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The effects of K*, Na* and nucleotides (ATP or ADP) on the steady-state phosphorylation from [32P]P; (0.5 and 1
mM) and acetyl [>2>P]phosphate (AcP) (5 mM) were studied in membrane fragments and in proteoliposomes with
partially purified pig kidney Na,K-ATPase incorporated. The experiments were carried out at 20°C and pH 7.0. In
broken membranes, the P,-induced phosphoenzyme levels were reduced to 40% by 10 mM K* and to 20% by 10 mM
K* plus 1 mM ADP (or ATP); in the presence of 50 mM Na™, no E-P formation was detected. On the other hand, with
AcP, the E-P formation was reduced by 10 mM K™* but was 30% increased by 50 mM Na™. In proteoliposomes E-P
formation from P, was (i) not influenced by 5-10 mM K7, or 100 mM Na_,,, (i) about 50% reduced by 5, 10 or 100
mM K, and (iii) completely prevented by 50 mM Na,,. Enzyme phosphorylation from AcP was 30% increased by 10
mM K7, or 50 mM NaZ,; these E-P were 50% reduced by 10-100 mM K_,. However, E-P formed from AcP without
K}, or Na}, was not affected by extracellular K*. Flusrescence changes of fluorescein isothiocyanate labelled
membrane fragments, indicated that E-P from AcP corresponded to an E, state in the presence of 10 mM Na* or 2
mM K* but to an E, state in the absence of both cations. With pNPP, the data indicated an E, state in the absence of
Na* and K* and also in the presence of 20 mM Na®, and an E, form in the presence of 5 mM K*. These results
suggest that, although with some similarities, the reversible P, phosphorylation and the phosphatase activity of the

Na,K-ATPase do not share the whole reaction pathway.

Introduction

The Na,K-ATPase is a plasma mcmbrane enzyme
that catalyzes the ATP hydrolysis coupled to the active
transport of Na* out of and K* into the cell. The
reaction mechanism of this enzyme involves several
reversible intermediate steps going through two major
conformations, or family of conformations, named E,
and E,. In the forward direction, Na(i)-K(o) exchange
accompanied by ATP hydrolysis, there are two main
steps: the transfer of the terminal phosphate from ATP
to the protein and the subsequent dephosphorylation
[1,2]. The reverse reaction, Na(o)-K(i) exchange associ-
ated to ATP synthesis, includes the reversible enzyme
phosphorylation from inorganic phosphate. The ATP-
and P-dependent phosphoenzymes involve the same
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chemical group and are chemically identical (a covalent
phosphoryl group incorporation leading to the forma-
tion of an aspartyl phosphate). Despite that fact, the
ligands needed for their formation and their reactivity
to ligands are quite different. Phosphorylation from
ATP requires intracellular Na* and Mg?* and its
breakdown is accelerated by external K*. On the other
hand, the P, phosphorylation needs only Mg?*; Na*
and nucleotides (ADP, ATP and ATP analogues) are
inhibitors whereas the effects of K* depend on the time
of its addition to the reaction mixtures: K* accelerates
turnover and dephosphorylatior: if present during E-P
formation, but the phosphoenzyme is compietely insen-
sitive to K* if it has been made in its absence [3,4]. All
studies on P, phosphorylation of Na,K-ATPase have
been carried out in broken membrane preparations;
under these conditions, the constituents of the incuba-
tion solutions have simultaneous access to extracellular
and cytoplasmic sites of enzyme. Thus, although these
types of experiments can give some insight on the
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sidedness of a ligand site, they do not provide clear cut
answers on the matter; in addition, possible trans ef-
fects are missed.

Every preparation that shows Na,K-ATPase activity
consistently displays a Mg2*-K *-dependent phos-
phatase activity, that is the hydrolysis of non nucleotide
phosphate anhydrides (acetyl and p-nitrophenyl phos-
phate are the most commonly used). Acting alone, Na™*
and nucleotides are phosphatase inhibitory; still, the
simultaneous presence of Na* and ATP increases the
affinity to K* and usually reduces the maximal reaction
rate [2,5]. The real meaning of this phosphatase activity
remains under debate and its reaction cycle is far from
established. Recent studies support the idea that it has
similarities with the reversible binding of inorganic
phosphate [6,7]. In addition, it has been shown that
acetyl phosphate can phosphorylate the enzyme in the
presence of Mg?* and K™ [6]; unfortunately, the inter-
pretation of the latter finding is complicated because
acetyl phosphate can also phosphorylate the enzyme (i)
in the presence of Na* and Mg?**, acting as substrate
for Na,K-ATPase, and (ii) even in the absence of Na*
and K* as part of a yet unidentified reaction [8].
Likewise, the Na,K-ATPase is phosphorylated by p-
nitrophenyl phosphate, but this occurs only in the pres-
ence of ouabain [9]}. Whether these phosphoenzymes
belong to the reaction mechanism of the phosphatase
activity remains an open question.

The aim of the work described .in this paper was to
look for the sidedness of the effects of Na*, K* and
nucleotides on the steady-state phosphorylation levels
acquired with acetyl phosphate and inorganic phos-
phate. To this end, we used liposomes with NaK-
ATPase incorporated where the intra and extravesicular
composition was varied at will. The fluorescein-labelled
enzyme covalently incorporates inorganic phosphate and
exhibits a K*-dependent phosphatase activity [10];
therefore, we used this probe in broken membrane to
investigate the most abundant phosphoenzyme confor-
mation induced by the two aforementioned phosphoryl
group donors. The results have determined the sided-
ness of Na® and K* effects in both cases; in addition,
they suggest that although with some similarities, the
reversible P, phosphorylation and the phosphatase ac-
tivity of the Na,K-ATPase go through different path-
ways.

Methods

Na,K-ATPase was partially purified from pig kidney
red outer medulla by the procedure described by
Jorgensen [11]. The membranes were suspended in a
medium containing 25 mM imidazole (pH 7.5 at
20°C)/1 mM EDTA-Tris/250 mM sucrose at a pro-
tein concentration of 2-3 mg/ml and stored at —85°C.
Before used about 1 ml of the suspension was dialyzed

overnight against 1000 ml of ice-cold 25 mM imidazole
(pH 7.0 at 20° C) /1 mM EDTA-Tris. The Na,K-ATPase
activity under standard conditions (120 mM NaCl/30
mM KCl1/30 mM imidazole (pH 7.4)/3 mM Mg(Cl,/3
mM ATP and 37°C) was between 18 and 22 units per
mg protein and remained stable for months. Protein
was determined by the method of Lowry et al. [12] with
modifications [13], using bovine serum albumin as
standard.

Proteoliposomes were prepared following the proce-
dure described by Karlish and Pick [14]. The phospho-
lipids were converted to Tris salt as indicated in Ref. 15.
The enzyme was solubilized with Tris cholate. Im-
mediately after solubilization, the non soluble protein
was removed by centrifugation in a Beckman Airfuge
(10 min at an air pressure of 20 Ib/inch?). With this
technique, any enzyme fraction that eventually did not
incorporate into the liposomes remained inactive [14];
this was checked by performing ATPase assay in the
supernatant after the liposomes were centrifuged. We
were particularly careful in this point because due to the
experimental protocols we could not use either vanadate
or ouabain as Na,K-ATPase inhibitors: (i) ouabain
would stabilize E-P formation by any active enzyme
molecule that did not incorporate into the vesicles (Ref.
16; Campos and Beaugé, unpublished) and (ii) vana-
date, which acts intracellularly [17], would prevent
phosphorylation of ail active enzyme species, whether
incorporated or not. To change the composition of the
extravesicular media the liposomes were centrifuged at
1000 rpm for 3 min through a 1 ml syringe filled with
Sephadex G-50 equilibrated with 140 mM Tris-HCl (pH
7.0).

K-K exchange was estimated in some experiments in
parallel with enzyme phosphorylation from [*?P]P,. The
proteoliposomes, containing 100 mM KCl and 40 mM
Tris-HC1 (pH 7.0 at 20°C), were incubated in media
with 5 mM KCl, 3 mM MgCl,, 130 mM Tris-HCI (pH
7.0 at 20° C) without or with 0.1 mM ATP and/or 0.5
mM inorganic phosphate. The experiments were per-
formed in the absence and presence of 0.5 mM vana-
date using [*®*RbJRb* as a K* marker; the incubation
time lasted 2 min. Temperature was 20 + 2°C. The
%Rb incorporated was estimated from the radicactivity
present in the effluent of short Sephadex column as
described previously [18].

Enzyme phosphorylation from 5 mM acetyl
[**P]phosphate, 0.5 mM or 1 mM inorganic [*2P]phos-
phate and 0.01 mM [y-*PJATP was carried out by
incubating 50 pg of broken membrane protein, or 0.2
ml of proteoliposomes suspension, in media containing
3 mM MgCl,/0.1 mM EGTA-Tris/ (140 — ([KCI} +
[NaCl})) mM Tris-HCI (pH 7.0 at 20°C) in a final
volume of 0.35 ml. The reaction was started by the
addition of enzyme {or proteoliposomes) and terminated
after 10 s (acetyl phosphate and inorganic phosphate) or



2 s (ATP); the stopping solution consisted of 3.5 ml of
an ice cold 15% perchloric acid/50 mM phosphoric
acid /10 mM pyrophosphae; in the case of [y-*>PIATP
the stopping solution contained in addition 0.5 mM
unlabelled ATP. The mixture was allowed to stand for
30 min at 0°C and the denatured protein was collected
and washed in glass fiber filters as indicated previously
[19]. The amount of phasphoenzyme obtained, even
under identical experimental conditions, varied in dif-
ferent preparations. A likely source for that variation
could be the amount of enzyme incorporation. There-
fore, we normalized the E-P values based on the maxi-
mal p-nitrophenylphosphatase activity observed in lipo-
somes incubated for 5 min at 20°C in 0.2 ml of the
following media: 3 mM MgCl,/20 mM KCl/140 mM
Tris-HCl (pH 7.0)/5 mM p-nitrophenyl phosphate with
or without 1 mM ouabain [19]. This phosphatase activ-
ity varied between 0.78 and 1.32 nmol /min per 10 pl of
liposomes. Identical rates of hydrolysis were obtained
with and without ouabain; this is another indication
that there was no contamination with unincorporated
non soluble active Na,K-ATPase. Regarding the incuba-
tion times for phosphorylation, proper controls showed
that, with the times chosen, the E-P formed with all
phosphoryl donors was on steady-state conditions. The
concentrations of acetyl phosphate and p-nitrophenyl
phosphate chosen were those we have consistently used
in our studies on phosphatase activity [6,18]. As we
intended to compare this with previous works, we found
preferable to stick to similar concentrations of the sub-
strates.

The synthesis of acetyl [*’P]phosphate was done
according to Stadtman [20] using [*2P]P, purified as in
Ref. 21. Labelled [y-32PJATP was made following the
method of Glynn and Chappell [22] as modified by De
Meis [23]. The synthesized acetyl [**P]phosphate may
have been contaminated with inorganic [*2P]phosphate,
but that would not go beyond the errors of P; [24] and
acetyl phosphate [20] detections. Combining the two
errors in our hands the total P, contamination could be,
at the most, 2 percent. However, the fact that E-P
formed from P, and AcP have different reactivities
toward K* and Na* (see Results), makes the problem
of P, contamination irrelevant.

To prepare the fluorescein labelled enzyme, mem-
brane fragments of Na,K-ATPase were incubated with
fluorescein-isothiocyanate (FITC) as indicated in Ref.
25. Steady-state fluoresccuce signals were followed in a
mixture of 50 pg labelled enzyme suspended in 2 ml of
a solution containing 100 mM Tris-HCl (pH 7.0 at
20°C)/2 mM CDTA (Mg?*-free) or 3 mM MgCl, (no
CDTA) and the other ligands listed in the legends to
Figs. 1 and 2. A Mark I (Ferrand Optical Co.) spectro-
fluorometer was used. Excitation was at 495 nm and
emission was measured at 520 nm with a slit width of 10
nm. As usual, the temperature was 20 + 2°C.
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All solution were made with bidistilled deionized
water. NaCl and KCl were Baker Uiltrex; all other
chemicals were reagent grade. ADP, ATP (Na saits),
p-nitrophenyl phosphate (Tris salt), acetyl phosphate
(Li plus K salt), ouabain, cholic acid, L-a-phosphatidyl-
choline, Sephadex G-50-40, and fluorescein isothio-
cyanate (isomer I) were obtained from Sigma Chemical
Co., U.S.A. Nucleotides and acetyl phosphate were
transformed into Tris salts by passing them through
Amberlite IR-120-P columns. 86-Rubidium, as chloride
salt, was purchased from New England Nuclear, U.S.A.
Inorganic [ **PJphosphate was provided by the Comisién
Nacional de Energia Atomica, Argentina.

Experimental values are means of duplicate (phos-
phorylation) or triplicate (fluorescence) determinations.
In addition, they were repeated and when relevant,
these results are included in the tables. In no case the
difference between E-P duplicate samples was larger
than 4%, while the differences observed when varying
the experimental conditions were at least 30%.

Resuits

Effects of Na* and K™ on the levels of E-P obtained
from ATP, inorganic phosphate and acetyl phosphate

In the first group of experiments we studied the
effects of 50 mM Na* and 10 mM K™, alone and in
combination, on the steady-state levels of phosphoen-
zyme in a broken membrane preparation. This was
essential in order to compare liposomes with broken
membranes preparations under identical conditions in-
cluding pH (7.0) and temperature (20°C). In addition,
it was also indispensable to contrast, under the same
conditions, the E-P levels obtained from three phos-
phoryl group donors: 0.01 mM ATP, 0.5 or 1.0 mM P,
and 5 mM AcP. As expected (Table I, 1, 2), in the
absence of both Na* and K*, phosphorylation was

TABLE I

Effects of Na* and K * on steady-state levels of phosphorylation from
ATP, P, and AcP in a broken membrane preparation of partially
purified Na,K-ATPase

Membrane fragments of partially purified Na,K-ATPase from pig
kidneys were incubated in solutions containing 3 mM MgCl,, 150-
(INa+K]) mM Tris-HCI (pH 7.0 at 20°C) with 0.01 mM [y- 32PIATP,
5 mM acetyl [**Pjphosphate or 0.5 mM or 1 mM inorganic [*2Pjphos-
phate. Temperature was 20+2°C. The Na* and K™ concentrations
are shown in the table. Experimental values are means of duplicate
determinations; in no case the difference between the duplicate sam-
ples was larger than 2%. See Methods for details.

Na*t K* ° E-P(nmol/mg)

(mM) (mM) 557 M ATP 0SmMP, L.0mMP, 5mM AcP
- om 1.16 1.73 152

50 - 220 0.03 0.04 1.98
- 10 om 0.56 0.70 0.61

0 10 014 005 0.09 0.76
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negligible with ATP; under the same conditions, 1 mM
P, gave values close to 70 percent of the maximum
phosphorylation whereas AcP did promote a sizable
level of E-P that reached 63% of that maximal. In the
presence of Na* alone, ATP rendered the maximal
values whereas those obtained with AcP were even
higher than that with no monovalent cations (83% of
that seen with ATP); on the other hand, with P, the E-P
formation was practically nill. When K* was the only
monovalent cation, the picture was qualitatively similar
to that seen with no Na* or K* (only P, and AcP
resulted in E-P formation) but the absolute values were
about halved. Finally, in the simultaneous presence of
Na* plus K* E-P formation was only noticeable with
AcP. Although not included in Table I, the addition of
1 mM unlabelled ADP or 0.1 mM unlabelled ATP in
the presence of 10 mM K.* reduced by 50% the P:- and
AcP-dependent 32Pp incorporation.

Sidedness of Na*, K* and nucleotides effects on E-P
levels from different sources

To study the sidedness of ligands effects on E-P from
different phosphoryl donors we use as a preparation
Na,K-ATPase incorporated into liposomes. The first
approach was to check the behavior of the liposomes
and the incorporated enzyme. To this end we measured
their ability to perform K-K exchange; in addition, we
used these assays to gather information regarding the
relationship between the levels of fluxes and those of P,
incorporation into the enzyme. In agreement with previ-
ous reports [15] the basal vanadate sensitive K-K ex-
changes fluxes were low (0.048 nmol/min per 10 pl
liposomes) and not affected by 0.5 mM P, alone. Still, in
the presence of 0.5 mM P;, 0.1 mM ATP increased K-K
exchange by 5.7-fold (to 0.278 nmol/min per 10 gl
liposomes); on the other hand, the levels of E-P were
reduced by only 30% (from 1.08 pmol /10 gl liposomes
to 0.73 pmol /10 pl liposomes); i.e., a large ATP stimu-
lation of P-dependent K-K exchange fluxes coexisted
with a small reduction in the steady-state levels of
enzyme phosphorylation. It is worth mentioning at this
point that these ATP effects on [E-P] were consistently
smaller in proteoliposomes than in broken membrane
preparations, where the reduction was systematically
about 50% (not shown).

The actual experiments on sidedness are illustrated
in Tables IT and III. These results can be summarized as
follows (note that cyt and ext refer to the cytoplasmic
(extravesicular) and the extracellular (intravesicular)
sides, respectively): (i) The sites at which Na* ions
inhibited P-dependent phosphorylation, were required
for phosphorylation from ATP and stimulated E-P for-
mation from AcP, are all cytoplasmic. (i) K7, had no
effect on the levels of E-P formed from P, whereas it
increased by 30% those obtained with AcP. (iii) The

values of E-P formed from Pi, with or without Ko

TABLE 1I

Effects of cytoplasmic and extracellular Na* and K * on the steady-state
levels of phosphorylation from 0.5 mM inorganic phosphate of Na,K-
ATPase incorporated into liposomes

Liposomes with Na,K-ATPase incorporated were incubated in solu-
tions which, besides what is shown in the table, had the following
composition: (i) intravesicular (extracellular): 140—([Na+K}) mM
Tris-HCl (pH 7.0 at 20°C); (ii) extravesicular (cytoplasmic): 135-
({Na+K]) mM Tris-HCI (pH 7.0 at 20°C), 3 mM MgCl,, and 0.5
mM inorganic [32Pjphosphate. The reaction was started by the ad-
dition of the proteoliposomes while the tubes were mixed in a vortex;
the reaction time lasted 10 s. Note: (i) the same letters in the last
column refer to the same batch of proteoliposomes; (ii) ** indicates
the presence of 0.1 mM ATP in the extravesicular solution. (iii) The
E-P values were normalized based on the maximal p-
nitrophenylphosphatase activity observed in each liposome batch. (iv)
Intravesicular concentrations refer to those present in the media when
the enzyme was incorporated into the liposomes. (v) Experimental
values are means of duplicate determinations; in no case the dif-
ference between the duplicate samples was larger than 4%. See Meth-
ods for details.

Cytoplasmic Extraceilular E-P

Na* K* Na* K+ (pmol /10 ul
(mM) (mM) (mM) (mM) liposomes)
- - - - 240 (a)
- 3 - - 260 (a)
- 10 - - 230 (b)
- - - 5 1.19 (a)
- - - 10 137 (b)
- 3 - 5 126 (2
- 10 - 10 105 (b
- 3 - 100 117 (©
- 3 - 100 0.85 **(c)
30 3 - 5 008 (a)
0 - - - 0.04 (a)
- - 100 - 2.40 (d)
- 10 100 - 229 ()

- 10 100 10 097 (d)

were about 50% reduced in the presence of K_,,. At 10
mM K, this action could not be counteracted by 100
mM Nal,. On the other hand, in K*-free conditions
100 mM Na,, showed no effect by themselves. (iv) In
contrast, when E-P was formed from AcP, a reduction
due to KJ,,, which also amounted to 50%, occurred only
if these was a simultaneous presence of K* or Na* in
the cytoplasmic side. (v) Another important difference
between [E-P] from P, and [E-P] from AcP, is that the
maximal levels of the former came about in the absence
of any monovalent cation on both membrane phases.
(vi) The Nag,-dependent phosphorylation from ATP
decreased to about 10% in the presence of K7, . (vii)
With the concentrations of phosphorylating compounds
used here, and in the absence of K},,, the maximal
levels of E-P formation obtained from ATP in the
presence of Nag, matched those seen with AcP in the
presence of either K, or NaZ,. (viii) The [E-P] formed



from AcP in the absence of Na* and K* at both sides
of the membrane are comparable to what was observed
in broken membranes incubated in the absence of both
monovalent cations. (ix) Finally, the addition of intra-
cellular ATP or ADP, resulted in a 30-40% fall in [E-P]
formed from inorganic phosphate or acetyl phosphate
in the presence of K, and K_,,.

Conformations of Na,K-ATPase incubated with different
phosphorylating agents under varying ionic conditions

A comparison between the properties of E-P from
inorganic phosphate and acetyl phosphate is relevant to
the understancding of the phosphatase reaction catalyzed
by the Na,K-ATPase enzyme and its relationship/s
with the ATPase activity [2,6,7,26]. Therefore, it seemed
important to establish the en:yme conformations asso-
ciated to each phosphorylating agents in the absence
and presence of Na*, K* and Mg?*. An ideal probe
should allow binding of nucleotides to the enzyine and
distinguish between phosphorylated from unphospho-
rylated states [27]. 5-Iodoacetamidofluorescein is good
for those purposes in dog kidney enzyme, but unfor-
tunately it does not work with enzyme from the pig [28].
So, we settle for isothiocyanate of fluorescein. This
probe, although prevents nucleotide binding, has the
advantages that (i) can be used without problems at
20°C, (ii) it does not interfere, or does it very little,
with the phosphatase reaction, (iii) it allows AcP to act
as substrate of Na,K-ATPase and (iv) it permits phos-
phorylation from P, [10,25,29,30]. With this compound,

TABLE 111
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a reducti-m in the fluorescence signal is considered to
correspond to a transition from E, toward an E, state,
whereas a rise in that signal indicates an E, to E, shift
(see above references). Accordingly, we followed the
steady-state fluorescence changes of membrane frag-
ments containing Na,K-ATPase labelled with fluo-
rescein isothiocyanate in the presence of acetyl phos-
phate, p-nitrophenyl phosphate and inorganic phos-
phate. Another limitation of this approach, was the
fluorescence quenching due to the phosphoryl group
donors and to Mg2* ions; there is now evidence indi-
cating that the effect of Mg2?* is not on the enzyme
conformation as thought before [10] but on the
phospholipids order parameters [31]. At 5 mM con-
centration, quenching was about 40 percent with p-
nitrophenyl phosphate and 5-7% with acetyl phos-
phate; 0.5 mM or 1.0 mM P; had practically no effect,
and around 20% quenching was seen with 3 mM MgCl,.
Therefore, for acetyl and p-nitrophenyl phosphate the
initial base lines were established in the presence of the
phosphorylating agents without or with Mg?* and with
no monovalent cations. The changes observed following
the addition of Na* and K* were related to the signals
obtained under those initial conditions. Typical experi-
ments of this kind are illustrated in Figs. 1 and 2. We
performed introductory experiments in the absence of
phosphorylating substrates, with and without Mg>*.
Under these conditions, 2 mM K* produced about 6%
quenching in the fluorescence, and that quenching was
reversed by 20 mM Na*; in K *-free media, the addition

Effects of cytoplasm:. and extracellular Na + and K* on the steady levels of phosphorylation from acetyl phosphate and ATP of Na,K-ATPase

incorporated into liposomes

The general experimental procedure was identical with that described in the legend to Table II. In this case the phosphoryl group donors were
acetyl [*2Pjphosphate or [y->*PJATP. Note: (i) the same letters in the last column refer to the same batch of proteoi’ posomes; (i) ** indicates the
presence of 1.0 mM ADP in the extravesicular solution. (iii) The E-P values were normalized based on the maximal p-nitrophenylphosphatase
activity observed in each liposome batch. (iv) Intravesicular concentrations refer to those present in the media when the enzyme was incorporated
into the liposomes. (v) Experimental values are means of duplicate determinations; in no case the difference between the duplicate samples was

larger than 4%. See Methods for details.

Cytoplasmic Extracellular E-P

Na* K+ Na+* K+ (pmol/10 p! liposomes)

(mM) (mM) (mM) (mM) 5 mM AcP 0.01 mM ATP
_ _ - - 240 - @
_ _ - - 222 - ®

50 - - - 3.00 340 (a)
- 10 - - 3.05 - (a)
- 10 - - 3.15 - ()
- - - 10 246 - @
- - - 100 235 - ()
- 10 - 10 1.64 - (a)
- 5 - 100 143 - (0
- 5 - 100 096 ** - (©
- 10 - 100 1.55 - ()

50 - - 10 1.80 0.42 (a)
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AcP 5§ §5 5 5 5 5 5 5 5 5 5 5
Mg, 0 O O 0o 0 O 3 3 3 3 3 3
NaClL 0 O 20 0 10 10 0 0 20 o 10 10
KCl 0 2 2 0 0 5 0 2 2 0O 0 5

Fig. 1. Effects of Na* and K*, alone or in combination, on the steady-state levels of fluorescein fluorescence of fragmental FITC-Na,K-ATPase in

the presence of acetyl phosphate (AcP) without (A and B) and with (C and D) MgCl,. The FITC-labelled enzyme was incubated in 2 ml of a

solution contaizing 100 mM Tris-HCI (pH 7.0 at 20° C). The final concentrations of added ligands (in mM) are shown at the bottom of the figure.

Those concentrations were obtained by adding small volumes (not greater than 20 pl) of concentrated solutions to the fluorescence cell. The

experiments were performed at 20+2°C and at pH 7.0. When MgCl, was omitted 2 mM CDTA-Tris was included. A 3% relative fluorescence

change is indicated by a vertical bar. Note: the traces shown are parts of the recorded steady-state fluorescence signals which lasted for at least 1
min. For details see Methods.

of 20 mM Na™* did not induce any detectable change in resulted in a fluorescence decline equivalent to that seen
the signal. with 2 mM K* alone (compare Figs. 1A and 1B). With

In the presence of acetyl phosphate and no Mg2*, 2 3 mM MgCl,, the addition of 2 mM K™ produced a
mM K* reduced the relative fluorescence by 5.5 + 0.3% fluorescence quenching similar to that detected in

(n = 3) and this effect was fully counteracted by 20 mM Mg?*-free solutions (5.6 + 0.3% (n = 3)) (Fig. 1C); how-
Na* (Fig. 1A). Without potassium, 10 mM Na™* had no ever, in this case 20 mM Na* did not revert the action
effect on the basic fluorescence; the addition of 5 mM of K* (Fig. 1C). Moreover, 10 mM Na™* alone also
K" on top of 10 mM Na* (a K*/Na®* ratio of 0.5) induced a fluorescence drop (8.6 + 0.5% (n = 3)) (Fig.

A B o D
3
gl m
p-NPP 5 5 § 5 5 5 5 5 5 0 0 0
P, 0 0 0 0 0 0 0 0 0 0 1 1
MgCL, 0 0 O 3 3 3 3 3 3 3 3
NaCl 0 0 50 0 0 50 0 20 20 0 0 O
KL 0 0 5 0 5 5 0 0 45 0 0 5

Fig. 2. Effects of Na* and K*, alone or in combination, on the steady-state levels of fluorescein fluorescence of fragmental FITC-Na,K-ATPase in
the presence of p-nitrophenyl phosphate (p-NPP), without (A) and with (B and C) MgCl,. As a control, the effect of inorganic phosphate (P,), with
and without K*, in the presence of MgCl, is included (D). The FITC-labelled enzyme was incubated in 2 ml of a solution containing 100 mM
Tris-HCI (pH 7.0 at 20° C). The final concentrations of added ligands (in mM) are shown at the bottom of the figure. Those concentrations were
obtained by adding small volumes (not greater than 20 ) of concentrated solutions to the fluorescence cell. The experiments were performed at
20+2°C and at pH 7.0. When MgCl, was omitted, 2 mM CDTA-Tris was included. A 3% relative fluorescence change is indicated by a vertical
bar. Note: the traces shown are parts of the recorded steady-state fluorescence signals which lasted for at least 1 min. For details see Methods.



1D). The fact that when either Na* or K™ were added
to an enzyme in the presence of AcP and Mg>* the
signal was systematically deflected downwards, is com-
patible with (i) the initial state of the enzyme was of an
E,-P type, and (ii) both Na* and K™ shified that state
towards an E,-P form.

With p-nitrophenyl phosphate, 5 mM K* reduced
the steady-state fluorescence level by 6.7 + 0.7% (n = 3)
in the absence (Fig. 2A) and by 5.3 £ 0.5% (n=3) in
the presence (Fig. 2B) of Mg2*. Yet, and as a difference
with acetyl phosphate, the K*-dependent deflection was
fully recovered by the addition of Na™ ions even in the
presence of Mg>* (Figs. 2A and 2B). Another remarka-
ble difference is that with p-nitrophenyl phosphate in
K *-free condition, Na* ions were unable to induce a
significant drop in fluorescence in solutions containing
Mg?* (Fig. 2C). On the other hand, as it happens with
acetyl phosphate, the Na,K-ATPase incubated with p-
nitrophenyl phosphate in the absence of any monova-
lent cation, with or without Mg?*, is in an E; state (see
also Ref. 32). However, we do not know if with Mg?*
phosphorylation takes place.

Finally, Fig. 2D is a control experiment showing that
(i) the major enzyme conformation obtained in the
presence of inorganic phosphate and Mg?* is of an
E,-P type [10,32], and (ii) that basic conformation is not
modified by K.

Discussion

The experiments presented in this work provide new
evidence regarding the sidedness of Na* and K™ effects
on the steady-state levels of E-P of Na,K-ATPase carry-
ing on ATPase and phosphatase activities and reversible
phosphorylation from inorganic phosphate. In addition,
they allow a comparison of that information with the
predominant enzyme conformations given by the FITC
fluorescence probe at the same pH (7.0) and tempera-
ture (20°C).

In the fluorescence experiments we have looked at
the prevailing enzyme conformations in situations which
were not explored before with this approach. These
correspond to phosphatase activity in the presence of
AcP plus K*, AcP plus Na* and K*, pNPP plus K*
and pNPP plus Na* and K*. On the other hand, the
effects of AcP with Na* (ATPase activity) coincide
with those reported by Rephaeli et al. [30]. If we com-
pare our findings with those where trypsin digestion
and inactivation was applied to test for enzyme forms
[8,10,32,33] we see that they concur. This coincidence is
important because it has been contemplated, at least in
the case of K* occlusion [34], that the possibility of
conflicting results about enzyme conformations depends
on the method used.

One rule than seems to emerge from our results is
that regardless the phosphoryl group donor and the
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reaction taking place, the levels of E-P in the E, state
are lower when phosphorylation occurs in the presence
of external K*. This effect could be thought to be
related to an E, shift; however, the available experi-
mental evidence [30,35] indicates that it is K, and not
K/, which takes the Na,K-ATPase into the E,(K)
form. Still, although qualitatively identical, the response
was quantitatively different. A good example is the
ATPase reaction when the regulatory ATP site is out of
action: 10 pM ATP and 5 mM AcP [8]. Under these
conditions, K7, rendered a 90% reduction in [E-P]
when ATP was the substrate and only 44% when AcP
played that role. These were steady-state measurements
in an enzyme which prevailing form was E,; the results
cannot attributed to the slower E,P-E,P transition with
AcP as compared to ATP [29,30]; in the case of Ref. 29
the incubation solutions contained 2 M NaCl, which
makes a straight forward comparison with our results
difficult. Plausible explanations for this distinct K*
effects are: (i) phosphorylation is faster with AcP than
with ATP, (ii) the K *-stimulated dephosphorylation is
slower with AcP, or (iii) a combination of (i) and (ii). In
other experiments (not shown) we have found that, at
0°C, the rate of K*-stimulated dephosphorylation was
indeed slower when the enzyme had been phospho-
rylated with AcP as compared with ATP (Campos and
Beaugé, unpublished). Regarding the E-P from ATP, it
is interesting to point out that the reduction due to K,
was more noticeable in our experiments than in those of
Van der Hijden and De Pont [37] and Yoda and Yoda
[38]; these authors worked at lower temperatures and /or
with liposomes of different lipid composition, which
might account for the discrepancy.

Phosphorylation from P, takes the enzyme into an E,
state (Fig. 2, and Refs. 10, 33 and 36) and is maximal in
the absence of any monovalent cation on both mem-
brane surfaces or in the presence of intracellular K*
(Tables I and II). The notion that while covalently
binding inorganic phosphate the Na,K-ATPase goes
into an E, state is in line with the fact that it is
inuracellular, and not extracellular, Na™ what inhibits P;
phosphorylation (Table II). The steady state [E-P] ob-
tained from P, were reduced when there was K¢, both
in the absence and presence of KJ,. This suggests that
the reduction due to K* observed in broken mem-
branes, either at 0°C [3] or 20°C (Table I), is the
consequence of K* acting on extracellular sites. In
addition, also in broken membranes and at 0° C Post et
al. [3] observed that K* ions were ineffective if added
after E-P was formed. Again, our results (Table II)
indicate that it is external K* the responsible for that
behavior: i.c., E-P formed from P, and Mg?* is sensi-
tive to K, provided that cation is attached to extracell-
ular sites during E-P formation.

Tables I and ITI show that it is possible to obtained
enzyme phosphorylation from AcP in the presence of
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Mg?* and in the absence of any monovalent cation on
both membrane sides (see also Ref. 39). At first sight,
one would be tempted to identify this phosphorylation
with the obtained from P, under similar conditions.
However, there are four major differences: (i) with AcP
the E-P levels are not maximal; (ii) the addition of
intracellular K* increases the [E-P] formed from AcP to
its maximal levels; (iii) the phosphoenzyme formed from
P, and Mg?* in broken membranes preparations corre-
sponds to an enzyme in the E, state, whereas that
obtained with AcP is in the E, conformation (Fig. 1;
Refs. 8, 10, 33 and 36); (iv) the levels of P, incorpora-
tion from AcP are not modified by K, unless intra-
cellular K* is simultaneously present. A second rule to
be extracted then, is that K7, does not affect the levels
of phosphoenzyme in the E;-P state. An effect of KJ,
taking the phosphoenzyme into the E,-P state has been
suggested even in the case of phosphorylation from
ATP [38].

The 50% reduction due 10 K}, of the E-P formed
from AcP in the presence of K, and Mg2* (conditions
for phosphatase reaction) was an unexpected finding.
The reason is that in the phosphatase activity the cyto-
plasmic, but not the external, K* is the one that seems
to be involved (Refs. 40 and 41; this work). The reduc-
tion in E-P was similar with 5 mM, 10 mM or 100 mM
K thus, this cannot be taken as the mechanism by
which high [K *] partially inhibits the phosphatase reac-
tion because that inhibition takes place with very low
apparent affinity [26,42].

In proteoliposomes incubated with Mg?*, and in the
absence of any external or internal monovalent cations,
a small ouabain-sensitive hydrolysis of acetyl phosphate
(about 3% of the maximal phosphatase activity) but not
of p-nitrophenyl phosphate, was consistently detected.
Similar results were observed in broken membrane pre-
parations (Ref. 6; Beaugé and Berberian, unpublished).
Whether this acetyl phosphate hydrolysis is an expres-
sion of a phosphatase or ATPase reaction remains un-
known. As stated before, under those conditions the
prevailing enzyme conformation is E,-P (Fig. 1; Ref. 8).
Intracellular K* increases the levels of piosphorvlation,
changes the conformation towards an E,-P state and
stimulates phosphatase activity (see also Refs. 40 and
41). In addition, the reduction in the [E,-P] from AcP
due to ADP is accompanied by an inhibition of the
acetyl phosphatase reaction (not shown). Therefore, at
least with acetyl phosphate (Ref. 7; this work) and with
B-(2-furyl)acryloyl phosphate [42] the rate of phos-
phatase activity runs parallel with the levels of E,-P. In
addition, interestingly enough, this is the opposite to
what happens in the Na,K-ATPase reaction where Ko,
stimulates ATP hydrolysis while drastically reducing the
[E-P] even at millimolar concentrations of labelled ATP
[43,44,45).

The lack of correspondence between [E-P] and rate

of K-K exchange (this work) and the reported absence
of ADP effect on the K-dependent medium P-H,O
oxygen exchange [46], suggest complex biochemical
events associated to the K-K exchange reaction. In
addition, we have shown here that the phosphoenzymes
obtained from P, and phosphatase substrates have dif-
ferent reactivities towards K, and KJ,; this indicates
that the overall pathways of reversible P, phosphoryla-
tion and phosphatase activity are not the same.
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