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The ATP hydrolysis dependent N a + - N a  + exchange of reconstituted shark (Na + + K +)-ATPase is electro- 
genic with a transport stoichiometry as for the N a + - K  + exchange, suggesting that translocation of 
extracellular Na + is taking place via the same route as extracellular K +. The preparation thus offers an 
opportunity to compare the sided action of Na + and of K + on the affinity for ATP in a reaction in which the 
intermediary steps in the overall reaction seems to be the same without and with K +. With Na + but no K + 
on the two sides of the enzyme, the ATP-activation curve is hyperbolic and the affinity for ATP is high. 
Extracellular K + in concentrations of 50 p M  (the lowest tested) and up gives biphasic ATP activation 
curves, with both a high- and a low-affinity component for ATP. Cytoplasmic K + also gives biphasic 
ATP-activation curves, however, only when the K + concentration is 50 m M  or higher ( N a + +  K + =  130 
mM). The different ATP-activation curves are explained from the Aibers-Post scheme, in which there is an 
ATP-dependent and an ATP-independent deocclusion of Ez (Na~)  and Ez(K~) ,  respectively, and in which 
the dephosphorylation of E2-P is rate limiting in the presence of Na + (but no K +) extracellular, whereas in 
the presence of extraceilular K + it is the deocclusion of E2(K~) which is rate limiting. 

Introduction 

With unsided preparations of the (Na + + K+)- 
ATPase a major difference between the Na+-de - 
pendent ATP hydrolysis and the ( N a + +  K+)- 
dependent hydrolysis, apart from the difference m 
Vm~ x, is that with Na + the ATP activation curve is 
hyperbolic with a K m which is a fraction of ~M, 
while in the presence of K + the actwation curve is 
biphasic with components of both high- and low- 
affinity for ATP [1-8]. The low concentrations of 
K + needed to induce biphasic activation curves 
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suggest that it is an extracellular effect. This is 
confirmed from experiments with a sided prepara- 
tion, resealed ghosts, which show that with ex- 
tracellular K + the ATP-actlvation curve is com- 
plex suggesting a high-affinity ( K m  = I / . t M )  and a 
low-affinity effect of ATP (Km --~ 100 /~M). With 
no K + and no Na + extracellular, i.e. measuring 
the uncoupled Na + efflux, the ATP hydrolysis 
saturates at about 1 /aM ATP suggesting only the 
high-affinity effect of ATP [9]. 

Dephosphorylation of E2-P by K + leads to an 
occlusion of K +, Ez(K2) which according to the 
Albers-Post scheme [10,11] means transfer of K + 
from the extracellular medmm to the membrane 
phase. The low-affinity effect of ATP with Na + + 
K + is explained from the requirement for ATP to 
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increase the rate of release of K ÷ from the K + 
occluded conformation E2(K2), which probably 
represents the release of K + from the membrane 
phase to the cytoplasmic medium. 

In a previous paper it was shown that recon- 
stituted rectal gland ( N a + +  K+)-ATPase has an 
ATP hydrolysis dependent N a + - N a  + exchange in 
which extracellular Na + acted as a poor K + sub- 
stitute. The stoichiometry for the exchange was as 
for the N a + - K  + exchange and the exchange was 
electrogemc [12]. This suggests that the inter- 
mediary steps in the reaction with Na + in thas 
reaction are the same as in the reaction with 
Na + + K +. The rate of the ATP hydrolysis depen- 
dent N a + - N a  + exchange is about 6% of the rate 
of the N a + - K  + exchange. With extracellular Na + 
acting as a K + substitute in the ATP hydrolysis 
dependent N a + - N a  + exchange, Na + must go 
through the same occluslon/deocclusion steps as 
K + in the Na + + K + reaction during the translo- 
cation step from the extracellular to the cyto- 
plasrmc side. With a sided preparatmn it therefore 
seems possible to compare the effect of Na + and 
of Na + + K + on the affinity of ATP under condi- 
uons where the reacuon with and without K + 
follows the same pathway. 

Is there in this N a + - N a  + exchange only a 
high-afhmty effect of ATP, and if so what is the 
explanation of the different effect of ATP with 
extracellular Na + and with extracellular K+? How 
is the sided effect of Na + and of K+? K + can 
become occluded not only from the extracellular 
side by a dephosphorylatlon of E2-P but also from 
the cytoplasmac side of the system [13]. Prowded 
that the low-affinity effect of ATP in the presence 
of K + is due to the requirement for ATP for 
deocclusmn of K + from E2(K2) there should also 
be a low-affimty effect of ATP with K + on the 
cytoplasrmc side but no K + on the extracellular 
side. In this paper we attempt to answer these 
questions. 

Methods 

Materials. Phosphatldylchohne (PC), phos- 
phat ldylethanolamine (PE), and phosphati-  
dyhnositol (P1) were obtained from Avantl Polar 
Llplds, AL, U.S.A. Octaethyleneglycol dodecyl 
monoether (C12E8) was from Nikko Chemicals, 

Tokyo, Japan. 22NaC1 and [32p]ATP was obtained 
from Amersham International. Phosphocreatlne, 
creatme phosphoklnase and cholesterol were from 
Sigma. 

Preparation of membrane bound and solubl- 
hzed ( N a + +  K+)-ATPase from the rectal glands 
of Squalus acanthlas was as previously described 
[14,15]. The speofic actwity of the enzyme after 
solublhzation was 600-900 /tmol P, /mg per h at 
22°C (pH 7). 

Preparatton of proteohposomes. Proteohposomes 
were prepared as previously described [16] by 
cosolubilizatlon of hplds and protein using C12E8 
followed by adsorption of the detergent to Bio- 
Beads (Bio-Rad). A 1 :20  protein to lipid weight 
ratio was used and the proteohposomes contained 
phospholipids and cholesterol in the following 
proport ions  (mole fractions) P C / P E / P I /  
cholesterol (48 : 12 : 1.5 : 38.5). 

The proteohposomes were prepared to contain 
lntravesicular 0.1 mM MgC12, 30 mM hlstidine 
(pH 7.0) and varying concentrations of NaC1 (11 
to 130 mM) by lSOOsmotlc replacement of NaC1 
with sucrose. The extraveslcular medium con- 
tamed either the same concentrations of NaC1 + 
sucrose as on the inside or sucrose was replaced 
with an isoosmolar concentration of either NaC1 
or KC1. The orientation of N a + / K  + pump mole- 
cules after reconstitutlon was determined as de- 
scribed previously [16]. About 15% of the pump 
molecules were oriented inside-out 0 : o), 65% were 
right-side out (r : o) and the rest (20%) were incor- 
porated with both extracellular and cytoplasmic 
side exposed (n-o). 

A TPase assay The hydrolytic activity of 
solubilized ( N a + +  K+)-ATPase was determined 
at 22°C in a medium containing (mM): 130 NaC1, 
20 KC1, 4 MgC12, 3 ATP, 0.2 EGTA, 20 hlstidlne 
(pH 7.0) and further 0.66 mg/ml  bovine serum 
albumin and 0.1 mg /ml  C12E 8. Inorganic phos- 
phate was determined by the method of Baglnski 
et al. [17] with the addition of 5% sodium dodecyl 
sulfate to the arslnite-citrate reagent. In order to 
deternnne the ATPase actlwty for reconstituted 
( N a + +  K+)-ATPase at varying ATP-concentra- 
tlon (the substrate curves) [32p]ATP was em- 
ployed and the relased 32p determined in a scmtfl- 
latmn counter as previously described [18]. The 
reaction time was adjusted in such a way that less 



than 20% of the added ATP was being hydrolysed 
dunng the assay. 

[32p]ATP, ATP and ADP was purified by chro- 
matography on a DEAE-Sephadex A-25 column 
[19]. 

P r o t e m .  Protein was determined as described 
by Peterson [20]. Bovine serum albumin was used 
as a standard. 

F l u x - m e a s u r e m e n t .  The proteohposomes con- 
tained Na + and no K +. ATP was added to the 
m e d m m  outside the vesicles together with ATP 
regenerating system phosphocreatine (1,5 mM) and 
creatine phosphokinase (5 I .U. /ml) .  At the out- 
side either Na  + or Na ÷ + K + were present. With 
this condition a N a + - N a  + exchange takes place 
on ~ : o-oriented N a + / K  + pumps, only. The anten- 
sity of the exchange could be measured as an 
influx of radioactive 22Na as previously described 
[121. 

In essence, the influx was measured by incubat- 
ing proteohposomes for varying periods of Ume in 
the presence of ATP and 22Na, withdrawing a 50 
/~l sample and passing it through a catiomc resin 
cartridge containing Bio-Rex 70 m the Tris-form 
by flushing with I ml 260 mM sucrose at 0 ° C. 
Essentially all extrahposomal 22Na was removed 
by this procedure leaving, in the eluate, only 22Na 
trapped within the vesicles. Before use the resin 
was equilibrated with 3 m g / m l  bowne serum al- 
bumin. A parallel experiment with 1 mM dlgl- 
toxigenin added to the incubation medium served 
as a measure of the passive influx of 22Na. The 
steady-state value of intravesicular 22Na-activity 
was reached after about 3 h. 

The hposome associated 22Na-activity followed 
a simple monoexponentlal  curve 

At = A ~ ( 1 - e x p ( -  kt)) 

where A, and A~ are the activities at zero time 
and 3 h respectively, k, the observed rate con- 
stant, was calculated from a weighted non-hnear 
regression analysis of A t vs. t [21,22]. The initial 
influx could then be calculated from k . A ~ ,  the 
specxfic activaty, the protein content of 50/~1 sam- 
ple and the fraction of i : o-oriented pumps. 

As described only reside-out pumps become 
engaged m transport across the vesicle membrane 
when ATP is added externally. Thus, referring to 
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the cellular situation when cations are bound to 
the normal extracellular side they are referred to 
as extracellular and when they are bound to the 
opposxte side as cytoplasmic. Inside and outside 
the vesicles are equivalent to extracellularly and 
cytoplasmic, respectively. Vesicular reflux and ef- 
flux of cations are then cellular effluxes and in- 
fluxes, respectwely. 

Stat is t ics .  The substrate curves ~.e. e~ther the 
maximum flux or the hydrolytic activity (v) as a 
function of [ATP] were analysed by non-linear 
regression analysis [21,22] by fitting of the data to 
either the first-degree (Eqn. 1) or the second-de- 
gree (Eqn. 2) rate equatxons 

v = a A T P / ( b  + A T P )  (1) 

v = ( a - A T P  2 + b A T P ) / ( A T P  2 + c A T P +  d )  (2) 

Distinction between the two equations was aided 
both by inspection of the variance of the computer 
fit and by a graphical procedure: for each experi- 
ment the data were plotted as v versus v / (ATP)  
(Eadie-plot). First-degree equations are strictly 
linear, whereas higher-degree rate functions are 
non-linear. 

For second degree systems it was further tested 
xf the rate equation (Eqn. 2) was equivalent to the 
sum of two Michaelis-Menten type equations (Eqn. 
3) 

t, = V m (1)-  A T P / (  K m (1) + A T P )  

+ Vm(2) A T P / ( K m ( 2  ) + A T P )  (3) 

As demonstrated by Rossi and Garrahan [8] this 
will be the case if both inequalities Eqn. 4 and 
Eqn. 5 are satisfied 

c 2 > 4d (4) 

a / 2  > c / (  c 2 - 4 d  ).(  a / 2 -  c / d  ) (5) 

For all experiments which were found to be sec- 
ond degree systems the inequaliUes Eqn. 4 and 
Eqn. 5 were satisfied and therefore their substrate 
curves could adequately be described by Eqn. 3 as 
well as Eqn. 2. 
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R e s e t s  

The A T P  substrate curve of the (Na++ K + )  - 
A TPase engaged m Na +-Na + exchange 

The A T P  hydrolysis ,  as well as the m a x i m u m  
N a  + flux, has been  used to measure  the appa ren t  
aff ini ty  for A T P  for the N a + - N a  + exchange with 
N a  + but  no K + extracel lular ,  and  with N a  + or  K + 
( K + +  N a  + =  116 m M )  on the cy top lasmic  side. 

The  effect of  ext racel lu lar  K + is deduced  f rom a 
compar i son  of  an effect of K + on  the A T P  aff ini ty  
of  an uns ided  ( N a + +  K + ) - A T P a s e  p repa ra t ion  
with the effect of  cy top lasmic  K + on the s ided 

prepara t ion .  

Na +-Na + exchange parameters 
The init ial  inf lux (cel lular  efflux) was es t imated  

f rom 22Na-influx exper iments  with and wi thout  
add i t ion  of the l ip id  soluble  d lgi toxlgenin  to the 
flux med ium as previously  descr ibed [12] by best  
compu te r  fit using the expression,  A, = A ~  ( 1 -  
e - h ' )  for the rad ioac t iv i ty  t r apped  in the pro teo-  
hposomes  as a funct ion of tame (see Methods) .  
The  difference be tween the two calcula ted  amtlal 
influxes (_+dagitoxagenln) represents  the ( N a + +  
K + ) - A T P a s e - d e p e n d e n t  N a  + reflux (cellular  ef- 
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Fig 1 The total Mg concentraUon needed to obtain maximum 
hydrolyUc acUvlty of 1 o-oriented reconsututed (Na++ K + )- 
ATPase engaged in Na+-Na + exchange at different total ATP 
concentrations at two cytoplasrmc Na + concentranons (116 
mM and 5 raM) The proteollposomes contained 130 mM Na + 
internally (extracellular) and lsoosmolaraty was achieved by 
addition of sucrose The temperature was 22 ° C and pH = 7 0 

flux) which as previous ly  demons t r a t ed  as the re- 
sult of  the N a + - N a  + exchange taking place under  
these condi t ions  with no extracel lular  K +, and  is 
dr iven by  a net ATP-hydro lys i s  [12]. The influx an 
the presence of  digitoxigenan represents  a passive 
leak. The passive leak was in most  instances  below 
10% of  total  influx. 

Since the present  N a + - N a  + exchange is associ-  
a ted  with ATP hydrolys is  the subs t ra te  curves 
were also de te rmined  by  measur ing  the A T P  hy- 
drolysis  associa ted  with N a  + N a  + exchange as a 
funcuon  of  the A T P  concentraUon However ,  m 
cont ras t  to measurement  of flux, non-or ien ted  re- 
cons t i tu ted  enzyme (see Methods)  wall con t r ibu te  
to the hydrolys is  unless p rope r  p recau t ions  are 
taken.  As shown previous ly  [16,23] the inhib i t ion  
by  ouaba in  is not  ins tantaneous .  Therefore  in 
o rde r  to measure  A T P  hydrolys is  ca ta lyzed  by  
1. o -or ien ted  enzyme molecules  only,  the pro teo-  
hposomes  were p re incuba ted  with ouaba in  in the 
presence of  Mg (1 mM)  and P, (0.2 raM), before  
test ing an the presence of  ouabaan (1 m M )  

Interactton wtth Mg 

M g A T P  seems to be the subs t ra te  for the en- 
zyme. Free  A T P  inhibi ts  the hydro ly t ic  act ivi ty  of 
the enzyme and so does free Mg 2+ bu t  the inhibi-  
tory  effect of  free Mg 2+ is not  very p ronounced ,  
i.e. a slight var ia t ion  in the concen t ra t ion  of free 
Mg 2+ has l i t t le effect on the act ivi ty  [24]. In  the 
present  exper iments  at each A T P  concen t ra t ion  
the Mg 2+ concen t ra t ion  chosen is the concent ra -  
t ion which gives o p t i m u m  effect at a f ixed A T P  
concen t ra t ion  and  a fixed concen t ra t ion  of  cat-  
ions. This means  that  the concen t ra t ion  of free 
Mg 2+ as not  the same with di f ferent  A T P  con- 
centra t ions .  The o p t i m u m  Mg 2+ concent ra t ion  
does  not  only  vary with the A T P  concent ra t ion  
but  at a gwen A T P  concen t ra t ion  it is also depen-  
den t  on the concen t ra t ion  of  the monova len t  cat- 
ions, Fig. 1. 

The substrate curve for Na +-Na + exchange using 
stded preparattons 

(,4) Interacnon with cytoplasmic Na + 
Using pro teo l iposomes  with 130 m M  N a  + in- 

ternal ly  (extracel lular)  the m a x i m u m  hydro ly t ic  
act ivi ty  was de te rmined  as a funct ion of A T P  at 



different external (cytoplasmic) Na  ÷ concentra-  

tions. The osmolari ty  was kept constant  by 1so- 

osmotic replacement  of N a  ÷ with sucrose. 
Fig. 2A shows the substrate curves at 116 m M  

cytoplasmic Na  ÷ (plus sucrose to obta in  an osmo- 
l an ty  of 260 mosM) with 130 m M  extracellular 

Na  ÷. Such substrate curves were analysed in order 
to determine if they were blphasic or simple hy- 
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Fig. 2 (A) The ATP activation curve (substrate curve) for 
l : o -onented  reconstituted (Na + +K + )-ATPase engaged in 
Na+-Na + exchange The hydrolytic activity (v) is plotted 
against the ATP concentration (S) on a loganthrmc scale The 
extracellular concentration of Na + was 130 mM and the 
cytoplasmic Na + concentration was 116 mM 28 mM sucrose 
was added to the medium to obtain lSOOSmolarlty The line 
represents the best fit to the equation, v = g m ATP/(Km+ 
ATP) using a weighted non-linear regression analysis (see 
Methods) (B) The same data reploUed in the llneanzed Eadie 
plot (i.e. o versus v/S) The straight hne represents the best fit 
as shown in panel A The fitting parameters were V m = 80 2_+ 
1 2 Ixmol/mg (1 o) protein per h and K m = 0 227 + 0 011 ix M 
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perbohc.  This could be decided from both  the 

goodness of a direct non -hnea r  computer  fit using 
either a first-degree (Eqn. 1) or a second-degree 
(Eqn. 2) rate equat ion and by replot t ing the data 
m the form of an Eadie plot as shown in Fig. 2B 

(see Methods). The curves presented in Figs. 2A 

and  2B are the best computer  fit: the relation was 
found to be simple monophasic.  Similar experi- 

ments  were carried out at four addi t ional  cyto- 

plasmic Na  + concentra t ions  (5, 25, 46 and 80 

mM)  with 130 m M  extracellular Na  ÷ (data not 

shown). At all cytoplasmic Na  + concentra t ions  
tested the substrate curve was found to be mono-  
phasic, i.e. the kinetics were of a s imple 

Mxchaelis-Menten type. In  Fig. 3 and Table  I are 

shown the K m and  V m fitting parameters  calcu- 
lated from the non- l inear  regression analysis of 
the substrate curves at varying cytoplasmic Na  + 
between 5 m M  and 116 mM. The extracellular 
Na+-concent ra t ion  was 130 m M  in all cases. As 

s e e n , ' b o t h  the K m and V m value increase with 
increasing cytoplasmic Na  ÷ concentrat ion.  

When  flux is being measured there is more 
scatter m the experimental  points  which makes It 

more difficult to decide from the Eadie plots if the 
substrate curves were purely monophas lc  or bl- 

phasic with a small componen t  of low affimty. 
However, the general tendencies are the same as 

found in experiments m e a s u n n g  ATP hydrolysis 

(B) Interactzon with cytoplasmic K + 
Fig. 4 shows Eadie plots from a serle of sub- 

strate curves determined at increasing cytoplasmic 

K + when the sum of Na~+yt + Key t = 116 m M  and 
extracellular Na  + is 130 mM. The hnes m the 
figure present the best computer  fit to either first- 
or second-order rate equauon  and the fitting 
parameters  are shown in Figs. 5A, 5B and Table  I. 
The general tendencies are: (1) as cytoplasmic K + 
Increases and  becomes greater than 50 m M  the 
substrate curve becomes biphasxc, i.e. curved in 

the Eadle plot; (i0 the max imum actwxty de- 
creases with increasing cytoplasmic K + (and con- 
comi tan t  decrease in Na+) ;  and (111) the apparent  
affinity for A TP  is rather constant  for cytoplasmic 
K + concentra t ions  up to 50 m M  and then ~t 
decreases with increasing cytoplasnuc K ÷ (see Fig. 
5A). 

When  the initial  influx is measured as a func- 
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tlon of the ATP concentration in media with 
lncreas)ng K + (K + substituted for Na+) the same 
substrate curves resulted as when measuring ATP 
hydrolysis directly: The Eadie plots are clearly 
curved at the higher cytoplasmic K + concentra- 
tions, but linear wtth low cytoplasnuc K +. The 
flttmg parameters (K m, Vm) for the flux experi- 
ments are shown in Figs. 5A and 5B together with 
the data from hydrolysis. As indicated the ap- 
parent K m (Fig. 5A) increases drastically with 
Increasing cytoplasmic K + going from 1.5/~M at 2 
mM cytoplasmic K + to 56.5 /~M at 105 mM 
cytoplasmic K +. The maximum reflux of Na + 
decreased in parallel with the hydrolytic activity 
with increased cytoplasrmc K + (Fig. 5B), indicat- 
ing a fixed stoichlometry. 

A TP substrate curves ustng unsMed preparattons 

(,4) Interaction with cytoplasrmc Na  + 
It should be noted that rather high cytoplasmic 

K + concentrations are needed (approx 50 mM) in 
order to induce biphasic substrate curves (Fig. 4). 
In previous experiments with unsided prepara- 
tions the substrate curve was biphasac xn the pres- 
ence of much lower (10 mM) K + concentrations 
[6-8] indicating that it was an extracellular K + 

effect. This was also the case m experiments with 
resealed ghosts where the substrate curve was 
clearly biphasic at 1 mM extracellular K + [9]. 

Using i '  o-oriented reconstituted (Na + + K +)- 
ATPase it is difficult to investigate the effect of 
extracellular K+; however, by comparing the ef- 
fects of K + on unsided and on sided preparations 
it is possible to evaluate the effect of extracellular 
K +. We therefore studied the hydrolytic activity 
of several unsided preparations as a function of 
the Na + concentration alone and as a function of 
a combination of Na + + K+. In order to make the 
comparison as complete as possible, we used both 
unreconstltuted (Na + + K +)-ATPase (solubflized 
or membrane bound) and reconstituted ( N a + +  
K+)-ATPase in the absence of ouabam In the 
latter, both (i:o)-oraented and (n-o) enzyme are 
active, however, the fraction of (n-o) enzyme is 
higher than of (i. o)-oriented enzyme, and in the 
presence of K + only (n-o)enzyme is activated (see 
next paragraph). 

Fig. 6 compares the Eadxe plots of substrate 
curves for the three unsided preparations men- 
tioned above with reconstituted (i. o)-oriented en- 
zyme in the absence of K + and with 130 mM Na + 
As shown the computed regression lines are all 
apparently rectilinear In the linearized Eadie plot 
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ind ica t ing  simple Michae l i s -Men ten  kinetics.  

However, the apparent  ATP  affinity was slightly 

different for the different preparat ions:  0.22 ffM 
for membrane  b o u n d  enzyme (not  treated with the 

detergent C12E8), 0.74 /~M for C12E8 solubIlized 
enzyme and  0.32 /~M for reconsti tuted (sided as 

well as unsided) enzyme. 
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Fig 4 Eadxe plots of hydrolytic actlvaty of i o-onented (Na + 
+K + )-ATPase at increasing cytoplasrmc K + concentratmns. 
Six different cytoplasrmc K + concentratmns are analyzed. The 
cytoplasnuc concentrauon of Na++ K + was 116 mM and 28 
mM sucrose was added to obtain ~soosmot~c condmons The 
extracellular concentraUon of Na + was 130 mM The fining 
parameters are shown m Fig. 8, lower curve At cytoplasrmc 
K + concentrattons greater than 50 mM the Eadm plots are 

clearly curved, ~ e the substrate curves are not hyperbohc. 
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(B) Interaction wtth K + 
Fig. 7 depicts Eadle plots for different K + 

concentra t ions  using a reconsti tuted prepara t ion  
without ouaba ln  and  similar results were obta ined  
using solublhzed enzyme and membrane  b o u n d  
enzyme (data not  shown). For both  preparat ions  

the curves are only rectilinear when K + is com- 
pletely omitted in the medium. Subst i tu t ion of as 

little as 50 /~M Na  + with K + causes the Eadm 
plots to become curves with a componen t  of high 

apparent  affimty and a componen t  of lower affin- 

ity (data not  shown). 
In  Fig. 8 the effect of increasing the K + con- 

centrat ion s imultaneously on the two sides of the 
enzyme on the affinity for A TP  (upper curve) is 

shown for comparison with the sided prepara t ion  
(lower curve). For  the sided prepara t ion  the K + 

concentra t ions  refer to cytoplasmic concentra t ions  
alone, whereas only N a  + is present  extracellu- 
larily. The two curves clearly demonst ra te  the vast 

difference in sensitwity towards cytoplasmic and 
extracellular K +, with respect to the A TP  affini- 

ties. 

Effect of extracellular Na + 
With 130 m M  Na + extracellular the ATP-  

activation curve is hyperbolic at all the tested 
cytoplasmic concentra t ions  of Na  +. However, 
when both the cytoplasmic and  the extracellular 
Na  + are lowered to below 25 mM, with sided as 

well as with unslded preparat ions,  blphasic sub- 
strate curves result. That  this is due to a decrease 
in the extracellular concent ra t ion  of Na  + is seen 

from experiments with sided preparat ions,  m which 
the cytoplasmic concent ra t ion  of Na  + is 130 m M  
and the extracellular concent ra t ion  of Na  + is 25 

mM. U nde r  these condi t ions  the ATP activation 

curve is also blphasm. There is always a con- 

taminaUon of K + in the solutions and it amounts  
to 3 - 6  ffM in the present experiments.  As dis- 

cussed above 50 ffM K + in the presence of 150 
m M  Na + gives biphasic curves with unslded pre- 
parat ions,  and  when added to the external med ium 
with sided preparat ions.  Consider ing this it seems 
likely, that a con tamina t ion  of 3 - 6  /~M of K + is 
enough to induce biphasic substrate curves when 
the Na  + concent ra t ion  is lowered to 25 mM Na + 
on the extracellular side of the enzyme. In  agree- 
ment  with this view it is found, that with unsided 
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T A B L E  l 

F I T T I N G  P A R A M E T E R S  F O R  A T P  A C T I V A T I O N  C U R V E S  U S I N G  R E C O N S T I T U T E D  S H A R K  ( N a  + + K + ) -ATPase  

T h e  h y d r o l y t i c  a c t w i t y  is m e a s u r e d  a t  v a r y i n g  c y t o p l a s m i c  c a n o n  c o n c e n t r a u o n s  (ei ther  N a  + a lone  o r  a c o m b m a n o n  of  N a  + + K + ) 

a n d  a c o n s t a n t  ex t race l lu la r  N a  + c o n c e n t r a t i o n  All f igures  a re  p r e sen t ed  as means_+ S E V m ~s expressed  m ~ t m o l / m g  pe r  h,  K m is 

expressed  in f fM 

N a  + N a  + m e d m  N a + / K  + N a  4 + K  + m e d m  

( m M )  Vm Km ( m M / m M )  V m (1) V m (2) K m (1) K m (2) 

116 802__+12 0227__+0011 1 1 6 / 0  6 3 8 _ + 0 6 2  - 0242__+0007 - 

80 796__+1 3 0 177_+0011  1 1 4 / 2  594__+1 3 - 0 2 5 4 _ + 0 0 1 6  - 

46 779__+16 0 1 6 8 _ + 0 0 1 2  9 6 / 2 0  514_+0 .5  - 0344__+0015 - 

25 7 1 8 _ + 0 7  0 1 3 8 _ + 0 0 0 4  6 6 / 5 0  4 3 9 _ + 1 3  - 1 7 9  _+011 - 

5 3 4 0 _ + 1 0  0 . 0 8 1 _ + 0 0 0 8  3 8 / 7 7  3 2 6 _ + 1 0  379__+21 0 2 2 0 - + 0 . 0 1 4  7 8 _ + 0 6  

2 0 / 9 6  3 9 5 _ + 0 . 9  1 7 0 - + 1 1 2  1 4 9  _+06 35 .3_+33  
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Fig  8 The  K m values  c o m p u t e d  us ing  e i ther  a s ided p r e p a r a -  

t m n  0 o -o r i en t ed  r econsUtu ted  enzyme)  or  a n  uns~ded p re -  

p a r a n o n  ( n o n - o r i e n t e d  r econs t i t u t ed  enzyme)  (©) ,  m e m b r a n e -  

b o u n d  e n z y m e  ( * )  o r  solubl l ized e n z y m e  ( * )  a t  d i f f e ren t  

ex te rna l  K + c o n c e n t r a u o n s  wi th  N a  + + K + = 116 m M  

Fig  7 Ead le  p lo ts  o f  h y d r o l y t i c  ac t iv i ty  us ing  r e c o n s u t u t e d  

e n z y m e  wi thou t  the  p resence  o f  o u a b a l n ,  1 e the  h y d r o l y t i c  

ac t iv i ty  c o r r e s p o n d s  to  1 o -o r i en t ed  a n d  n o n - o r i e n t e d  e n z y m e  

H o w e v e r ,  s ince K + is p re sen t  the  act lvaty Is p r i m a r i l y  a r i s ing  

f r o m  n-o  enzyme,  s ince  1 o -o r i en t ed  e n z y m e  is devo id  of 

ex t race l lu la r  K + SEX E a d l e  p lo t s  are  s h o w n  at  i nc r ea s ing  

c y t o p l a s t m c  K + ( N a  + + K + = 116 m M )  a n d  130 m M  extracel l -  

u l a r  N a  + T h e  f i t t ing  p a r a m e t e r s  ( K i n )  are  s h o w n  m F ig  8, 

u p p e r  curve All  curves  i n c l u d i n g  the lowest  cy top lasmxc  K + 

c o n c e n t r a n o n  (0 5 m M )  used  ind i ca t e  b l p h a s t c  s u b s t r a t e  curves  
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preparations the sensitivity for the effect of K + on 
the bIphasic shape of the ATP-activation curve is 
increased, when the Na ÷ concentration is de- 
creased from 150 mM to 25 mM. 

Discussion 

In the present paper we have investigated the 
effect of cytoplasmic and extracellular Na + and 
K + on the shape of the substrate curve of recon- 
stituted shark ( N a + + K + ) - A T P a s e  engaged in 
N a + - N a  + exchange accompanied by ATP hy- 
drolysis. The same results were obtained when 
either the rate of exchange (measured as cellular 
Na + efflux) or the hydrolysis of ATP was used as 
a measure of enzyme activity (u) as a function of 
ATP concentration at the various cation condi- 
tions. 

The substrate curves at the different ionic con- 
dltlons were analyzed by using the Eadie plot 
which ~s considered superior to other plots (espe- 
cmlly the Llneweaver-Burk plot) In order to dis- 
criminate between mono- and biphaslc substrate 
curves [251. 

Extraceilular 

2 Na + 3 Na + 

E2PNa2- - E2 P • , E 1 P ~  E1PNa 3 

E2(Na2) = . E2Na 2 E1P(Na3) 

ATP . ~ .  ADP ~.. 
N o + ' -  

E2 (N o2)ATP E1Na 3 E1PADP(N a3) 

E 2 N a 2 A - ] - P ~ - \ ~  E1ATP 7 • E1ATPNa3 \ 
2 Na + .3 Na + 

Cytoplasmtc 

Fig 9 The extended Albers-Post scheme for the (Na ~ + K ÷ )- 
ATPase reaction in the absence of K + ( N a + - N a  + exchange 

accompanied by ATP hydrolysis). The scheme is based on the 
Albers-Post model [10,1l] and the modifications by Karhsh et 

al [26] and Norby et al [33]. The symbols E 1 and E 2 refer to 
the two different conformations of the enzyme Parenthes~s 

indicate that the citrons are occluded within the enzyme The 
snppled hne from EzNa 2 to E1Na 3 indicates that this reacnon 

probably revolves several steps 

The A TP actwatton in the presence of  extracellular 

K *  

Assuming that the reaction with the cyto- 
plasmic and the extracellular cations is conseque- 
tive as it is described in the recent too&fled A1- 
bers-Post scheme [26,12] (Fig. 9) at is a dephos- 
phorylatlon of E2-P winch leads to the transition 
of K* from the extracellular to the cytoplasmic 
side This step involves an occlusion of K + due to 
the dephosphorylatlon followed by a deoccluslon, 
the rate of which is increased by ATP. With 
extracellular K +, the rate of dephosphorylatlon is 
htgh and it is the rate of deoccluslon of K + from 
E~(K 2) which is rate hmating. The blphasic ATP 
acnvatlon curve with extracellular K + [1-9] can 
be explained form a branched deoccluslon reac- 
tion [7,27,28]: One deoccluslon which as indepen- 
dent of ATP and in winch Ez(K2) is converted to 
a form with high ATP affinity and which wall 
dominate with a low ATP concentration. Another 
in which ATP with a low affinity increases the rate 
of deoccluslon (see Fig. 9). In the scheme sug- 
gested by Moczydlowskl and Fortes [7] the high- 
affinity form is shown as E~ with no cations 

bound. However, the enzyme with no canons 
bound is on an E2-conformatlon [29,30] and only 
with Na ÷ bound the enzyme has the El-conforma- 
tion. This suggests that it is the ATP-independent 
spontaneous deoccluslon of K + from E2(K2) to 
E2K 2 followed by the exchange of K + for Na + 
which leads to EINa s and it is this conformation 
which has the high affinity for ATP (Fig. 9). With 
a low ATP concentration the deocclusion follows 
this route while with a higher ATP concentration 
it is the ATP-dependent deocchislon which be- 
comes dominant 

A TP-actwatton m the absence of  extracellular K + 

With Na + extracellular Instead of K + the rate 
of dephosphorylatlon of E2-P is very low, a few 
percent of the rate of dephosphorylation by K +. 
The electrogenic effect and the stoicinometry of 
the ATP-dependent N a + - N a  + exchange suggest 
that extracellular Na + is translocated via the same 
steps as extracellular K + and that the dephos- 
phorylatlon of E2-P by extracellular Na + leads to 
an occlusion of extracellular Na + followed by its 
deocclusion to the cytoplasmic side. With Na +, 



but no K +, nearly all of the enzyme is in the 
phosphoform in the steady state indicating that it 
is the dephosphorylation of E2-P which is rate 
lirmtlng in the reaction and not the deoccluslon of 

Na + from E2(Na2). 
There seem to be at least two possible explana- 

tions of the lack of low affinity effect of ATP with 
Na ÷. One is that the Na ÷ occluded form E2(Na2) 
has a high affimty for ATP. The other is that 
E2(Na2) has a low affinity like E2(K2), but the 
rate of spontaneous deocclusion of E(Na~) is so 
high that it can cope with the low rate of dephos- 
phorylatlon. Therefore the low affinity effect of 
ATP is not seen when the rate of hydrolysis, or the 
rate of flux of Na + is measured. 

The effect of cytoplasmic K + 
The shape of the ATP-activation curve is 

changed from hyperbohc to nonhyperbolic (bl- 
phasic) at a very low (50 /~M) concentration of 
extracellular K ÷ while with Na + extracellular but 
no K ÷ the concentration of K ÷ needed in the 
cytoplasmic medium to induce biphasic activation 
curve is higher than 50 mM (with Na ÷ + K + = 116 
raM) (see Fig. 4). 

Extracellular K ÷ becomes occluded by dephos- 
phorylation of Ez-PK ~- [31], but K ÷ can also 
become occluded from the cytoplasmic side by a 
backwards reaction (see Ref. 13). Extracellular 
K ÷ competes for extracellular Na + for the dephos- 
phorylation and the apparent affinity for K ÷ is at 
least 100-times higher than the apparent afflmty 
for extracellular Na ÷. On the cytoplasmic side the 
K ÷ : N a  ÷ ratio for equal distribution between the 
E2K ~- and the E1Na ~- form is 10 : 140. This much 
lower apparent affinity for cytoplasn~c K ÷ may 
explain that more cytoplasrmc K ÷ is needed to 
occlude enough molecules on the K ÷ form that the 
spontaneous rate of deocclusion can no longer 
cope with the rate of dephosphorylation. Another 
factor which may be of importance ~s that with 
Na ÷ but no K ÷ extracellular the rate of dephos- 
phorylauon is lower than with K +, and therefore a 
higher fraction of the molecules must be on the 
K ÷ occluded form for the spontaneous deocclu- 
sion to become rate limiting, i.e. a higher cyto- 
plasmic than extracellular K ÷ is needed m order 
to observe the effect on the affinity for ATP. 
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Iomc strength effect 
With Na ÷ but no K + Rossle and Garrahan [8] 

m unsided preparations found V m as well as  g m 

to increased with increase in Na +. K m increased 
from about 0.05 #M with 20 mM Na ÷ to about 
0.27 #M with 130 mM Na ÷. In the present paper a 
similar effect is observed (Table I). K m increases 
from about 0.08 ~M with 5 mM Na ÷ to 0.23 #M 
with 116 mM Na ÷. From the present experiments 
it is seen that this ~s due to an effect of cyto- 
plasrmc Na +. K d for ATP increases with an in- 
crease in ionic strength [32], this may explain that 
K m for ATP increases when the concentration of 
Na ÷ ~s increased in a replacement for glucose. 

Stmultaneous and consecutive models 
The results reported in the present paper have 

been discussed with reference to the widely 
accepted consecutive model of Albers and Post 
[10,11] including the modifications proposed by 
Karhsh et al. [26] and the formation of at least 
three different phosphoenzymes proposed by 
Norby et al. [33]. The model does not include the 
possibd~ty of separate dephosphorylation of each 
phosphoenzyme intermediate [33] or cation fluxes 
associated with each phosphorylat~on-dephos- 
phorylation cycle as proposed by Lee and Fortes 
[34] and by Yoda and Yoda [35]. Thas does not, 
however, with respect to cations exclude that other 
models simultaneous or consecutive with trans- 
membrane allosteric effects [36] could explain the 
results as well. This will be discussed in more 
detail in a proceeding paper. 
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