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Cation sidedness in the phosphorylation step of Na÷/K+-ATPase 
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Na+/K ~-ATPase, reconstituted into phosphollpid vesicles, has  been used to study the Iocallsatlon of binding sites of 
ligands invoh'ed in the pbosphoD'latlon reaction. Inslde-out oriented N a + / K + - A T P a s e  molecules are the  only 
population in this system, which can be  phosphoD'latedt as the rightside-out oriented as well as the  non-incorflorated 
enzyme molecules are inhibited by ouabain. In  addition, the rightside-out oriented N a + / K  +-ATPase molecules have 
their ATP blndin~ site intravesiculady and are thus not accessible to subslrate added to the  extravesleular medium. 
Functional binding sites for the following lignnds have been demonslrated: (i) Potassium, acting at  the  extracelhdar side.' 
with high affinity (stimulating the dephospborylation rate  of the  E z P  conformation) and low affinity (inducing the 
non-phosphorylating E2K complex). (ii) Potassium, acting at  the  cytoplasmic side with both  high and low affinity. The  
latter sites are also responsible for  the formation of an  E z K  complex and compete  with Na + for its binding sites. (iii) 
Sodium at the cytoplasmic side responsible for  stimulation of the  phosphorylation reaction. (iv) Sodium (and amine 
buffers) at the extraeegtdar side enhancing the phosphorylation level of N a + / K + - A T P a s e  where choline chloride has 
no effect. (v) Magnesium at the cytoplasmic side, stimulating the phosphorylation reaction and inhibiting it above 
optimal concentrations. 

Introduction 

In  the mechanism of action of  N a + / K + - A T P a s e  the 
phosphorylat ion step plays a pivotal role [1-5]. I t  is 
assumed to be a crucial step in the conversion of 
chemical energy into transport.  Nearly all studies on  the 
phosphorylation reaction have been carried out  in mem-  
hrane preparations in which added ligands have simul- 
taneous access to b inding  sites located at the extracelhi- 
lar and the cytosolie side of the plasma membrane.  In  
those studies it has been established that  a maximal  
level of phosphorylat ion can be  obtained in the pres- 
ence of both Mg  2÷ and Na + and  in tbe absence of K+  
ions. The latter ion stimulates the rate of the dephos-  
phorylation reaction considerably. 

However. the presence of  ions at bo th  sides of the 
membrane precludes conclusions on the sidedness of  
these effects. Al though it is very likely that  the  stimula- 
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concen~alions a¢ the cytosoli~ side. resoegtively. Kc,I, Na~ t and 
Mg~,. represent thee concentrations at the extra~lluI~ side. 
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tory effects of  N a  + on  the phosphorylat ion reaction 
take place at the eytosolic and  the stimulatory effects of 
K + on  the  depbosphorylat ion reaction at  the extracelhi- 
lar side, addit ional  effects of  these ions at  the opposite 
sides canno t  be excluded. Al though M g  2+ is supposed 
to be  involved in the b ind ing  of phosphate  at the 
cytosolic side, possible effects at  the extracelhilar side 
have no t  been studied before. 

We  therefore studied steady-state phosphorylat ion of  
N a + / K ÷ - A T P a s e  reconstituted in proteoliposomes, in 
which only phosphoryla t ion  of inside.out oriented p u m p  
molecules is possible. By variation of the ion composi-  
t ion in- and  outside the  vesicles insight has  been ob-  
tained on the presence, location and funct ion of ion- 
b ind ing  sites on  Na+ /K+-ATPase .  

Materials  and Methods  

Preparation of  Na ' / K ~-A TPase 
N a + / K + - A T P a s e  from rabbit  kidney outer medulla 

has been prepared aceordin 8 to the me thod  described 
by Jorgensen [6]. About  340 mg  mierosomes (on protein 
base) were incubated for one hour  at  20 ° C  in a medium 
conta in ing  0.58 m g / m l  sodium dodecyl sulfate and  25 
m M  imidazole-HCl (pH 7.4), 3 m M  ATP and  2 m M  
EDTA (final protein concentrat ion 145 mg protein per  
ml). After  the extract ion the mlcrosomal suspension was 
centrifuged on a sucrose gradient  (0-50,%), The ATP  of 

0(K)5-2736189/S03 50 ~: t9~9 Els~ier Science Publishers B,V. (Eliomcdical Divisionl 



the pooled fractions of the gradient was removed by 
incubation at 37°C in presence of Na ÷, Mg 2* and K 
and subsequent washing. The obtained membrane frag- 
ments, enriched in Na+/K+-ATPase. were stored in 
imidazole buffer (25 mM, pH 7.4) containing 10% 
sucrose. The specific Na+/K+-ATPase activity of the 
preparations ranged from 1.0 to 1.6 mmol P~ formed per 
mg protein per h. 

Preparation of lidosome~" 
Liposomes have been prepared by a reversed phase 

evaporation method as described by Szoka and Papa- 
hadjopoulos [7]. Mixtures of cholesterol, phosphatidyl- 
choline and phosphatidylserine (ratio indicated in text 
and legends) in chloroform were evaporated under a 
stream of nitrogen to remove the organic solvent. After 
repeated washing with diethyl ether, a 1 : 1 mixture of 
diethyl ether and buffer solution of different composi- 
tion was added and the solution thoroughly mixed on a 
vortex mixer, while the diethyl ether was again slowly 
evaporated by a stream of nitrogen. The final lipid 
content was between 20 and 50 mg/ml After all diethyl 
ether had disappeared the liposomes formed were soni- 
cated for 30 rain in a Branson sonieator bath at maxi- 
mal output. 

Reconstitution procedure 
Purified Na+/K+-ATPase (5 mg/ml) in 20 mM im- 

idazole buffer (pH 7.2) was partially solubilized by 
incubation with cholate (final concentration 0.91% w/v) 
during 1 rain at room temperature. This mixture was 
then added to a 10-fold volume of lipo~omes, giving a 
lipid to protein ratio of 40 to 100 (on weight basis). 
After thorough mixing, the preparation was frozen in 
liquid nitrogen or in a mixture of dry ice and acetone 
and subsequently thawed at room temperature. This 
freezing and thawing procedure was repeated twice. 
Thereafter t-he vesicle suspension was sonicared for 6 
rain in a Branson sonicator bath (at maximal output). 
Detergent was removed from the proteoliposomes by 
centrifuging aliquots of the suspension over a 10-fold 
volume Sephadex G-25 (coarse) column (equilibrated 
with the appropriate buffer solution) in a syringe. This 
centrifttgation step took 5 rain (100 g) and was repeated 
once. More than 99.9% of the eholate was removed by 
this procedure [gl. Together with the removal of the 
detergent the extravesieular medium could be ex- 
changed by a medium of choice [9]. 

ATP hydrolysis 
The ATP hydrolysis was determined as the release of 

32p, from [y.32p] ATP [10]. To 10 #1 proteoliposomes 
containing Na +, Mg 2+ and K ÷, in Tris buffer (pH 7.2), 
190 ~1 of a medium containing Na ÷, Mg 2+, K +, Tris 
(pH 7.2), ouabain (0.2 raM) and 0.1 to L0 mM labeled 
ATP were added at room temperature. For blanc values 
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the reconstituted Na ~/K ÷-ATPase was denatured with 
trichloroacetic acid prior to incubation with the assay 
medium. The ~-'P, production was measured after stop- 
ping the reaction at a given time by addition of 0.4 ml 
10% trichloroacetic acid followed by mixing with 0.4- ml 
20% (w/vl aqueou~ charcoal suspension. The charcoal 
adsorbs the adenosine phosphates from the medium, 
but leaves P~ in solution, The suspension was mixed 
thoroughly during 10 s each 5 min (three times). 
Thereafter the charcoal wag sedimenred by centrifuga- 
ties for 10 min at 2000×g at 0°C. Aliquots (0.2 0.5 
ml) were taken fron't the supernatant, mixed with 4.5 mi 
liquid scintillation fluid (Aqualuma Plus). Radioactivity 
was measured with a ltquid scintillation counter, 

Tra,lsporl assm" 
For transport studies proteoliposomes loaded with 20 

mM K*. were equilibrated with a medium containing 
~*Rb ~ (O.l mM) during 3 h at room temperature [ill. 
After loading with the tracer the proteoliposome sus- 
pension was incubated with a 10-fold volume of trans- 
port medium containing Na +, K ÷, Mg 2" and ouabain, 
with or without ATP, After the incubation at room 
temperature the transport was quenched by layering an 
aliquot of the suspension on a Dowex 50-X8 (Tris-form) 
column (12 L The proteoliposomes were then ehited with 
1 m[ of a solution of 250 mM sucrose and 25 mg/ml 
bovine serum albumin. The eluate, containing prol2o- 
liposomes devoid of the external Rb*, was counted in a 
liquid scintillation counter by measuring Cereakov radi- 
ation. 

Plux~phorylatilm 
Phosphorylation of the reconstituted Na*/K "- 

ATPa~ was carried out at 22°C at pH 7.0. The labeled 
ATP concentrations varied between 0.2 and 20 #M {The 
Radiochemical Centre, Amersham. U.K.. specific radio- 
activity 3000 Ci/mol). The reaction was started by 
rapid mixing of 10 td proteoliposomes (preincubated 
with 0.2 mM ouabain and 2 mM Mg 2+, if not indicated 
otherwise) with 90 #l of the medium containing ATP 
and the other ligends. The reaction was stopped after 3 
s by addition of 3 ml 5% (w/v) trichloroa¢etie acid. 
containing 100 mM phosphoric acid. The denatured 
phosphoprotein was filtered on a 1.2 /tm pore width 
Seh,¢iron filter (Schleicber and Schocll, Das~l, F.R.G.), 
which was then washed three times with 3 ml of the 
stopping solution. Incorporated 32p, was determined by 
liquid scintillation counting. For blanc values the 
proteoliposomes were mixed with the stopping solution 
prior to addition of ATP. 

Dephosphorylation 
After phosphorylation for 10 s at room temperature 

900 ~tl of the dephosphorylation medium was added to 
the pbospho~lation mixture (100 #1). The dephospho- 
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rylation mixture contained, apart from the buffer and 
cations. 1 mM unlabeled ATP in order to dilute the 
labeled ATP 10O0-fold. Together with the 10-fold dilu- 
tion of the volume of the medium the final dilution of 
the labeled ATP was 10000 which actually avoided 
further phosphorylation by the labeled ATP. After rapid 
mixing the dephosphorylation reaction was stopped (at 
the time indicated) by addition of 5 ml 5% (w/v)  
trichloroacetic acid containing 100 mM phosphoric acid. 
After stopping the reaction, the mixture was further 
treated as described in the phosphorylalion procedure. 

Materials 
ATP and Tris were purchased from Boehringer. 

Mannheim. F.R.O. [7-32p]ATP and ~SRb were obtained 
from Amersham. Buckinghamshire, O.K., phosphafidy|- 
choline (egg) and phosphaddyl~erine (bovine brain) were 
pulxzhased from Avanti Polar Lipids, Birmingham. AL, 
U.S.A.. CCCP from Aldrich, Milwaukee. WI, U.S.A. 
and eholcsterol, nigcficin, moncnsin and valinomycin 
from Sigma, St. Louis, M e ,  U.S.A. All other chemicals 
were of reagent grade. 

Results 

Pump- and hydrolytic activities of the Na + / K +-A TPase 
containin S proteoliposomes 

Protcoliposomes, reconstituted by the freeze-thaw/ 
sonication procedure were able to extrude Rb + actively 
upon addition of ATP to the medium. At  2 2 ° C  the 
reconstituted Na+/K+-ATPase  pumped e6Rb+ out of 
the preloeded vesicles with an initial velocity of 0.5 
mmol /mg protein per h (based on total protein con- 
tent). This velocity deviated from linearity after 30 s 
(not shown). Hydrolysis of ATP was assayed in the 
presence of ouabain (0.2 mM). P, release was linear in 
time for about one rain. Addition of the ionophores 
valinomycin + CCCP and nigericin increased the finear- 
ity of the P, release (Fig. 1), whereas monensin did not 
change the rate of hydrolysis at all. The velocity of ATP 
hydrolysis by the proteoliposomes was about 10 to 20% 
of that of the purified enzyme (at 20°C).  The incorpo- 
ration of the enzyme was about 50% inside-out and 50% 
rightside-out (determined by opening the vesicles with 
detergent [13]. The non-incorporat=~d part of the enzyme 
population was less than l0  percent on protein base as 
determined by separation of the proteoliposomes from 
the fragmented enzyme by sucrose gradient [14]. These 
molecules were inactive in hydrolysis and phosphoryla- 
tion because of the presence of ouabain. The rightside- 
out oriented Na+/K+-ATPas¢ molecules were also si- 
lent because of the presence of the ATP site intravesi- 
culary, inaccessible to ATP, added to the medium. Only 
the inside-out oriented Na+/K+-ATPase  molecules 
could be active in die different assays used: phoapho- 
rylation, ATP-hydrolysis and active transport. 
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Fig. l. ATP hydrolysis by reconstituted Na÷/K+-A'rPase. Na+/K ÷- 
ATPas¢ reconsutut¢d in liposom©s (phosphaUdylchollne 26, phospha- 
tidylsefinc 2 ~ d  cholest¢~l 20 mg/ml) ~ntainina Trls (20 ram, pH 
7.2), K + (10 ram) and Na + (1G0 mM) were preincubated with 
~abain (I ram; 60 rain at r~m temperature). 10 .gl of these 
protcoliposomcs Orotdn concentration I mg/ml) were then in- 
cubated with 190 ~1 of the labeled ATP-containing medium (Ms z+, 1 
ram; K +, lC0 ram; Na +, 10 ram; ATP, 1 mM and ouabath, 02. ram) 
at morn temperature ~ d  the r~¢tion w~ stopped with tricblorOa~lic 
acid at the indicated time (as described in Materials and Methods). 
Prior to incubation the proteoliposomes wcr¢ prtitgubated with iono- 
p h ~  dimolved in ¢th~ol (5 ~1), to obtain a final co~ntrad~ of 
20 gM nlgcricln (O) or monensin (12). The ~ntrol without in~phor¢ 

(O) is also shown. 

Ouabain sensitivity and phosphorylation level 
The steady state levef of phosphoryiation of 

Na+/K+-ATPase  containing membrane sheets was tot- 
ally inhibited by ouabain (15o = 1 .am), whereas only a 
partial decrease ( < 25~) of the phosphorylation level of 
the Na÷/K+-ATPase  containing proteoliposomes was 
observed (Fig. 2). The decrease in phosphorylation level 
at  low ouabain concentrations ( < 10 ,am) is due to the 
non-incorporated part of the enzyme. The resulting 
phosphorylatlon level at  this ouabain concentration must 
be assigned to the inside-out oriented part of the pump 
molecules, which are not inhibited by ouabain, because 
they have their ouabain binding site intravesicularly. At  
higher ouabain concentrations a further decrease of the 
phosphorylation level could be seen, probably due to 
small amounts of ouabain diffusing into the proteo- 
liposomes. In all further experiments the profeo- 
lip0somes were preincubated with 0.2 mM ouabain and 
10 m M  M g  2+ to make sure that the measured phospho- 
rylation levels were due to inside-out oriented 
Na+/K+-ATPasc  molecules. The maximal level of 
phosphorylalion for proteoliposomes containing 200 
m M  Tris with 100 m M  Na +, 5 mM Mg 2+, 15 ,am ATP 
and 0.2 mM ouabain in the phosphorylation medium 
reached 30 to 40% (based on total protein content of the 
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Fig. 2. Inhibition of r~oastituted and fragmented Na ~/K ~-ATPa~ 
by ouabain. Proteoliposomes with the same lipid ~x~mposi1)on as 
d ~ r l h e d  in Fig. I, ~ntainlng Tris (2110 raM, pH 72) were prein- 
¢uhaled with the iedlealed concentrations af  ouahain in presence of 
Mg ~÷ i2.5 raM) at room temperature, After 60 mitt the phesphoryla- 
tinn fac t ion  w ~  carried out at the same temperature in a m~hum 
containing Na* (100 mMt. Mg z+ (2.S raM), Tris tl00 raM: pH 7.01 
and labeled ATP [1 gMI ($), Fragmented enzyme, preincuhated with 
ouabain, w~ phosphorylated under the same conditions (o). In Ihe 
absen~ of o~bain  Ihe study-slate ph~phorylatinn level was 2.4 
nmol /mg and 0.8 nmol /mg for the fragmented enzyme and the 

proteohpo~omes, respectively. 

p r o t e o l i p o s o m ¢  s u s p e n s i o n )  o f  t h a t  o f  t he  p u r i f i e d  en -  
z y m e  u n d e r  t h e  s a m e  c o n d i t i o n s ,  w i t h o u t  o u a b a i n .  

E f f e c t s  on  t h e  s t e a d y - s t a t e  p h o s p h o r y l a t i o n  l e v e l  b y  c y t o -  

s o l i c  a n d  e m r a c e l l u l a r  s o d i u m  
I n  p r o t e o l i p o s o m e s  c o n t a i n i n g  o n l y  i n t r aves i eu l a r  

b u f f e r  s o l u t i o n  (Tr is  200  r a M ,  p H  7.0)  N a e y  t h a s  a 
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TABLE I 

K n , Pc'a,  ,,atue~ for . . . . . .  t~tuted No * / K  ÷ -ATPa~e 

The K o ~ values for Na+ were derived from Fig. 3a after subtraetinn 
of the Na ' insensitive level by Scatchard analysis. 

ATP (~M) Ko5 Nay,  ImM) 

l0  I~0 
2.0 
5.0 6.5 

20.0 4.9 

TABLE II 

K o ~ Na ~, calves for dtfferent K,.~, c~centrations 

Proteo1)posome~. as described in the legend of Fig. 2. were p h ~ p h ~  
r~lated in the presence of 5 rn,4 ".,1$ 2+ and 1 /xM ATP and Kc~ ~ as 
i.di~,,teO 

K~, traM) Kos Na,yt tmM) 

0.0 10 
0.1 12 
1.0 20 

1oo 2~ 
200 Ion 

s t i m u l a t i n g  ef fec t  o n  t he  s t e a d y - s t a t e  p h o s p b o r y l a t i o n  

level. I n  a p h o s p h o r y l a t i o n  m e d i u m ,  c o n t a i n i n g  1 ,uM 
A T P  a n d  5 m M  M g "  +, a n  e n h a n c e m e n t  o f  t he  p h o s p h o -  
ry l a t i on  level was  a c c o r d i n g  to  t h e  M i c h a d i s - M e n t e n  
f o r m a l i s m  wi th  a h a l f - m a x i m a l  s t i m u l a t i n g  c o n c e n t r a -  

t i on  o f  10.0 4-_ 2.5 m M  (Fig.  3at .  T h e  Ko. 5 va lues  fo r  

N a  ÷ de r ived  f r o m  th i s  f igure  a re  r e p r e s e n t e d  in  T a b l e  1. 

T h e  K0. ~ va lue  was inc reased  b y  i nc rea s ing  K~y, c o n -  

e e n t r a t i o n s  ( T a b l e  I lL  
T h e  Tr i s  c o n c e n t r a t i o n  a t  t h e  c y t o p l a s m i c  s ide  h a d  

n o  e f f ec t  o n  t h e  s t e a d y - s t a t e  p h o s p h o r y l a t i o n  level. I n  

100 

Fig. 3. E n h ~ e m e n t  of the steady-stale ph~pho~lat ion revel by cytopl~mic and ext rdcdlular ~dium. (at Prot~l ipo~m~,  as d~ r ihed  in Fig. 2 
were phesphorylated in a medium containing Mg z+ (5 mML Trls t21) raM, pH 7.0), choline chloride (to adjusl osmolarliy) and Na* (as indiealed). 
Four diligent ATP concentrations were used for the phosphorylafion: I pM (vt, 2 pM (D), 5 pM (o)  ~ d  20 ~M (~). (b) The ~ m e  
phosphet~laBon eqmriment (ATP concentration I pM) was t amed  out with p~ t~ l ip~omes  with in'.ravesiculany increaaing Na* c ~ t ~ l  and 
differenl Tris coacentratlo,~: 10 raM {D) and I00 mM (O). Choline chloride "xas added intrawsicularly in order to keep the osmolalily ¢onstam at 

381) mvsM. Ko. 5 valu~ were obtained after ~ubtraction o[ the Na ~-indepcndcnt level from Se.ateherd plots. 
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the absence of added Na<,; the phosphorylation level 
was already l0 to 20% of the maximal level (with 200 
mM Na¢y,). Increasing the ATP concentration from l 
to 20 #M increased this level to 35% of the maximum 
(Fig. 3a). The phenomenon, that ATP, Mg :÷ and buffer 
were sufficient to give a (submaximal) level of phospho- 
rylation indicates that Na + is not a unique cation to 
induce the phosphorylation. This level, which was re- 
ached in the absence of added Na +. must be due to 
buffer stimulated phosphorylation as described by  
Schuurmans Stekhoven et al. [15,16]. Extraeellular 
sodium increased the steady-state phosphorylation !~/el 
in presence of 20 mM extraeellular Tris, whereas with 
100 mM extracellular Trls no further increase of the 
phosphorvlation level could he observed (Fig. 3b). With 
100 mM cxtracellular Tris the same phosphorylation 
level as with 100 mM Na,~, was obtained. 

Cl'toplaxmic and extracellular Mg 2 + 

The role of Mg 2+ in the reaction mechanism of 
Na+/K+-ATPase  is rather complex [19]. Chelating 
agents have to be used in studies on the role of divalent 
cations in the reaction mechanism of N a + / K  +-ATPase 
and have effects themselves, which cannot easily be 
explained [17,18]. In Na+/K+-ATPase-conta in ing  
membrane sheets a maximal phosphorylation level could 
be reached in Ihe presence of 50 mM Na + without 
adding any Mg 2+ (Fig. 4). However, in the presence of 
0.5 mM EDTA the steady-state phosphorylation level 
decreased and a dose-dependent increase in the phos- 
phorylation level was found with a maximum between 

o o 
+ + +..+~n . ~ +  

)o 

w l  

060, ob~ oh i b 
M~ ,ee (raM) 

F~ 4 Effect of Mg a~ and EDTA on th~ ~teedy-~mt~ pho~pfio~la- 
tion level of fragmented Na +/K +-ATPase. Purified enzyme w~ ph~- 
phoryialed in a medium containing Na ÷ (50 raM), "Iris (70 raM, pH 
7eL choline chloride (30 raM}, ATP (1 /JM), EDTA and Mg ~. to get 
the indicated free Mg z* concentration (o mM (o), 0.5 mM (l) or l0 

mM (~l). 

[ 
4O01 

- -  EOIA 
(roMp 

°]o I "-030 

Mg free (ram) 
Fig. 5. Eff~t o[ cytoplasmic Mg 2+ on the steady-state phosphoryla- 
tlon level in ~eonstituted Na÷/K*-ATPase. Pramolipomm~s as in 
Fig. 2, ~nlainlng Tris (170 raM, pH 7.0) and choline chloride 130 
raM) were p~ineubated with ouabain (0.2 raM) and Mg =* (2 mi) .  
After p~incabation EDTA to a final ~ne~tration of 10 mM was 
added. Immediately ther~fter the preineubaled proleoliposomes were 
ph~pfiorylated in a medium as de~ribed in the legend of Fig. 4. The 
EDTA concentration during the phosphorylatlon was diluted to 1 

mM (O) and 3 mM (O~, respectively. 

0.1 and 1.0 mM Mg 2+. in the presence of 10 mM 
EDTA the steady-slate phosphorylalion level was nearly 
zero in the absence of added Mg 2+ and the dose-re- 
sponse curve was shifted to the right. At higher MS ~+ 
concentrations there was a tendency to a lowering of the 
E-P level. 

In the reconstituted system the Mg2+-dependency 
can only be studied in the presence of EDTA, since 
Mg 2+ is needed for the binding of ouabain to the 
non-incorporated and rightside-out oriented N a + / K  +- 

ATPase. Fig. 5 shows that the phosphorylation level in 
the reconstituted system depended on the Mg~y~ con- 
ccntradon. An increase in the EDTA concentration 
lowered the E-P level at all Mgc~ ~ concentrations and 
shifted the dose-response curve to the left. The  Mgey~ 
concentration at which the maximal E-P level was re- 
ached was lower with higher EDTA concentrations too. 
In the reconstituted system the inhibitory effect at 
higher Mg :+ concentrations was much more pro- 
nounced than with the fragmented enzyme. 

The Navy L dependency of the E-P level depended not 
only on the ATP concentration (Fig. 3a) but also on the 
Mg 2+ concentration (Fig, 6). The E-P level at 1 mM 
Mg 2÷ was higher than at 5 mM. The effect of Mg 2+, 
however, was most pronounced in absence of Navy t. 
With 5 mM Mg :+ the steady-state phosphorylation 
level in absence of Navy t was less than 15% of the 
maximal level, whereas this was almost 50% with 1 mM 
Mg 2+. 

"Ihe affinity for ATP was influenced by cytoplasmic 
Mg 2+ as well as by cytoplasmic Na +. A n  increase of the 
Mg 2÷ concentration increased the K0. 5 whereas inereas- 
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Fig. 6 Effect of cytoplasmic Mg 2+ and ATP on the sodium depend 
eney of the steady-state phosphorylation level Promnliposoraes as 
described in Fig. 2 ~ r e  ph~phorylated in the p r ~ c e  of Tris {20 
raM, pH 7.0L choline chloride (to maintain i~smolari ty) and either 
5 mM Mg 2 + and 2/~M AafP (Oh I ram Mg z+ and 2 ~M ATP (DL or 

1 mM Mg 2+ and 20 ~k" A'rP (m h 

i n g  t h e  N a  + c o n c e n t r a t i o n s  dec r ea sed  t h e  Kos  (Tab le  
I I I ) .  

M o d i f i c a t i o n  o f  t h e  ex t r ace l lu l a r  M g  2+ c o n c e n t r a t i o n  

h a d  n o  e f f ec t  o n  t h e  s t e a d y - s t a t e  p h o s p h o r y l a t i o n  level 
(F ig .  7). T h e  v a r i a t i o n  in  t he se  e x p e r i m e n t s  is d u e  t o  t h e  
f a c t  t h a t  f o r  c h a n g e s  in  t h e  ex t r ace l lu l a r  c o n c e n t r a t i o n  
t h e  i n t r aves i cu l a r  c o m p o s i t i o n  h a s  to  b e  c h a n g e d  s o  t h a t  
¢acl~ p o i n t  r ep re sen t s  a s e p a r a t e  p r o t c o l i p o s o m c  pre-  

p a r a t i o n .  

Cytop lasmic  po tas s ium 
W h e n  t h e  p h o s p h o r y l a t i o n  r e a c t i o n  was  car r ied  o u t  

w i t h  1 / t M  A T P  a t  0 ° C  w i t h  a t  t he  ex t r ace l lu l a r  s ide 
150  m M  Tr i s  o n l y  a m i n o r  i n h i b i t o r y  e f fec t  o f  K ~ ,  o n  
t h e  s t e a d y - s t a t e  p h o s p h o r y l a t i o n  level was  obse rved  a t  
c o n c e n t r a t i o n s  o f  K~y t u p  to  10 m M  {Fig. g). A t  r o o m  
t e m p e r a t u r e ,  however ,  K~y t a t  low c o n c e n t r a t i o n s  al- 

r e a d y  c o n s i d e r a b l y  dec r ea sed  t h e  p h o s p h o r y l a t i o n  l eve l  

TABLE Ill 

ATP affinity ]or r~o~rituted Ha */K ~-ATP~e 

Proteuliposomes. as de~rilmd in the legend of FiB, 2. were phosph~ 
rylated in the p~scnc¢ of the indicated Mg z" and Na" concentra- 
tions wilh i n g ~ i n g  ATP ~ncentralions. Ko. s values were derived 
from Seatchard plols. 

Na ÷ (mM) M8 ~+ (mM) K0~ ATP(/tM) 

0.2 1.2 125 
l.O 50  1.54 

20 5.0 0.77 20 1,2 0.4O 
100 5.0 0.24 
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Fig, 7, Effect of extraccllular Mg 2" on the steady-stale phosphoryh- 
tion I~'cl. Prot¢olipo~mes (as in Fig. 21, loaded with Tds (170 ram, 
pH 70). choline chloride Oo maintain is~smolarilyL ED'TA t0A 
mini and Mg z" in obtain the indlcated free Mg 2* c~centrations 
were phosphorylated with two different cytoplasmic Mg: * concentra- 

tions: 0.05 mM (o) and 3 mM (at. 

[nc rease  o f  t he  A T P  c o n c e n t r a t i o n  t o  l 0  IaM o r  replace-  
m e n t  o f  t he  in t r aves l cu la r  Tr i s  b y  N a  + dec reased  th i s  
p o t a s s i u m  sensi t iv i ty ,  Lowering,  t he  t e m p e r a t u r e  t o  15 ° C 
u n d e r  t h e  l a t t e r  c o n d i t i o n s  to ta l ly  abo l i shed  t he  inh ib i -  
t o ry  e f f ec t  o f  K +. 

A n  a n t a g o n i s m  b e t w e e n  Nacy  t a n d  K~y t o n  t he  

s t e a d y - s t a t e  p h o s p h o r y l a t i o n  level c o u l d  be  obse rved  

u n d e r  c o n d i t i o n s  whe re  t he  p r o t e o l i p o s o m e s  were sensi-  
t ive to  low c o n c e n t r a t i o n s  o f  Key v A t  h i g h  Nacv  t c o n -  
c e n t r a t i o n s  (200  r a M )  t h e  Kos  for  K ÷ was  0.6 m M  
whe rea s  a t  low Navy  t c o n c e n t r a t i o n s  (10  r a M )  t h e  Kir s 
was o n l y  0.05 m U  (F ig .  9l. 

OOl 01 i in K ioo t m/ 

Fig S. Dccre~e of the steady-state phospho~lation level by cy t~  
pla~mic K*.  Prolco]ipo~omes (phosphatidylcholin¢ 20 mg/ml; 
cholesterol 6 mg/mlh containing Tlis (|SO raM. pH 7.0) were ph~-  
phorylaled in Ihe p r ~ . ~  of Na + (20 raM), k'lg 2+ (5 ram). the 
indicated K:~, ¢on~ntrations and 1 pM ATP at 0 ° C  (O), at 22°C 
(o) or at 22~C wilh 1O laM ATP (at .  P~teol ipo~m~ with the same 
hp~ ~mpo~ition. containing hlstldlne 112 raM, pH 70) and Na + 
It00 raM) were phosphorylated with I vM ATP at 22°C (B) or with 

l0 pM ATPat  15°C (Dr. 
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~00 

Na*~l[r~MI 

K~¥t ImM) 
fig. 9 D e c r ~  of tile ph~phorylation level by CylOm~c pot~sium 
at different cyto~lle sodium con~ntralions. Pmt~lip~om~ as de- 
~rlbed in the legend of Fig. 2 ,,:eve phosphorylated in the p r ~  of 
Mg z+ (5 raM). ATP (1 pM) and Na~, l0 mM (tO. 1130 mM (o) or 

200 mM (a). I~.it h the K,~, eoneentratio~ ~ indicated. 

Under  all conditions ment ioned above a decrease in 
the steady-state phosphorylat ion level was observed at  
K ~  concentrations above 10 raM. The  1~o value for the  
latter effect was between 60 and  100 raM. This decrease 
is probably due to occupation of  the N a  + sites by Key t 
yielding an  occluded E2K conformat ion [20,21]. The  
decrease of the steady-state phosphorylat ion level was 
ne t  due to an  increase of the dephosphorylat ion rate, 
because the dephosphorylation rate in  the presence of 
K~r , was not significantly higher  than  in absence of this 
ligand (not showr).  

Extracellular potassium 
Fig. 10 shows, that  K ~ t  redused the  steady-state 

phosphorylat ion level only for 15% at concentrat ions 

i o o  - 

001 0 I I 10 100 
K'~.,, (m~ I 

Fig. 10. Eff~t of extracellaiat K + on Ihe steady-state ph~phorylation 
level. Prot~liposomes with (o) ~ d  without (~,) cholcst¢~l (20 rag/rot 
ph~photidylserine was 4 mg/ml and phc~phatidylcholine 26 and 46 
mg/ml, respeclivelyl were prepared with different concentrations of 
~trac~aular K ÷, The p~teolipo~mes contained eddhionaily Tris 
(100 raM; pH 7.0) and choline chloride to maintain i~smolalqty. 

The phosphorylafion medium was the ~ame as in Fig. 2. 

between 0.01 and  1 mM.  At  hie, her concentrat ions a 
further  decrease in the E-P level was observed. The 
small decrease at  low Ke~ t eoneentrat inns is unexpected 
since in f ragmented enzyme preparat ions a nearly com- 
pletely decrease in E-P is found. An explanation could 
be that  in the  reconstituted system the amoun t  of E2P is 
very small. Yoda  and  Yeda  [22,23] have suggeted that  
par t  of  the  pho~phorylated intermediate  is in the E * P  
form (already proposed by Norby  and  KIodos [2g,29]) 
which only can be  deposphorylated by K ~ t  after con-  
version in to  E2P. The ratio of E2P to E ' P +  E1P has 
reported to be increased wi th  decreasing cholesterol 
content  of Na+/K+-ATPase -con ta ln ing  liposomes. The 
above exper iment  was therefore repeated with proteo- 
l iposomes conta ining no  cholesterol, whereas in all o ther  
experiments  the cholesterol content  was 40~.  At K,x  t 
concentrat ions between 0.01 and  1 m M  there was a 
significant fur ther  decrease in the steady-state phospho-  
rylation level compared  to that  in cholesterol conta ining 
proteoliposomes. At  K,~ t eoncentrafious above 1O m M  
the E-P level fur ther  decreased as was the case for the  
cholesterol conta in ing  proteolipesomes. An  explanat ion 
for the latter inhibi t ion could be  the format ion of an  
E z K  conformat ion  which canno t  be phospho-,'ylated 
anymore.  

Dephosphorylation 
Since steady-state phusphoryla t ion  levels are the re- 

sult of phosphoryla t inn  and  dephosphorylat ion reac- 
tions, interpretat ion of  the  effects of  added K + on  the 
E-P level is complex. Therefore the  phosphorylated 
intermediate  was first prepared dur ing  10 s, whereafter  
the radioactive A T P  was ~i luted 100~KI-fold. The E-P  
level was measured a t  various t ime points.  Dephospho-  
rylation curves showed non- l inear  behaviour in  a semi- 
logari thmic plot. Fig. n indicates that  the  dvlphospho- 
rylation rate in  the first 3 s was faster than  in  the  
following 6 s. The  steady-state phosphoryla t ion  level in 
proteoliposomes conta in ing  a h igh  content  of  cholesterol 
(Fig. l l a )  was only 5'~ reduced when  10 m M  Kcs t was 
present  in the vesicles either at  37~C or  at  0 ° C .  At  
3 7 ° C  the  steady-state phosphorylat ion level was abo'at 
half  of tha t  at  0 ° C .  The dephosphoD'lat ion rate in  the 
first 3 s was,  however,  faster in vesicles conta in ing  Kcx , 
than  in vesicles wi thout  K¢s t. The relative increase of 
the dephosphoryla t ion rate was larger at  0 ° C  than  at  
37°C .  

The proteoliposomes wi thout  cholesterol (Fig. l l b )  
showed a larger difference in the ,:teady-state phospho-  
rylatinn level at 0 * C  between vesicles wi th  and  wi thout  
Kc× t (34~).  The fast dephosphorylat ion rate in the first 
3 s was for bo th  preparat ions  the same. 

Addi t ion  of  1 m M  A D F  also increased the rate of 
dephosphorylat inn suggesting that  par t  of the phospho-  
ry!ated intermediate  was ADP-sensitive. W h e n  the 
phosphointermediate  was formed in  the presence of 
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Fig. 11. Dcph~phorylation of r~st i tuted Na */K +-ATP~se (a) Proteollpos~cs (as in Fig. S) ~ntaining Tns 02 raM. pH 7.0), Na ~ (50 raM) 
and choline chloride (100 raM) (open symbols) or Tris (12 raM, pH 7.0), Na ÷ (50 raM). choline chloride (90 raM) and K ÷ (10 raM) (closed 
symbols) were pho~phorylated during tO s and dcph~phorylated during Ihe indicated time. Reactions were carried out at O °C (~quar¢~) and 37 ~ C 
(triangles). Prot eolipo~onles containing no Na + showed an identical dcphosphorylation pattern. (b) The ~me dephosphorylalion experi~nt w~ 
ca~cd out with prot eoliposome~ without cholesterol (phosphaedylcholine was 26 mg/mli loaded with Tds 1200 raM, pH 7.0) (open symbols) or 

Xris (190 raM, pH 7.0) and K + (10 raM) (closed symbols). Dcphospbo~hition at e o C is reprc.~ented by circl~ and a~ 37 Q C by Id axigJ¢~. 

K¢~t, the ADP-sensitive fraction was reduced to very 
low levels (not shown). 

Discussion 

Proteoliposomes as tools for sidedne~s studies 
Na+/K+-ATPase  reconstituted in lipid vesicles pro- 

vides a good system to study such properties as trans- 
port  and sidcdness of ligand activation or inhibition on 
transport and overall or partial reactions. The composi- 
tion of the intravcsicular medium is totally under con- 
trol and can be chosen during p~para t ion  of the proteo- 
liposomes. Because it is possible to separate (or ex- 
change) the extravesicular medium by gel filtration or 
ion exchange chromatography for any medium of choice, 
control of the extravesicular medium is also guaranteed. 
In  studyin 8 a fast proc¢~ as phosphorylation, where 
only short periods of incubation with ligands are neces- 
sary, the hazard of leakage of ligands in either direction 
is almost excluded. In  the present study proteo- 
liposomes were always preiocubatod with ouabain and 
M82÷ at a concentration which inhibits more than 97% 
of non-incorporated ATPase molecules. The rlghtside- 
out oriented Na+/K+-ATPas~ has its ATP binding site 
inside the vesicle, which cannot be reached by  exter- 
nally added A T E  This leaves only a single population: 
the inside-out incorporated pump mnlccnlcs as subject 
for our pliosphorylatinn studies. The  orientation of the 
latter pump molecules makes the cytoplasmic side 
accessible from the medium: hence variation in the 
composition of the extravesiculat medium represents a 
variation at the cytoplasmic side of those ATPas¢ mole- 
cules. 

Na + and buffer cations 
Titrating the Na  ÷ concentration in the phosphoryla- 

tion medium (Na~, ) ,  which also contained Mg 2.  and 
ATP, increased the phospho~lation level in a similar 
way as with fragmented Na+/K+-ATPase.  The mecha- 
nism of this activation is probably the formation of the 
E 1 conformatinnal state of the enzyme (Fig. 12), which 
can bind ATP and subsequently can be phospho~'lated 
[24]. The maximal level of phosphorylatian, however, 
was only attained when the extraeallular (intravesicnlar) 
medium contained a minimal concentration of Tris. The  
latter buffer could be suceess[uny replaced by sodium 
or by other buffers like imidazole, triethanotamine, tri- 
allylaminv or histidiae, but not by  choline chloride or 
sorbitol. This indicates that the presanea of either sodium 
or one fo the amine buffers at the extracellular side is a 
prerequisite for high phosphorylation leeds. I t  ira- 

E, - • z,. ATP - ~ "  • ¢,~ 

o r e  1 N o ~ , , ~  ~ = = = :  = = = :  ~aL ' = - -  E'P 

Fig. 12. Medified P~I-Albo~ Scheme fo~ Na+/K +-ATPas¢ in which 
the sld ed n~s ot ligands is $1ven. ( ~ ) indi~l~ a s Limulat or# and ( -- ) 

inhibilory cff~t on the I~p~iti~ (in a c!ockwi~ direction of Ihe 
reaction c~'c1¢).=~= > iedicat¢ the three possible sites of effects in 

the ~aclion cycle a~ d~usscd in ~h© t C X L  



150 

plichly proves the presence of extracelhilar binding sites 
for Na + and amine buffers. The mechanism of this 
extracelhilar effect of Na + or amine buffers is not clear 
but could be due to inhibition of the dephosphorylation 
rate (Fi B, 12) as described by Schuurmans and Stekho- 
yen et al. [25] and by Fukushima [26]. Retardation of 
the dephosphorylation reaction would lead to accumu- 
lation of phosphorylated intermediates. An alternative 
explanation is that the enzyme is partly in the E 2 
conformation and that extraceliular ligantls induce an 
E I conformation, which can bind ATP and can subse- 
quently be phosphorylated (Fig. 12). Such agosteric 
effect of Na + has been reported by Karlish and Stein 
[27]. A third explanation is that the extracellular ligands 
induce a shift to the left in the E1P ~ E2P equilibrium 
(Fig. 12). Such a shift would in itself not have an effect 
on the phosphorylation level, but if the hydrolysis of 
EzP during the three seconds of the phosphorylation 
period is faster than that of EIP, it would lead to an 
increase in the steady-state phosphorylation level [33]. 
Further study is required to establish which of these 
three alternatives is valid. 

The effects of  K + 
Extracelhilar K + is supposed to reduce the steady- 

state phosphorylation level by increasing the dephos- 
phorylation rate (Fig. 12). However. under the standard 
conditions mentioned above Ken t reduces the steady- 
state phosphorylation level in proteoliposomes contain- 
ing high cholesterol by only 15~. According to the third 
explanation mentioned above the reduction of the phos- 
phorylation level by Kex t occurs through the E2P part 
of the phospborylated intermediates. This suggests that 
in the proteoliposomes contaimng high levels of 
cholesterol most of the phosphorylatad intermediates 
were either in the E IP or the E* P form. The latter form 
is postulated by Norby and Klodos [28,29]. In proteo- 
liposomes containing no cholesterol low concentrations 
of Ke~ t were able to lower the steady-state phosphoryhi- 
tion level by 30~ indicating that the amount of E2P was 
increased. This finding is in agreement with the ob- 
servation of Yoda and Yoda [23] that cholesterol shifts 
the E*P ~ E2P equilibrium to the left. The reduction 
of the steady-state phosphorylation level at high con- 
centrations of Ke~ t is consistent with results of Karlish 
and Stein [31], Blostein and Chu [32] however, found a 
total reduction by 100 pM K~I of the steady-state 
pbosphorylation level in erythrocyte ghosts without 
Nacx t and no reduction in ghosts with Naex r This might 
indicate, that our reconstituted system with high in- 
travesicular buffer concentrations represents a system 
with properties in between the two extremes of the 
ghost preparations with and without Naex t. Possibly the 
enzyme is mainly in an E*P form and only a minor 
part in the E2P form. A similar suggestion was made by 
Yoda and Yoda [33]. 

Both in cholesterol-containing and in cholesterol-free 
proteoliposomes K ÷ concentrations above 1 mM gave a 
further decrease in the steady-state phosphorylation 
level. The high K + concentration needed for this effect 
makes it unlikely that the effect is due to an increase in 
the dephosphorylafion rate. We suggest that an E2K 
complex was formed which could not be phospho- 
rylated anymore (Fig. 12). 

Reduction of the steady-state phosphorylation level 
by low K~y, concentrations could only be observed 
under special conditions. A high-affiity K + binding site 
is proposed by other authors [27,34,35]. Presence of 150 
mM Tris, absence of Na+~t, Io~ ATP concentration and 
an incubation temperature of 22 ° C resulted in a 40-50% 
reduction in the steady-state phosphorylatlon level at 1 
mM K~,. Increase in the ATP or Na~  t concentration 
(or a decrease in the Tris concentration) and a lowering 
of the temperature led to a diminishment of this effect. 
This might be the reason, why others [23,32] observed 
that the phosphorylation in inside-out oriented 
Na+/K÷-ATPase in proteoliposomes and erythrocytes 
was insensitive to K~y r Under the given conditions 
(high extracelhilar buffer concentration and 220C the 
dephosphorylation rate of E2P is considered to be high, 
but at the same time the intravesicular buffer blocks the 
transformational change from E*P to ExP [30]. These 
conditions make it possible to obtain a shift of E*P to 
E2P. The blockade of this eonformational change by 
extracelhilar Tris was apparently overruled by Key t (Fig. 
12) and a decrease in the phosphorylation level was 
observed as a consequence of the fast dephosphoryla- 
tion. With low e×tracelhilar Tris or histidine concentra- 
tions the E*P to E2P conformatioanl change was ap- 
parently not inhibited, but the dephosphorylation reac- 
tion was slow. As a consequence the change of E*P to 
E2P could not he observed as a decrease in the steady. 
slate phosphorylation level. At O*C Key t apparently 
was not able to induce the shift between E*P and E2P 
and therefore no decrease in the steady-state phospho- 
rylation level could be observed. The latter result is in 
accordance with that of Blostein and Cha [32], 

At higher Key t concentrations (10-200 raM) a de- 
crease of the phosphorylation level was observed under 
all conditions mentioned above, as was the case with 
high K~,, concentrations. This reduction of the level can 
be explained by occupation of the low-affinity K+-sites. 
Occupation of these sites by K + prevents the conversion 
of E 2 to E I which means that part of the enzyme cannot 
be phosphorylated anymore [31]. This is confirmed by 
the antagonism hetween Na,y t and ATP on the one and 
Key t on the other hand. The increase by K ÷ of the 
dephosphorylation rate of fragmented enzyme is in the 
light of our model the result of two simultaneous effects 
on the enzyme: (1) the shift of EtP and E*P towards 
E2P. induced by Kc~ ~ (which is probably very fast) and 
(2) the increase of the dephosphorylafion rate of EaP by 



K ~  r A remarkable discrepancy between membrane  
sheets and  reconstituted enzyme was found. In presence 
of 10 m M  K + and  100 m M  Na  + the steady-state 
phosphorylat ion level of N a + / K + - A T P a s e  in frag- 
mented membrane  sheets was practically zero [15]. Wi th  
10 m M  K + and 100 m M  Na + at both sides of the 
reconstituted enzyme we found phosphorylat ion levels 
which reached 26% of the maximum in absence of K + 
under  otherwise the  same conditions. The results ob- 
tained with the reconstituted enzyme, however, establish 
the  presence of K+-hinding  sites both at the extracclhi- 
lar  and  at the intracellular side of the membrane.  

Effects of MR" + 
Variation of  the free extraeellular M g  2+ concentra-  

tion has no  influence on the steady-state phosphoryla-  
t ion level. The  cytoplasmic M g  2+ concentrat ion how- 
ever increases the steady-state phosphorylat ion level at  
low Mg 2+ concentrations and  lowers it at high Mg z* 
concentrations. The magni tude of the effect depends 
similar to that  in the fragmented enzyme on  the EDTA 
concentrat ion.  This effect of EDTA,  which can be ob-  
served even more clearly in fragmented enzyme [17.28], 
is not easy to explain. Possible explanations are direct 
inhibitory effects of EDTA,  complexation of unknown  
divalent cations which funct ion can be imitated by 
M g  2+ or a change in the l ip id-prote in  interaction which 
can only he  reversed by high Mg 2+ concentrations.  In 
the reconstituted enzyme the inhibitory effect of high 
M g  2+ concentrat ions is more pronounced than  in the 
fragmented enzyme. In  the proteoliposomes Mg 2* 
stimulates the  phosphorylat ion in the presence of Navy t 
and  low ATP concentrations. In  the absence of Na~y~ 
however high levels of phosphorylat ion can only fie 
obtained when the M g  2+ concentrat ion is below 1 raM. 
Higher  concentrat ions of M g  z+ strongly decrease the 
phosphorylat ion level. This  an tagonism ires also been 
observed for the buffer  stimulated phosphorylat ion of 
fragmented enzyme [15]. I n  the absence of  Navy, and  at 
relatively high ATP concentrat ion (20 ,aM) the recon- 
stituted enzyme is phosphorylated to 80% of the maxi-  
mal  level at tained in presence of saturat ing Naey t. This 
level is obtained wi th  extraeellular imidazole, but  also 
wi th  (high concentrat ions of) Tris. Wi th  fragmented 
enzyme,  where ligands can approach the  enzyme from 
bo th  sides, Tris does not  stimulate phosphorylat ion in 
the absence of N a  +. This  different behaviour of Tfis can 
be  explained by its inhibitory capacity at  the cyto- 
plasmic side, or by the  different lipid environment  of 
the reconstituted enzyme. The  st imulat ing effect of 
buffers is only observed at the ext racdhi la r  side, whereas 
Na  + has a dual effect by enhancing  phosphorytat ion 
f rom the cytoplasmic as well as f rom the extracelhilar 
side. 
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Conclusions 
In conclusion our  findings indicate that: (1) High 

buffer Ior  N a ' )  concentrations are necessary at the 
cxtraeellular side to obtain maximal  phospberylat ion 
levels. (2) Amine  buffer-stimulated phosphorylat ion is 
suppressed by Mg 2 ~ and low ATP eoncentratlon. (3) 
Cytoplasmic K* reduces the steady-slate phosphnryla- 
tion level at low concentrations by shift ing the EP 
intermediates towards the EzP confornlation and  at 
high concentrat ions via occupation of the low-affinity 
K+-sites by yielding the K*-occluded state of the en- 
zyme. (4l Extracellular K '  reduces the steady-state 
pbospfiorylation level partially, i.e. only those EP inter- 
mediates which are in the E2P conformation will be 
hydrolysed. (5) Binding sites are demonstrated for: K ~  
(high and low affinity), K~, t (high and low affinity), 
Navy ,. N a ¢ , ,  M g  ~+ (cytoplasmic) and amine buffers at 
the extracelhilar side, 
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