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(Na++  K+)-dependent ATPase preparations from rat brain, dog kidney, and human red blood cells also 
catalyze a K+-dependent phosphatase reaction. K + activation and Na + inhibition of this reaction are 
described quantitatively by a model featuring isomerization between E I and E 2 enzyme conformations with 
activity proportional to E2K concentration: 

E~Na 
~1~' 

!E 2 ~ E I ~ E l K  ~ E2K 

Differences between the three preparations in Ko. s for K + activation can then be accounted for by 
differences in equilibria between E 1 K and E 2 K with dissociation constants identical. Similarly, reductions in 
Ko. 5 produced by dimethyl sulfoxide are attributable to shifts in equilibria toward E 2 conformations. Na + 
stimulation of K +-dependent phosphatase activity of brain and red blood cell preparations, demonstrable with 
KCI under 1 mM, can be accounted for by including a supplementary pathway proportional to E i Na but 
dependent also on K + activation through high-affinity sites. With inside-out red blood cell vesicles, K + 
activation in the absence of Na + is mediated through sites oriented toward the cytoplasm, while in the 
presence of Na + high-affinity K +-sites are oriented extracellularly, as are those of the (Na++  K +)-dependent 
ATPase reaction. Dimethyl sulfoxide accentuated Na+-stimulated K +-dependent phosphatase activity in all 
three preparations, attributable to shifts from the E I P  to E2P conformation, with the latter bearing the 
high-affinity, extraceUularly oriented K +-sites of the Na+-stimulated pathway. 

Introduction 

The reaction sequence of the ( N a + +  K+) - 
dependent ATPase may be condensed into four 
steps 

E I ~ EI-P ~ E2-P ~ E 2 ~ E l 

Abbreviations: K÷-phosphatase, K+-dependent p-nitrophenyl 
phosphatase; Me 2 SO, dimethyl sulfoxide; (Na ÷ + K +)-ATPase, 
(Na ÷ + K +)-dependent adenosine triphosphatase. 

representing two chemical changes, enzyme phos- 
phorylation by ATP to form EI-P and hydrolysis 
of the acyl phosphate to form E 2, separated by 
two isomerizations between E~ and E 2 conforma- 
tional forms, probably linked to the cation trans- 
port role of this enzyme [!-3].  Early enzymatic 
studies distinguished between ADP- and K +-sensi- 
tive phosphoenzymes, representing the E~-P and 
E2-P conformations [4,5]; subsequent studies on 
enzyme fluorescence [6] and tryptic digestion [7] 
revealed Na  +- and K+-selected forms, equated to 
E~ and E 2, respectively. 
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The enzyme also catalyzes a K+-dependent 
phosphatase reaction presumably involving E 2 
conformational forms and reflecting the hydrolytic 
steps of the overall ATPase reaction. Recent ex- 
periments on the phosphatase activity in conjunc- 
tion with tryptic digestion of the enzyme [8] reveal 
a discrepancy between earlier formulations for the 
conformational stages involved in fluorescence and 
tryptic digestion studies [9,10] and measurements 
of enzyme activity. Thus, the previous scheme 

E 1 ~ ElK ~ E 2 K  

could not account for divergence between the K0. 5 
for K ÷ affecting fluorescence changes and that for 
activating K+-phosphatase activity, and required 
expansion of the equilibria to: 

E 2 ~- E I ~ E,K ~ E 2 K  

In this amended scheme, tryptic digestion and 
fluorescence changes would represent the ratio of 
total E 1 and E 2 conformations, whereas K+-phos - 
phatase activity would be proportional only to 
E2K [8]. This discrepancy thus emphasizes the 
necessity for considering measurements of en- 
zymatic activity when interpreting measurements 
of conformational states. 

The experiments described here were designed 
t0 explore these issues further, in terms of the 
requisite conformational forms involved in the 
K+-phosphatase reaction as a function of the 
activating ligands K ÷, Mg 2÷ and substrate, to- 
gether with an examination of the effects of rea- 
gents that alter the isomerization between confor- 
mations, such as Mn 2÷ and dimethyl sulfoxide. In 
addition, the experiments deal with the peculiar 
stimulation by Na ÷ in the presence of low con- 
centrations of K +, with attention to the localiza- 
tion on the enzyme faces of the pertinent cation 
sites. For these purposes, the parameters of the 
model were evaluated quantitatively for enzymes 
from three sources: rat brain, dog kidney, and 
human red blood cells. Although the enzymatic 
responses differed quantitatively (for example, K0. 5 
for K ÷) and qualitatively (for example, stimulation 
versus inhibition by Na+), enzymes from these 
sources could be fitted to the same model with 
relatively small changes in parameters. 

407 

Methods and Materials 

The enzyme was prepared from rat brain as 
previously described [11] and from dog kidney 
according to Jorgensen [12]. Permeable red blood 
cell ghosts were made by hypotonic lysis of human 
cells [13] followed by two freeze-thaw cycles. In- 
side-out red blood cell vesicles were prepared as 
previously described [13,14]. To adjust the 
intravesicular contents the vesicles, originally equi- 
librated with 3 mM Tris adjusted to pH 7.4 with 
glycylglycine, were incubated for 2 days at 0-4°C 
with appropriate media [14]. 

K+-dependent phosphatase activity was mea- 
sured in terms of the liberation of p-nitrophenol 
during incubations at 37°C using p-nitrophenyl 
phosphate as substrate, as previously described 
[15]. For experiments with brain and kidney en- 
zyme preparations and permeable red blood cell 
ghosts, the standard incubation medium contained 
30 mM histidine-HC1 adjusted to pH 7.8 with Tris, 
3 mM p-nitrophenyl phosphate (as the Tris salt), 3 
mM MgCI z and 10 mM KC1. K+-independent 
activity, when present, was measured by parallel 
incubations in media omitting KC1 and including 
0.3 mM ouabain, and such activity was subtracted 
from total activity in the presence of KC1 to give 
K+-dependent activity. For experiments with in- 
side-out vesicles, 3 mM Tris adjusted to pH 7.4 
with glycylglycine was used as buffer, with osmo- 
larity maintained by addition of choline chloride 
[15]. K+-independent activity was measured by 
addition of 20/~M strophanthidin. 

Data presented are means of four or more 
experiments, each performed in duplicate to 
quadruplicate, and are listed + S.E. where perti- 
nent. 

p -Ni t rophenyl  phosphate ,  ouabain  and 
strophanthidin were obtained from Sigma Chemi- 
cal Corp. 

Results 

Activation of the brain enzyme by K +, Na + and 
dimethyl sulfoxide 

For the K+-phosphatase reaction catalyzed by 
the rat brain (Na++ K+)-ATPase enzyme, activa- 
tion by KC1 followed a sigmoidal activator-veloc- 
ity pattern, with double-reciprocal plots concave 
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Fig. 1. Effects of  KCI, NaCI and Me2SO on K+-phosphatase 
activity of the rat brain enzyme. Panel A shows activity mea- 
sured in the standard medium (see Methods and Materials) 
modified to contain the KCI concentrations indicated, in the 
absence (e) or presence ( I )  of 10 mM  NaC1; data are presented 
in double-reciprocal form. Panel B shows corresponding experi- 
ments  in the presence of 10% (v/v)  Me2SO; the maximal 
velocity in the presence of Me2SO averaged 1.9-times that in its 
absence. In addition, calculated values for the velocities over 
pathway A, using the parameters in Table I for the model in 
Fig. 2, are shown in the absence (O)  or presence ([3) of 10 mM  
NaCI. 

upward (Fig. 1A) and Hill plots having n > 1, as 
previously described [15]. Addition of 10% (v/v)  
Me2SO to the incubation medium increased the 
maximal velocity 2-fold, and decreased the K0 5 
for K ÷ from 2.1 to 0.95 mM (Fig. 1B), as previ- 
ously described [16]. 

The effects of adding NaC1 to the reaction 
mixture were, however, more complex. Although 
at higher KC1 concentrations (over 1 mM) adding 
10 mM NaCI inhibited activity, at lower con- 
centrations NaC1 stimulated, producing a phase of 
the double-reciprocal plot of KCI concentration 
vs. velocity concave downward (Fig. 1A), as previ- 
ously described [15,17,18]. A similar response to 
NaC1 also occurred in the presence of Me2SO (Fig. 
IB). 

Activation by KC1 can be fitted to the model 
shown in Fig. 2. This formulation was previously 
proposed to account for the differential responses 
of K+-phosphatase activity and of fluorescence 

EiNa i (~ 

+Na*l[ K, 
K, 

E, . " E z 

K~ 

EIK ~ EzK 

EzK= 

m 2 
KI --E-~- 

= E2K 
E~K 

,® 

[K+]" ~3 
Kz 

I + K~ + [K+]°*  Kj [K*]"+ [No*]" 
Ke K4 

Fig. 2. Model for K + and Na + effects on K+-phosphatase 
activity. The four constants describe equilibria between the 
conformational states (K  l and K3) and the dissociation of K + 
(K2) and Na ÷ (K4), with the relative concentration of EzK 
expressed as a function of these constants, the concentrations 
of the cations, and the Hill coefficients for cooperativity in the 
K ÷ (n )  and Na ÷ (m)  sites. Activity in the absence of Na + is 
considered to be proportional to E2K (pathway A), while in the 
presence of Na + it is the sum of pathway A plus pathway B, 
the latter proportional to EiNa. 

changes of the enzyme to KCI concentration [8], 
with K*-phosphatase activity proportional to the 
E2K concentration and fluorescence changes to 
the sum of E 2 and E2K concentrations. Although 
an optimal selection of parameters was not at- 
tempted, a good fit to the data for K ÷ activation 
in Fig. 1, as shown by the open circles and dashed 
lines, was achieved with the values shown in Table 
I. The effect of Me2SO on K + activation is attri- 
buted to increases in K 1 and K 3 ,  relating to the 
isomerization between E l and E 2 forms, without 
change in K2, the dissociation constant for K ÷- 
binding to  E 1 (Fig. 2; Table I). 

Inhibition by NaC1 also can be fitted by this 
model with velocity proportional to EEK (pathway 
A), as shown by the open squares and dashed lines 
of Figs. 1A and B, although the data are ap- 
proximated at only the three higher KCI con- 
centrations. Again, effects of Me2SO are attri- 
buted to changes in K~ and K 3 and not in the 
dissociation constants for either cation, K 2 and K 4 

(Table I). On the other hand, stimulation by NaCl 
at low KCI concentrations (Figs. IA,B) clearly 
cannot be related to the concentration of E2K 
alone. 
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TABLE I 

VALUES OF CONSTANTS FOR FIGS. 1, 3, 4 AND 8 

These constants were used in the equation of Fig, 2 to calculate the dashed lines of Figs. 1, 3 and 8 for velocity over pathway A, with 
maximal velocity at infinite KCI concentration defined as 1.0. For Fig, 4 the dashed lines represent the calculated total velocities over 
pathways A and B: the sums of velocity over pathway A, as above, plus velocity over pathway B, obtained by multiplying the 
concentration of E~Na by b, an empirical factor reflecting maximal velocity over pathway B relative to that over A as well as the 
effective saturation of K+-sites in pathway B. For brain and red blood cell enzymes values for b were estimated similarly, except that 
only a single concentration of NaCI, 10 mM (Figs. 1 and 8), was used for calculation: thus b[EtNa ] was set equal to observed velocity 
(Figs. 1 and 8) minus calculated velocity over pathway A in the presence of 10 mM NaC1. 

Constant Brain Kidney Red cell 
enzyme enzyme enzyme 

- Me2SO + Me2SO - Me2SO + Me2SO - Me2SO 

K 1 0.5 
K 2 (mM) 11.1 
K 3 5.0 
K 4 (mM) 12.5 
n 1.4 
m 1.1 
b (K + = 0.7 mM) 0.44 

(K ÷ = 0.5 mM) 0.26 
(K + = 0.3 mM) 

2.0 0.5 2.0 0.5 
ll.1 11.1 11.1 11.1 
35.0 15.0 45.0 5.5 
12.5 12.5 12.5 12.5 

1.35 1.5 1.4 1.25 
1.1 1.4 1.3 1.1 
! .04 - - 0.26 
1.15 0.06 0.42 0.25 
- 0.05 0.35 - 

Activation of the kidney enzyme by K +, Na + and 
dimethyl sulfoxide 

F o r  the K + - p h o s p h a t a s e  r eac t ion  ca ta lyzed  by  
the  dog  k i d n e y  enzyme ,  ac t iva t ion  aga in  fo l lowed 

a s igmoida l  ac t iva tor -ve loc i ty  pa t t e rn ,  wi th  dou-  

b le - rec ip roca l  p lo ts  concave  u p w a r d  (Fig.  3A) a n d  

Hi l l  p lots  hav ing  n > 1. M e l S O  aga in  s t imula ted ,  

b u t  wi th  o n l y  a 1.5-fold increase  in  m a x i m a l  veloc- 

ity, as well  as a lesser decrease  in  K0. 5 for K +, 
f rom 1.1 to 0.7 m M  (Figs.  3A,B). These  responses  

to K + a n d  Me2SO can  be  f i t ted (Figs.  3A,B: o p e n  
circles) to the m o d e l  in  Fig. 2, wi th  the lower  K 0  5 
for K ÷ of the  k i d n e y  e n z y m e  rep resen ted  by  a 
c h a n g e  in  the i somer i za t i on  co n s t an t ,  K3, ra ther  

t h a n  in  the d i s soc ia t ion  cons t an t ,  K l, a n d  wi th  the 
lesser effects of M e / S O  represen ted  by  a smal le r  

inc rease  in  K 3 ( T a b l e  I). 
U n l i k e  the  b r a i n  enzyme ,  the  k i d n e y  e n z y m e  

was no t  obv ious ly  s t imu la t ed  b y  NaC1 at  low KC1 
c o n c e n t r a t i o n ,  a l t hough  aga in  a phase  of the  p lo t  
is concave  d o w n w a r d  (Fig.  3A). Di rec t  c o m p a r i s o n  

is c o m p l i c a t e d  b y  the d i f fe rence  in  Ko. 5 for K ÷, 
b u t  at a c o n c e n t r a t i o n  of  KC1 suff ic ient  to pro-  
duce  20% of  m a x i m a l  veloci ty  a d d i n g  10 m M  
NaC1 s t imu la t ed  the b r a i n  e n z y m e  10% (Fig.  1A) 
b u t  i nh ib i t ed  the k i d n e y  e n z y m e  37% (Fig.  3A). In  

the  p resence  of  Me2SO,  however ,  s t im u la t i on  b y  

NaC1 d id  b e c o m e  a p p a r e n t  (Fig.  3B), a n d  at a 
c o n c e n t r a t i o n  of  KC1 suff ic ient  to p r o d u c e  20% of  

m a x i m a l  velocity,  a d d i n g  10 m M  NaC1 then  

s t i m u l a t e d  the k i d n e y  e n z y m e  18%. 

'I[A / q  
'91 / / /  ! 

[KC~] 4 raM" 

B 
,a 

l 
%k i ~ 3 

[KCl ]  ' r a M "  

Fig. 3. Effects of KC1, NaCI and Me2SO on K+-phosphatase 
activity of the dog kidney enzyme. Experiments were per- 
formed and the data are presented as in Fig. 1 (O, no NaC1; I ,  
10 mM NaCI) from studies in the absence (panel A) or pres- 
ence (panel B) of Me2SO , together with the calculated values 
(O,1:3). The maximal velocity in the presence of Me2SO aver- 
aged 1.5-times that in its absence. 
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The model again describes inhibition by NaC1 
at high KC1 concentrations as shown by the open 
squares and dashed lines of Figs. 3A and B, al- 
though, as in the case of the brain enzyme, actual 
velocities with low KCI concentrations were greater 
than calculated velocities. 

With either 0.3 or 0.5 mM KC1 activity progres- 
sively fell as NaC1 was added in the range 0.3 to 
30 mM (Figs. 4A,B). In the presence of MezSO, 
however, velocity first increased somewhat but 
then fell with NaC1 concentrations above 10 mM. 
As previously proposed [17,18], stimulation by Na + 
at low K + concentrations may represent the avail- 
ability of an alternative enzymatic pathway requir- 
ing both Na + and K + and having a higher affinity 
for K +. The model in Fig. 2 can accommodate this 
proposal by considering the total observed activity 
to represent the sum of the activity over pathway 
A, proportional to the concentration of E2K, plus 
that over pathway B, proportional to the con- 
centration of EtNa. To sum the activities, a factor, 
b, is multiplied by the E tNa concentration, reflect- 
ing the maximal velocity of pathway B relative to 
A and the effective saturation of pathway B by 
K + (thus b is a function of KC1 concentration). 
With these assumptions, the dashed lines of Figs. 
4A and B are generated from the parameters of 

2O 
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Fig. 4. Effects of NaC1 on K+-phosphatase activity of the dog 
kidney enzyme. Panel A shows activity in the standard medium 
modified to contain 0.3 mM  KC1 and the concentrations of 
NaCI shown, in the absence (@) or presence (©)  of Me2SO. 
Panel B shows corresponding values for experiments with 0.5 
mM KCI. In addition, calculated values for the velocities are 
shown as the dashed lines, using the parameters in Table I for 
the model in Fig. 2; changes in velocity are calculated by 
equating total velocity to the sum of E2K plus b times E iNa  
for the successive concentrations of NaCI. 

Table I by including the factors for pathway B 
shown. 

Effects of MgCl2, MnCI 2 and nitrophenyl phosphate 
With 0.3 mM KCI stimulation by NaC1 may be 

shown even in the absence of Me2SO by increasing 
the MgC12 concentration from 3 mM to 9 mM 
(Fig. 5). These data were not fitted quantitatively 
to the model because further complexities are in- 
troduced. Raising the MgC1 z concentration itself 
reduced activity, more so at lower KCI concentra- 
tions, suggesting competition for the K+-sites, and 
with 0.3 mM KCI, substituting 9 mM MgC12 for 3 
mM MgC12, activity was inhibited 32 + 2%. As 
shown, with 3 mM MgC12 and 0.3 mM KCI 
adding 30 mM NaC1 reduced activity by 55 + 4% 
(Fig. 4A) whereas with 9 mM MgCI 2 and 0.3 mM 
KC1 adding 30 mM NaC1 increased activity by 
26 + 3% (Fig. 5). Consequently, relative activities 
with 0.3 mM KCI were 1.0 with 3 mM MgC12 and 
no NaC1 vs. 0.45 with 30 mM NaCI, and 0.68 with 
9 mM MgC1 z and no NaC1 vs. 0.86 with 30 mM 
NaCI. Thus, although separately Mg 2÷ and Na + 

40~ 

~ 40, 

G°b~3 i s ib s% 
[Na CI] mM 

8f 

AV/'4 / (&V~ , 

i 
[KCl] "~ raM" 

Fig. 5. Effects of MgCI 2, MnCI 2 and nitrophenyl phosphate on 
K+-phosphatase activity of the dog kidney enzyme. Activity 
was measured in the standard medium modified to contain the 
concentrations of NaCl indicated and with 9 mM nitrophenyl 
phosphate (O)  or 9 m M  MgCI 2 (@) in the presence of 0.3 mM 
KCI, or with 3 mM MnCI 2 substituted for MgCl 2 in the 
presence of 0.5 mM KCI ([2). 

Fig. 6. Effect of MnCI 2 on activation of the dog kidney enzyme 
by KCI and NaCI. Experiments were performed as in Fig. 3A 
except that 3 m M  MnC12 was substituted for 3 mM MgC12; 
data are presented as the increment in ouabain-inhibitable 
activity due to KCI, since significant K+-independent  
ouabain-inhibitable activity is demonstrable in the presence of 
MnCI 2 [19]. @, no NaCI; B; 10 mM NaCI. 



inhibited, together inhibition was less than with 
each alone. 

Analogously,  substituting 3 mM MnC12 for 
MgC12 permit ted stimulation by NaC1 even in the 
presence of  0.5 m M  KC1, again in the absence o f  
Me2SO (Fig. 5). With  3 m M  MnC12 stimulation by 
NaCI  is demonstrable  at KCI concentrat ions suffi- 
cient to produce  20% of the maximally stimulated 
velocity and lower (Fig. 6); these experiments with 
MnCI  2 also may not  be readily fitted to the model 
since there is appreciable ouabain-inhibitable 
phosphatase  activity with MnCI 2 even in the ab- 
sence of  added KC1, suggesting a catalytically 
active E2Mn enzyme form [19]. 

Increasing the substrate concentrat ion from 3 
to 9 m M  did not  produce overt stimulation by 
NaCI,  but  the inhibition was less: 26% with 9 m M  
nitrophenyl  phosphate  compared  to 55% with 3 
m M  (Figs. 4A, 5). 

As the KC1 concentra t ion was decreased, the 
apparent  K m for ni trophenyl phosphate  decreased 
(Fig. 7A; Table II), as previously described for the 
brain enzyme [15]. Correspondingly,  as the 
ni t rophenyl  phosphate  concentrat ion was de- 
creased the K0 5 for KC1 decreased, f rom 1.3 m M  
with 9 m M  nitrophenyl  phosphate  to 0.8 m M  with 

,i 

A 

' I ' ~ w  
[NPP]" raM-' 

2S 
[N PP'I" raM-' 

Fig. 7. Effect of KCI, NaCI and Me2SO on substrate kinetics of 
the dog kidney enzyme. Panel A shows activity measured in the 
standard medium modified to contain the concentrations of 
nitrophenyl phosphate (NPP) indicated and with l0 mM (o), 
0.5 mM (m) or 0.3 mM (A) KCI alone, or 0.5 mM KCI plus 10 
mM NaCl (r-I) or 0.3 mM KC1 plus 10 mM NaC1 (zx), Panel B 
shows corresponding experiments in the presence of Me2SO. In 
all cases the MgC12 concentration was 3 raM. Values for K m 
(Table If) were obtained by a least-squares linear regression for 
these data. 
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TABLE II 

EFFECT OF K + AND Na ÷ ON K m FOR NITROPHENYL 
PHOSPHATE AND K i FOR Pi 

Values for the K m for nitrophenyl phosphate, measured in the 
standard medium (see Methods and Materials) modified to 
contain the monovalent cations shown, were determined for 
kidney enzyme from double-reciprocal plots (Fig. 7). Similarly, 
the values for the K i for Pi were determined from Dixon plots. 

Cations K m for substrate (raM) K i for Pi (mM) 

- M e  2SO +Me 2SO -Me 2SO -Me 2SO 

KCI, 10 mM 2.93 2.03 1.35 0.70 
KCI, 0.5 mM 1.18 1.04 0.52 0.40 

+ NaCI, 
10 mM 1.54 1.40 1.39 0.83 

KCI, 0.3 mM 0.69 0.60 
+ NaCI, 
10 mM 1.24 1.12 

1 m M  (data not presented), again as with the brain 
enzyme [15]. In  accord with the effect of 
ni t rophenyl  phosphate  concentra t ion on inhibition 
by NaC1 (Fig. 5), addit ion of NaCI  increased the 
apparent  K m for ni trophenyl  phosphate  (Fig. 7A; 
Table II). In  the presence of Me2SO similar re- 
sponses occurred, al though values for the K m were 
in all cases somewhat  lower (Fig. 7B; Table II). 

Pi is a competit ive inhibitor toward ni trophenyl  
phosphate  [20], and the K i decreased when the 
KC1 concentrat ion was reduced to 0.5 m M  and 
increased when NaC1 was added (Table II). In  the 
presence of  Me2SO, the K i values changed simi- 
larly, but  in all cases were somewhat  lower (Table 
II). 

Activation of the red blood cell enzyme by K + and 
Na + 

With permeable human red blood ghosts (al- 
lowing free access to both  faces of  the enzyme) the 
responses to K ÷ alone and to N a  + plus K ÷ (Fig. 8) 
were similar to those of  the brain enzyme (Fig. I). 
As with the brain enzyme, stimulation by N a  ÷ was 
apparent  at a KC1 concentrat ion sufficient to pro- 
duce 20% of maximal velocity. Moreover,  activa- 
t ion by K ÷ and inhibition by N a  ÷ (at higher KCI 
concentrat ions)  could again be fitted in terms of 
pa thway A of  the model  using parameters near 
those for the brain enzyme (Table I). 

To determine whether the proposed activation 
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Fig. 8. Effects of KC1 and NaC1 on K+-phosphatase activity of 
permeable ghosts from human red blood cells. Experiments 
were performed and data are presented as in Fig. 1 (O,O, no 
NaCI; I1,11, 10 mM NaCI). 

of pathway B was mediated through K+-sites 

accessible from the cytoplasmic face of the mem- 
brane  (as is pathway A) or from the extracellular 

face (as is the ( N a ÷ +  K+)-ATPase),  experiments 
must  be performed with enzyme preparat ions  in 

which ' s idedness '  is maintained.  Inside-out  red 
b lood cell membrane  vesicles permit  free access of 

substrate to the cytoplasmic face (now exposed to 
the medium),  with access to the extracellular face 
(now intravesicular) gained through prior equi- 
l ibration.  Using this preparat ion K+-phosphatase 

activity in the absence of NaC1 was activated only 

by cytoplasmic KC1, whereas in the presence of 
cytoplasmic NaC1, extracellular KCI activated (Ta- 
ble III). Moreover, the magni tudes  of these agreed 

well with those from experiments using permeable 
red blood cell ghosts (Fig. 8). 

Discussion 

These studies support  a model for the K+-phos - 
phatase reaction depicting cat ion b inding  to 
specific sites on the enzyme and  isomerization 

between the E~ and E 2 conformat ional  states pro- 
posed as cyclic steps in the overall ( N a + +  K+)- 
ATPase  react ion sequence [3,4]. The model  
accounts  quant i ta t ively for K ÷ activation and for 

inhib i t ion  by Na + at high K + concentra t ions  but  

s t imulat ion at low K ÷ concentrat ions;  it also 
accounts  for variat ions in K0 5 between enzymes 
from three sources, for effects of MezSO, Mg 2+ 

TABLE IIl 

SIDEDNESS OF CATION ACTIVATION 

The 'extracellular' concentration (intravesicular concentration) was established by equilibration of the inside-out red blood cell 
vesicles for 2 days at 4°C, as described previously [14]; osmotic balance was maintained by varying the choline chloride concentration. 
To measured activity, the equilibrated vesicles were diluted into 20 vol. medium to produce the final concentrations shown as 
'cytoplasmic'. K+-phosphatase activity is expressed relative to that of concurrent determinations of activity with only 10 mM 
'cytoplasmic' KCI, defined as 1.00. 

' Cytoplasmic' 
concentrations (mM) 

• Extracellular' 
concentrations (mM) 

KCI NaCI KC1 NaC1 

Relative activity 
of inside-out red blood cell 
vesicles 

1o o o 0 (I.00) 
0.5 0 0 0 0.13+0.03 
0.5 0 10 0 0.08 __+ 0.04 
0 0 0.5 0 -0.01 -t-0.02 
0.5 0.5 0 10 0.12+0.02 

10 10 0 0 0.92+0.05 
0.5 10 0 0 0.09 ___ 0.03 
0.5 10 0.5 0 0.23 + 0.02 
0 0.5 0.5 10 0.02 ___ 0.04 



and Mn 2 + on the reaction parameters, and for the 
sidedness of K + activation in the absence and 
presence of Na ÷. The model assumes rapid equi- 
librium for convenience and because steady-state 
methods are inadequate for first-order isomeriza- 
tions [21], and can be justified pragmatically by 
the fit to the data. With six constants, unique 
evaluations are not possible; nevertheless, plausi- 
ble values were obtained with K1 < 1 and K 3 > 1, 

in qualitative agreement with fluorescence studies 
[6], even though the isomerizations invoked appear 
sensitive to pH, buffer composition and ionic 
strength [22,23]. 

The model describes quantitatively activation 
by K + and inhibition by Na ÷ at high K + con- 
centrations (Figs, 1,3,8). Discrepancies in apparent 
affinities for K ÷ as activator and Na ÷ as inhibitor 
between enzymes from three sources are attributed 
to differences in the isomerization constants (K~ 
and K3),  reflecting either variations in peptide 
composition or in enzyme environments, rather 
than to differences in the respective dissociation 
constants (K  2 and K 4). Relating these constants to 
reported measurements of the dissociation con- 
stants (e.g., Refs. 23-25), however, is difficult not 
only because of the range of those values but also 
because they were not measured under substrate, 
MgC12 and ionic strength conditions used in the 
assays here. 

The ability of Me2SO to increase the apparent 
affinity for K ÷ (decrease the Ko.5) can also be 
accounted for solely by changes in K~ and g 3 

(Figs. 1, 3; Table I). That Me2SO favors E 2 con- 
formations is supported by earlier studies showing 
it inhibits A D P / A T P  exchange dependent on the 
E~zP conformation [26], potentiates vanadate 
binding to EzK [14], promotes the K + pattern of 
tryptic digestion [8], and favors the characteristic 
E 2 fluorescence changes of the fluoresceine iso- 
thiocyanate-labeled enzyme (Steinberg, M. and 
Robinson, J.D., unpublished observations). The 
lesser effect of Me2SO on the K0. 5 for K ÷ with 
kidney enzyme compared to brain enzyme thus 
may be attributed to the lesser change in g 3 (Table 
I), since in the absence of Me2SO, K 3 for the 
kidney enzyme is larger than that for brain en- 
zyme. 

Stimulation by Na + at low K ÷ concentrations is 
here attributed to catalysis over an alternative 
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Na+-dependent pathway with high-affinity K +- 
sites (Fig. 2: pathway B), since Na + alone is an 
extremely feeble activator [15]. As previously pro- 
posed [17,18], this pathway most likely involves 
Na+-dependent phosphorylation of the enzyme by 
nitrophenyl phosphate to form El-P, followed by 
isomerization to E2-P with its high-affinity K÷-sites 
oriented extracellularly, analogous to the (Na÷+ 
K+)-ATPase reaction sequence. An earlier study 
showed Na÷-stimulated, hydroxylamine-sensitive 
phosphorylation by nitrophenyl phosphate [27], 
and experiments with inside-out red blood cell 
vesicles described here show that whereas only 
cytoplasmic K ÷ activates in the absence of Na +, 
as first shown by Drapeau and Blostein [28], in the 
presence of cytoplasmic Na +, extracellular K + 
activates (Table III). This latter is analogous to 
activation of the K÷-phosphatase reaction by 
extracellular K ÷ in the presence of cytoplasmic 
Na ÷ plus ATP [28]. This localization of cation 
sites also argues against an earlier proposal [29] to 
account for Na ÷ stimulation. That model invoked 
'catalytic' and 'regulatory' sites for the cations, 
with activity dependent on K ÷ occupying the cata- 
lytic site and either K ÷ or Na ÷ occupying the 
regulatory site. Since maximal activity occurs with 
only cytoplasmic K ÷ [28] but in the presence of 
cytoplasmic Na ÷ activity is stimulated by 
extracellular K ÷ (Table III), the further multiplica- 
tion of cation sites for that model is required. 

Pathway B is quantitated here only in terms of 
the empirical parameter, b, which varies with K ÷ 
concentration (Table I). However, b may be 
expressed in the above mechanism as VB/D, where 
V B is the maximal velocity over pathway A, and D 
incorporates K ÷ activation and Na ÷ competition 
in this pathway: (Kk[K+]-l(1 + [ N a + ] K ~ ) )  p 
where K k and Kna are dissociation constants for, 
respectively, K + and Na ÷ at the high-affinity sites 
and p is the Hill coefficient for the sites. This 
elaboration of b obviously can account for inhibi- 
tion at high Na ÷ concentrations (Fig. 4), as also 
seen in the (Na++ K+)-ATPase reaction [30], but 
evaluation of these four additional parameters did 
not seem justified by the available data. Further- 
more, stimulated hydrolysis over pathway B could 
be due not merely to hydrolysis of E2-P but also to 
the K + bound through the high-affinity sites re- 
maining on the enzyme to activate further hydrol- 
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ysis over pa thway  A; this la ter  exp lana t ion  is 
ana logous  to a p roposa l  for K+-phospha t a se  
s t imula t ion  by  N a  ÷ plus A T P  [2]. 

In  ei ther case, the model  can again account  
bo th  for s t imula t ion  by N a  ÷ at  low K ÷ concent ra-  
t ions with b ra in  and red b lood  cell enzymes and 
for  lack of  overt  s t imula t ion  with k idney  enzyme,  
through differences in i somer iza t ion  cons tan ts  K~ 
and  K 3 and  in b (which also includes  within V an 
i somer iza t ion  cons tan t  for the E~-P to E2-P transi-  
tion). Since Me2SO favors E 2 conformat ions ,  it 
m a y  seem s t range that  it  also favors the N a  ÷ 
s t imula t ion  (Fig.  3) in te rpre ted  as dependen t  on 
E j N a .  A n  obvious  mechan i sm is that  Me2SO by 
favor ing convers ion of  E~-P to E2-P increases 
avai labi l i ty  of  h igh-aff in i ty  K÷-si tes.  Similarly,  
s t imula t ion  of  pa thway  B by Mg 2÷ and M n  2÷ 

(Fig.  5) may  be a t t r ibu ted  to these ca t ions  (par t ic-  
u lar ly  Mn 2 +) favoring E 2 conformat ions  [31 ]. 

The model  in Fig. 2, however,  does not  descr ibe  
the re la t ionships  between appa ren t  K m for sub- 

strate,  K0. s for K ÷, and  K i for Pi (Table  II). The 
reciprocal  changes in K m and K0  5 may  be 
accounted  for by  n i t rophenyl  phospha te  and K ÷ 
each b ind ing  more  t ightly to enzyme forms in the 
absence  of the other.  N i t ropheny l  phosphate ,  nev- 
ertheless, seems to favor  E 2 enzyme forms, as 
ind ica ted  by  Me2SO decreas ing the K m and by 
N a  + increasing it. Moreover ,  P~, which is a compe-  
t i tor  toward  n i t rophenyl  phosphate ,  b inds  like 
vanada te  to E 2 forms [14]. Consequent ly ,  addi -  
t ional  enzyme states must  be inc luded:  

k5 k6 
E2K+S ~ E2K(S ) ~ E2(S)+K + 

where S refers to n i t rophenyl  phosphate .  These 
add i t iona l  cons tants  are  c o m p o u n d e d  within the 
cons tan ts  of  Table  I; nevertheless,  the da ta  (Table  
II)  show that  bo th  K 5 and K 6 must  be greater  than 
1. Me2SO also must  not  only  shift K~ and  K 3 
differeni ia l ly ,  but  also K 5 a n d / o r  g 6. A n  appa ren t  
a nom a ly  is the oppos i t e  effect of  K ÷ on Pi and  
vanada t e  b inding:  K ÷ increases the K i for Pi (Ta- 
ble II)  but  decreases the K d for  vanada te  [25]. If 
vanada t e  b inds  as a t ransi t ion state analog of  P~ 
leaving E2K-P  [25], then this enzyme conforma-  
t ion would  differ  f rom that  b ind ing  Pi and  sub- 
strate,  as expected.  
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