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Mutant Phe788— Leu of the Na,K*-ATPase Is Inhibited by Micromolar
Concentrations of Potassium and Exhibits High"Mal' Pase Activity at Low
Sodium Concentratiohs

Bente Vilsen*
Department of Physiology, Urersity of Aarhus, Ole Worms Al&60, DK-8000 Aarhus C, Denmark
Receied April 26, 1999; Reised Manuscript Recegéd June 18, 1999

ABSTRACT. Mutant Phe788~ Leu of the rat kidney NgK*-ATPase was expressed in COS cells to active-
site concentrations between 40 and 60 pmol/mg of membrane protein. Analysis of the functional properties
showed that the discrimination betweenNand K" on the two sides of the system is severely impaired
in the mutant. Micromolar concentrations of khhibited ATP hydrolysis Ko s for inhibition 107uM for

the mutant versus 76 mM for the wild-type at 20 mM™aand at 20 mM K, the molecular turnover
number for N&,K*-ATPase activity was reduced to 11% that of the wild-type. This inhibition was
counteracted by Nain high concentrations, and in the total absence ®f e mutant catalyzed Na
activated ATP hydrolysis (“N&ATPase activity”) at an extraordinary high rate corresponding to 86% of
the maximal Na,K*-ATPase activity. The high NaATPase activity was accounted for by an increased
rate of K'-independent dephosphorylation. Already at 2 mM Nhe dephosphorylation rate of the mutant
was 8-fold higher than that of the wild-type, and the maximal rate of-iduced dephosphorylation
amounted to 61% of the rate of'kinduced dephosphorylation. The cause of the inhibitory effectof K
on ATP hydrolysis in the mutant was an unusual stability of tHed€cluded &(K;) form. Hence, when
E»(K2) was formed by K binding to unphosphorylated enzyme, tgs for K* occlusion was close to

1 uM in the mutant versus 10@M in the wild-type. In the presence of 100 mM N# compete with K
binding, theKo s for K* occlusion was still 100-fold lower in the mutant than in the wild-type. Moreover,
relative to the wild-type, the mutant exhibited & B-fold reduced rate of release of occluded, l& 3—4-

fold increased apparent'Kaffinity in activation of thepNPPase reaction, a ¥d1-fold lower apparent
ATP affinity in the Na",K™-ATPase assay with 250M K+ present (increasedATP antagonism), and

an 8-fold reduced apparent ouabain affinity (increaséebl{abain antagonism).

The Na ,K*-ATPasé is a transmembrane enzyme respon- Scheme 1: Minimum Reaction Scheme for the
sible for maintaining ionic homeostasis in animal cells by Na*,K*-ATPasé
mediating the active extrusion of three Nand uptake of 2K; 3Na;
two K* for each molecule of ATP being hydrolyzed. As
shown in Scheme 1, the ion translocation is linked to ATP Ex(K2) (_AJ'LP) E, > E,Nag
hydrolysis through a series of enzyme conformational
changes involving at least two interconvertible phospho- P; ATP
enzyme intermediates and two dephosphoenzyme intermedi-
ates (—3). The phosphorylation of the NgK*-ATPase by H,O ADP
ATP is triggered by the binding to the enzyme of three
cytoplasmic sodium ions with high affinity. The phospho- E.PK <_T> E.P (7_> E,P(Na
enzyme undergoes a conformational transition frojf = ? aN P(Na)

2K, a;
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! Abbreviations: k and B, different conformational states of the  cg|lular side of the membrane. This is followed by the

Na',K*-ATPase; EP, phosphorylated enzyri{g;, ligand concentration P . . . . .
giving half-maximum activation or inhibition; MM10, putative binding of extracellular K with high affinity, leading to rapid

membrane segments numbered from the ft#minal end of the  dephosphorylation of £ and formation of an intermediate,
peptide chain; NgK*-ATPase, the N& and K*-transporting adenosine  Ex(K»), that contains K in an occluded statel]. The K'-

triphosphatase (EC 3.6.1.3pNPP,p-nitrophenyl phosphate; S1S5, ;
stalk segments connecting MM5 with the cytoplasmic domains; SR occluded B(K) form can be reached by two different

Ca&*-ATPase, the sarco(endo)plasmic reticulum?@gansporting routes: thephysiologicalroute, just described, and thigect
adenosine triphosphatase. route, in which the binding of potassium ions to the E
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dephosphoenzyme induces a spontaneous conformationatore of the bilayer and hence is less stably inserted in the
change that occludes the iory.(When the potassium ions membrane as compared with other transmembrane sequences,
bind to & to form Ex(Ky), they act with low affinity at sites  in accordance with a role as a flexible loop structure that
facing the inner side of the membrane, and"Nampetes has to move between other membrane segments in connec-
in rapid equilibrium with K= for binding to these sites. tion with ion transport.

Because of the large difference between the apparent Na  The high degree of conservation among ¥a -, H,K*-,

K™ affinity ratios on the two sides of the system, the transport and C&"-ATPases of the residues with oxygen-containing
normally proceeds in the forward direction with Nheing side chains in M4, M5, and M6 indicates that other residues
extruded and K being taken up by the cells. The equilibrium (hydrophobic?) must contribute to determine the specific
distribution between Eand & depends on the NaK ™ ratio, cation selectivities of the P-type pumps. Besides oxygen
pH, and the ATP concentratio®)( While the rate of the  atoms in the side chains, also aromatic side-chain functions
conformational transition from £to E; that releases the may be of interest in relation to cation binding and selectivity
trapped potassium ions to the interior is very slow in the as demonstrated in several studies of ion channel proteins
absence of ATP, 0-10.3 s* at room temperature, the rate  (31). Thus, mutagenesis analysis carried out dncannels

of conversion of Eto E is rapid, 206-300 s. The addition has revealed an invariant tyrosine, which is critical for K

of ATP, which binds at a low-affinity site on JK»), selectivity, located at the entrance to the selectivity filg; (
enhances the rate of'Krelease to 4573. Thus, ATP hasa  33). X-ray analysis of the K-channel fromStreptomyces
dual role, acting with high affinity it phosphorylates the E  lividansreveals two layers of aromatic amino acids posi-
Nag form of the enzyme, and acting with low affinity and tioned near the membranevater interfaces forming a cuff
without phosphorylating, it accelerates the change in con- around the selectivity filter thereby holding the pore open

formation that releases™kto the interior (, 2, 5). at its proper diameter3d). Interestingly, several of the
It is important to be able to relate the schematic cycle transmembrane segments of the*Na-ATPase contain
discussed above to the structural elements of thg Ka aromatic residues near the aqueous boundary, which could

pump. However, the molecular details and spatial organiza-serve a similar role as in the'kKchannels with selectivity
tion of the Na,K™-pump are far from being understood. being based on the difference between the ionic radii of Na
Hence, there are several conspicuous gaps in our knowledgend K.

of the pump mechanism; for instance, the nature of the The present investigation has been undertaken to elucidate
impressive fidelity with which the pump distinguishes the functional role of the phenylalanine Phe788 located in
between K and Na ions on the two sides of the membrane M5 of the rat kidney N&,K*-ATPas€? This phenylalanine

is virtually unknown and so is the nature of the path taken is well conserved among most N&*-ATPases and is con-

by the cations through the pump. Information on the servatively replaced by tyrosine in some™\&"-ATPases
molecular details of ion translocation can be obtained using and in H ,K*-ATPases, whereas it is replaced by either
the powerful tool site-directed mutagenesis to pinpoint threonine, serine, alanine, or glycine in the various classes
individual amino acid residues of critical functional impor- of C&™-ATPases and by leucine or isoleucine in fungat H
tance 6—8). In fact, data from site-directed mutagenesis ATPases 35, 36). In this study, Phe788 was replaced by
analysis of the Na K™-ATPase and related P-type ATPases leucine to remove the aromatic ring structure while retaining
such as the SR CaATPase and the HK*-ATPase have  some of the bulk and hydrophobicity of the side chain. The
focused our attention on the membrane segments M4, M5,Phe788— Leu mutant exhibited a high Naactivated
and M6 in connection with the binding and occlusion of the ATPase activity in the absence oftKand an unusual
transported cations, since mutations to residues with oxygen-stabilization of the EKK;) intermediate, resulting in K
containing side chains in these regions were shown to reducenhibition of the ATPase activity. These effects of the
the cation affinities and increase the cation dissociation ratesmutation severely impair the discrimination betweert ldad
(6—21). In addition, mutations to Glu781 and Tyr773 in M5, K™ on the two sides of the system.

or Asn326 in M4, have been found to impair the discrimina-
tion between Na and K" (10, 21, 22). MATERIALS AND METHODS

The central role of M5 in cation translocation is further-  gjigonucleotide-directed mutagenesis of the cDNA encod-
more illustrated by the finding that mutation to the residues ing the ouabain-insensitive ratl-isoform of the Na,K*-
equivalent to Glu781 and Tyr773 disturbs the coupling ATpase, the expression of the mutant and wild-type in
between ATP hydrolysis and cation transport in the-H  cos.1 cells by selection of stable transfectants inhG
ATPase 0) and the SR Cd-ATPase g3), respectively.  oyabain, membrane preparation, protein determination, mea-
Because the conformational changes involved in cation g rement of the rate of ATP hydrolysis, and assays for
translocation may be expected to require a certain structuralphosphorylation and dephosphorylation kinetics were carried
flexibility, it is interesting that a+fter tryptic cleavage+ the  out as previously described@, 37). The oligonucleotide
M5M6 hairpin region of the NaK*-ATPase or the H,K*- used for introduction of the Phe788 Leu mutation was
ATPase can relatively easily be extracted from the membranetTcTTGATAC*TG*ATTATTGCA, where the asterisks
(24, 25) and spontaneously leaves the membrane following mark the bases which have been altered relative to wild-
removal of the occluded cation4 26). Moreover, M5 does type. The molecular rate of ATP hydrolysis (“turnover
not appear to act as a full ransmembrane insertion sequencgmper”), in minutest, was calculated as the ratio between
by expression in the oocyte syster@7( and in assays
detecting membrane spanning sequences by in vitro transla- 2The phenylalanine residue Phe788 of the adtisoform of the

tion scanning 28-30). These findings suggest that the Ng+ k+-ATPase is examined in the present study. The equivalent
M5M6 hairpin region interacts less with the hydrophobic residue of the sheep isoform is Phe786.
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the ATPase activity and the active-site concentration deter- 10000 -
mined as the maximum amount of phosphoenzyme formed 1
in the presence of oligomycir8{). Deocclusion of K was 8000
studied at 10C as described in refl, except that in some 1
experiments 100 mM Nawas present during the equilibra- 6000 4

tion with K* as described in the figure legend. In all the
above-mentioned functional assays, ouabain (10 N0

see figure legends) was included to inhibit the endogenous
enzyme.

p-Nitrophenyl phosphatasep|lPPase) was assayed by
incubating deoxycholate-treated leaky membranes far&
min at 37°C in the presence of 30 mM histidine, (pH 7.4),
10 mM MgCh, 10 mM pNPP (Tris salt), 0.2 mM EGTA,
and the indicated concentrations of KCI (or without KCI for
determination of background), essentially as described in ref
38. Formation ofp-nitrophenol was measured by reading the
absorbance at 410 nm. The specific-gNPPase activity was
calculated from the difference between values measured with
and without K. The rate ofpNPP hydrolysis was found to
be constant over the incubation time at all the ¢oncentra-
tions tested.
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ExpressionThe mammalian COS cell system was used
to express the wild-type and mutant Phe788_eu of the mM NaCl
rat kidney N&,K*-ATPase. The expression strategy used FIGUREL: Na' dependence of the molecular rate of ATP hydrolysis

takes advantage of the well-established difference betweer{;turmouer Lr;ltmn?ﬁ{;)nng\;VirI]?égspl.?reNda:alf;?I’]Pt?]zepsgge?‘lr(]g e

the ouabain sensitivities of the exogenous rat" Kd- mM ATP, 3 mM MgCh, 30 mM histidine buffer (pH 7.4), 1 mM
ATPase and the NaK*-ATPase present endogenously in  EGTA, 104M ouabain, the indicated NaCl concentrations, and KCI
the COS cells, allowing transfected cells expressing func- concentrations as follows:0) absence of added KCi@) 250uM

tional rat Na,K*-ATPase to be isolated in the presence of KCI; () 2 mM KCI; (¢) 20 mM KCI. The N&-ATPase dataQ)

: ol inhihiti in panel A were transferred from Figure 3 in . For the other
ouabain, due to preferentlal |r1h|b|t|0n of the endogenous conditions, the data points (average values corresponding to three
enzyme, as previously describeti0( 11, 37). The cells experiments) were fitted to the sum of two components= a;-
expressing the exogenous rat wild-type were grown at a low [Nat]"/[(K)" + [Nat]"] £ a[Nat]™[(Ko)™ + [Na*t]™)] where the
K* concentration (0.9 mM) to upregulate the expression to minus sign applies to the inhibitory phases in panel A. In each
the highest possible level as described in 16f For the case, the line shows the best fit. The following values were obtained

: . for the Na concentrations giving half-maximum activation and
mutant enzyme, on the other hand, the maximal expression, . .. (A) (@) K1 = 4.53 MM, K, = 35.0 mM; () Ky = 4.87
Ievel_vyas achlev_ed atd mM extracellular K. Under these  mm, K, = 222 mM; ©) K, = 9.72 mM,K, = 681 mM. (B) ©)
conditions, the wild-type and mutant enzymes were expressed; = 2.26 mM,K, = 33.5 mM; @) K; = 2.50 mM, K, = 81.7
to site concentrations between 40 and 60 pmol/mg of mM; (&) K; = 4.43 mM, K, = 319 mM; (©) K; = 8.96 mM,
membrane protein, corresponding to-80% of the Na,K*- fv&o:aiﬁv%c:izn gm}'azgi fﬁ'gﬂg?é&%ﬂ@ig%eﬁir??tingdj% the

. . ] — y A2 —

ATPase ' molecules present in the respgctlve mgmbranemin_l; (®) a; = 902 min%, a, = 2397 MimY; () a = 634 minL,
preparations, and the endogenous ouabain-sensitive- Na  a, = 2702 mirr?: (O) @ = 641 minL, a, = 2419 min™,
K*-ATPase contributed only 1015% of the molecules.
These numbers are based on the capacity for oligomycin-(Figure 1A), the maximum activity increases with increasing
supported phosphorylation from ATP determined with and K+ concentration. At all three K concentrations, Nain

without preincubation with ouabain. The ability of mutant |ow concentration activates ATP hydrolysi§ values in
Phe788— Leu to confer ouabain resistance to the COS cells the range 410 mM), whereas high concentrations of Na

demonstrated that at this high level of expression the ratesinhibit (Ko values in the range 3%81 mM, see figure
of Na" and K" transport catalyzed by the mutant are |egend). The efficiency of this Nanhibition increases with
compatible with cell growth. decreasing K concentration, being most prominent at 250
Na" Dependence of NaK*-ATPase Actiity. Figure 1 uM K*. Such a pattern of activation followed by inhibition
presents the results of experiments in which thet Na is in accordance with the literatur89). The activation by
concentration dependence of the molecular rate of ATP low Na" concentrations reflects the stimulation of phospho-
hydrolysis (turnover number) of the Phe788Leu mutant rylation by Na" binding at cytoplasmically facing (internal)
and the wild-type N&,K*™-ATPase was determined in the high-affinity sites. The inhibitory phase of the curves reflects
presence of 3 mM ATP at three different Koncentrations,  inhibition of dephosphorylation of the,E phosphoenzyme
250 uM, 2 mM, and 20 mM, as well as in absence of K intermediate by Nabinding in competition with K at the
(Na"-ATPase activity). The measurements were carried out extracellularly facing (external) sites. Although Nean bind
in the presence of 16M ouabain to inhibit the endogenous at these sites and induce dephosphorylation, ia poor
Na,K*-ATPase (cf. Figure 9). For the wild-type enzyme substitute for K in the wild-type enzyme, and the Na
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Ficure 2: K* dependence of the molecular rate of ATP hydrolysis 100 -
(“turnover number”) of wild-type N&K*™-ATPase (A) and the 80 1 :8
Phe788— Leu mutant (B) measured at 3T in the presence of 3 7]
mM ATP, 3 mM MgCh, 30 mM histidine buffer (pH 7.4), 1 mM 60 1 v
EGTA, 10uM ouabain, the indicated KCI concentrations, and NaCl B
concentrations as follows:A) 10 mM NaCl; €) 20 mM NacCl; 40 |
(©) 40 mM NaCl; @) 200 mM NacCl. In panel A the data points 7
(average values corresponding to three experiments) were fitted to 20 |
the following function: V = ay[K T]V/[(K)" + [KF]"] — ag[K+]™ 7
[(Ko)M+ [K*]™ where the minus sign corresponds to the inhibitory 0 | C
phase. In each case, the line shows the best fit. The following values 5— —— —
were obtained for the K concentrations giving half-maximum
activation Ki) and inhibition Ky): () Ky = 0.244 mM, Ky = 0.00 025 0.80 1.00
34.4 mM; €) Ky = 0.430 mM,K; = 76.3 mM; ©) K; = 0.650 mM ATP

mM, K, = 178 mM; @) Ky = 3.20 mM,K, = 444 mM. In panel

B, the data points (average values corresponding to three experi-
type Na ,K+-ATPase Q) and the Phe788~ Leu mutant @, )

ments) were fitted to the following function’V = Vipax — a[K ]/
[(Kos™ + [K*]M, excluding the two data points corresponding to
KClI concentrations lower than 0.25 mM at 200 mM NaCl (the small
activating phase) from the fitting procedure. The following values
were obtained for the K concentrations giving half-maximum
inhibition (Kos): (2) 0.072 mM; €©) 0.107 mM; ©) 0.203 mM;

(®) 0.847 mM.

Ficure 3: ATP dependence of the rate of ATP hydrolysis of wild-

measured at 37C in the presence of 3 MM MggI30 mM histidine
buffer (pH 7.4), 1 mM EGTA, 1Q:M ouabain, and the following
NaCl and KCI concentrations: (A) 130 mM NaCl and 20 mM KClI;
(B) 130 mM NaCl and 25M KCI; (C) 200 mM (O, ®) or 20

mM (v¥) NaCl and no added KCI. The data points (average values
corresponding to 23 experiments) were fitted to the following

function: V = Vma[ATP]V[(Kog)" + [ATP]. In each case, the
induced dephosphorylation is rather slow compared with the line shows the best fit witNmax normalized to 100%. The following

T ; values were obtained for the ATP concentrations giving half-
K™*-induced dephosphorylation (see below). maximum activationKo<). (A) (O) 0.321 mM: @) 1.46 mM. (B)
(0) 0.036 mM; @) 0.369 mM. (C) ©) 0.016 mM; @) 0.041 mM,;

(v) 0.075 mM.

The corresponding curves for the Phe788.eu mutant
(Figure 1B) have a totally different appearance. First,
increasing concentrations of *Kinhibit enzyme activity
contrary to the situation with the wild-type enzyme. Thus,
the maximal N&,K*-ATPase activity of the mutant is
observed in the presence of 2a®M K* and the minimal
Na" K*-ATPase activity at 20 mM K. Even the maximum
turnover number reached at 250M K™ in the mutant
(approximately 2800 mirt) is severely reduced relative to
the maximum turnover number of the wild-type (ap-
proximately 8500 mint).

Second, in the presence of kthe activation of the mutant
ATPase activity by Nafollows an unusual biphasic pattern
with high-affinity and low-affinity activation phases, the latter

appearing most prominently in the curves for 28@ K+
and 2 mM K. The apparent affinities for Naactivation
corresponding to the high-affinity phase are very similar to
those obtained for the wild-type (compare tkgs values
2.5, 4.43, and 8.96 mM with the values for the wild-type,
4.53, 4.87, and 9.72 mM, corresponding to 280, 2 mM,
and 20 mM K, respectively), suggesting that the intracel-
lularly facing Na sites are functioning normally in the
mutant. The apparent affinities corresponding to the unusual
Na™ activation with low affinity fall within the range of Nia
concentrations that inhibit ATP hydrolysis in the wild-type
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Ficure 4: K* dependence of theNPPase activity of wild-type
Na",K™-ATPase Q) and the Phe788~ Leu mutant ®). The

measurement was carried out as described in the Materials and

Methods at 37C in the presence of 10 mNPP, 10 mM Mg*,
30 mM histidine buffer (pH 7.4), 0.2 MM EGTA, and the indicated

concentrations of KCIl. The data points are average values corre-

sponding to 2 experiments. ThetKconcentrations giving half-
maximum activation are 1.36 mMD) and 0.379 mM @).

enzyme (compare thKqs values of 82 mM and 35 mM
determined for the mutant and wild-type, respectively, at 250
uM K™, and theKgs values of 319 and 222 mM for the
mutant and wild-type, respectively, at 2 mMK

Third, in the total absence of'Kthe Na activation curves
differ conspicuously between wild-type and mutant. Surpris-
ingly, the mere presence of Nactivates the rate of ATP
hydrolysis of the mutant to a level-3i-fold higher than that
seen for the wild-type under similar conditions (compare
2400 mi? for the mutant with 670 min* for the wild-
type, at 200 mM Na). In the mutant, the maximum level of
Na"™-ATPase activity of 2400 mirt amounts to as much as
86% of the maximum level of NgaK™-ATPase activity
(observed in the presence of 2aM K*), whereas in the
wild-type, the maximal N&ATPase activity corresponds to
7.9% of the maximal NgK*-ATPase activity. It is further-
more notable that the major part (approximately 82%) of
the mutant N&-ATPase activity is activated by Nainding
with high affinity (Kos 2.3 mM) and only a minor part of
the activation seems to require Nainding with lower
affinity (Kos 34 mM). The wild-type Na-ATPase activity,
by contrast, shows a complex activation pattern with a small
activation at low N& concentrations, due to Na&inding at
the internal sites, being followed by a combination of
inhibition and activation at higher Naconcentrations, due
to Na" binding at inhibitory as well as the activating
extracellularly facing sites as previously discussHg).(The
Ko s for the activating effect of Naon the external sites of
the wild-type is higher than 100 mM. TH& s of 2.3 mM
for Na" activation of the major part of the NeATPase
activity in the mutant is similar to thi€y s for Na* activation
of phosphorylation from ATP in the mutant (2.5 mM, data
not shown), and thed& s values are only about 3-fold higher
than theKq s for Na* activation of phosphorylation from ATP
in the wild-type (0.70.8 mM, cf. refs10 and 37). This
supports the notion that the intracellularly facing high-affinity
activating N4 sites are little disrupted by the mutation and
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FiIGURE 5: Time course of phosphorylation with-f2P]JATP of the
wild-type Na",K*-ATPase O, A) and the Phe788> Leu mutant

(@, W, 4A) at 10°C in the presence of 100 mM NacCl following
incubation with various concentrations of KCI in the absence of
Na'. Deoxycholate treated microsomes were first incubated at 37
°C for 10 min in 20uM ouabain, 3 mM MgCJ, and 20 mM Tris
buffer (pH 7.5). This was followed by incubation at room
temperature fol h with 10u4M (M), 100uM (O, @), or 1 mM

(2, A) KCI. At the end of the incubation at room temperature,
oligomycin was added at a concentration of 10mL, and 1 min
later the sample, comprising 4L, was cooled to 10°C.
Deocclusion of K and phosphorylation of the deoccluded enzyme
were initiated by addition of 360L of a phosphorylation solution

(of the same temperature) to produce final concentrations of 100
mM NaCl, 1uM [y-32P]ATP, 1 mM MgCh, 1 mM EGTA, 20 mM

Tris buffer (pH 7.5), and dilute the Kconcentration to one-tenth
that originally present during €¢h1 h incubation. Acid quenching

of the phosphoenzyme was performed at the indicated time intervals
following the initiation of deocclusion. For determination of
maximum phosphorylation (representing fully deoccluded enzyme),
the 1 h incubation was carried out in the presence of 50 mM NacCl
and absence of K The background phosphorylation determined
in the presence of 50 mM KCI without Na(less than 10% of
maximum phosphorylation) was subtracted and the resulting data
points (average values corresponding to two to five experiments)
were fitted to a biphasic time course as previously descrith&d (
The curves show the fits corresponding to timss, i.e., the slow
phases corresponding to deocclusion df. Khe amplitudes and
extracted rate constants corresponding to the slow phase are as
follows: (panel A) O) 46.4%, 0.03685; (®) 98.3%, 0.0057

(m) 91.6fV2, 0.0068°%; (panel B) () 92.7%, 0.0176; (a) 100%,
0.0060 s1.

K™ Dependence of NaK™-ATPase Actiity. Figure 2
presents the results of a series of experiments in which the
K* concentration dependence of the turnover number for
ATP hydrolysis was determined in the presence of 3 mM
ATP at four different Na concentrations. Overall, the curves

suggests that either the external activating sites have acquiredor the wild-type enzyme (Figure 2A) follow a pattern with

much higher affinity for N& in the mutant relative to the
wild-type, or the major part of the activation occurs without
any requirement for Naat external sites.

the enzyme being activated by low'kconcentrations and
inhibited by high Kt concentrations. The activation phase,
reflecting stimulation of dephosphorylation by"Kinding
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FiIGURE 6: Time course of phosphorylation withy-F2P]JATP of

the wild-type Na,K*T-ATPase Q) and the Phe788> Leu mutant

(@, W, A) at 10°C in the presence of 100 mM NacCl following
incubation with various concentrations of KCl in the presence of
100 mM NaCl. Except for the presence of 100 mM NaCl during
the 1 h incubation with 1@M (M), 100uM (O, @), or 1 mM (a)

KCI, the experiments were carried out and analyzed as described
for Figure 5. The amplitudes and extracted rate constants corre-

sponding to the slow phase are as follow&) 0%; (@) 52.9%,
0.0268 s*; (W) 4.7%, 0.0226 S'; (a) 81.1%, 0.0279 S~

at the extracellularly facing uptake sites, correspond& o
values of 0.244, 0.430, 0.650 mM, and 3.2 mM at 10, 20,
40, and 200 mM N4, respectively, in accordance with a
competition between Naand K' at these sites3]. The
inhibition phase, reflecting inhibition of phosphorylation by
K* binding in competition with N& at the internal high-
affinity Na* sites, corresponds to appardys values for
inhibition of enzyme activity of 34, 76, 178, and 444 mM at
10, 20, 40, and 200 mM Na respectively.

Again, the corresponding curves obtained with the
Phe788— Leu mutant (Figure 2B) are very different from
those of the wild-type. At 10, 20, and 40 mM Namaximal
activation is reached below 200M K. Only the curve
representing the experiments carried out at 200 mM Na
shows a rudimentary activation phase with maximum activity
being reached at 25eM K* in accordance with the finding
in Figure 1B. Relative to the wild-type, the inhibition by
K* in the mutant occurs at extremely low Koncentrations,
the Ko 5 values for K inhibition being 72, 107, 203, and
847 uM in the presence of 10, 20, 40, and 200 mM*Na
respectively. Thus, the apparent affinities with which K
exerts its inhibitory effect in the mutant correspond much
better to the apparent affinities forkactivation in the wild-
type than to the apparent affinities for"Knhibition in the
wild-type, suggesting that the inhibition in the mutant might
be due to K binding at the extracellularly facing uptake
sites ().

ATP Dependence of ATPase Aiti. The ATP depen-
dence of the ATPase activity was analyzed at variods K
and Na concentrations for the Phe788 Leu mutant and
the wild-type Nd,K*-ATPase, and Figure 3 shows the
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Ficure 7: Na" dependence of dephosphorylation of the wild-type
Na',K*-ATPase (A) and the Phe788 Leu mutant (B). Following
preincubation of the deoxycholate treated microsomes &C3ér

10 min in 20uM ouabain, 3 mM MgCJ, and 20 mM Tris buffer
(pH 7.5), the phosphoenzyme was formed &C0n a 15 s reaction
with 2 uM [y-32P]ATP in the presence of 20 mM NaCl, 130 mM
choline chloride, 3 mM MgGl 20 mM Tris buffer (pH 7.4), 1
mM EGTA, and 20uM ouabain. The phosphoenzyme was either
acid quenched directly after the 15 s reaction (“0 s” point) or was
diluted 10-fold in ice-cold medium of the same composition except
for the absence of)f3?P]JATP and the presence of 1.1 mM
unlabeled ATP and varying concentrations of NaCl, KCI, and
choline chloride to produce the following final concentration®) (

2 mM NaCl, 0 mM KCI, 148 mM choline chloride;A) 20 mM
NaCl, 0 mM KCI, 130 mM choline chloride;{) 137 mM NacCl,

0 mM KCI, 13 mM choline chloride; @) 200 mM NaCl, 0 mM
KCI, 0 mM choline chloride; &) 20 mM NacCl, 20 mM KCI, 110
mM choline chloride. Acid quenching was performed at the
indicated time intervals following the dilution. The data points
(average values corresponding to two to four experiments) were
fitted to monoexponential decays giving the following rate con-
stants. (A) ©) 0.0124 s1; (») 0.0266 s; (v) 0.193 s%; (a) 0.800

s (B) (O) 0.102 s1; (a) 0.202 s, (v) 0.497 s?; (O) 0.463
sl (a)0.81 st

was reduced to 25(M, i.e., the concentration giving
maximal Na ,KT-ATPase activity in the mutant according
to Figures 1B and 2B, the apparent ATP affinity increased
in both the mutant and the wild-type, but less so in the
mutant. Thus, at 25@M K*, the mutant displayed a 10
11-fold lower apparent ATP affinity compared with the wild-
type Kos values of 0.036 and 0.369 mM for the wild-type

ATPase activities expressed as percentages of the extrapoand the mutant, respectively). The apparent affinities for ATP
lated values corresponding to infinite ATP concentration. The determined in the N&ATPase assay in the absence of K
experiments corresponding to Figure 3, panels A and B, were(Figure 3C) were higher and differed less between wild-type

carried out in the presence of 130 mM Nuaith either 20

mM K* or 250uM K, respectively. In the presence of 20
mM K, the mutant displayed a-b-fold reduced apparent
affinity for ATP relative to the wild-type enzyme (compare
the Ko 5 value of 0.321 mM for the wild-type with that of
1.46 mM for the mutant). When the concentration of K

and mutantk, s values of 0.016 and 0.041 mM, respectively,
at 200 mM N4, and 0.075 mM for the mutant at 20 mM
Nat).

In the wild-type N&,K*-ATPase, the ENa; form, which
is phosphorylated by ATP, possesses very high affinity for
ATP corresponding to a dissociation constant in the submi-
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Ficure 8: K' dependence of dephosphorylation of the wild-type
Nat K*-ATPase Q) and the Phe788> Leu mutant @). Following
preincubation of the deoxycholate treated microsomes aC3or
10 min in 20uM ouabain, 3 mM MgCJ, and 20 mM Tris buffer
(pH 7.5) the phosphoenzyme was formed &€0n a 15 s reaction
with 2 uM [y-32P]ATP in the presence of 20 mM NacCl, 130 mM
choline chloride, 3 mM MgGl 20 mM Tris buffer (pH 7.4), 1
mM EGTA, and 20uM ouabain. The phosphoenzyme was either
acid quenched directly after the 15 s reaction (“0 s” point) or was
diluted 10-fold in ice-cold medium of the same composition except
for the absence ofyf3?2P]JATP and the presence of 1.1 mM
unlabeled ATP and varying concentrations of choline chloride and
KCl and to produce the indicated final concentrations of KCI with
[KCI] + [choline chloride]= 130 mM. Acid quenching was then
performel 2 s later and the ordinate shows the rate constants for
the dephosphorylation occurring withinett2 s chase period. The
data points (average values corresponding to three or four experi-
ments) were fitted to the Hill equation with an offset representing
dephosphorylation in the absence of,ijiving Ko 5 values of 0.37
and 0.14 mM (indicated by dotted lines) aWgl.x values of 0.81
and 0.79 st for the wild-type and the mutant, respectively.
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FiIGURE 9: Ouabain sensitivity of NgK*-ATPase activity of
plasma membranes isolated from COS-1 cells expressing the wild-
type rat kidney enzymeX) or the Phe788~ Leu mutant ). The

rate of ATP hydrolysis was determined at 37 in the presence of
130 mM NaCl, 20 mM KCI, 3 mM ATP, 3 mM MgG| 30 mM
histidine buffer (pH 7.4), 1 mM EGTA, and the indicated
concentrations of ouabain. The data points (average values corre
sponding to two experiments) were fitted to a function with the
ouabain-inhibited enzyme represented by the sum of two hyperbolic
components: V = Vpax — [afouabain]/K; + [ouabain]) +
a[ouabain]/K,+[ouabain])]. In each case, the line shows the best
fit with Vmax Nnormalized to 100%. The following values were
obtained for the contributions of the endogenous enzyme and the
expressed exogenous enzyme to the ATPase actizitar(d a,,
respectively) and the respective inhibition constahts gnd K,
respectively). Wild-type:a; = 11.5%,a, = 88.0%,K; = 0.3uM,

Kz = 106 uM. Mutant: a; = 62.3%,a, = 37.7%,K; = 0.3 uM,

Ko = 807 uM.

cromolar range, but ATP bound to the(E,) form with low
affinity (dissociation constant in the millimolar range)

-3
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accelerates theEK;) to E;Nag conformational transition,
which is rate limiting for the overall ATP hydrolysis reaction
(1, 5). The apparent affinity determined by titration of the
ATP dependence of the N&K*™-ATPase activity therefore
reflects the steady-state distribution of low-affinity(E,)
and high-affinity ENag forms. This explains the large shift
toward a higher apparent ATP affinity observed in the wild-
type when the steady-state concentration of ti(&g form

is lowered by reducing the Kconcentration from 20 mM
to 250uM K* (K*-ATP antagonism). The lower apparent
ATP affinity observed for the mutant at 2/ K suggests
that B(K,) accumulates at a lower*Kconcentration in the
Phe788— Leu mutant relative to the wild-type.

Effects of K on pNPPase Actity. The wild-type Na,K*-
ATPase is able to catalyze a Kfgdependent, K-activated
hydrolysis of the substragenitrophenyl phosphat@lPP).

The mechanism of the Kactivated hydrolysis opNPP is

not well understood, but it has been suggested that it occurs
without formation of a phosphorylated intermediate and that
it is the B(K;) form of the dephosphoenzyme that is
responsible for the phosphatase actividy 40).

The Kt dependence of theNPPase activity at 10 mM
pNPP and 10 mM Mg" was measured on the membranes
containing the expressed wild-type NE*-ATPase or the
Phe788— Leu mutant, and the results corrected for the
activity found in the presence of Mg without added K
are shown in Figure 4. The measured activity represents
not only the activity contributed by the wild-type or the
Phe788— Leu mutant but includes in addition the activity
contributed by the endogenous COS cell'¥a-ATPase.
This is because the activity was measured in the absence of
ouabain which is less efficient as inhibitor of the phosphatase
activity as compared with the N&K'™-ATPase activity.
Anyway, it is possible to compare wild-type and mutant
pNPPase activities, because the endogenous COS cell
enzyme contributes as little as 425% of the Na,K*-
ATPase molecules present (see above and Figure 9). In the
wild-type Na',K*-ATPase as well as the Phe788 Leu
mutant, the rate gdNPP hydrolysis increases to a maximum
and decreases above 10 mM",Kprobably due to an
inhibitory effect of ionic strength 41). The maximum
turnover numbers calculated after correction forgh#®Pase
activity contributed by the endogenous enzyme were 2488
and 2002 min? for the wild-type and the mutant, respec-
tively. The response of theNPPase activity to varying K
concentration indicatesky s for K™ activation of 1.36 mM
for the wild-type enzyme in accordance with the values in
the literature 42). The Phe788~ Leu mutant, on the other
hand, exhibited &5 0f 0.379 mM corresponding to a-3}-
fold increase in apparent affinity relative to the wild-type
enzyme in accordance with a stabilization of th€<g) form
in the mutant.

K* Occlusion.To examine the hypothesis that the K
occluded E(K,) form is more stable in the Phe788 Leu
mutant than in the wild-type NaK*-ATPase, the method
originally described by Blostein and co-worker3) and
later adapted by Vilsen and Anderselil) was applied. In
short, B(K,) is formed by equilibrating the enzyme with
K* in the absence of Naand ATP. At the end of the
equilibration period, oligomycin is added and the time course
of phosphoenzyme formation is monitored upon a 10-fold
dilution of the enzyme in a solution containing the substrates
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[y-*?P]JATP and N& required for phosphorylation. The
addition of oligomycin ensures rapid phosphorylation of
the ENas form and stabilization of the phosphoenzyme.

Vilsen

of K* amounts to at least 75% of the maximal phosphoryl-
ation level determined in the presence of oligomycin to
stabilize the phosphoenzyme. By contrast, the steady-state

Under these conditions, the phosphorylation of enzyme phosphorylation level in the Phe788 Leu mutant consti-

present in the occluded,fK,) form proceeds through the
steps &(K;) — E; — E;P(Na&) with the release of occluded
K* being rate limiting. On the other hand, enzyme without
occluded K binds N& instantaneously and phosphorylates
within the firg 5 s after addition of ATP.

Figure 5 present results of such experiments with the wild-

type and the Phe788> Leu mutant equilibrated with K
concentrations of 1M, 100 uM, and 1 mM. The wild-
type Na ,K*-ATPase equilibrated with 100M K* (Figure

tuted only 30-35% of the level of oligomycin-supported
phosphorylation (data not shown). Because the mutant was
able to hydrolyze ATP at a high rate in the presence of Na
without Kt (Figure 1), a possible explanation of the low
steady-state phosphorylation level would be an increased rate
of K*-independent dephosphorylation, assuming the phos-
phoenzyme to be an intermediate in the"MelrPase reaction
cycle. To investigate this hypothesis, a series of dephospho-
rylation experiments was carried out. In all cases, the enzyme

5A) exhibited a slow phase reflecting the release of occluded was phosphorylated withyf32P]JATP in the presence of a
K* and a rapid phase corresponding to phosphorylation of Na" concentration of 20 mM that saturates the internal sites,

the enzyme fraction that does not contain occluded¥e

and dephosphorylation was monitored upon a 10-fold dilution

slow and rapid phases constitute approximately 50% each,into a medium containing nonradioactive ATP together with

indicating that half of the wild-type enzyme was accumulated
in the occluded EK5) form at this K™ concentration, in good
agreement with th&, s value for Kt occlusion of 56-230

Na'* to produce final Na concentrations ranging between 2
and 200 mM, or K to produce a saturating’kconcentration
of 20 mM for comparison. As seen in Figure 7, the data

uM determined by fluorescence measurements on purified could be fitted to monoexponential decays. At 2 mM*Na

kidney enzyme 44, 45). Under similar conditions, the
Phe788— Leu mutant exhibited almost no rapid phase of
phosphorylation (98% slow phase), indicating that the K

the dephosphorylation rate of the mutant was 8-fold that of
the wild-type. The rate of dephosphorylation increased with
increasing N& concentration and the Naconcentration

occlusion sites of the mutant were almost saturated, and thegiving half-maximum activation of dephosphorylation was
rate constant characterizing the slow phase of phosphoryla-significantly lower in the mutant relative to the wild-type.

tion, corresponding to release of occludet] as 6-7 times
lower in the mutant compared with the wild-type enzyme.

In the mutant, the maximal rate of Nanduced dephospho-
rylation observed at 137 mM Neamounted to 61% of the

The extents of the slow and rapid phases depend on therate of K'-induced dephosphorylation. Hence, the high-Na

concentration of K and the apparent affinity of the K
occlusion sites. Following equilibration with a higher" K
concentration of 1 mM, the extent of the slow phase of

phosphorylation increased to as much as 93% in the wild-

ATPase activity of the mutant can be accounted for by an

increased ability to dephosphorylate in the absenceof K
K*-Induced Dephosphorylatiom the wild-type Na,K*-

ATPase, potassium ions can enter the occlusion sites from

type and to 100% in the mutant (Figure 5B). As further seen either side of the membrane. During equilibration with K

in Figure 5A, even at a Kconcentration as low as 1M,

in the experiments corresponding to Figure 5, liinds to

the extent of the slow phase remained higher than 90% inthe unphosphorylated wild-type enzyme at intracellularly
the mutant. This suggests that the apparent affinity of the facing sites of low affinity inducing a conformational change

K* occlusion sites is as much as 100-fold higher in the

that occludes the ions in the,([K ;) form [the direct route

mutant relative to the wild-type. Because of the presence of (2)]. In the normal forward running mode of the enzyme

contaminant K in the membrane preparation and buffer
media, it was impossible to reduce thé Koncentration in
the equilibration mixture much further. Hence, to examine
whether the Phe788> Leu mutant was able to display a

cycle, Kt binds with high affinity at the extracellularly facing
sites of the phosphorylatedEform of the pump and induces
dephosphorylation accompanied by Kcclusion [thephysi-
ological route @)]. To examine the apparent affinity for'K

rapid phase of phosphorylation similar to that corresponding at the external sites on the,fE intermediate, the K

to the nonoccluded fraction of the wild-type enzyme,"Na
was added to the equilibration mixture to compete with K
As shown in Figure 6, in the presence of 100 mM'\Nthe
fraction of mutant enzyme accumulated in the slowly
phosphorylating form was 5, 53, and 81% at /M4, 100
uM, and 1 mM K, respectively. Thus, at this high Na
concentration, the apparent affinity of the Kicclusion sites
in the mutant is similar to the affinity observed for the wild-
type in the absence of N&cf. Figure 5A). Note also that
following equilibration with K* in the presence of 100 mM
Na', the rate constant reflecting the release df i the
mutant was enhanced-%-fold relative to the value deter-
mined without N4 in the equilibration mixture. For the wild-
type enzyme, 100 mM Na completely prevented K
occlusion at a K concentration of 10M.

K* Independent Dephosphorylation the wild-type
Na",K*-ATPase, the steady-state phosphorylation level
measured at a Naconcentration of 150 mM in the absence

dependence of the dephosphorylation rate was determined
as described previously for other mutarttg, 37). Following
phosphorylation by ATP in the presence of 20 mM*Na
without K*, various concentrations of iKwere added and
the initial rate of dephosphorylation was measured in each
case. As seen in Figure 8, the Phe788 Leu mutant
displayed a rather high rate offkindependent dephospho-
rylation in accordance with the data in Figure 7, but the
dephosphorylation rate increased further with increasihg K
concentration. The apparent affinity for activating i€ 2—3-

fold higher in the mutant compared with the wild-type
enzyme, whereas the maximum dephosphorylation rates
obtained at saturating”concentrations are almost identical

in the mutant and the wild-type enzyme.

QOuabain Sensitity. Figure 9 shows the dependence on
ouabain concentration of the N&*-ATPase activity mea-
sured at 130 mM Nj 20 mM K*, and 3 mM ATP in the
wild-type and mutant enzyme preparations. Either enzyme
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preparation contains in addition to the expressed exogenousand to measure the activating effect of kin the external
enzyme also the endogenous COS celt Kd-ATPase, and sites with the cytoplasmic sites saturated with"N3a, 39).

both data sets were fitted to a function with the ouabain- As revealed in Figures 1 and 2, the cation dependency of
inhibited enzyme represented by the sum of two hyperbolic the overall rate of ATP hydrolysis shows several unique
components, one representing the endogenous COS celfeatures in the Phe788 Leu mutant. The inhibition of ATP
Na',K*-ATPase Ko s for ouabain inhibition 0.3(M in this hydrolysis by micromolar concentrations oftKin the
condition, see refd) and the other, with low affinity, presence of millimolar ATP has not been previously reported
representing the expressed exogenous enzyme (either wildfor any mutant Na,K*-ATPase. This inhibition is counter-
type or mutant). In the wild-type enzyme preparation, the acted by Na in high concentrations, and in the total absence
low-affinity component contributed by the exogenous en- of K* the mutant catalyzes Neactivated ATP hydrolysis
zyme activity constituted 88% of the total NK"-ATPase (“Na™-ATPase activity”) at an extraordinary high rate
activity, whereas the high-affinity component, corresponding corresponding to 86% of the maximal NK™-ATPase

to endogenous enzyme, constituted only 12%. Due to theactivity. Thus, in the mutant, the roles of Nand K' appear
very low turnover number of the mutant enzyme in the to have been swapped to some extent, and the sidedness of
presence of 20 mM K (cf. Figure 1), the relative contribu-  the cation effects is less straightforward to distinguish in the
tion to the enzyme activity by the small amount of endog- mutant than in the wild-type.

enous enzyme was higher in the mutant enzyme preparation K™ Occluded &(K,) Form is Unusually Stable in the
(62%), with the low-affinity component contributed by the Phe788~Leu Mutant.The inhibition of the ATPase activity
exogenous mutant enzyme activity constituting only 38%. of the Phe788— Leu mutant by low concentrations of'K
Thus, the two components of the ouabain curve correspond-in the presence of millimolar ATP is reminiscent of the
ing to the mutant enzyme preparation (mutant and endog-behavior of the wild-type enzyme at submicromolar ATP
enous enzyme) represent enzymes with very different concentrations, where the(E;) — E; transition is very slow
turnover numbers, whereas in the wild-type enzyme prepara-(1, 4, 5). The analysis of the partial reaction steps points to
tion, the two components (wild-type and endogenous en- an unusual stability of the &occluded &(K;) form as the
zyme) represent enzymes with similar turnover numbers. Oncause of the inhibitory effect of Kon ATP hydrolysis in

the basis of the turnover numbers of 932, 8500, and 8500the Phe788~ Leu mutant. When EK5) was formed by K
min~! for the mutant, wild-type, and endogenous enzyme, binding to unphosphorylated enzyme in the absence of ATP,

respectively, at 130 mM Naand 20 mM K (Figure 1), the Ko s for K* occlusion was close to AM in the mutant
and the fractional activities in Figure 9, it can be calculated versus 10M in the wild-type. It is likely that in the absence
that the mutant contributes 85% of ATP, K™ becomes occluded by binding at the cytoplas-
mically facing transport sites on h competition with N&
38 followed by a spontaneous;f&; to E;(K;) conformational
932 o change [thedirect route @)]. In the presence of 100 mM
38 62 = 100% Na' to compete with K binding, theKq s for K* occlusion
932 ' 8500 in the mutant was found to be 100, i.e., similar to that

determined for the wild-type in the absence ofNand 100-

of the N& ,K*-ATPase molecules in the enzyme preparation, fold lower than theo s of approximately 10 mM of the wild-
whereas the corresponding number for the wild-type is 88%. YP€ in the presence of 100 mM Ng44, 45). Thus, it
These expression levels are in accordance with the phos-2PPears thatin the absence of ATP the mutation has changed
phorylation capacities of the preparations determined with the apparent NaK™ affinity ratio on the cytoplasmic side
and without preincubation with ouabain (see “Expression”). ©f the system about 100-fold in favor of 'K thereby

Withrespect t he ousbain affinfy of e pheoae PO the N seectuty dramaticaly. A east patof
mutant, it is noteworthy that the titration curve corresponding Ex(Ko) — E trgnsition since this step was.8-fold slower
to the mutant crosses that of the wild-type, indicating a lower .2} 2 ! ’ P

- : g in the mutant relative to the wild-type even under conditions
apparent affinity of the mutant compared with the wild-type -
(Igops values of 507 and 106M resr?ectively). Because 3(/)? where N& and ATP [two components that tend to destabilize

the ouabain-K antagonism, the lower apparent ouabain Eo(K2)] had been added to observe phosphorylation (Figure

affinity of the mutant may be explained by the high™ K 5)-

affinity and stabilization of the £K5) form of the mutant Further evidence that thg mutant is stabilized n t_he E
demonstrated above. (K2) form comes from the increased apparent affinity for

K* in activation of thepNPPase reaction, which is believed
DISCUSSION to be catalyzed by £K,) (3, 40), and the finding that the

molecular rate opNPP hydrolysis in the mutant is similar

In the normal N&,K™-ATPase reaction cycle of the wild-  to that of the wild-type even though the maximum rate of

type enzyme, Naat the internal transport sites and l&t ATP hydrolysis in the mutant is only one-third that of the
the external transport sites activate ATP hydrolysis, whereaswild-type. Moreover, the 1811-fold lower apparent ATP
K* at the internal sites or Naat the external sites inhibits  affinity of the mutant relative to the wild-type in the N&*-
the activity. Because of the large difference between the ATPase assay with 250M K™ present is indicative of an
apparent N&K™ affinity ratios (Na:K™ selectivities) onthe  increased K-ATP antagonism compatible with stabilization
two sides of the system, it is possible, even with broken of the mutant in the EK;) form that exhibits low ATP
membranes, to measure the activating effect of Na the affinity. Likewise, the reduced apparent affinity of the mutant
cytoplasmic sites with the external sites saturated with K for ouabain (Figure 9) can be explained by an increased K
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Scheme 2: Reaction Scheme Showing the Pathways
Leading to Na-Activated ATP Hydrolysis (“Na-ATPase
Activity”) in the Absence of K?2

2Na; 3Na;
E2(Na2)<—L> E, N E,Naj,
A
i L
H,0 "< H,0
\/

EZPNa2<—T—> E,P 7 E,P(Na3)

2Na; 3Na;

P, ATP

ADP

Vilsen

dephosphorylation. Already at 2 mM Nathe dephospho-
rylation rate of the mutant was 8-fold higher than the rate
determined for the wild-type, and the maximal rate of'Na
induced dephosphorylation amounted to as much as 61% of
the rate of K-induced dephosphorylation. Hence, the
discrimination between Naand K" on the extracellular side
of the system is severely impaired in the mutant.
Previously, three other mutants with increased*Na
ATPase activity have been characterized. In two of these
mutants, Glu78%1— Ala and Tyr773— Leu, the replaced
residue is located in transmembrane segment M5, and the
third mutation, Asn326— Leu, replaces a residue in M4
(10, 21, 22). In these mutants, the NaATPase activity
continued to rise over a wide range of Neoncentrations

aThe dephosphorylation route indicated by solid arrows corresponds Up to 200 mM as in the wild-type. The lotfy s of 2.3 mM
to 3Na:2Na exchange while the dashed pathway corresponds tofor activation of the major part of the NaATPase activity

uncoupled Na efflux.

ouabain antagonism due to stabilization efks) (46). It is
interesting that mutation of the equivalent phenylalanine,
Phe786, of the ouabain-sensitive shegp isofornt to

in the Phe788— Leu mutant is thus unique and can in
principle be explained by enhancement of the affinity for
Na" at one or more of the external activating sites of the
phosphoenzyme (the “Ksites”). Accordingly, the data in
Figure 7 provide evidence for a significant decrease in the

isoleucine has been shown to reduce the apparent ouabai|p<0_5 for Na* activation of dephosphorylation in the mutant

affinity 11-fold, thereby conferring ouabain resistance to
HelLa cells expressing the mutant7f. Although the
functional properties of the mutant were not further charac-
terized in refd7 and the ouabain affinities exhibited by the
sheep wild-type and mutant N&K*-ATPases are 100-fold

relative to wild-type. However, since the apparent affinity
is determined by a complex interplay between the intrinsic
affinities of inhibitory and activating external sites and the
rate constants for dephosphorylation of the variog3 férms
(48), the present data do not allow a definite conclusion as

higher than those exhibited by the corresponding rat enzymesy, \hether any external site has indeed acquired higher
it seems likely t+hat the reduced apparent ouabain affinity of j,yinsic affinity in the mutant. Because of the high maximal
the sheep NaK"-ATPase mutant is caused by a mechanism |4t of N -induced dephosphorylation, the rate constant for
similar to that presently proposed for the rat enzyme and dephosphorylation of at least one Naound BP form seems

not by a direct involvement of the phenylalanine in ouabain
binding as suggested in rdf.. This provides a compelling

to be enhanced by the mutation, and because the dephos-
phorylation rate was increased 8-fold already at 2 mM Na

example of the caution needed when interpreting site-directeding rate constant for the Nandependent dephosphorylation
mutagenesis data in terms of selective interference with j55qciated with uncoupled Nafflux (dashed pathway in

protein—ligand interactions at the ligand binding sites.
Phe788— Leu Mutant Dephosphorylates at a High Rate
in the Absence of Kat the External Sitedn the reaction
cycle of the wild-type N&,K*-ATPase, K binding with high
affinity at the extracellularly facing transport sites in th°E
form is required for rapid dephosphorylation (Scheme 1).
Therefore, only a low rate of ATP hydrolysis of maximally
6—10% of the maximum NaK*-ATPase activity can be
observed in the mere presence of ‘Naithout K*. This
“Nat-ATPase activity” is usually ascribed to two different
routes of slow dephosphorylation (Scheme 2, cf. &&fand
48). Nat can bind with low affinity at the external “Ksites”
and to some extent mimic'Kby inducing dephosphorylation
accompanied by transport of two Nanto the cells. In
addition, EP without Na bound may dephosphorylate
slowly without accompanying Nainflux (dashed pathway
in Scheme 2). The cycle obtained by combining the latter
mode of dephosphorylation with the Neafflux associated
with phosphorylation and P to EP transition (right limb
of Scheme 2) gives rise to “uncoupled Nefflux” (40).

In the Phe788~ Leu mutant, the N&activated ATPase
activity observed in the absence of Kvas 3-4-fold higher
than in the wild-type, and almost complete activation was
obtained in the same range of Neoncentrations where the
internal sites are filledKos 2.3—2.5 mM). The high Na&-
ATPase activity displayed by the Phe788Leu mutant can
be accounted for by the enhanced rate cfiKdependent

Scheme 2) may also be enhanced. Since the latter pathway
is inhibited by low concentrations of extracellular Nan

the wild-type @0, 48), it is possible that the mechanism
behind the mutational effect involves a disruption of the
inhibitory site(s).

From Which Side of the Membrane Does the Inhibitory
K* Enter the Occlusion Sites during ATP Hydrolysi¢
titrating the K~ dependence of dephosphorylation oPE
the apparent affinity for K at the extracellularly facing sites
was found to be only 2.6-fold higher in the mutant relative
to the wild-type, a rather modest effect in comparison with
the 100-fold increase in apparent affinity fortKbeing
occluded in the dephosphoenzyme through the direct route.
Moreover, theVmax for K*-induced dephosphorylation was
the same in the mutant as in the wild-type. Thus, it is clear
that the inhibition by K of progression of the ATPase cycle
in the mutant does not result from stabilization of the E
PK; intermediate. However, during turnover of the enzyme
in the presence of ATP, the inhibitory*Kmight enter the
occlusion pocket by way of the external sites on the E
phosphoenzyme, i.e., by the physiological rou® ol-
lowing the dephosphorylation, the mutant enzyme would thus
become arrested in the stablg&,) form (1). Accordingly,
the low-affinity activation by N&a of Na*,K*-ATPase activity
in the mutant (Figure 1B) might be explained by competition
between Na and K' for activation of the dephosphorylation
of ExP, assuming that the Nébound intermediate resulting
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from Naf-induced dephosphorylation [$ENay)” cf. Scheme
2] is much less stable than its*Koccluded counterpart
resulting from the K-induced dephosphorylation.

The rudimentary activation of ATPase activity observed
in the mutant at slightly lower Kconcentrations than those
causing inhibition, when the Naconcentration is increased
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and transport K rather than N&, as judged from the K
inhibition seen in Figure 2. The intracellular Nand K*
concentrations are unknown, and presumably the intracellular
Nat concentration is higher than the normal-280 mM

whereas the intracellular’kconcentration may be lower than

the normal 120 mM, due to the defective function of the

to 200 mM (Figures 1 and 2), is a curious phenomenon which mutant. Because, as discussed above, it seems that, under

implies the existence of both activating and inhibitory K
sites of high affinity. It is possible that the*Kactivation is
caused by the formation of a hybrigNa,K form having

turnover conditions in the presence of millimolar ATP} K
is unable to compete efficiently with Niaat the cytoplas-
mically facing transport sites, it is reasonable to expect that

one sodium and one potassium ion bound at the two these sites will be nearly saturated with™Naf. Figure 1).

extracellularly facing transport sites instead of either two
sodium or two potassium ions. The hybrid form of the
phosphoenzyme might dephosphorylate as rapid.B&E
but the B(Na,K) dephosphoform resulting from the dephos-
phorylation would differ from the EK,) form by being less
stable.

During ATP hydrolysis, the inhibitory Kmight also enter

the occlusion pocket by binding to one of the unphospho-

These considerations in conjunction with the data in Figures
1 and 2 lead to the conclusion that the turnover number of
the mutant may be close to 1000 mtrunder the conditions
prevailing in the cell culture. This is not a high value, but
even the wild-type enzyme operates at a fraction of its
maximal activity in the intact cell, so it is not unreasonable
to assume that the activity of the mutant is sufficient to
sustain cell growth.

rylated intermediates in the cycle. The simplest possibility =~ What Is the Structural Basis for the Role of Phe738®

is that Na and inhibitory K" compete for binding at the
cytoplasmically facing transport sites in thg Brm as

evidence from many functional studies suggests that the
pathway for cation translocation in the NK™-pump consists

envisioned for the nonturnover condition in the absence of of a cation binding pocket common to Nand K", which

ATP (see above). However, even in the presence of'a K can open consecutively to either side of the membrane
concentration as high as 20 mM where the turnover rate isthrough access channef® £1). Site-directed mutagenesis
severely reduced in the mutant, the apparent affinity for Na of the Na ,K*-ATPase has implicated residues with oxygen
corresponding to the first activating phase in Figure 1B was containing side chains in the transmembrane segments M4,
found to be wild-type like. Therefore, it seems that under M5, and M6 as part of a core region for cation binding and

turnover conditions in the presence of millimolar ATP} K
is unable to compete efficiently with Naat the cytoplas-

occlusion {7, 9—15, 22). Being located in M5, Phe788 may
contribute to regulation of the structural properties of the

mically facing transport sites, a notion also gaining support transport pathway, and its role could be somewhat analogous
from the fact that the cells expressing the mutant were ableto that of the aromatic residues conferring electivity to

to survive in the presence of ouabain to inhibit the endog-

enous enzyme (see further below).

It is possible that one or more cation sites distinct from
the transport sites are involved in the relief of the K
inhibition induced by high Naconcentrations. In line with
the latter hypothesis, the presence of 100 mM kmether
with K* during formation of the K-occluded enzyme gave
rise to a 4-5-fold enhancement of the rate of the(lE;) to
the g transition in the mutant (Figures 5 and 6). Previously,
other workers have provided similar evidence for a simul-
taneous occupancy of transport and modifying s %0).

How Can a Mutant with Such Abnormal Kinetics Sustain
Cell Growth?The Phe788— Leu mutant displays some of
the most striking kinetic differences from wild-type yet seen
in a functional N&,K*-ATPase mutant, and one may ask

the Kt channels. In the K channels, main-chain carbonyl
oxygens are directed inward toward the pore, forming closely
spaced ion binding sites within the selectivity filter. The
aromatic residues of the selectivity filter interact with the
network of aromatic amino acids surrounding the selectivity
filter forming a massive sheet that may behave like a layer
of springs holding the pore open at the proper diameter to
confer ion selectivity on the basis of siZ4. In the Na ,K*-
ATPase, Phe788 might interact with some of the other
aromatic residues present in the transmembrane domain to
confer the appropriate selectivity properties by precise
adjustment of the distance between the oxygen ligands in
the cation coordination sphere and the spatial relationships
that determine the dephosphorylation rates of the varigbs E
forms through long-range effects between the cation-binding

how this can be compatible with cell growth in the presence domain and the catalytic site.

of ouabain inhibiting the endogenous enzyme. The deter-

mination of site concentration by phosphorylation with and

A functional characteristic solely assigned to the
Phe788— Leu mutant, and not to any of the three other

without preincubation with ouabain and the analysis of the mutants known to exhibit high NaATPase activity {0, 21,
biphasic ouabain dependence (Figure 9) demonstrate that th€2), is an increased NaATPase activity at low Na
endogenous enzyme is not upregulated in the cells expressingoncentration in conjunction with an unusual stability of
the mutant. Under the conditions used for selection of stablethe K-occluded E(K») intermediate. A tentative explanation

transfectants the ouabain concentration igNd and the

of the difference between the Phe788 Leu mutant and

endogenous enzyme is inhibited to such an extent that cellsthe other “N&-ATPase mutants” could be that in the
that do not express the exogenous enzyme die. Hence, théhe788— Leu mutant the structure of the cation coordination

viability of the cells expressing the Phe788 Leu mutant

sphere shrinks in the Eand EP forms due to disruption of

must be ascribed exclusively to the transport activity of the the aromatic network. This might result in an increased

mutant enzyme. In the cell culture, the extracellular ldad
K* concentrations were kept at 155 and®2mM, respec-
tively, which seems to allow the extracellular sites to bind

affinity for the small N& ion at the external sites and/or an
enhanced efficiency of the signal transmission to the catalytic
site that activates the dephosphorylation. A more compact
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structure of the cation coordination sphere, with little
flexibility left, might also explain the increased stability of
the Kt-occluded E(Ky) form.
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