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We have used liposomes with incorporated pig kidney Na÷,K +.ATPase to study vanadate sensitive K*-K + 
e~tchange and net K + uptake under conditions of acetyl, and p.nitrophenyl phosphatase activities. The expeflmonts 
were performed at 20~C. Cyloplas~dc phmphate contamination was minimized with a phosphate trapping system 
based on glycogen, phosphorylase a and glacose.6.phosphate debydreeenase. In the absence of MI =+ (no 
phosphatase activity) 5-10 sum p.~dtrophenyl phosphate slightly stimulated K +-K + exchange whereas S-10 mM 
acetyl phosphate did not. In the presence of 3 mM MgCI z (high rate of pltosphatase activity) acetyl p b o ~  did 
not affect K +K ÷ exchange whereas p-nitt~ophenyÁ phosphate induced a grater stimulation than in the absence of 
Mg2+; a further addition of I mM .Aj)p resulted in a 35-6S% inhibition of pl)osphatase activity with an incrmu~ in 
K +K + exchange, which sometimes reached ihe levels seen with 5 mM phosphate and I mM ADP. 'lhe net K ÷ 
t,,ptake in the presence of 3 mM MgCI2 was net affected by acetyl phosphate or pnitropben.vl phosphate, whet'urn it 
was inhibited by 5 mM phosphate (with and without i mM M)P). The results of this work sulgest tlmt the 
phosphatase reaction is not by itself associated to K + transiocatiou, The ADP-dependont stimulatien of K +-K + 
exchange in the presence of phospb~.tase a¢=[.."ty could be explained by the overlapping of one or more step/s efthe 
reversible pho.~phorylatisn from phosphate with the phosplmtase cycle. 

Introduction 

Several transport modes and partial biochemical 
reactions catalyzed by the sodium pump have been 
crucial for establishing the steps of the Na +,K+-ATPase 
reaction cycle (see Ref. 1 for references). In the ab- 
sence of intracellular Na +, but in the prese;tce of both 
intracellular and extracellular K +, the pump effects a 
1:1 exchange of K + across the membrane (K+-K + 
exchange). Intracellular phosphate and ATP are re- 
quired [2], but non-hydrolyzable analogues of ATP [3,4] 
or ADP [5] can substitute for ATP. On the other hand, 
in the presence of K+and Mg 2+, the enzyme hydroly- 
sos various phosphoric anhydrides (e.g., p-nitrophenyl 
phosphate:, umbelliferone phosphate, acetyl phosphate, 
etc.) [1]. Although the scheme for that catalytic activity 
is not yet fully understood, there are certain features 
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that have been established. For instance, while phos- 
phatase activity has some similarities with the re- 
versible binding of inorganic phosphate [6.7], the reac- 
tivity, and particularly the sidedness of that reactix4ty, 
towards Na+and K+is different in p h o s p h o e ~  
formed from phosphatase substrates and that obtaiPed 
from inorganic phosphate [8]. In addition, the exister~.e 
of more than one phosphatase reaction pathway has 
been suggested depending on the substrate being used 
[9,10]. Although no cation transport process has been 
linked to this reaction [11] it is intriguing that the K ÷ 
occluded E2(K) and K + deocc!uded E2PK cotdd func- 
tion as intermediates [7]; this might pave the way for an 
associated K* translocation if the K+sites were even- 
,*uaily exposed to inner and outer sides of the mem- 
brane. Th~ present studies were undertaken ,to look 
into this problem. To that end, we have measured 
vanadate sensitive K+-K + exchange and net K + uptake 
into liposomes with pig kidney Na+,K+-ATPase incor- 
porated under conditions of acetyl- and p- 
nitrophenylphosphatase activities. The results indicate 
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that the phosphatase reaction is not by itself associated 
with K + translocation. The stimulation of F.*-K + ex- 
change by phosphatase substrates in the presence of 
Mg 2÷ and ADP can result from the E-P formation but 
not necessarily be coupled to the whole biochemical 
events leading to phosphatase activity. 

Methods 

Preparation ofproteoliposomes. Na ÷,K+-ATPase was 
partially purified from pig kidneys [12] and stored at 
-85°C in a solution of 25 mM imidazole (pH 7.5 at 
20°C)/1 mM EDTA-Tris/250 mM sucrose; before use, 
it was dialyzed overnight against 25 mM imidazole (pH 
7.0 at 20°C)/i mM EDTA-Tris. The usual activity was 
18-22 units per mg total protein and was 99 percent 
ouabain-sensitive; this indicates a degree of purity of 
about 40 percent (see also Ref. 12). Proteoliposomes 
were prepared following the procedure described in 
Ref. 13 as adapted ip our laboratory [14]. The 
phospholipid used was crude soybean phosphatidyl- 
choline an¢l the total protein/lipid ratio 1:40 [13,14]. 
Protein wa's determined by the method of Lowry et al. 
[15] as modified by Markwell et al. [16]. 

Measurement of potassium fluxes. Aliquots of 0.06 ml 
of proteoliposomes suspensions were added to 1.6 ml 
of cytoplasmic media; the uptake of [H~Rb]K + was 
measured at 20°C, in triplicate or quadruplicate, in the 
conditions ~ndicated in the table legends. The cytoplas- 
mic (extravesicular) solutions contained no phosphate 
compounds or ~-10 mM phosphate, acetyl phosphate 
or p-nitropheny' phosphate in the absence and pres- 
ence of 3 mM MgCI 2. In addition they had 140 mM 
Tris.HCI and 5 mM [SdRb]KCI, 1 mM ouabain with 
and without 0.5 mM vanadatc. 1 mM ADP was eventu- 
ally added. Mg:--free solutions contained 2 mM 
CDTA. The intravesicular (extracellular) media had 
none or 100 mM KCI and 130-[KCI] raM oi Tris-HCI. 
All solutions were Nat-free. When required, and to 
minimize the inorganic phosphate contamination, the 
cytoplasmic media contained an inorganic phosphate 
trapping system. With p-nitrophenyl phosphate, the 
reaction was started after 60 min preincubation at 
room temperature with the phosphate trapping system 
in the cytoplasmic medium; when acctyl phosphate was 
the substrate, no preincubation with that system took 
place (see below). The X~Rb+ incorporated was esti- 
mated from the radioactivity present in the effluen~ of 
short Sephadex columns as described previously [14]. 
in all cases the uptake of isotope was linear within the 
time of the assays. The absolute [S~Rb]K ÷ flux was 
calculated as nmoles taken up l:,er rain per 10 ~tl 
lipommes suspension (nmol/min l.,er 10 #1 Lip.). In 
the pre.~enee of Mg 2", the discrimination between the 
different K + fluxes was made as follows (see Ref. 17): 
(i) Ouahain acts on the extracellular phase; therefore, 

by adding ouabain to the extravesicular media we ex- 
pected to inhibit all K + fluxes going via the right-side 
out pump units. (it) Vanadate requires Mg 2+ to bind 
and acts on the cytoplasinic side; hence, it was used as 
a tool to identify the [~Rb]K + fluxes through the 
inside-out pumps, which were not attacked by extraves- 
ieular ouabain. Throughout this work all vanadate sen- 
sitive fluxes are considered as going by way of the 
~'~a*/K + pump. (iii) We call basal flux the K + uptake 
throug!~ fhe Na4/K ÷ pump in the absence of the 
phosphate ..ompounds being tested; its value under 
each condititms is indicated in the corresponding table 
legend. K+traa~port insensitive to vanadate, which is 
taken as the K + leak [13], represented about 30-40 
percent of the basal uptake. On the other hand, with- 
out Mg 2+, vanadate could not be used as before: under 
these conditions we estimated the flux difference in the 
presence and absence of a given phosphate compound. 

Measurement of phosphatase activities. The hydroly- 
sis of p-nitrophenyl or acetyl phosphate was estimated 
in experiments run in parallel with the transport deter- 
minations in the presence of 3 mM MgCI 2. To that 
purpose, 0.05 ml of proteoliposomes suspension were 
incubated for 2 to 5 rain at 20°C in 0.2 ml final volume 
of cytoplasmic media. When the substrate was p- 
nitrophenyl phosphate, the rate of hydrolysis was calcu- 
lated from the release of p-nitrophenol as in Ref. 18. 
For acetyl phosphate, the rate of hydrolysis was esti- 
mated as in Ref. 19 by the hydroxylamine method. The 
determinations were performed in duplicate or tripli- 
cate. In n,~ case the difference between duplicate sam- 
ples was more than 3 percent. 

Mate.'~als and sol~:tions. All solutions were made 
with de-ionized hi-distilled water. The chemicals were 
reagent grade. ADP (Na + salt), p-nitrophenyl pkos- 
phate ('Iris salt), acetyl phosphate (Li + plus K + salt), 
ouabain, eholie acid, soybean phosphatidylcholine 
(Type ll-S), Sephadex t':-50-40, glycogen, NADP, $,tu- 
cose !,6~diphosphate, glucose-6-pho,lphate dehydro- 
genase, pt~osphoglucomutase and phosphorylase a were 
obtained from Sigma, Chemical Co., USA. Vanad~te 
was purchased from Fisher Co., USA. HdRubidium, as 
ch':oride salt, was provided by New England Nuclear, 
USA. Nucleotides and acetyl phosphate were tran::'- 
formed into Tris salts by passing them through Amber- 
lite IR-120-P columns. 

Counting was performed in a Beckman liquid 
counter with automatic quenching correction; when 
possible, the standard error of counting was less than 1 
percent. 

Results 

Phosphate contamination and the use of a phosphate 
trapping system (PITS) 

A crucial problem we had to deal with was phos- 
phato contamination, because it was important to dis- 



tinguish a possible action due to p-nitrophenyi phos- 
phate or acetyl phosphate from that of  phosphate 
simultaneously present. According to the experimental 
protucols, the two main sources of ph~sphate contami- 
nation could be (i) that coming with the phosphatase 
substrates, and (ii) that released from these com- 
pounds, either by spontaneous or enzymatic hydrolysis. 

The test of possibility (i) depended on the substrat,.- 
used. For p-nitrophenyl phosphate, a freshly made 
solution was completely hydroly~'ed by incubation in 3 
M HCI at 100°C for 3 h [20]. Aliquots were then used 
to measure p-nitrophenol [18] and phosphate [21] con- 
centrations. For acetyl phosphate, aliquots of a freshiy 
made solution were used to estimate total acetyl phos- 
phate [19] and inorganic phosphate [21]. The results 
obtained (not shown) indicate that, within the resolu- 
tion of the analytical determinations (0.8 percent for 
phosphate, 1.1 percent for p-nitrophenol and 2.1 per- 
cent for acctyl phosphate) the. concentration of phos- 
phate was equal to those of/ , -ni trophenol and acetyl 
phosphate. Therefore, if it existed, initial phosphate 
contamination could have been at the most about 3 
percent. This number, which might look small, is large 
and potentially dangerous, for it means a possible 
phosphate concentration of 150/~M and 300/ tM for 5 
mM and 10 mM substrate concentrations respectively. 

Spontaneous hydrolysis of  5 mM p-nitrophenyi 
phosphate and acetyl phosphate was determined at 
20°C anti pH 7.0 in 130 mM Tris-HCL The two main 
findines, summarized in Table l, are: (a) as expected 
[20], a remarkable stability of p-nitrophenyl phosphate; 
the stable p-nitrophenol absorbance corresl~nded to 
0.15 percent of the total p-nitrophenyl phosr ~tate con- 
centration; (b) acetyl phosphate is more stable than has 
been reported [20]; the anticipated hydrolysis of around 
20 percent in 30 rain reached only 15 percent in one 

T A B L E  ! 

Release of inorganic phosphate from the spontaneous hydrolysis of 5 
mM p.nitrophenyl phosphate (pNPP) or acetyl plmsphate (AcP) at 
room temperature 

Incubations were carried out in 130 raM Tris-H( I, at 20+2°C and 
pH 7.0. The concentrations of inorganic phosphate released from 
p-nitrophenyl phosphate were estimated from The absorbance of 
p-nitrophenol at 410 rim; those released from acetvl phosphate were 
calculated by the hydros|amine reaction. The computed rate con- 
stant for the hydrolysis of acetyl phosphate was 0.003 rain-t. See 
Methods for more details. 

Incubation 
time (rain) 

Inorganic phosphate (/LM) released from 

pNPP AcP 

0 7.3 -- 
10 7.6 43.9 
20 7.8 249.3 

• 40 7.6 610.8 
60 7.1 771A 
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TABLE I! 

Trappin~ of i~organic phosphate by a substrate-enzyme coupled system 
based of glycogen, phosphoryla,~ a and glucuse.6-phosplmte dehydro. 
genas¢ 

Incubations were performed at 2ff'C in media ol" the following 
addi',ionat composition: 5 mM KCI; 3 mM MgCl:: 135 mM Tris-flCl 
(pH 7.0 at 2if'C); 3.5 mg/ml glycogen; 2 IU/ml phospbo.~.lase a; 2 
IU/mi glucose-6-phosphate dehydrogenate: 2 IU/.ml pho~phogluco. 
mutate; !mM NADP, 0.016 mM glucose-l,6-dipho~phale. Note: (i) 
unless otherwise indicated the initial concentration of inorganic 
phosphate (100%) was 50/zM; (ii) * Ihe initial inorganic phosphate 
concentration was 200 p.M; (rid ** 5 mM p-nitrophemjl phosphate 
and * ** 5 mM acetyl phosphate were added in the absence of 
unTabelled phosphate: (iv) in all cases 100000 cpm/tube of carrier 
free [;:P]phosphate were included; (v~ the rate constant of radioac- 
tivity disappearance in the presence M 50/~M inorganic phosphale 
was 0.144 rain -I. At the times indicated in the table the ++2p aclivily 
wa +. estimated by extraction with isobutal~ol-benzene [22]. 

Incubation time t2p activity 
(min) (% of the cpm initially presenl) 
0 lot) 
1 74 
5 53 

10 27 
20 5 
20 12 * 
20 15 ** 
20 34*** 
40 I** 

hour (rate coustant of 0.003 min-  ~ ). Consequently, the 
predicted phosphate accumulation due to spontaneous 
hydrolysis of acetyl phosphate would amount to 15-30 
~M after the usual 1-2 min incubation times. 

Enzymatic hydrolysis o f  the sub~trates. Examples of 
this kind are seen in Tables V and VI. According to 
that datf+, the phosphate accumulated by this mecha- 
nism after 1-2 min would be around 3 0 - 6 0 / t M  with 
acetyl paosphate and 5-10 ~M with p - n i ~ n y l  
phosphate. 

From the results shown in this section, it is obvious 
that the phosphate accumulation per se could modify 
K + fluxes; L+,, stimulation of K+-K + exchanl+e in the 
presence of ADP. To minimize this problem we de- 
cided to use an enzymatic phosphate trapping system 
(PITS) based on glycogen degradation into g l ~  6- 
phosphate via a pathway catalyzed by phospho,+yla~ u, 
glucose-6-phosphate dehydrogenase and phospho- 
glucomutase. To that end, we included in the incuba- 
tion solutions 3 mg/ml  glycogen, 1 mM NADP, 2 
I U / m l  phosphorylase a, 2 I U / m l  glucose.6-phosphate 
dehydrogenate, 2 I U / m l  phosphoglucomutase and t6 
~ M  glucose 1,6-diphosphate. The tests for the effec- 
tivene~ of the PiTS are shown in Table !1. The actual 
procedure consisted of adding 100,000 cpm/tube  of  
carrier free [32p]phosphate to solutions containing 50 
/~M or 200 ~M cold phosphate or 5 mM acetyl- or  
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p-nitrophenyl phosphate;  after  different incubation 
times at 2WC and pH 7.0 the remaining radioactivity 
was estimated a.~; in Ref. 22. 20 rain preincubation with 
PiTS (withaut the proteoliposomes) resulted in a 95 

percent  d~sappearance of  50 # M  phosphate in the 

n!edia (k ~ 0 . i 1 4  m i n - ' ) ,  and 88 percent  of  2 0 0 / a M  
phosphate.  On the o ther  hand, in ;.he absence of  non- 
labelled phosp~ate,  the 32p activity was reduced to 1 
percent  after  40 min when there was 5 mM p- 
nitrophenyl r;hosDhate and to 34 percent  after  20 rain 
with 5 mM acetyi phosphate.  Finally, in contro! experi- 

ments (not shown) the inclusion of  the PiTS had no 
detectable effect on the phosphatase activity with ei- 
ther  substrate used in this work. 

A more convincing test of the effectiveness of  the 
PiTS is ilh,strat:ed in Table !I1. One hour  preincubation 
with the phosphate trapping system cnmp!etely a~.oi - 
ished the ADP plus inorganic phosphate  stimulated 
K+-K + exchange up to 200 p.M phosphate;  the ex- 

change fluxes were reduced to one sixth at 0,5 mM and 

to one fourth at i mM initial phosphate  concentra-  
tions. 

Summarizing, the methodology used to reduced 
phosphate contamination to a 'ninimum consisted of 
~hc following: (i) the working hemotocri t  was 5 percent;  
(it) the transport  incubation times lasted 1 or  2 min; 

TABLE II1 

Effect of u;cluding an inorganic phosphaw (P;) trapping s2,'siem (P~TS) 
on the ADP- and (ADP + P~)-supported K "-K ~ exchange in lipo. 
somes with Na *,K + -ATPase incorporated 

Potassium fluxes were estimated from the uptake of"t'Rb after 2 min 
incubation at 2{FC. The compositions of solutions were as follows 
(raM): (a) extracellular (Intravesicular): KCI. 100; Tris-HCl (pH 7.0 
at 20*CL 30; (b) o;to~.hsmic (extravesicular): the phosphate concen- 
trations indicated in the Table plus MgCI,,, 3; [~U'Rb]KCI. 5; Tris-HCI 
(pH 7.0 at 2if'C), 140; ouabain, 1. To each value, the average basal 
flax of 0.058 nmo[/10 g| Lip. per rain was subtracted. All v;,lues ;:re 
the mean of duplicate determinations. The flux measurements were 
started by th ~ . addition ot the proteoliposomes; previously to that. all 
tubes had been preincubz, ted (with or without the phosphate trap- 
ping system) for 60 rain at 20"C. Note: (i) the concentratton of ADP 
was always 1 raM; (it) the K~'-K ' ,;:;change observed in the presence 
of 0.5 mM vanadatc wa: no' affected by the assayed ligand; (iii) the 
(ADP+ Pi)-supported K*-K" exchange in absence of PiTS was fitted 
to a Michaelian equation with a Km for inorganic phosphate of 2~0 
~.M and a Vm~ ~ of 0.595 nmol/10 t.tl Lip. per rain. For details see 
M~thods. 

Added P, 
(raM) 

Vanadale-sensitive [~¢'Rh]K*-K* exchange 
(nmol/10 9.1 Lip. per min) 

PiTS absent PiTS present 

None 0.110 0.109 
003 11.134 0.11{} 
0.1 0.243 0.1 I(} 
{1.2 0.323 0.130 
0.5 0.452 (~, 170 
1.0 0.573 0.258 

TABLE IV 

Effects of ADP, p-nitrophenyl phosphate (pNPP) and ac'etyl phosphate 
(AcP), in the absence or presence of Mg 2 ~ ions, on K +-K + exchange 
in lilmsomes with Na, K-A TPase incorporated 

Potassium fluxes were estimated from the uptake of S6Rb after 2 rain 
incubation at 20°C. The compositions of solutions were as follows 
(raM): (a) extracellular (intravesicutar): KCI, 100; Tris-HCI (pH 7.0 at 
21';*C), 30; (b) cytoplasmic (extravesicular): the ligand indicated in the 
"Fable plus CDTA, 2; [~Rb)KCI, 5; Tris-HCI (pH 7.0 at 20"C), 140; 
ouabain, I. In Experiment Nos. 2* and 3* there was 3 mM MgCI 2 
and no CDTA in the extravesicalar solution. Each entry is the 
mean±S.E, of quadruplicate determinations. To each value, the 
average flux in the absence of any phosphate compound (0.118 4-0.006 
nmoles/10 #1 Lip. per re!n) was s0btracted. Note: (i) the flux in the 
absence of any phosphate compound is not the basal flux as defined 
in this work; (it) the presence of Mg 2+ ions in 2* and 3* did not 
~r~dify the K + fluxes when there was no pNPP in the incubation 
solution; (iii) the letter on the i'ight side column indicates the 
statistical significance according to the Student's t-test: (a) non 
significant, (b) P < 0.002, (c) P < 0.001, For details see Methods 

Expt. Lig.,nd (raM) ["*Rb]K +-K* exchange 
No. (nmol/10 tzl Lip. per min) 

1 AL'P I 0.1196..+ 0.012 (c) 
pNPP 5 0.042 + 0.008 (b) 
pNPP 10 0.1180-1- 0.01~ (e) 
ADP I 

+ ~NPP 5 0,(193 + 0.011 (c) 
AcP 5 - 0.(108 + 0.006 (a) 
AcP I O 0.1107 + 0.008 (a) 

2 ADP I 0.111:1:0.014 (c) 
ADP I 

+ pNPP 5 0.104+0,010 (c) 

2* ADP ! 0.1fi9 :t: 0.011 (c) 
ADP 1 

+ pNPP 5 0.322 + 11.023 (c) 

3 ADP I 0.125 + 0.0213, (el 
ADP I 

+ pNPP 5 0.127+.0.021 (c) 

3* ADP 1 0.094 ~ 0.012 (c) 
ADP 1 

+ pNPP 5 0.281 +0.019 (c) 

(iii) the substra'.e solutions were always freshly made 

and kept in ice until used; (iv) with p-ni t rophenyl  
phosphate,  the PiTS was pre incubated lor  one hour  in 
the compiete  incubation media without the liposomes; 
with acetyl phosphate,  and due to its instability, the 
PiTS was only included during the flux measurement  
periods. 

K +-K * excl~,ange f luxes in the absence o f  M g "  + 

in t roductory expertments were per formed in proteo-  
liposomes lacking cytosotie Mg 2+ (MgCI 2 was omit ted 
and 2 mM C D T A  was included), in this way, any 
possible eff,.ct of  the ligand under  investigation could 
be detec ted  in the absence of  phosphorylat ion and 
phosphatase activity. As expected,  ADP stimulated K +- 



K ÷ e x c h a n g e  [17,23,24]:  in t h i s  c a s e  ( s e e  T a b l e  I V )  tha t  

i n c r e a s e  w a s  a b o u t  ! .8 fo ld .  C o n s i d e r i n g  t h a t  p -  

n i t r o p h e n y l  p h o s p h a t e  c a n  m i m i c  A T P  in its r e g u l a t o r y  

ro l e  [6], w e  a n t i c i p a t e d  a s t i m u l a t i o n  o f  t he  e x c h a n g e  

by th is  c o m p o u n d ;  in f ac t ,  5 m M  a n d  10 m M  p-  
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n i t r o p h e n y l  p h o s p h a t e  ~ u g m e n t e d  K ' - K  ~ e x c h a n g e  by 

!.3- a n d  1.7-fold,  r e s p e c t i v e l y .  A l s o ,  a n d  w i t h i n  t h e  

e x p e r i m e n t a l  e r r o r s ,  a d d i t i o n  o f  ! m M  A D P  o n  t o p  o f  

5 m M  p - n i t r o p h e n y l  p h o s p h a t e  r e s u l t e d  in K ~ f luxes  

s i m i l a r  to  t h o s e  s e e n  w i t h  I m M  A D P  o r  10 m M  

TABLE V 

Effects of  ADP. aceO'/ phosphate (AcP) and l,-nitrophenyl phosphate (pNPP). ahme ui;d in torah(nation, on ranadate-sen.~itirt, K "-K " exchange "and 
pho,~phatase actiriry in liposomes with Na ~.K + -ATPase incorporated in the presence of  O't¢~pla.vmi¢ Mg: ~ ions 

Potat~sium fluxes were estimated as indicated in the legend to Table I!I. Besides what is shown in the lable the solutions had the folk~vin8 
composition (raM): (a) exlracellular (inlravesicular): KCI, 100: Tris-HCI (pH 7.0 at 211°CI, 30; (b) cytoplasmic (extravesicularl: MgCI,, 3 (unless its 
omission is indicated): [~t~'Rb)KCI 5; Tris-HCI (pH 7.1) at 200C), 1411: ouabain. I, The entries :~r¢ me mean± S.E. differences between the fluxes 
obtained in the presence and absence of a given ligand, Each experimem was cameo out =r~ tnpl.cate. The last column shows the phospbalas¢ 
activities measured in parallel experiments under identical conditions. Here, each enuy is tlt. mean t,i duplicate determinations. Note: (i) * the 
cytoplasmic medium was free of MgCI: and contained in addition 2 mM CDTA; (it) *= 2 mM inorganic phosphate were a'Jdt-d with t:3e 
liposomes: (iii) the K~-K * exchange observed in the presence of 0.5 ram vanadate was nut affected by the a~sayed ligand: [iv) the :ubr,~ 
containing p-nitmphenyl phosphate were preincubated for one hour with the phosphate trapping system (PITS), whereas in lhose with aceqd 
phosphate th-, PiTS was added with the liposomes: (v) each experimental number refers to a different batch of proteolipom~mes; (vi) the le".er on 
the right side column indicates the statistical significance of the fluxes according to the Student's t-test: (a) non significant. (b) P < 0.~15, (c) 
P < 0.01, (d) P < 0.005, (el P < q,901. The basal fluxes in the different experiments had the following values (nmol / lO p l  Lip. /min):  (17 
0.058_+1).002; (2) 0.0,42+_fl.004; (3) 0.1169+0.004; (4) 0.059±0.005; (5) 0.067 _+ 0.01d. (6) 0.057±0.01t: (7) 0,054 ± 0.004: (8) 0.{H6+0.OflS. See 
Methods for details, 

Expt. Cytoplasmic lig:md Vanadatc-sensitive Phosphatase activity 

No. ADP AcP pNPP [S~RbIK+-K* exchange (nmol/)0  ,ul Lip. per rain) 
(raM) (nmol / lO p l  Lip. per min) 

. . m  

I I - - ~L117± 0.006 (e) 
- 5 - 0.004 ± 0.007 n.d. 
I 5 - 0.228 _+ 0.010 n.d. 

2 I - - 0.070 3:0.023 - 
- 5 - 0.0{)5 + 0.006 n.d. 
i 5 - 0 .2~'~  + 0 . 0 1 2  n . d .  

3 - ** - - 0.003±0.006 - 
i - - 0.125 +0.015 - 

- 5 - 0 . r io6  + 0 . 0 0  i" 11.2t i  

1 5 - 0.352 +_ 0.012 7.52 
1 * * - - I).393 _+ 0.025 - 

4 1 - - {}.117 ± 0.018 - 
1 5 - 0.287 +_ 0.0116 n.d. 

5 I - - 0.139 ± 0.028 - 
I 5 - 0.354 ± {I.016 n.d. 

6 ! - - 0.105±0.025 - 
- 5 (1.1 ] 1 ± 0.022 n.d. 

1 - 5 0.338 ± 0.028 n.d. 

7 l - - t).llq6 + 0.010 - 
- 5 0.071 + 0.007 I.~0 
- 5 * 0.046 ± 0.006 0.0 

I - 5 0.295 ± 0.020 (I.87 

8 - 5 tl.076 ± 0.1}09 2.32 
- - 10 0.1198 + 0.006 3.53 
I - 5 0.230 + 0.012 0.83 
1 - i 0 0.244 ± 0.011 1.64 
- 5 - -0.015±0.009 13.71 
- I 0 - 0.010 ± 0.007 16.83 
1 5 - 0.218 + 0.021 8.56 
1 10  - {).282 ± 0.011 11.06 
I - - 0.102±0.006 - 
l * * - - 0.384 ± 0,024 - 

( a )  

(e) 

(b) 
Ca) 

(e) 

( a )  

(d) 
( a )  

(e) 
(e) 

(d) 
(e) 

Ic) 
(e) 

(b) 
(c) 
(e) 

( e )  

( e )  

(d) 
( e )  

(d) 
¢e) 
( e )  

(e) 
( a )  

( a )  

(e) 
(e) 
(e) 
( e )  
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TABLE Vl 

Comparative effect.~ of aceo'l phosphate fAcP), p-nimJphenyl phosphate (pNPP) and inorganic plrosphaw (Pf) on vanadate-sensitive net potassium 
uptake in the pn'.sence and absence of Otopla~mie Mg 2 + ions and nucleotides in liposomes with Na +,g +.ATPase btcorporated lacking intraresicular 
potasdum 

Net  pota~,~ium uptake was est imated f rom the ~ 'Rb  act iv i ty  incorporated a f te r  I m in  at 200C. The  composi t ion o f  solut ions was as fo l lows:  ( a t  

extracel lu lar  ( intravesicular) :  140 m M  Tr i s -HCI  ( p H  7.0 at 20°C); (b)  cytoplasmic (extravesicular) :  The l igaud indicated in the table plus 130 m M  

Tris-HCi (pR 7.0 at 7.:.°(). The MgCI2 concentration was routinely 3 mM unless otherwise indicated. The concentration of [mRb]KCI was 5 mM 
in experiments | to 3 and 2.5 mM in 4 to 8. The reaction was started by adding the proteoliposome suspension. The entries are the mean + S.E. 
differences between the vanadatc-sensitive flaxes obtained in the presence anti absence of a given ligand. Each experiment was carried out in 
triplicate. The last column shows the phosphatase activities measured in parallel experiments under identical conditions: here, each entry is the 
mean of duplicate determinations. Note: (it * MgCI 2 in the cytoplasmic medium was 0,050 raM. tit) ** The cytoplasmic medium was MgCI,-free 
and contained in addition 2 mM CDTA. HiD Each experimental number refers to a different batch of proteoliposomes. (iv) "i'he vanadate-sensi- 
live K + uptake in the absence of phosphate compeands had the following values (nmol/I 0 p.I Lip. per mini: (I) 0.064 ± 0.005; (2) 0.062 + 0.008; 
(3) (I.060 + 0.009; (4) 0.051 ± 0.1K)9; (5) 0.031 + 0.004; (6) 0.034 + 0.005; tO* ) (I.033 ± 0.005; (6" * ) 0.032 ± 0.004; (7) 0.050 ± 0.005; (8) 0.f;~,3 + 0.003. 
iv) the letter on the right side column indicates the statistical significance of the fluxes according to the Student's ,'-test: (at non significant, (hi 
P < 0.05. (c) P < 0.02, (d)P < 0.005. For other details see Methods. 

Expt. Cytoplasmic iigand (raM) Net [~RbIK uptake Phosphatase activity 
No. A c P  pNPP A D P  Pi ( r . m o l / I O  p.I L ip.  ( n m o l / l ( }  tzl L ip.  per  mini 

per m i n i  

! - - 0,06 0.016±0.006 - (a) 
. . . .  0.14 -0 .021  ±0 .018  - (a t  

- - 0.06 0 , 1 4  -0.010±0,019 - (a) 
5 - - 0 .010±  0.015 10.5 (a) 

2 S - - - 0,002 ± 0.0l  2 - (a t  

3 5 - - - 0.{I20 ± 0.0t 3 - (a) 
- 5 - - 0 . 0 0 3  + 0 . 0 1 1  i . 6  ( a )  

4 - - - 5 - 0.044 + 0.010 - (c)  

5 - 0.013_+ 0.013 2.5 (a )  

- - l - - 0.028_+ 0.011 - (a) 
- - 1 5 - 0.022 :t: O.{X)9 - (at 
- S 1 - - 0 . 0 1 9 +  0 . 0 1 0  - ( a t  

5 - 5 - 0.018:1:0.014 2.2 (a t  

- 5 i - - 0.016_+ 0.007 - (a t  

6 - - - 5 - 0.031 + 0,005 - (d )  

- 5 - - 0.004 _+ 0.011 1.6 (a t  

- - 5 0.021 _0 .007  * - (b)  

- 5 - - - O . O l O  : I : 0 . 0 0 9  * ( a )  

- - - 5 0.0094-0.014 * *  (a t  

- 5 - - - 0.012 4. 0.007 *" (a) 

7 5 - - - 0.018 ± 0.009 '* - (a) 

8 5 . . . .  9.tY,.:3 ~ 0.004 * - (a) 
- - - ! - 0 , 0 0 1  ± 0 . 0 0 4  * - ( a t  

p-ni t rophenyl  phosphate  alone. This finding is relevant 
to  the results ob ta ined  in the presence  o f  Mg 2+ (see 

Expts. 2*  and  3* in this table as well as those in the 
following section). O n  the o ther  hand,  under  Mg2+-free 

condit ions the  sole addit ion of  acetyl phospha te  (e i ther  
5 o r  10 raM) showed no effect on the K+-K + exchange 

fluxes, 

K +-K" exchange fluxes and pho.~phatasc activity in the 
presence o f  Mg 2 + 

Preliminary results can be seett in Table  IV. In that  
table we can compare ,  in the same batch of  l iposomes, 

the effect  o f  a phospha tase  substrate  in the absence  

and presence  o f  Mg2+; in that  way we could avoid 

possible bias due to the variability in different  p repara -  
tions. The  da ta  f rom Expts, 2-2* and 3-3* show that ,  
in the p resence  of  the  divalent cat ion and  A D P ,  addi-  

t ion o f  p -n i t rophenyl  phospha te  increa~¢~ by 2 -3 - fo ld  

the K + exchange  fluxes, 

A comple te  set o f  exper iments  on vanadate-sensi t ive 

K+-K + exchange in the presence  o f  Mg 2+ is il lustrated 

in Tab le  V; as addi t ional  informat ion,  parallel  es t ima-  
t ions o f  phospha tase  activities are also included in this 
table. Each  n u m b e r  in the first co lumn identifies an 
exper iment  where  a di f ferent  batch  o f  p ro teo l iposomes  

was  used.  For  fluxes, the entr ies are  the m e a n  + S,E. 



differences between the vanadate-sensiti~.e values ob- 
tained in the absence and presence of the tester] iig- 
and. The phosphatase figures :orrespond to the total 
activity in the presence of 5 mM cytoplasmic K *, all of 
which was inhibitable by 0.5 mM vana4~te. Control 
experiments (not shown) reproduced mnst of the ob- 
servations previously report .d [17]: (i) a small stimula- 
tion in the exchange rate due to 1 mM ADP; (ii) no 
etfeets of millimolar co.*;centrations of phosphate; (iii) 
a large increase when phosphate and ADP were pre- 
sent; (iv) in the absence of phosphate compounds, 
Mg 2+ had no effect on the vanadate-insensitive 
K+fluxes, but we consistentl~ failed to detect the small 
inhibition of the fluxes sensk:,~ e to vanadate. 

In the absence of ADP and under conditions of high 
phosphatase activity, 5 mM or 10 mM acetyl phosphate 
did not alter the K+-K + exchange; on the other hand, 
with 5 mM p-nitrophenyl phosphate there was a small 
stimulation; that stimulation was about 50 percent 
higher than in Mg2+-free solutions (identified with a 
single asterisk in Table V), On the other hand, the 
simultaneous presence of 1 mM ADP and 5-10 mM 
p-nitrophenyI phosphate or acetyl phosphate markedly 
stimulated K+-K + exchange to values sometimes com- 
parable to those observed with mM [phosphate]. In 
addition, I mM ADP reduced phosphatase activity by 
30-40 percent with acetyl phosphate and 50-60 per- 
cent with p-nitrophenyl phosphate. 

Net potassium uptake hi the presence and absence of 
cytoplasmic Mg z + 

In the absence of Na + an0 ATP, phosphatase activ- 
ity is stimulated by potassium acting only on the cyto- 
plasmic side [25,26]. in addition, although the E2(K) 
occluding form is a likely intermediate in the cycle, the 
most abundant form of the enzyme during phosphat.ase 
turnover is E2, where K* ions are not occluded [7]. 
Furthermore, a phospho.:a~me is formed, at least with 
acetyl- [7,81 and /~-(2.furyl)acryloyl phosphate [271. 
Therefore, transitions between the E~K, ~: ,L,~ • ..,2~A'LP and 
E ,K (in this case E2PK) ~tates might occur; this may 
lead to a net try:report of the stimulating K + ions from 
the cytosol to the extraceliular side. This possitfility was 
investigated in the experiments described in the pre- 
sent section. 

The actual experimental design conststed in follow- 
ing the entry (extrusion front the cell) of [~Rb]K + in 
proteoliposomes without intravesicular (extracellular) 
K +, the incubation ~iutions contained 5 mM p- 
nitrophenyl- or acetyl phosphate and different concen- 
trations of MgCI 2 (none, 0.05 mM and 3 raM). In some 
cases 1 mM ADP was included; in others, the phos. 
phatase substrates were absent while 0.14 raM, 1 mM 
or 5 mM phosphate (with and without ,M3P) was 
present. Phosphatase activity at 3 MgCI 2 was assayed 

in parallel experiments. Table VI shows that, in the 
presence of phosnhaTase su~trates, the net K + uptake 
was the same ,egardlcss .qf the existence of phos- 
phata,;c activity. In atldition, there were two effects of 
inorganic phosphate [28] that phosphatase substrates 
could not mamic: (i) inhibition of net K ~ ~:anspurt in 
the presence of 3 mM MgCI., (see row 1 in Expts. 4 
and 6), and (ii) small stimulation with 0.05 mM MgC! z 
(see row 3 in Expt. 6). 

it is important to point out that phosphatase activity 
depended only on cytosolic potassium, and was not 
influenced by the presence or absence of K + in the 
extracellular phase (not shown). 

D i s c u s s i o n  

According to the data described in the first part of 
Results it is unlikely that the stimulation of K + ex- 
change fluxes by phosphatase substrates in the pres- 
ence of Mg 2÷ is a consequence of phosphate contami- 
nation. Leaving phosphatase aside, an alternative bio- 
chemical basis for that stimulation could be a phospho- 
ryl group exchange between water and p-nitrophenyl 
phosphate or acetyl phosphate. We think that possibil- 
ity is unlikely: o~; the one hand, there is no experimen- 
tal evidence for an exchange reactions of that .sort; on 
the other, the KI/~ for phosphate is between 100-300 
gM (Refs. 7 and 29, Berberifin and Ikaug6, unpub- 
lished) for E-P formation and 250 p M for the (Pi + 
ADP)-dependent K+-K ÷ exchange (this work). There- 
fore, if these phosphoryl group exchanges exist they 
would be negligible under our experimental conditions. 
Consequently, we think it is safe to conclude, particu- 
larly with p-nitrophenyl phosphate, that in the pres- 
ence of ADP the observed stimulation of K + exchange 
fluxes occurs because there is a simultaneous phos- 
phatase activity. 

Which are then the possible relationships between 
phosphatase reaction and K + translocation? To help in 
the analysis, a diagram showing the K÷-K ~" exchange 
pathways through the Na+,K+-ATPase reaction and 
hylyothetical phosphatase cycles is depicted in Fig. I. 
The meanings of enzyme forms, steps and ligand are 
detailed in the legend to the figure. There is a small 
fractien of K + fluxes (exchange and net) occurring via 
the Na + i)ump in the absence of any !igand [17,30]; in 
this case the pump units act as facilitated diffusion 
carriers, and the conformational transitions involved 
are 

g~-~ E t = ElK -- E~(K)- E, + g ~  

E2(K) and E,K open up spontaneously towards the 
outgide and inside of the cell, respectively. In order to 
keep Fig. 1 as clear as possible this parallel path has 
not been included. 
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Fig. 1. Diagrammatic .scheme indicating possible overlapping be- 
tween the reaction sleps involved in the K +-K + exchange a~x)cialed 
with reversible phos;phorylation from phosphate and the phosphatase 
rcaclion carried out by the Na*,K+-ATPase in the presence of ATP 
(or ADP). The mca~fing of symbols and complexes are the following: 
K~ and K,~ are the in~ernal and external potassium ions. respec- 
tively; E 1 is the enzyme form with high affinity for ATP and low 
affinity for K4; E 2 is the enzyme form with low affinity for ATP and 
high affinity for K +- E,(K) is the K + occluding dephosphoenLs, me; 
Pi is the inorganic phosphate which is intracellularly bound to, or 
released from, the enzyme; AP is the phosphoric anhydride thai acts ,+ as phosphatase stlbstra|e- Mg- , ATP (or ADP) and AP are all 
intracellular. Nole: (i) each pos~-ible pathway and enzyme complex in 
that part of the Na+.K~-A'k;r'ase reactions is included; (ii) the 
feasibility of more than one path for the phosphatase activity is 
considered; (iii) Ihe whole route of" the K+-K ÷ exchange may 
become p:,ff of the phosphatasc reaction in the presence of ATP (or 
ADP); (iv) Mg-cnzyme complexes as well as the small fraction of 
K+-K + exchange in the absence of phosphorylalion have been 
omitted (~e Di~ussion): (v) in the phosphala~ cycle A is always 

released before Pi [37]. 

Any attempt to explain the results of this work must 
nec~-ssarily account for th¢ lack of stimulation of net 
K + exzrusiorl as~,ciated with the phosphatase reaction. 
Fig. 1 describes the reactions required for net K* 
extrusion without of ADP (or ATP). These are: 

E I +K~ --, E,K --, E2(K) 

(left vertical axis of the upper square) 

E qK)+AL" -, AE,PK --* E.,PK --, E:P+K~. or 

E:(K)+AP "-, APE:K --, AE,PK ~ AE,P+K~ 

(lower loops) 
and the returning 

E;P --, E2 +Pi--, E = 

(upper square). 

Some experimental observation support this path: (i) 
only intracellular K + stimulates phosphatase activity 
[25,26] and a concomitant E-P formation [7,8], and (ii) 
the prevailing enzyme state during that activity is E~ 
[6,7,31]. However, the expected stimulation of net 
K÷extrusion was not observed, even when 1 mM ADP 
was added (Table VI). One way to reconcile these 
fiadings is that the EtK ~ E2(K) shift acts just as a 
trigger for the reaction whereas during turnover the 
enzyme remains most of the time in a K + binding E2 
form (lower left loop in Fig. 1). This resembles re- 
versible phosphorylation from phosphate at high 
[Mg 2+] where, without [28] or with (this work) ADP, 
no effects o-,; net K + extrusion are seen. The explana- 
tion advanced by Karlish and Stein [28] for the case of 
phosphate may also apply to phosphatase substrates: in 
the absence of K +, the E-P formed is actually the 
K+-insensitive phosphoenzyme reported by Post et al. 
[32]. Accordingly, the release of K+from E2PK to the 
external medium occurs only if there is K~ i.e. K~ + 
prevents the formation of a K~+-insensitive phosphoen- 
zyme. This hypothesis is strongly supported by experi- 
ments on phosphate and acetyl phosphate phospho- 
rylation of Na+,K+-ATPase incorporated into lipo- 
somes: with both-phosphate compounds the levels of 
E2P are halved when there is K + on both sides as 
compared with K~+-free media [8]. 

If this is .so, how does the stimulation of K+-K + 
exchange come about? A complete overlapping of 
transport and phosphatase steps is not feasible because 
the stimulation of K+-K + exchange needs ADP (or 
ATP). A minimum interaction requires a single com- 
mon intermediate, EePK; in this case, in the presence 
of intracellular ADP (ATP) and extraceUular K +, the 
E :PK formed during phosphatase activity is taken away 
from its natural path. The reduction in the rate of 
hydrolysis observed in the presence of ADP is consis- 
tent with a removal of the enzyme from its hydrolytic 
pathway, it is important to stress that this argument 
does not consider acetyl phosphate and p-nitrophenyl 
phosphate as phosphate substitutes; the idea is that, on 
their way to being hydrolyzed, they produce a phospho- 
enzyme eventually leading to an E-P similar to that 
obtained from inorganic phosphate. 

An overlapping of more than one step is also possi- 
ble. One alternative is given by the solid line in Fig. 1 
where part of the K+-K + exchange route [28,33] is 
shared with the phosphatase reaction which is carried 
out via the lower left loop. The order of ligand release 
in this case is: product of hydrolysis A, K + (in ex- 
change with K +) and then phosphate, returning via the 
solid line path. It should be recalled that we found a 
lack of stoichiomet~' between K+-K + exchange and 
phosphatase reaction rates; interestingly, a lack of stoi- 
chiometry between the rates of phosphate-dependent 
K + fluxes and water-phosphate oxygen exchange also 
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exists [34]. In this scheme, E2PK is the same for the 
phosphate and phosphatase stimulated fluxes. Unfortu- 
nateiy, this leaves without explanation the 50 percent 
K + deocclusion seen with phosphate [35,36] against the 
100 percent observed at maximal phosphatasc activity 
[7]. One way out from this problem is that the ex- 
change of K + occurs from different intermediates which 
differ also in the K + releasing rate: E2PK in the 
phosphate-dependent, and AE2PK in the phosphatase- 
dependent, transport. In the latter case the order of 
release would be K + and then the product of hydroly- 
sis A followed by phosphate; the returning path goes 
via the upper square in Fig. 1. Here there are two 
possibilities for the phosphatase cycle: {i) a mixture 
where the major path is still the lower left loop as 
before, but with the eventual occurrence of an 
AE2PK-AE,P + K~ transition, or (ii) going always via 
the AE2P intermediate (external lower loop). As stated 
before, in the absence of external K ÷ the phosphatase 
reaction is assumed to follow the left lower path. 
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