
E I [22.], such an analogy is probably not justified. 
Especially one might argue that the E ' /E- ra t io  should 
be K+-depondent, which it is not, and further difficul- 
ties in this context are discussed earlier by us [i l] .  i t  is 
of interest to note, that the, existence of a similar? 
equilibrium has been inferred by Fritzsch [23,24] who 
analyzed two sets of data for the inactivation of 
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Na+,K+-ATPase with ATP-analogs and one for the 
i.n~ctiv~+ion of Ca2+-ATPase with FITC. In all three 
eases, by far the best model-fit was obtained if the 
model contained two slowly interconvertible enzyme 
states, only one of which was active in binding the 
inhibitor The active state constituted 7, 13 and 17% 
and it was "speculated that the two states reflects 
different interactions of en~mc units". 

Acticaiion , (  pl+~,spli~rylati~; by I ,~ (p.M) coi~centra- 
tions o f  Mg 2 + 

With 100 p.M ATP present, increasing [Mg 2+] in 
the range 0.01-1 p,M activates the phosphorylation 
step (k 3 in Table l l)  and increases the steady-state 
level of EP (Ep,~, somewhat dependent on [K+], see 
Fig.3). At higher Mg2~-concentrations, Ep~s decreases 
again (Fig. 3) in connection with an inhibitory action of 
Mg 2+ on the phosphorylation as well as the dephos- 
phorylation process {Tables i and II). In aqueous me- 
dia similar phenomena are observed: increasing [Mg 2+ ] 
activates because the substratc is MgATP - or ATP 
with Mg 2+ as an obligatory cofactor - [25-27]. ATP 
binds without Mg ~'+ [28] but EP formation and hydrol- 
ysis only begins when Mg 2+ is added [29,30]. When 
[Mg 2+ ] becomes very high, hydrolysis and various par- 
tial reactions arc inhibited (sec Refs. 31-33 which also 
have references to earlier work, and below). 

If we assume that MgATP is thc substratc for 
Na+,K+-ATPase phosphorylation also in 40% Me,SO, 
the activating effect of increasing [Mg 2+ ] can very well 
be explained by an incrcase in [MgATP]. Using a 
stability constant for MgATP (admittedly determined 
in aqueous media) equal to 2-104 M-  n [21,34], we can 
calculate that when [ATPmt] = 100 p.M and [Mg 2+] is 
raised from 0.1 to 0.5 p.M, the MgATP-concentration 
increases with a factor of 5, from 0.2 to 1 P.M, The 
concentration of free, uncomplexcd ATP stays constant 
at approximately 100 p.M. If the K,. s value for MgATP 
for phosphorylation is 2-4  p.M as determined by us 
previously (Fig. 6, Ref. 11) we would expect the 'phos- 
phorylation rate coefficient" k.~ to increase 3-5 times 
for this [MgATP] el,ange. In the simulations it is in- 
creased from 0.8 s-  i to 4 s -  i Table II. 

Based on these considerations we can discuss two 
simple mechanisms that could explain the relationship 
between [MgATP] and k.~. Firstly, the binding of 
MgATP could be rate-limiting for phosphorylation and 
diffusion-controlled, i.e. with kd i ,=  10 v M -n s - j  [30], 
bat with [MgATP] = l p.M (=  10 -6 M) one should 
then find k.~ = 10 s - i .  This is twice the 'model k 3' (for 
[Mg 2+ ] = 0.5/.LM in Tablc II), and a more likely mech- 
anism is therefore the se::ond possibility: E and MgATP 
cquilihrates in a diffusion-controlled binding process 
and with 1 p.M MgATP, about 1 /4  should be in 
EMgATP (Ku..~ is 2-4 p.M, see above). The rate coeffi- 
cient for the subsequent rate-limiting pbosphorylation 

step EMgATP -* EP might then be calculated as 4 × 
(k 3 of Table !1) = 4 x 4 s -  n = 16 s -  n, and this could be 
co,~sidered as the phosphorylation rate coefficient at 
optimal substrate concentration (and no Mg2+-inhibi - 
tion). We have compared this rate coefficient with 
estimates of the same parameter in aqueous media at 
rccm tempcrature under what may be considered opti- 
mal conditions for EP-formation, i.e. 25-150 mM NaCI, 
more than 25-100 p.M ATP, ! -5  mM MgCI 2 and no 
K +. M~Irdh and co-workers found a value of 150-200 
s-~ for ox brain [35] and guinea pig kidney [29], and 
Hobbs et al. [36] determined the phosphorylation rate 
coefficient for enzyme from electroplax to be 55 s - n  
These values are 3-10 times the value of 16 s -n calcu- 
lated above and one possible reason for this discrep- 
ancy could be that the 100 p.M free ATP in our 
experiments act as a competitive inhibitor with MgATP. 
in recent (unpublished) experiments with the pig kid- 
ncy enzym', used in the present investigation, R.CoRossi 
and J.G.N~rby found a 'phosphorylation rate coeffi- 
cient' of about 20 s - i  using the same type of rapid 
mixing apparatus as M~rdh. Thus it seems that phos- 
phorylation in 40% Me2SO without Na + proceeds with 
an efficiency at least comparable to the Na+-stimulated 
phosphorylation in aqueous media. 

With these very low concentrations of Mg ~+, we 
found no effect of K + on the phosphorylation rate, and 
although there are no other published studies concern- 
ing this matter, it is of interest that Kaniike et al. [37] 
observed that binding of ADP in 30% Mc2SO-medium 
was not affected by K + as it is in aqueous medium [28]. 
So when increasing [K +] leads to a decrease in EPss 
(Figs. 2, 3, 6 and 7) it is exclusively due to the K +- 
activation of dephosphorylation (Fig. 4, kd~phos in Table 
1, k 4 in Table II). 

The #zhibition by Mg 2 +, and the K +-Mg 2+ antagonism 
at the phosphorylation step 

From the model simulations summarized in Table !1 
it app~:ars, that raising [Mg 2+] from 0.5 to 5000 # M  
decreases both the rate coefficient for dephosphoryla- 
tion (k 4) and that for isomerizatiun/dcocclusion (k 5) 
by a factor of 10, irrespective of the K+-concentration 
(it has been suggested that inhibition by Mg 2+ in 
aqueous media requires K + [38], but see Ref. 33 for a 
discussion of this subject). The phosphorylation rate 
coefficicnt ( k 0  falls 30 to 150 times depending upon 
the K+-concentration. This inhibitory effect of Mg 2+ is 
probably also reflected in the relationship between EP,~ 
and [Mg 2+ ] - from 2 to 5000/~M - at [K + ] ~ 0.2 mM 
shown in Fig. 2B. Due to the simplicity of the model 
employed in this study (C in Fig. 10) is it not possible 
to decide whether the differential inhibition is an ex- 
pression of one. two or more inhibitor-binding sites for 
Mg z+, but it se.ems safe to conclude that there are at 
least 2 Mg 2+ sites: one (high affinity) at which Mg 2+ is 



an activator related to ATP on the substrate site, and a 
different site with lower affinity where Mg -,+ ~:ahibits. 
This would be in accord with the general view upon the 
reaction of Mg 2+ with Na+,K+-ATPase [33.39-42] al- 
though the hypothesis, that both actions of Mg 2+ may 
b~. elicited via one site also has been put forward [43]. 
We have not found any other published studies on the 
inhibition of Na+,K+-ATPasc by Mg -,+ in Me2SO, but 
a comparison with the inhibitory effects of Mg -'+ in 
aqueous media reveals a much higher affini~ for in- 
hibitory Mg 2+ in Me2SO (this paper) than in aqueous 
buffers. Here we find that in 40% Me-,SO the rate 
constants are reduced by at least a factor of 10 by 5 
mM Mg 2+, whereas inhibition lin aqueous media is 
characterized by K0.s (or Ki) ~alues of 10-20 mM 
[41,42,44,45] or higher [27,31,46-,18], probably depend- 
ing on assay conditions. Maybe the increased inhibition 
in Me2SO reflects the observation that 40% Me,SO 
dramatically decreases Km(Mg) for the pNPPase reac- 
tion [49] as well as the Mg 2" requirement for phospho- 
rylation by Pi [19]. 

From the model analysis in Table !1 we can deduce 
that the unexpected, stimulating effect of K ÷ on EP 
formation from ATP, that we observed in our first 
paper on this subject [11], is an effect of K* on the 
phosphorylation sequence (k3), meaning that K" re- 
acts with E or other intermediates in the E--, EP 
sequence. The K+-activation is seen at least for [K * ] 
2 mM hut apparently only when the reaction(s) 
inhibited by Mg 2+. This activation is not necessarily 
reflected in the Ep,~-Ievel as an increase, since K* also 
increases the depho-phorylation rate constant k4. it 
seems unlikely frol~, the present evidence that K* acts 
as a competitive ligand on the Mg 2÷ binding site(s). 
because K + by no means relieve the Na*,K+-ATPasc 
system of the Mg2+-inhibition. The activation could be 
described as an attenuation of the Mg-,*-inhibition by 
binding of K + to separate site(s). The rcason that 
activation by K + is only observed at inhibitory [Mg 2+ ] 
could be either that the K+-binding step at high (but 
not at low) [Mg -,+] is rate-limiting, or that the affinity 
of the K+-site at low [Mg 2+] is such that it is already 
saturated at 10 btM K +. 

Mg2+-K + antagonism has also been observed in 
aqueous media. Tashima et al. [50] and Robinson [48] 
report that K + can counteract the inhibition of 
pNPPase by Mg 2+, and Mg 2+ inhibition of Na+,K +- 
ATPase activity has a lower K i, the lower the concen- 
tration of monovalent cations [46]. These authors de- 
scribe the antagonism as competitive, whereas others 
find that K ÷ acts as a partial inhibitor towards Mg 2+ 
[51] or characterize the interaction between K* and 
Mg 2+ as uncompetitive [31,32]. Partial inhibition re- 
quires that Mg 2+ and K + be bound simultaneously, 
and there t, re indeed several indications that that can 
happen [31,32,40,41,51-54]. 
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Comparison between rate constants bz 40% Me ,SO and 
in aqueoas media 

In a previous section we noted that the phosphoryla- 
tion coefficient k.~ in Me2SO seemed to be compara- 
ble to that in water; at most it wa~ a factor of 10 lower. 

If we turn to the dcphosphorylation coefficient k 4, 
we can estimate a value of about I s-  ~ under maximal 
stimulation by K + (Table I and Ill. Without K + it is 
0.01-0.2 s -j  (Table i). These values are much lower 
that tho,~e determined for de~hospho~,lation in aque- 
ous media at room temperature: For the unstimulated 
(no K +) dephosphorylation M~rdh [55] finds about 4 
s-  i and this value has been cunfirmod by Forbush and 
Klodos as well as Rossi and Norby (unpublished) on 
the kidney enzyme. In the presence of K +, K-sensitive 
EP depbosphorylates very rapidly, i.e. k is about 2110 
s - i or larger [29,35,5~]. Thus it seems clear that Me2SO 
inhibits the dephosphorylation. This is in accordance 
with the suggestions by Robinson [10] and with earlier 
observations at 0°C for both Na+,K*-ATPase [37] and 
Ca" +-ATPase [56], but in contrast to the pronounced 
increase in the rate constant for non-enwmatic bydrol- 
~sis of acetyl phosphate when water is substituted with 
Me,SO [57]. We should also note, that the inhibition 
by Mg -'~ that we see in 40% Me-,SO may have its 
parallel in the inhibition of E,P-hydrolysis (with a 
Ko5 > 6 mM for Mg 2+ ) described by Post et al. [58]. 

Wc have recently shown [59] that K+-stimulatcd (we 
used TI" as a K+-congener) dephosphorylation and 
K'-occlusion occur simultaneously. In model C, Fig. 
10. E(K) can be considered as enzyme having occluded 
K* and the sequence E ( K ) ~  E (rate coefficient k s) 
then contains the deocelusion step. In setting this se- 
quence to be irrevel,ible, we imply that either the 
presumed dencclnsion reaction or the following isorrmr- 
ization step (or both) are in fact irreversible in 40% 
MezSO (s~e also ~,bove under The a priori equilibrium 
between E and E'). This will be the subject of further 
studies. In our simulations we have assigned a rate 
coefficient of 0.5 s-  = to the reaction E(K) --* E in the 
uninhibited state, i.e. at low [Mg-,+]. This is similar to 
the rate constant for Rb + release from E(Rb): 0.2 s - j  
in water, 0.5 s - i  in 20% Me-,SO [60], and to rate 
constants for K+-release or Rb+-release in flux or 
occlusion/deocclusion studies, k =0.2-0.3 s - t  (see 
discussion by Karlish and Stein [61]), but it must be 
emphasized that the:~ values arc for the unstimulated 
dcocclusion, in the presence of ATP or Pl, the rate 
constant is iO-iO0 times higher [41,54], and since we 
have 100 # M  ATP, and hence would have a deocclu- 
sion constant in water much larger than 0.5 s -  i (Table 
Ill,  we conclude that Me2SO also inhibits the sequence 
E(K) --, E in our model. 

As regards the Mg-,+-inhibition of this step, there 
are observations with aqueous media, that Mg -,+ acts 
as a 'product inhibitor' by binding to E2K [31,40]. We 
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fur thermore  note, that Forbush [41] repor tcd almost 
complete inhibition by Mg 2÷ ( K o  s = 10 raM) of  the 
MgATP-st imulated dcocclusion, i.e. an inhibition per- 
haps similar to the one we observe here (Table ll), but 
with a different affinity. 

Concluding remarks 
Above we have repor ted and discussed certain fea- 

tures of  the reaction mechanism of  Na+,K*-ATPase  
which all ~eem to he effeeled by the presence of  40% 
Me2SO. According to the simplified reaction scheme 
u ~ d  in the analysis of  the results, a cation independent  
equilibrium between two enzyme forms E '  and E exists 
in the Me2SO-medium.  In the abse rcc  of  Na +, E is 
readily phosphorylated by ATP,  but the subsequent  
reactions, the K+-aetivated dephosphorylat ion and a 
presumed deocclusion/ isomerizat ion sequence,  arc  in- 
hibited by Me:SO.  One  interesting hypothesis to ex- 
plain this is that the lowered wate r  activity (or the 
reaction of  the enzyme with Me.,SO) uncouples the 
occlusion of  Na + and K + by stabilizing "empty, oc- 
cluded" conformations in the absence of  Na + or  K "~. 
According to this, the presence of  40% M e : S O  could 
increase the rate of  E ~ EP in the absence of  Na + by 
stabilizing an 'occluded Na*-Iikc'  conformation.  This 
would be analogous to the phosphorylation by A T P  of 
the related enzyme,  CaZ+-ATPase from sarcoplasmic 
reticulum, seen in the absence of  Ca  ̀ '+ provided 
Me.,SO is present  in the mediurn [62]. Likewise, addi- 
tion of  Me2SO to the med ium would decrease  the rate 
of  E(K) ~ E by stabilizing an 'occluded K+-like ' con- 
formation. As in aqueous buffers, all the reactions are  
inhibited by Mg -'+, but the affinity for Mg -'+ is in- 
creased by Me2SO. Considering that K + in these ex- 
per iments  with 40% M e , S O  and high, inhibitory 
[Mg 2+] stimulates the phosphorylation reaction, one 
might speculate whether  K + has t-':ken the function 
that Na + has in aqueous media.  In this connection it is 
of  interest, that the Mg2+ /K+  antagonism observed 
here  in Me ,SO,  has its parallel in a M g : + / N a  + antag-  
onism in aqueous media  as described by both Pede- 
monte  and Beaug~ [40], Sachs [32] and Robinson and 
Pratap [33]. However ,  the nature  of  the Mg'-+-inhibi - 
tory site is not known at the moment  and therefore the 
molecular  mechanism by which M e : S O  increases the 
affinity for Mg "-", and by which K + accelerates the 
phosphorylation reaction at high Mg '÷ ,  remains to be 
elucidated. In any case, the present  study has under-  
lined the fact that the propert ies of  this flexible, mis- 
chievous enzyme depend  both on the specific ligands 
and on the o ther  substances of  the reaction medium 
like buffers, water  and organic solvents. 
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