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Phosphatase activitv and potassium transport in liposomes
with Na*,K*-ATPase incorporated

Graciela Berberian and Luis Beauge

Divisiin de Biofisica, Institito d: Investigacin Médica *Mercedes y Martin F. reyra’, Cordobu (Argentina)

(Received 9 July 1991)

Key words: Sodium/potassium pump: Potassium ion-potassium ion exchange: Phosphatase, potassium dependent:
ATPase. Na*/K*-; (Pig kidney)

We have used liposomes with incorporated pig kidney Na* K *-ATPase to study vanadate sensitive K*-K*
exchange and net K * uptake under conditions of acetyl- and p-nitrophenyl phosphatase activities. The experiments
were performed at 20°C. Cytoplasmic phosphate contamination was minimized with a phosphate trapping system
based on glycogen, phosphorylase a and glucose-6-phosphate dehydrogenase. In the absence of Mg?* (mo
phesphatase activity) 5-10 mM p-nitrophenyl phosphate slightly stimulated K *.K * exchange whereas 5-10 mM
acetyl phosphate did not. In the presence of 3 mM MgCl, (high rate of phosphatase activity) acetyl phosplte did
not affect K *-K * exchange whereas p-nitiophenyl phosphate induced a grater stimulation than in the absence of
Mg?*; a further addition of 1 mM ADP resuli~d in a 35-65% inhibition of phosphatase activity with an increase in
K*K* exchange, which sometiimes reached ihe levels seen with § mM phosphate and 1 mM ADP, The net K*
uptake in the presence of 3 mM MgCl, was not affected by acctyl phosphate or p-nitrophenyl phosphate, whereas it
wus inhibited by 5 mM phosphate Cwith and without 1 mM ADP). The results of this work suggest that the
phosphatase reaction is net by itself associated to K * translocation. The ADP-dependent stimulatien of K K *
exchange in the presence of phosph=tase acii. ity could be explained by the overlapping of one or more step /s of the
reversible phesphorylation from phosphate with the phosphatase cycle.

Introduction 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 reactivity,

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 tiic ab-
sence of intracellular Na*, but in the prese:ce of both
intracellular and extracellular X*, 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 Mg2*, the enzyme hydroly-
ses 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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towards Na*and K*is different in phosphoenzymes
formed from phosphatase substrates and that obtaired
from inorganic phosphate [8). In addition, the existerce
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 E,(K) and K™ deoccluded E,PK could func-
tion as intermediates [7]; this might pave the way for an
associated K* translocation if the K*sites were even-
tuaily exposed to inner and outer sides of the mem-
brane. The present studies were undertaken tv 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
Mg2* and ADP can resuit from the E-P formation but
not necessarilv be coupled to the whole biochemical
events Ieading to phosphatase activity.

Methods

Preparation of proteoliposomes. Na*,K*-ATPase was
partially purificd 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)/1 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 i our laboratory [14]. The
phospholipid used was crude soybean phosphatidyl-
choline and the total protein/lipid ratio 1:40 [13,14].
Protein was 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 addzd to 1.6 ml
of cytoplasmic media; the uptake of [*RbJK*' was
measured at 20°C, in triplicate or quadruplicate, in the
conditions indicated in the tabic legends, The cytoplas-
mic (extravesicular) solutions contained no phosphate
compounds or 5-10 mM phosphate, acetyl phosphate
or p-pitropheny’ phosphate in the absence and pres-
ence of 3 mM MgCl,. In addition they had 140 mM
Tris-HCI and 5 mM [*RbJKCl, 1 mM ouabain with
and without 0.5 mM vanadate. 1 mM ADP was eventu-
ally added. Mg’ ~free solutions contained 2 mM
CDTA. The intravesicular {(extracellular) media had
noae or 100 mM KCI and 130-[KC!] mM of Tris-HCl.
All solutions were Na*-free. When required, and to
minimize the inorganic phosphate contamination, the
cytoplasmic media contained an inorganic phosphate
trapping system. With p-nitropheny! phosphate, the
reaction was started after 60 min preincubation at
room temperature with the phosphatc trapping system
in the cytoplasmic medium; when acctyl phosphate was
the substrate, no preincubation with that system took
place (see below). The *Rb* incorporated was esti-
maied 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 [*"RbJK* flux was
calculaied as nmoles taken up per min per 10 ul
liposomes suspension (nmol/min jer 10 ul Lip.). In
the presence of Mg?™, the discrimination between the
different K* fluxes was made as follows (see Ref. 17):
(i) Ouabain acts on the extracellular phase; therefore,

by adding ocuabain to the extravesicular media we ex-
pected to inhibit all K* fluxes going via the right-side
out pump units. (i) Vanadate requircs Mg?* to bind
and acts on the cytoplasinic side; hence, it was used as
a tool to identify the [¥Rb]JK* fluxes through the
inside-out pumps, which were not attacked by extraves-
icular ouabain. Throughout this work all vanadate sen-
sitive fluxes are considered as going by way of the
Na*/K* pump. (iii) We call basal flux the K* uptake
throug: the Na'/K* pump in the absence of the
phosphate ~ompounds being tested; its value under
each conditivns is indicated in the corresponding table
legend. K*trausnort 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 Mg2*, vanadate could not be used as before; under
thesc conditions we ¢stimated the flux difference in the
presence and absence of a given phosphate compotind.

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 MgCl,. To that
purpose, 0.05 ml of proteoliposomes suspension were
incubated for 2 to 5 min 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 rute of hydrolysis was esti-
mated as in Ref. 19 by the hydroxylamine method. The
determinations were performed in duplicate or tripli-
cate. In no casc the difference betwesn duplicate sam-
ples was more than 3 percent.

Mateqals and solitions. All solutions were made
with de-ionized bi-distilled . water. The chemicals were
reagent grade. ADP (Na* salt), p-nitrophenyl phos-
phate (Tris salt), acetyl phosphate (Li* plus K* salt),
ouabain, cholic acid, soybean phosphatidylcholine
(Type 11-8), Sephadex €.-50-40, glycogen, NADP, glu-
cose 16-diphosphate, glucose-6-phosphate dehydro-
genase, phosphoglucomutase and phosphorylase a were
obtained from Sigma, Chemical Co., USA. Vanadate
was purchased from Fisher Co., USA. *Rubidium, as
chioride salt, was provided by New England Nuclear,
USA. Nucleotides and acety! 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
possibie, the standard error of counting was less than 1
percent.

Results

Phosphate contamination and the use of a phosphate
trapping system (P,TS)

A crucial problem we had to deal with was phos-
phate contamination, because it was importzat 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 phnsphate contami-
nation could be (i) that coming with the phosphatase
substrates, and (i} that released from these com-
pounds, either by spontantous or ¢nzymatic hydrolysis.

The test of possibility (i) depended on the substratz
used. For p-nitrophenyl phosphate, a freshly made
solution was completely hydrolyzed by incubation in 3
M HCl 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 resuits
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 accty! phosphate) the concentration of phos-
phate was equal to those of p-nitrophenol 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 M for 5
mM and 10 mM substrate concentrations respectively.

Spontaneous hydrolysis of 5 mM p-nitrophenyl
phosphate and acetyl phosphate was determined at
20°C and pH 7.0 in 130 mM Tris-HCI. The two main
findings, summarized in Table 1, are: (a) as expected
[20], a remarkable stability of p-nitropheny! phosphate;
the stable p-nitrophenol absorbance corresprnded to
0.15 percent of the total p-nitrophenyl phosy hate con-
centration; (b) acetyl phosphate is more stable than has
been reported [20]; the anticipated hydrolysis of around
20 percent in 30 min reached only 15 percent in one

TABLE !

Release of inorganic phosphate from the hydrolysis of 5
mM p-nitropheny! phosphate (pNPP) or acetyl phosphate (AcP) at
room temperature

Incubations were carried out in 130 mM Tris-HC |, 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 nm; those released from acetyl phosphate were
calculated by the hydroxylamine reaction. The computed rate con-
stant for the hydrolysis of acetyl phosphate was 1,003 min~". See
Mcthods for more details,

Incubation Inorganic phosphate (M) released from
time {(min) pNPP AcP
0 73 -
10 7.6 439
20 78 2493
- 40 7.6 610.8
60 71 7714
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TABLE !l

Trapping of inorganic phosphate by a substrate-enzyme coupled system
based of glycogen, phosphorylase a and glucose-6-phospirate dehydro-
genase

Incubations were performed at 20°C in media of the following
addizional composition: 5 mM KCl; 3 mM MgCl.: 135 mM Tris-HCl
(pH 7.0 at 20°C); 3.5 mg/ml glycogen; 2 U /ml phosphorvlase a; 2
1L /mi glucose-6-phosphate dehydr 5 2 1U /mi nhosphogluco-
mutase; 1 mM NADP; 0.016 mM glucose-1,6-diphosphate. Note: (i)
unless otherwise indicated the initial concentration of inorganic
phosphate (100%) was 50 xM; (i) * the initial inorganic phosphate
concentration was 200 xM: (i) ** 5 mM p-nitrophenyl phosphate
and *** 35 mM acetyl phosphate were added in the absence of
untabelled phosphate; {iv) in all cases 100000 cpm/tube of carrier
free | **Plphosphate were included; (v} the rate constant of radioac-
tivity disappearance in the presence >f 30 1M inorganic phosphate
was 0.144 min ', At the times indicated in the table the 2P activity
was estimated by extraction with isobutanol-benzene [22].

Incubation time P activity
{min) (% of the cpm initially present}
0 100
i 74
5 53
10 27
20 5
20 12*
20 15>
20 34 E2 2
40 1 **

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

Enzymatic hydrolysis of the substrates. Examples of
this kind are seen in Tables V and VI. According to
that datz, the phosphate accumulated by this mecha-
nism after 1-2 min would be around 30-60 xM with
aceiyl phosphate and 5-10 uM with p-nitrophenyl
phosphate.

From the results shown in this section, it is obvious
that the phusphate accumulation per se could modify
K* fluxes; i.., stimulation of K*-K* exchange in the
presence of ADP. To minimize this problem we de-
cided to use an enzymatic phosphate trapping system
(P,TS) based on glycogen degradation into glucose 6-
phosphate via a pathway catalyzed by phosphoiylase 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
1U/ml phosphorylase a, 2 1U/mi glucose-6-phosphate
dehydrogenase, 2 1U/ml phosphoglucomutase and 16
1M glucose 1,6-diphosphate. The tests for the effec-
tiveness of the P;TS are shown in Table 11. The actual
procedure consisted of adding 100,000 cpm/tube of
carrier free [**Plphosphate to solutions containing 50
1M or 200 M cold phosphate or 5§ mM acetyl- or
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p-nitrophenyl phosphate; after different incubation
times at 20°C and pH 7.0 the remaining radioactivity
was estimated as in Ref. 22. 20 min preincubation with
PTS (withnut the proteoliposomes) resulted in a 95
percent disappearance of 50 pM phosphate in the
media (k ~0.114 min~"'), and 88 percent of 200 pM
phosphate. On the other hand, in the absence of non-
labelled phosphate, the P activity was reduced to 1
percent after 40 min when there was 5 mM p-
nitropheny! phosphate and to 34 percent after 20 min
with 5 mM acetyl phosphate. Finally, in controf experi-
ments (not shown)} the inclusion of the PTS had no
detectable effect on the phosphatase activity with ei-
ther substrate used in this work,

A more convincing test of the effectiveness ¢f the
P,TS is illustrated in Table I11. One hour preincubation
with the phosphate trapping system completety uol-
ished the ADP plus inorganic phosphate stimulated
K*-K* exchange up to 200 uM phosphate; the ex-
changs fluxes were reduced to one sixth at 0.5 mM and
to one fourth at I mM initial plosphate concentra-
tions.

Summarizing, the methodolcgy used to reduced
phosphate contamination to a :ninimum consisted of
ihe following: (i) the working hematocrit was 5 percent;
(i) the transport incubation times lasted 1 or 2 min;

TABLE Il

Effect of including an inorganic phosphate (P,) tropping sysicen (P75}
on the ALP- and (ADP + P, )-supported K *-K* exchange in lipo-
somes with Na *,K * -ATPase incorporated

Potassium fluxes werz estimated from the uptake of ®Rb after 2 min
incubation at 20°C. The compositions of solutions were as follows
(mM): (a) extracellular (Intravesicular): KCl, 100; Tris-HC| (pH 7.0
a1 20°C), 30; (b) cytondasmic (extravesicular): the phosphate concen-
trations indicated in the Table plus MgCl,, 3; [*RbIKCI, 5; Tris-HCI
(pH 7.0 a1 20°C), 140; vuabain, 1. To each value, the average basal
flux of 0.058 nmol /10 p1 Lip. per min was subtracted. All vilues ure
the mean of duplicate determi The flux were
started by th= addition of the proteoliposomes; previously to that, all
tubes had buen preincubated (with or without the phosphate trap-
ping system) fur 60 min at 20°C. Note: (i) the concentration of ADP
was always | mM: (i) the K™-K ' cichange observed in the presence
of 0.5 mM vanadate war na! affected by the assayed ligand; Gib) the
{ADP +P;)-supporied K*-K "~ exchange in absence of P,TS was fitted
to a Michaelian equation with 2 Km for inorganic phosphate of 280
pM and a V. of 0.595 nmol/10 x| Lip. per min. For details see
Mithods.

Added P, Vanadare-sensitive [*"RbJK *-K* exchange
(mM) (amol /10 g1 Lip. per min)
P.TS absent P.TS present
None 0.110 0.109 B
0.03 0.134 0.110
0.1 0.243 0.110
0.2 0.323 0.130
0.5 0.452 C170
1.0 0.573 0.258

TABLE IV

Effects of ADP, p-nitrophenyl phosphate {pNFPP) and acetyl phosphate
{AcP), in the absence or presence of Mg” ™ ions, on K *-K * exchange
in liposomes with Na,K-ATPsse incorporated

Potassium fluxes were estimated from the uptake of *Rb after 2 min
incubation at 20°C. The compositions of solutions were as follows
(mM): {a) extracellular (intravesicular): KC|, 100; Tris-HCI (pH 7.0 at
26°C), 30; (b) cytoplasmic (extravesicular): the ligand indicated in the
‘fable plus CDTA, 2: [**RbIKCI, §; Tris-HCl (pH 7.0 a1 20°C), 140;
ouabain, I. In Experiment Nos. 2* and 3* there was 3 mM MgCl,
and no CDTA in the extravesicular 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 +0.006
nmoles/ 0 p] Lip. per min) was subtracted. Note: (i) the flux in the
absence of any phosphate compound is not the basal fux as defined
in this work; (ii) the presence of Mg?* ions in 2* and 3* did not
madify the K* fluxes when there was no pNPP in the incubation
solution; (iii) the letter on the wight side column indicates the
statistical significance according to the Student’s f-test: (a) non
significant, (b} P < 0.002, (¢) P <0.001. For details see Methods

Expt.  Ligand (mM)  [™RbJK*K* exchange
No. (nmol /10 g1 Lip. per min)
| ALP | 0.096+ (1012 (c)
pNPP 5 004240008 (b)
pNPP 10 0080+ 1L01Z (¢)
ADP 1
+NPP 5 009310011 (¢c)
AcP 5 000820006 (a)
AcP 10 0.007 + 0.008 (a)
2 ADP 1 0.11110.014 (c)
ADP 1
+pNPP 5 0,164 +0.010 (¢}
2% ADP 1 01091011 (¢)
ADP 1
+pNPP 5 0.32240.023 (c)
3 ADP 1 0.125+0.020 (¢}
ADP 1
+pNPP 5 012740021 (¢}
3* ADP 1 0094 + 0012 (c)
ADP
+ pNPP 5 0.281+0.019 (¢)

(iii) the substrate solutions were aiways freshly inade
and kept in ice until used; (iv) with p-nitrophenyl
phosphate, the PTS was preincubated for one four in
the compiete incubation media without the liposomes;
with acetyl phosphate, and due to its instability, the
PTS was only included during the flux measurement
periods.

K™K * exchange fluxes in the absence of Mg**
introductory experiments were performed in proteo-
liposomes lacking cytosolic Mg2* (MgCl, was omitted
and 2 mM CDTA was included). In this way, any
possible eficct of the ligand under investigation could
be detected in the absence of phosphorylatien and
phosphatase activity. As expected, ADP stimulated K*-
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K™ exchange [17,23,24]; in this case (see Table IV) that niirophenyl phosphatc zugmented K'-K* exchange by
increase was about 1.8 fold. Considering that p- 1.3- and 1.7-fold, respectively. Also, and within the
nitrophenyl phosphate can mimic ATP in its regulatory experimental errors, addition of | mM ADP on top of
role [6], we anticipated a stimulation of the exchange § mM p-nitrophenyl phosphate resuited in K* fluxes
by this compound; in fact, 5 mM and 10 mM p- similar to those seen with | mM ADP or 10 mM

TABLE V

Effects of ADP. ucetyl phosphate {AcP) and p-nitrophenyl phosphiate (pNPP), alone wiid in combination, on « fate-sensitive K *-K * exchange and
phosphatase activity in fiposomes with Na *.K *-ATPase incorporated in the presence of cytoplasmic Mg* * ions

Potassium fluxes were estimated as indicated in the legend to Table IH. Besides what is shown in the table the solutions had the following
compasition (mM): (a) extracellular Gintravesicular): KCI. 100; Tris-HCI (pH 7.0 at 20°C). 30: (b) cytoplasmic (extravesicular): MgCl,, 3 (unless its
omission is indicated):; [**RbIKCI 5: Tris-HCI (pH 7.0 at 20°C), 140; ouabain, 1. The entries 3r¢ the mean+ S.E. differences hetween the fluxes
obtained in the presence and absence of a given ligand. Each experiment was carned out . triphicate. ‘The last column shows the phosphatase
activitics measured in parallel experiments under identical conditions. Here, each eny is i mean oi dupiicate determinations. Note: (i) * the
cvtoplasmic medium was free of MgCl. and contained in addition 2 mM CDTA; (i) ** 2 mM inorganic phosphate were added with tie
liposomes: (iii} the K™-K* exchunge observed in the presence of 0.5 mM vanadate was aot affected by the assayed ligand: {iv) the tub>
containing p-nitrophenyl phosphate were preincubated for one hour with the phosphate trapping system (P,TS). whereas in those with acety!
phosphate the P,TS was added with the lip {v) cach experi | ber refers to a different batch of proteoliposomes; (vi) the le*‘er on
the right side column indicates the statistical significance of the fluxes according to the Student's f-test: (a) non significunt. (b) P < U5, ()
P <001, (d) P<0005, (e) P <901 The basal fluxes in the different experiments had the following values (nmol /10 gl Lip. /min) (1)
(LO58 £ 0.002; (2) 0.042+0.004; (3) 0.069 +0.004; (4) 0.059 +0.003; (5) 0.067+0.014, (6) 0057001 (7) D054 £0.004: (8) 0.046+0.005, See
Methods for details.

Expt. Cytoplasmic ligand Vanadate-sensitive Phosphatase activity
No. ADP AP - PNPP [*™RbJK*-K* gxchange. (nmol /10 i Lip. per min)
(mM) {nmol/10 ul Lip. per min)
1 1 Z N 117+ 0.006 - (e
- 5 - 0.004+0.007 nd. @
1 5 - 01.228+0.010 n.d. (e)
2 1 - - 0.070 1:0.023 - b
- 5 - 0.005 + 0.006 ad. (a)
5 - 0.223+0.012 nd. (e)
3 -k - - 0.003 +0.006 - @)
i - - 0.1254.0.015 - )
- § - 0.006 +0.007 1.20 (a)
1 5 - 0.352+0.012 752 (e}
| ** - - 0.393+0.025 - ()}
4 1 - - 0.117 +6.018 - ()]
1 5 - 0.287 + 0.006 nd. (e)
§ | - - 0.139+0.028 - ©
1 5 - 0354+ 0.016 n.d. {e)
6 1 - - 0.105 +0.025 - (14}
- - 5 0.111+0.022 nd. (4]
1 - 5 0.338+0.028 nd. (e}
7 1 - - 1.096+0.G10 - (e}
- - 5 0.071+0.007 LEO (&)
- - 5% 0.046 + 0.006 0.0 ()]
i - 5 0.295+0.020 0.87 {e)
8 - - 5 0.076 + 0.000 232 (d)
- - 10 0.098 + 0.006 353 (e)
| - 5 0.230+0.012 0.83 {e}
! - 10 G.244+0.011 1.64 (e}
- 5 - —-0.015 £ G.009 1371 @
- 10 - ~0.010 £ 0.007 16.83 ()
1 5 - 0.218+0.021 8.56 (e)
i 10 - 0.282+0.011 11.06 {e)
1 - - 0.102 1 0.006 - (e)
L** - - 0.384 +0.024 - (e)




%

TABLE VI

Comparative effecis of acervl phosphate (AcP), p-nitropheny! phospl {pNPP) end inorganic phosphate (F,) on t d: sitive net |
uptake in the presence and absence of cytoplasmic Mg?* ions and nucleotides in liposomes with Na * K *-ATPase incorporated lacking intraresicular
polassium

Net potassium uplake was estimated from the *Rb activity incorporated after 1 min at 20°C. The composition of solutions was as follows: (a)
extracellufar {intravesicular): 140 mM Tris-HCI (pH 7.0 at 20°C); (b) cytoplasmic (extravesicular): The ligand indicated in the table plus 130 mM
Tris-HCi {(plt 7.0 at 24 ), The MgCl, concentration was routinely 3 mM unless otherwise indicated. The concentration of [**Rb]KCI was 5 mM
in experiments i 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.
diffe b the Jate-sensitive fluxes oblained in the presence and absence of & given ligand, Each experiment was carried out in
triplicate. The last column shows the phosphatase activitics measured in parallel experiments under identical conditions: here, each entry is the
mean of duplicate determinations. Note: (i) * MgCl, in the cytoplasmic medium was 0.050 mM. (ii) ** The cytoplasmic medium was MgCl-free
and contained in addition 2 mM CDTA. (iii) Each experimental number refers to a different batch of proteolip (iv) The tate-sensi-
tive K* uptake in the absence of phosphate compeinds had the following values (nmol /10 gl Lip. per min): (1) 0.064 + 0.005; (2) 0.062 + 0.008;
(3) 0.060 £0.009; (4) 0,051 +G.009; (5) 0.031 +0.004; {6) 0.034 £ 6,005; (6*) 0.033 £ 0.005; (6**) 0.032 +0.004; (7} 1,050+ 0.005; (8} 0.673 £ 0.003.
(v} the fetter on the right side column indicates the statistical significance of the fluxes according to the Student's ¢-test: {a) non significant, (b)
P <005, () P <002, (d) P <0005 For other details see Methods,

Expt. Cyloplasmic ligand (mM) Net [*RbJK uptake Phosphatase activity
No. AP pNPP ADP P, tnmol/ 10 gl Lip. (nmol /10 ul Lip. per min)
per min)
1 - 0.06 - 0,016 +0.006 - (a)
- - - 0.14 ~0.021£0.018 - (a)
- - 006 0.14 =-0.010+0.019 - (a)
5 - - - 0.0t0£0.015 105 (a)
2 5 - - - 0002+ 0012 - (a)
3 5 - - - 0.020+£0.013 - (a)
- 5 - - 0.00310.011 16 (@
4 - - - 5 -0,044 £ 0010 - ()
- 5 - - 0.01310.013 25 (a)
- - 1 =0.028+0.001 - [6)]
- - 1 5 =0.02210.009 - (a)
- N 1 - -0.019+0.010 - (a)
5 - 5 - 0.018+0.014 22 (@)
- 5 i - =0.016+0.007 - (@)
6 - - - 5 =0.031£0.005 - ()
- 5 - - 0,004 +0.011 L6 (a)
- - - 5 0,021 40007 * - 1))
- 5 - - -0.016£0.009 * - (a)
- - - 5 0.000+0.014 ** - (a)
- 5 - - =0.012£0.007 ** - (a)
7 5 - - —0.ME+£0.009 * - (a)
8 5 - - - - 0063 £0.004 * - (a)
- - - 1 ~0,001 £0.004 * - (a)

p-nitrophenyl phosphatc alone. This finding is relevant
to the results obtained in the presence of Mg?* (see
Expts. 2* and 3* in this table as well as those in the
following section). On the other hand, under Mg? *-free
conditions the sole addition of acetyl phosphate (either
5 or 10 mM) showed no effect on the K*-K™* exchange
fluxes.

and presence of Mg?*; in that way we could avoid
possible bias due to the variability in different prepara-
tions, The data from Expts. 2-2* and 3-3* show that,
in the presence of the divalent cation and ADP, addi-
tion of p-nitrophenyl phosphate tncicases by 2-3-fold
the K* exchange fluxes.

A complete set of experiments on vanadate-sensitive
K*-K* exchange in the presence of Mg?* is illustrated

K *-K " exchange fluxes and phosphatase activity in the
presence of Mg**

Preliminary results can be seen in Table IV. In that
table we can compare, in the same batch of liposomes,
the effect of a phosphatase substrate in the absence

in Table V; as additional information, parallel estima-
tions of phosphatase activities are also included in this
table. Each number in the first column identifies an
experiment where a different batch of proteoliposomes
was used. For fluxes, the entries are the mean + S.E.



differences between the vanadate-sensitive values ob-
tained in the absence and presence of the tested iig-
and. The phosphatase figures zorrespond to the total
activity in the presence of 5 mM cywoplasmic K ', all of
which was inhibitable by 0.5 mM vanadate. Control
expesiments (not shown) reproduced most of the ob-
servations previously report _d [17): (i) a small stimula-
tion in the exchangs rate due to 1 mM ADP; (ii) no
effects of millimolar cor:centrations of phosphate; (iii)
a large increase when phosphate and ADP were pre-
sent; (iv) in the absence of phosphate compounds,
Mg2* had no effect on the vanadate-insensitive
K *fluxes, but we consistently failed to detect the small
inhibition of the fluxes sensiz ¢ to vanadate.

In the absence of ADP anc 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 Mg?*-free solutions (identified with a
single asterisk in Table V). On the other hand, the
simultaneous presence of | mM ADP and 5-10 mM
p-nitrophenyl phosphate or acetyl phosphate markedly
stimulated K*-K* exchange to values sometimes com-
parable to those observed with mM [phosphate]. In
addition, | mM ADP reduced phosphatase activity by
30-40 percent with acetyl phosphate and 50-60 per-
cent with p-nitrophenyl phosphate.

Net potassium uptake in the presence and absence of
cytoplasmic Mg>*

In the absence of Na* and ATP, phosphatase activ-
ity is stimulaicd by porassium acting only on the cyto-
plasmic side [25,26]. In addition, although the E(K)
occluding form is a likely intermediate in the cycle, the
most abundant form of the enzyme during phosphatase
turnover is E,, where K* ions are not occluded [7].
Furthermore, a phosphn.izyme is formed, at least with
acetyl- [7,8] and B-(2-furylacryloyl phosphate [27).
Therefore, transitions between the E K, E{K} and
E,K (in this case E,PK) states might occur; this may
lead to a net t-:nsport of the stimulating K* ions from
the cytosol to the extraceliular side. This possibility was
investigated in the experiments described in the pre-
sent section.

The actual experimental design consisted in follow-
ing the entry {extrusion fron: the cell) of [*RbJK* in
proteoliposomes without intravesicular (extracellular)
K*, the incubation solutions contained 5 mM p-
nitrophenyl- or acetyl phosphate and different concen-
trations of MgCl, {none, 0.05 mM and 3 mM). In some
cases 1 mM ADP was included; in others, the phos-
phatase substrates were absent while 0.14 mM, 1 mM
or 5 mM phosphate (with and without ADP) was
present. Phosphatase activity at 3 MgCl, was assayed
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in parallel experiments. Table VI shows that, in the
presence of phospbatase substrates, the net K* uptake
was the same vegardless of the existence of phos-
phatasc activity. In addition, there were two effects of
inorganic phosphate [28] that phosphatase substrates
could not mumic: (i) inhibition of net K* :-ansport in
the presence of 3 mM MgCl, (see row 1 in Expts. 4
and 6), and (ii) small stimuation with 0.05 mM MgCl,
(see row 3 in Expt. 6).

It is important to point out that phosphatase activity
depended only on cytosolic potassiumi. and was not
influenced by the presence or absence of K* in the
extracellular phasc (not shown).

Discussion

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?* js 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 acztyl phosphate, We think that possibil-
ity is unlikely: on the one hand, there is no experimen-
tal evidence for an exchange reactions of that sort; on
the other, the K, ,; for phosphate is between 100-300
uM (Refs. 7 and 29, Berberidan and Beaugé, unpub-
lished) for E-P formation and 250 M for the (P;+
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-nitropheny! 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
phiosphatase reaction and K* translocation? To help in
the analysis, a diagram showing the K*-K* exchange
pathways through the Na* K*-ATPase reaction and
kypothetical phosphatase cycles is depicted in Fig. 1.
The meanings of enzyme forms, steps and ligand are
detailed in the legend to the figure. There is a small
fracticn of K* fluxes (exchange and net) occurring via
the Na* pump 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

Ki,vE =EK=EK)=E; +K{,

E.(K) and E,K open up spontaneously towards the
outside 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 steps involved in the K*-K* exchange associated
with reversible phospharylation from phosphate and the phosphatase
reaction carried out by the Na* K*-ATPase in the presence of ATP
(or ADP). The meaning of symbols and complexes are the following:
K and K. are the internal and external potassium ions, respec-
tively; E, is the enzyme form with high affinity for ATP and low
affinity for K*; E; is the enzyme form with low affinity for ATP and
high affinity for K*; E4(K) is the K* occluding dephosphoenzyme;
P, is the inorganic phosphate which is intraceltularly bound to, or
released from, the enzyme; AP is the phosphoric anhydride that acts
as phosphatase shbstrate: Mg2*, ATP (or ADP) and AP are all
intracellular, Note: (8) each pos<ible pathway and enzyme complex in
that part of the Na*K’-ATPase reactions is included; (ii) the
feasibility of more than one path for the phosphatase activity is
considered; (iii} the whole route of the K*-K* exchange may
become part of the phosphatase reaction in the presence of ATP (er
ADPY, (iv) Mg-enzyme complexes as well as the small fraction of
K*-K* exchange in the absence of phosphorylation have been
omitted (see Discussion): {v) in the phossiatase cycle A is always
released before P, [37].

Any attempt to explain the results of this work must
necessarily account for the lack of stimulation of net
K* extrusion asscciated with the phosphatase reaction,
Fig. 1 describes the reaciions required for net K*
extrusion without of ADP (or ATP). These are:

E,;+K! = E,K = E4(K)

(left vertical axis of the upper square)
Ex(K)+Av -» AE,PK = E,PK = E,P+K? or
E3(K)+AP - APE,K — AE,PK - AE,P+K

(fower loops)
and the returning

E;P~E,+P~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 nct observed, even when 1 mM ADP
was added (Table VI). One way to reconcile these
findings is that the E,K — E,(K) shift acts just as a
trigger for the reaction whereas during turnover the
enzyme remains most of the time in a K* binding E,
form (lower left loop in Fig. 1). This resembles re-
versible phosphorylation from phosphate at high
[Mg2*] where, without [28] or with (this work) ADP,
no effects i 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 E,PK to the
external medium occurs only if there is K] ie. 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
E,P 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 hecause
the stimulation of X*-K* exchange needs ADP (or
ATP). A minimum interaction requires a single com-
mon intermediate, E,PK; in this case, in the presence
of intracellular ADP (ATP) and extracellular 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 phosphy-
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 stoichiometry beiween 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



exists [34]. In this scheme, E,PK is the same for the
phosphate and phosphatase stimulated fluxes. Unfortu-
nately, this leaves without explanation the 30 percent
K* deocclusion seen with phosphate [35,36] against the
100 percent observed at maximal phosphatase 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: E,PK in the
phosphate-dependent, and AE,PK 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 eventuwal occurrence of an
AE,PK-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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