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The molecular mechanism underlying PKA-mediated regula-
tion of Na*,K*-ATPase was explored in mutagenesis studies of
the potential PKA site at Ser-938 and surrounding charged res-
idues. The phosphomimetic mutations S938D/E interfered with
Na* binding from the intracellular side of the membrane,
whereas Na™ binding from the extracellular side was unaffected.
The reduction of Na* affinity is within the range expected for
physiological regulation of the intracellular Na* concentration,
thus supporting the hypothesis that PKA-mediated phosphory-
lation of Ser-938 regulates Na*,K*-ATPase activity in vivo. Ser-
938 is located in the intracellular loop between transmembrane
segments M8 and M9. An extended bonding network connects
this loop with M10, the C terminus, and the Na* binding region.
Charged residues Asp-997, Glu-998, Arg-1000, and Lys-1001 in
M10, participating in this bonding network, are crucial to Na*
interaction. Replacement of Arg-1005, also located in the vicin-
ity of Ser-938, with alanine, lysine, methionine, or serine
resulted in wild type-like Na* and K* affinities and catalytic
turnover rate. However, when combined with the phosphomi-
metic mutation S938E only lysine substitution of Arg-1005 was
compatible with Na*,K*-ATPase function, and the Na™ affinity
of this double mutant was reduced even more than in single
mutant S938E. This result indicates that the positive side chain
of Arg-1005 or the lysine substituent plays a mechanistic role as
interaction partner of phosphorylated Ser-938, transducing the
phosphorylation signal into a reduced affinity of Na* site IIL
Electrostatic interaction of Glu-998 is of minor importance for
the reduction of Na* affinity by phosphomimetic S938E as
revealed by combining S938E with E998A.

Na*,K"-ATPase is a plasma membrane-associated ion
pump protein that actively extrudes three Na™ ions from the
cell while importing two K™ ions for each ATP being hydro-
lyzed (1-4). It is found in all animal cells where its main func-
tion is to establish and maintain transmembrane Na™ and K*
gradients that are fundamental to a variety of physiological pro-
cesses ranging from electrical excitability of neurons in the
brain to Na™ reabsorption in the kidney. The Na*,K*-ATPase
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belongs to the superfamily of P-type ATPases and is a hetero-
oligomeric protein consisting of a catalytic a-subunit, a 3-sub-
unit required for translocation of the protein complex to the
plasma membrane, and a small regulatory protein belonging to
the FXYD family (for reviews, see Refs. 4 and 5). The a-subunit
is made up of a membrane part containing transmembrane heli-
ces 1-10 (M1-M10)? and a cytoplasmic “head” formed from
three subdomains: actuator (A), nucleotide binding (N), and
phosphorylation (P) domains (Fig. 1B). During the Na™,K*-
pump cycle (reaction scheme in Fig. 14), ATP binds to the N-
and P-domains, and the <y-phosphate is transferred to a
conserved aspartic acid residue of the P-domain. This phos-
phorylation is triggered by Na™ binding from the cytoplasmic
side of the membrane, whereas dephosphorylation with release
of inorganic phosphate is triggered by K* binding from the
extracellular side. The Na™ and K™ binding residues are found
in the transmembrane helices M4, M5, M6, and M8 (6—8).
Na*,K*"-ATPase alternates between so-called E, and E,
states (1, 2) (see reaction scheme in Fig. 14). E, states bind
Na™ at three sites denoted I, II, and III, whereas E, states
prefer K*, binding at two sites, I and I, that overlap consid-
erably with Na™ sites I and II. The Na™ selectivity of site I1I
is thought to arise in part from interactions of the two C-ter-
minal tyrosines, stabilizing the position of the M5 helix, such
that Na™, but not the larger K™ ion, can fit into site I1I, which
is the first of the three Na™ sites to be occupied when Na™
binds from the intracellular side (6, 8, 9).

In addition to the autophosphorylation of the P-domain con-
served aspartate, which is central to the reaction cycle of
Na*,K*-ATPase, the Na",K"-ATPase activity depends on reg-
ulatory phosphorylation by protein kinases (for a review, see
Ref. 10). In cardiac myocytes, “kinase-mediated” phosphoryla-
tion of the FXYDI protein stimulates Na*,K*-ATPase (11).
Furthermore, phosphorylation of the Na*,K*-ATPase a-sub-
unit mediated by protein kinases A (PKA) and C (PKC) may
occur. Several lines of evidence point to Ser-938 (rat a1l num-
bering), a conserved PKA consensus site, as a possible target for
PKA-mediated phosphorylation reducing the Na*,K*-ATPase
activity (12-15). The serine present at the homologous
sequence position in the H*,K™-ATPase also seems to be a
target for regulatory phosphorylation (16). Ser-938 is located
within the cytoplasmic loop between transmembrane segments

2 The abbreviations used are: M1-M10, transmembrane helices 1-10; A-do-
main, actuator domain; L8-9, cytoplasmic loop between transmembrane
segments M8 and M9; N-domain, nucleotide binding domain; P-domain,
phosphorylation domain.
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FIGURE 1. Reaction cycle and structure of Na*,K*-ATPase. A, simplified scheme of the Na* K" -ATPase reaction cycle (reactions 1-6). E, and E, denote the
two major conformational states of the enzyme. P represents phosphorylation of the conserved aspartate in the catalytic site of the P-domain. Occluded ions
are shown in parentheses, and boxed ATP indicates low affinity binding of ATP. B, overall structure of the Na*-bound E, form of Na* ,K*-ATPase with the L8-9
loop containing the potential PKA site highlighted in yellow. Details of this region (framed by a broken line) are shown in C. The cytoplasmic A-, P-, and
N-domains of the a-subunit as well as the 8- and y-subunits are indicated. C, close-up showing the relations of the potential PKA site at Ser-938 in L8-9 (yellow),
the C terminus (light blue), and the ion-binding transmembrane segments M4, M5, M6, and M8. The view is from the cytoplasmic side of the membrane. The
residues studied by mutagenesis are depicted as sticks (Ser-938, Asp-997, Glu-998, Arg-1000, Lys-1001, and Arg-1005). In addition, Thr-1016 and the C-terminal
tyrosine (Tyr-1018) are shown as sticks as are the interaction partners of the C terminus, Arg-935 in L8-9 and Lys-768 in M5. The three bound Na™ ions are
depicted as purple spheres labeled /, I, and I/l according to site nomenclature. Band C were prepared from the Protein Data Bank structure with code 3WGV (8)

using PyMOL.

M8 and M9 (L8-9) at the interphase between the membrane
and the cytoplasm (Fig. 1C) in the vicinity of the C terminus.
Molecular dynamics computational studies based on the
K*-bound E, structure have suggested that the introduction of
the bulky and negatively charged phosphate group at Ser-938
will affect the structure of the C terminus and promote hydra-
tion of a cavity in the transmembrane region that connects the
cytoplasm and the ion-binding sites (17), which might lead to
defective interaction with Na™. This idea was examined by elec-
trophysiological measurements of the apparent affinity for Na™
in a mutant with glutamate replacement of Ser-938, which due
to the negative charge and considerable size of the glutamate
commonly is considered to mimic phosphorylation. However,
no significant effect of the phosphomimetic glutamate substi-
tution was revealed in the electrophysiological study (17).
Therefore the mechanism underlying the putative effect of
Ser-938 phosphorylation on Na®,K™-ATPase function has
remained elusive. A limitation of the electrophysiological study
is that only the affinity for Na™ binding from the extracellular
side was examined, thus leaving the effect of the phosphomi-
metic mutation on the affinity for activating Na* binding from
the intracellular side uncharacterized. In fact, it is the interac-
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tion with intracellular Na* and extracellular K*, and not extra-
cellular Na*, that fine-tunes the Na®,K*-ATPase activity in
vivo.

The present study was undertaken to provide a deeper
understanding of the function and mechanism of the potential
Ser-938 PKA site on the basis of the recently solved structure of
Na™,K"-ATPase in the E, form with bound Na* (8), which is
the most relevant structure in relation to possible effects on
Na™ affinity. Fig. 1C shows the location in this structure of
Ser-938 and surrounding charged residues that might be
affected by the introduction of the negatively charged phos-
phate group. Closest to the side chain hydroxyl group of Ser-
938 are the Glu-998 carboxylate group and a guanidino group
nitrogen of Arg-1005 of transmembrane segment M10. A bit
further away are Asp-997, Arg-1000, and Lys-1001. We have
studied the functional consequences (including Na™ affinities
on both sides of the membrane) of alanine scanning mutagen-
esis of these residues as well as other mutations to Arg-1005 and
Ser-938, including the phosphomimetic S938D and S938E
mutations. Furthermore, we have combined S938E with muta-
tions to Glu-998 or Arg-1005 to investigate the importance of
electrostatic interaction between the phosphate group on the
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phosphorylated Ser-938 (Ser(P)-938) and the glutamate and
arginine, respectively. Our results demonstrate that the phos-
phomimetic mutation reduces the affinity for cytoplasmic Na™
significantly as do mutations to some of the charged residues
in the vicinity. The positive charge of Arg-1005 is shown to
be essential for accommodation of the negative charge of
S938E, indicating a critical role of the arginine-phosphate
electrostatic interaction in Ser(P)-938. This arginine is fully
conserved among all Na™,K*"-ATPases and H",K"-ATPases.
Hence, the electrostatic interaction may well be part of a gen-
eral regulatory mechanism that also pertains to the closely
related H", K" -ATPases.

Experimental Procedures

Mutagenesis and Expression—The QuikChange site-directed
mutagenesis procedure was used to introduce the desired base
substitutions into the cDNA encoding the ouabain-resistant rat
al isoform of Na®,K*-ATPase. The resultant cDNA con-
structs were transfected into COS-1 cells by the calcium phos-
phate precipitation method (18). Because the endogenous
Na™,K*-ATPase of the COS-1 cells is ouabain-sensitive, stable
cell lines expressing the recombinant ouabain-resistant wild
type or mutants could be isolated by ouabain selection (19 -21).
To confirm the stable integration of the cDNA carrying the
intended single or double mutations, the genomic DNA was
isolated, and the integrated cDNA was amplified by PCR using
primers that span exon-exon boundaries as described previ-
ously (22). In a few cases where the expressed exogenous
mutant Na®,K"-ATPase did not support cell growth in the
presence of ouabain, transient co-expression with siRNA to
knock down the endogenous COS-1 Na™,K*-ATPase was car-
ried out as described previously (23, 24).

Plasma Membrane Vesicles—Plasma membrane vesicles,
harboring the recombinant wild type or mutant Na®,K*-
ATPase, were isolated by differential centrifugation (20). Prior
to functional analysis, the vesicles were permeabilized by treat-
ment with sodium deoxycholate or alamethicin to make both
sides of the membrane accessible to substrates and inhibitors.

ATPase Activity Assays—ATPase activity measurements
were carried out at 37 °C for 15 min in 30 mM histidine (pH 7.4),
3 mm MgCl,, 1 mm EGTA, and various concentrations of NaCl,
KCl, ATP, and ouabain according to a modification (20 -22) of
the method originally described by Baginski and co-workers
(25). For determination of the maximal catalytic turnover rate,
the respective NaCl, KCl, and ATP concentrations were 130,
20, and 3 mwm, and the specific activity was related to the active
site concentration obtained by stoichiometric phosphorylation
from [y-**P]ATP at 0 °C in the presence of 150 mm NaCl and
oligomycin (see below) (26). In studies of K™ dependence of
Na™,K*-ATPase activity, 40 mm NaCl, 3 mm ATP, and 0-30
mMm KCl were included in the reaction buffer, whereas 130 mm
NaCl, 20 mm KCl, and 0.01-3 mMm ATP were used in studies of
ATP dependence. In measurements of so-called “Na™ -ATPase”
activity, KCl was omitted from the reaction mixture, which
included 3 mm ATP and 0—-1000 mm NaCl. All measurements
of ATPase activity were carried out in the presence of 10 um
ouabain, which specifically inhibits the endogenous ouabain-
sensitive COS-1 Na*,K"-ATPase. Background ATPase mea-
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surements were performed in the presence of 10 mm ouabain,
which inhibits all Na*,K*-ATPase activity, and subtracted
from that measured at 10 uMm ouabain.

Phosphorylation and Dephosphorylation Assays—The auto-
phosphorylation of the P-type ATPase signature aspartate in
the P-domain and dephosphorylation of wild type and mutants
were studied at 0 °C using [y-**P]ATP. To examine the Na™
dependence of phosphorylation, the enzyme was incubated for
15 s in 20 mMm Tris (pH 7.5), 3 mm MgCl,, 1 mm EGTA, 2 um
[y-**P]ATP, 20 ug/ml oligomycin (to block dephosphoryla-
tion), and various concentrations of NaCl as described previ-
ously (22, 24, 26). In this assay, the ionic strength was kept
constant at 150 mm by addition of various concentrations of
N-methyl-p-glucamine.

The distribution of the phosphoenzyme between the ADP-
sensitive E,P and ADP-insensitive/K " -sensitive E,P was exam-
ined following phosphorylation for 15 s in 20 mm Tris (pH 7.5),
150 mm NaCl, 3 mm MgCl,, 1 mM EGTA, and 2 um [y-*P]ATP.
The time course of dephosphorylation was followed by adding
2.5 mm ADP and 1 mmMm unlabeled ATP (9, 22). Under these
conditions, phosphoenzyme present as the E,P form will react
rapidly with ADP in the backward direction (Fig. 14, reaction
2), whereas that present as the E,P form will dephosphorylate
slowly in the forward direction by hydrolysis (Fig. 1A, reaction
5), thus giving rise to biphasic curves for which the amplitudes
of the fast and slow components represent E,P and E,P,
respectively.

In all phosphorylation and dephosphorylation assays, 10 um
ouabain was included to inhibit the endogenous COS-1
Na™,K"-ATPase. The background level of phosphorylation
was determined by phosphorylation in the presence of 50 mm
KCl and absence of NaCl.

Phosphorylation of Na™,K*-ATPase by PKA—Plasma mem-
brane vesicles containing stably expressed wild type or mutant
were preincubated for 30 min at 30 °C in the presence of 20 mm
Tris-HCl (pH 7.5), 1 mm EGTA, and 10 mm MgCl, followed by
addition of 100 ng of PKA (bovine PKA catalytic subunit from
Sigma-Aldrich), 2% (v/v) Triton X-100, and 1 mm dithiothreitol
(DTT). The phosphorylation reaction was started by addition
of 50 uMm [y-**P]ATP and allowed to proceed for 15 min at 30 °C
in a total volume of 15 ul. The reaction was stopped by addition
of 5 ul of 4 X sample buffer (200 mm Tris-HCI (pH 6.8), 8% SDS,
32% glycerol, 400 mm DTT, and bromphenol blue), and the
reaction products were separated by gel electrophoresis using
4-15% polyacrylamide gels (Bio-Rad). Purified pig kidney
Na™,K"-ATPase (27) was used as positive control to indicate
the migration position of PKA-phosphorylated Na™*K*-
ATPase. In this case, the Triton X-100 concentration present
during the phosphorylation reaction was 0.2%.

Data Analysis—Data were processed and analyzed using the
SigmaPlot program (SPSS, Inc.) for non-linear regression using
the complete set of normalized data as described in detail pre-
viously (21). Ligand concentration dependences were fitted by
use of the appropriate form of the Hill equation. For Na™ depen-
dence of phosphorylation, the following equation was used.

EP = EP,,,- [Na* /(Ko + [Na*]") (Eq.1)
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TABLE 1

Functional analysis of mutants

-Fold changes relative to WT are shown in red parentheses. The number of independent experiments #/total number of data points and mean * S.E. are indicated. ++,
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pronounced inhibition: +, partial inhibition; and —, no inhibition of ATPase activity by high K™ or Na™ concentrations.

Maximal catalytic Kos(Na") for Ko 5(ATP) for Ko5(K") for Na'-ATPase E,P
turnover rate phosphorylation ATPase activity ATPase activity activity (150 mM Na")
(min™) (mM) (mM) (mM) (high Na" inhibition) (%)
WT 8474 + 165 (1.0) 0.406 +0.013 (1.0) 0.388 +0.020 (1.0) 0.633 +£0.018 (1.0) ++ 62 (1.0)
n=11/11 n=8/64 n=28/96 n = 8/132 inhibition — n=3/38 n=12/93
S938A 8385+676(0.99)  0.676 £0.038 (1.7) 0.391 +£0.041 (1.0) 0.768 + 0.030 (1.2) =t 59 (0.95)
n=6/6 n=>5/39 n=3/36 n = 3/48 inhibition — n=3/38 n=4/32
$938D 10477 £454 (1.2)  0.949 £0.064 (2.3) 0.261 +£0.027 (0.67) 0.999 +£0.028 (1.6) T+ 52(0.84)
n=_8/8 n=>5/30 n=4/48 n = 4/63 inhibition — n =4/49 n=3/24
S938E 10762 £ 351 (1.3) 1.27£0.14 (3.1) 0.219 £ 0.010 (0.56) 1.04 £ 0.032 (1.6) ++ 54 (0.87)
n=6/6 n=4/30 n=6/72 n = 4/64 inhibition — n==6/74 n=4/32
S938R 9759 £420 (1.2) 1.54+0.13 (3.8) 0.135+0.014 (0.35) 1.12+0.053 (1.8) ++ 56 (0.90)
n=06/6 n=4/31 n=3/36 n=7/111 inhibition — n="7/88 n=4/32
D997A 6826 + 387 (0.81) 1.77 £ 0.058 (4.4) 0.180 +0.013 (0.46) 0.919+0.172 (1.5) s 62 (1.0)
n=238/8 n="7/53 n=3/39 n = 3/49 inhibition + n=3/38 n=23/24
F998A 9578 £460 (1.1) 3.57+0.15 (8.8) 0.208 £ 0.015 (0.54) 0.775 £ 0.046 (1.2) + 67 (1.1)
n=238/78 n=38/62 n=3/39 n = 3/48 inhibition + n=4/51 n=23/24
R1000A 7344 + 340 (0.87) 6.13£0.34 (15) 0.217 £ 0.019 (0.56) 0.673 i.O.O.SASA(] 1) - 83 (1.3)
n=7/7 n=4/32 n=3/38 n = 4/62 inhibition ++ n=3/39 n=3/24
K1001A 7465 + 456 (0.88) 3.09 +£0.22 (7.6) 0.174 £ 0.016 (0.45) 0.701 +£0.050 (1.1) et 40 (0.65)
n=6/6 n=>5/38 n=6/72 n = 8/128 inhibition — n=_8/93 n=23/24
R1005A 9222 £ 579 (1.1) 0.430 +£0.026 (1.1) 0.402 £ 0.036 (1.0) 0.638 + 9.023_ ('l .0) ++ 52(0.84)
n=6/6 n=73/24 n=>5/65 n = 3/48 inhibition — n=5/65 n=3/24
R1005K 10251 £391 (1.2)  0.342£0.019 (0.84) 0.262 £ 0.012 (0.68) 0.649 +0.014 (1.0) ++ 36 (0.58)
n=14/14 n=4/32 n=13/36 n = 3/49 inhibition — n=3/39 n=3/24
R1005M 10355+£394(1.2)  0.507 £0.030 (1.2) 0.262 £ 0.011 (0.68) 0.721 £0.023 (1.1) ++ 44 (0.71)
n=12/14 n=4/32 n=3/35 n = 3/51 inhibition — n=>5/62 n=3/24
R1005S 10606 £ 444 (1.3)  0.606 +0.023 (1.5) 0.248 £ 0.016 (0.64) 0.656 + Q.0.23‘ (] .0) ++ 33(0.53)
n=6/6 n=>5/40 n=7/91 n = 3/48 inhibition — n=>5/64 n=3/24
9400 + 289 (1.1) 5.84+0.39 (14) 0.146 £ 0.010 (0.38) 0.812+0.082 (1.3) + 78 (1.3)
SISEHERER n=238/78 n=38/63 n=3/38 n = 5/80 inhibition ++ n=>5/63 n=4/31
7313 £261 (0.86) 3.91£0.047 (9.6) 0.189 +£0.012 (0.49) 1.05 +£0.269 (1.7) + 42 (0.68)
E23SEIRIO0K n=30/30 n="7/48 n=3/36 n = 5/83 inhibition + n=6/73 n=4/31
10713 £480 (1.3) 2.51+0.028 (6.2) 0.194 £ 0.011 (0.50) 0.731+£0.078 (1.2) + 68 (1.1)
S938R/R1005S n=6/6 n=7/55 n=06/75 n = 3/47 inhibition + n=10/126 n=4/32
D997A/E998A Not determined, because cells were not viable and transiently expressed protein did not phosphorylate
S938E/R1005A Not determined, because cells were not viable and transiently expressed protein did not phosphorylate
S938E/R1005M Not determined, because cells were not viable and transiently expressed protein did not phosphorylate
S938E/R1005S Not determined, because cells were not viable and transiently expressed protein did not phosphorylate

EP is the phosphorylation level, EP, . is the maximum level
of phosphorylation, K, 5 is the Na* concentration giving half-
maximum activation (“apparent affinity”), and n is the Hill coef-
ficient (ranging between 1.0 and 2.0 in the present study). For
ATP dependence of ATPase activity, the following equation
was used.

V = Vpax " [ATP]/(Kys" + [ATP]") (Eq.2)

V is the ATPase activity, V., is the extrapolated activity
corresponding to infinite ATP concentration, K|, ; is the ATP
concentration giving half-maximum activation (apparent affin-
ity), and n is the Hill coefficient (ranging between 0.9 and 1.2 in
the present study). For K™ dependence of ATPase activity, a
two-component Hill equation was used.

V="V,+ Vi — Vo) * [K+]n/(Ko.5n + [K+]n)
= (Vinax = Vo) - [KTT?/(KP0s™ + [K']) (Eq.3)
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where the second term representing inhibition was omitted for
wild type and mutants not showing inhibition. V'is the ATPase
activity, V,, is the activity in the absence of K* (“Na*-ATPase
activity”), V... is the extrapolated activity corresponding to
infinite K™ concentration in the absence of inhibition, K, 5 is
the K™ concentration giving half-maximum activation (appar-
ent affinity corresponding to the rising phase), K, 5 is the K™
concentration giving half-maximum inhibition (apparent affin-
ity for inhibition), # and #n2 are the corresponding Hill coeffi-
cients. Time courses of dephosphorylation were fitted using a
double exponential decay function.
EP=EP-e X't + EP-e*t (Eq.4)
EP is the total amount of phosphoenzyme, E,P and E,P are
the ADP-sensitive and -insensitive fractions, and k1 and k2 are
the respective decay constants. The results of the non-linear

JOURNAL OF BIOLOGICAL CHEMISTRY 10937



Importance of Ser-938 and Its Network for Na™ Binding

regression analysis (K, ; values and E,P fraction) =S.E. from the
regression are reported in Table 1.

Results

Ser-938 Is Important for Binding of Intracellular Na™ but Not
Extracellular Na™—Ser-938 of the potential PKA site was
replaced by either aspartate or glutamate to mimic phosphory-
lation by PKA. To study the importance of side chain size and
charge, the serine was furthermore replaced by alanine and
arginine. All four mutants S938A/D/E/R could be stably
expressed in COS-1 cells at levels similar to that of the wild type
enzyme under ouabain selection pressure, showing that the a-
and B-subunits are correctly assembled and transported to the
plasma membrane where they are capable of transporting Na™
and K™ across the membrane at rates compatible with cell via-
bility. The maximal catalytic turnover rate, calculated as the
ratio between the specific Na*,K*-ATPase activity measured
under optimal conditions and the active site concentration
obtained by phosphorylation (26), was wild type-like for mutant
S938A and slightly increased (1.2- and 1.3-fold) for S938D,
S938E, and S938R (Table 1).

To obtain information about the Na* binding properties of
the sites on the E, form that in the intact cell face the intracel-
lular side (Fig. 1A, reaction 1), advantage was taken of the depen-
dence of activation of phosphorylation from ATP (Fig. 14, reac-
tion 2) on the binding of all three Na™ ions at these sites. The
measurements of the Na™ dependence of phosphorylation were
carried out in the presence of oligomycin to prevent dephos-
phorylation and in the absence of K™ to exclude competition
from K". Whereas mutant S938A displayed a slight (1.7-fold)
decrease of the apparent affinity for Na™ relative to wild type,
the effects of the substitutions S938D, S938E, and S938R were
more pronounced, resulting in 2.3-, 3.1-, and 3.8-fold reduc-
tions, respectively, of the apparent affinity for Na* (Fig. 2A and
Table 1). In principle, such a reduction of apparent Na ™ affinity
can be due to either a reduction of the intrinsic affinity of the E;
form for intracellular Na™ or a shift of the E,-E, conformational
equilibrium away from the Na ™ -binding E, form (Fig. 14, reac-
tion 6). To distinguish between these two possibilities, we
determined the ATP concentration dependence of Na™,K*-
ATPase activity, which can be used as a measure of the distri-
bution of the enzyme between the E; and E, conformations
because E; binds ATP with high affinity, whereas E, only binds
ATP with low affinity and without being phosphorylated (1, 28).
As seen in Fig. 2B, the mutations S938D, S938E, and S938R
caused a left shift of the ATP titration curves, which is indica-
tive of an increased apparent ATP affinity relative to wild type
and hence a shift of the E,-E, equilibrium in favor of E, (Fig. 2B
and Table 1). Mutant S938A, in contrast, displayed a wild type-
like apparent affinity for ATP (Fig. 2B and Table 1). These latter
findings allow us to conclude that the reduced apparent Na™
affinities observed for mutants S938D, S938E, and S938R are
caused by mutation-induced disturbance of the binding of Na™
to the E, form rather than being caused indirectly by a shift of
the conformational equilibrium in favor of E,.

Experiments with sided membrane vesicles have shown that
besides binding to the intracellularly facing Na™ sites, activat-
ing phosphorylation from ATP, Na* also binds to extracellu-
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larly facing activating and inhibitory sites (29-31). Having
observed that the phosphomimetic mutations S938E and
$938D as well as mutation S938R disturb the interaction with
Na™ at the intracellularly facing sites of the E; form, we next
investigated whether these mutations also interfere with the
binding of Na™ to the E,P form of the enzyme at the sites that in
the intact cell face the extracellular side. To this end, we deter-
mined the Na™* concentration dependence of the ATPase activ-
ity in the absence of K. When K" is omitted from the reaction
medium, Na™ is able to bind to E,P, activating dephosphoryla-
tion, although much less efficiently than K™ (Fig. 14, reactions
4 and 5) (1). Consequently, the catalytic turnover rate measured
in the mere presence of Na* (Na*-ATPase activity) is only a
small fraction of that measured with K* present (less than 5%
for the wild type). For the wild type enzyme, Na™ concentra-
tions in the 50—400 mMm range activate dephosphorylation,
whereas high Na™ concentrations are inhibitory (Fig. 2C) due
to the binding of Na™ to the E,P form driving the E,P — E,P
transition backward (Fig. 1A, reaction 3) (30-32). Similar
results with both an activating and an inhibitory phase were
obtained for the S938A/D/E/R mutants (Fig. 2C and Table 1).
For the S938A/D/E mutants, the apparent affinity for Na™ inhi-
bition was similar to that of the wild type or slightly higher.
Thus, the extracellularly facing Na™ sites on E,P appear to be
intact in all S938 mutants, indicating that this serine is not
essential to binding of extracellular Na™ and that the phospho-
mimetic mutations S938D and S938E only interfere with Na™
binding from the intracellular side of the membrane and not
with Na™ binding from the extracellular side. Mutant S938R
displayed a slight right shift of the inhibitory part of the curve
relative to wild type, indicating a minor reduction of the affinity
for binding of extracellular Na™.

Ser-938 Is Less Important for Binding of K than for Binding
of Na™* —By binding at sites on E,P that in the intact cell face the
extracellular side, K™ triggers dephosphorylation, thereby
stimulating the ATPase activity (Fig. 1A, reactions 4 and 5).
Compared with the significant effects on the binding of Na™
from the intracellular side, only relatively small changes in the
apparent K™ affinities for activation were detected (Fig. 2D and
Table 1): the S938D, S938E, and S938R mutants exhibited 1.6 —
1.8-fold reductions of the K affinity relative to wild type,
whereas S938A displayed wild type-like K™ affinity. Thus, the
substitutions S938D, S938E, and S938R seem primarily to affect
the interaction with Na™ binding from the intracellular side.

There are in principle two possible explanations of the above
described slight reductions of the apparent K™ affinity observed
for the Ser-938 mutants: 1) reduced intrinsic affinity of E,P for
K" or 2) a conformational shift away from the K" -binding E, or
E,P form in favor of E; and E,P, respectively. As described
above, ATP titrations of Na*,K*-ATPase activity (Fig. 2B) dis-
closed a shift of the E,-E; equilibrium in favor of E,. This shift
can account for the slightly reduced K* affinities of mutants
S938D, S938E, and S938R; hence, there is no need to assume
any reduction of the intrinsic K* affinity of E,P. We further-
more investigated the distribution of the phosphoenzyme
between the intermediates E; P and E,P by taking advantage of
the ability of E, P to dephosphorylate upon addition of ADP (1,
9, 33). None of the Ser-938 mutants differed significantly from
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FIGURE 2. The phosphomimetic S$938D/E mutations interfere with the binding of Na* at the intracellularly facing E, sites. A, Na* dependence of
phosphorylation from [y->2P]ATP. Each line shows the best fit of the Hill equation, and the extracted K, 5 values are listed in Table 1. B, ATP dependence of
Na* K*-ATPase activity. Each line shows the best fit of the Hill equation, and the extracted K, 5 values are listed in Table 1. C, Na* dependence of Na*-ATPase
activity. Inhibition of Na™ -ATPase activity by high Na* concentrations is indicated semiquantitatively in Table 1. D, K" dependence of Na* K" -ATPase activity.
Each line shows the best fit of the Hill equation, and the extracted K, s values are listed in Table 1. E, distribution of the phosphoenzyme between E,P and E,P
at 150 mm NaCl. Each line shows the best fit of a biexponential decay function. The initial amounts of E,P, which correspond to the amplitude of the slow phase,
are listed in Table 1. A-E, experimental conditions and equations used for data fitting are described under “Experimental Procedures.” Statistical information
is given in Table 1. Symbol and error bars (seen only when larger than the size of the symbols) represent mean = S.E. Dotted lines reproduce the wild type for

direct comparison in the same panel.

the wild type with respect to the fraction of the phosphoenzyme
that was ADP-insensitive (compare 52—-59 with 62% for the
wild type; Fig. 2E and Table 1), meaning that the slightly
reduced K™ affinities of $938D, S938E, and S938R cannot be
attributed to a displacement of the E, P-E, P equilibrium toward
E,P.

Charged Residues Asp-997, Glu-998, Arg-1000, and Lys-1001
in the Vicinity of Ser-938 Are Crucial for Na™ Binding—As
shown in Fig. 1C, transmembrane segment M10 contains two
negatively charged residues, Asp-997 and Glu-998, and three
positively charged residues, Arg-1000, Lys-1001, and Arg-1005,
relatively close to Ser-938. These residues might be electrostat-
ically repulsed and attracted, respectively, when a negatively
charged phosphate group is attached at Ser-938. To investigate
the function of Asp-997, Glu-998, Arg-1000, Lys-1001, and

SASBMB

MAY 13,2016+VOLUME 291 -NUMBER 20

Arg-1005, alanine scanning mutagenesis of these residues was
performed. In addition, Asp-997 and Glu-998 were simultane-
ously replaced by alanine. The results obtained with R1005A
encouraged us to study also the mutants R1005K/M/S. All the
above mentioned single mutations were compatible with cell via-
bility in COS-1 cells in the presence of ouabain, whereas the dou-
ble mutant D997A/E998A did not sustain cell growth. Functional
analysis of the maximal turnover rates revealed wild type-like cat-
alytic rates for D997A, E998A, R1000A, K1001A, and R1005A/K/
M/S (0.8 —1.3-fold changes relative to wild type) (Table 1).
Investigation of the Na™ dependences of activation of phos-
phorylation from ATP disclosed marked effects of mutations
D997A, E998A, R1000A, and K1001A on the binding of Na™,
amounting to 4.4-, 8.8-, 15-, and 7.6-fold reductions of the Na™
affinity, respectively, compared with wild type (Fig. 34 and
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FIGURE 3. Several charged residues in M10 near Ser-938, but not Arg-1005, are crucial to binding of Na* at the intracellularly facing E, sites. A, Na™
dependence of phosphorylation from [y->2P]ATP. Each line shows the best fit of the Hill equation, and the extracted K, s values are listed in Table 1. B, ATP
dependence of Na™,K*-ATPase activity. Each line shows the best fit of the Hill equation, and the extracted K, 5 values are listed in Table 1. C, K* dependence
of Na* K*-ATPase activity. Each line shows the best fit of the Hill equation or, for the mutants showing inhibition at high K* concentrations, a two-component
Hill equation with the inhibition represented by a negative term. K, 5 values for the rising parts of the curves are listed in Table 1. A-C, experimental conditions
and equations used for data fitting are described under “Experimental Procedures.” Statistical information is given in Table 1. Symbol and error bars (seen only
when larger than the size of the symbols) represent mean * S.E. Dotted lines reproduce the wild type for direct comparison in the same panel.

Table 1). These effects are not caused by a conformational shift
away from the Na™-binding E, form as the apparent affinity for
ATP was in fact increased, indicating that the E, -E, equilibrium
is shifted in favor of E; (Fig. 3B and Table 1). The effect is rather
specific for Na*™ binding, as D997A, E998A, R1000A, and
K1001A all displayed a close to wild type-like apparent affinity
for K* activation of Na™,K™-ATPase activity (1.1-1.5-fold
reductions of the K™ affinity relative to wild type; Fig. 3C and
Table 1). As regards Arg-1005, none of the investigated muta-
tions replacing Arg-1005 with alanine, lysine, methionine, or
serine affected the Na™ or K binding properties substantially
(Figs. 3 and 4A and Table 1).

Unlike the wild type, the mutants D997A, E998A, and
R1000A were inhibited at high K™ concentrations; this was
most distinct for D997A and R1000A (Fig. 3C). This inhibition
may be explained by the low intrinsic Na™ affinity of these

10940 JOURNAL OF BIOLOGICAL CHEMISTRY

mutants (see Table 1), allowing K* to bind in competition with
Na™ at a site(s) on the E, form, thus leading to displacement of
the E,-E, equilibrium toward E, (34). However, the inhibition is
not strictly correlated with the reduction of Na™ affinity (e.g
the D997A mutant shows more K* inhibition than E998A,
whereas the order is reversed for Na™ affinity). Therefore, the
Na™ selectivity of site IIl might be affected in these mutants (see
Discussion).

Mutations D997A, E998A, and R1000A also had an impact
on binding of extracellular Na™ as seen from the Na*-ATPase
measurements in Fig. 4A. In contrast with the wild type
enzyme, which is completely inhibited at a Na* concentration
of 1 M, these mutants were not inhibited at all (R1000A) or only
partly inhibited (D997A and E998A) at high Na™* concentra-
tions (Fig. 44 and Table 1), indicating that the extracellularly
facing Na™ sites on E,P are less efficient in binding Na* and
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FIGURE 4. Several charged residues in M10 near Ser-938, but not Arg-1005, are important for binding of Na™ from the extracellular side of the
membrane. A, Na™ dependence of Na*-ATPase activity. Inhibition of Na* -ATPase activity by high Na™ concentrations is indicated semiquantitatively in Table
1.B, distribution of the phosphoenzyme between E,P and E,P at 150 mm NaCl. Each line shows the best fit of a biexponential decay function. The initial amounts
of E,P, which correspond to the amplitude of the slow phase, are listed in Table 1. A and B, experimental conditions and equations used for data fitting are
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symbols) represent mean * S.E. Dotted lines reproduce the wild type for direct comparison in the same panel.

reversing the E;P — E,P transition and thereby impeding
ATPase activity (Fig. 14, reaction 3). Conversely, K1001A and
the Arg-1005 mutants displayed wild type-like behavior with
respect to binding of extracellular Na™. Based on these findings,
it may be concluded that Asp-997, Glu-998, and Arg-1000, the
latter in particular, are important for the binding of Na™ from
both sides of the membrane, whereas Lys-1001 only is impor-
tant for Na™ binding from the intracellular side, and Arg-1005
is not, per se, crucial for cation interaction.

These mutations had limited influence on the distribution of
the phosphoenzyme intermediates between E,P and E,P; the
largest deviation was seen for RLO00A (83% E,P versus 62% in
wild type). K1001A and the various Arg-1005 mutants showed
slightly lower accumulation of E,P than the wild type (33-52%),
thus indicating slowing of the E;P to E,P conversion (Fig. 4B
and Table 1). The increased steady-state level of E,P seen for
R1000A is likely the consequence of the inability of this mutant
to react with Na™ at the extracellularly facing sites, which
would have driven the E;P-E,P equilibrium in the direction of
E,D.
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The Phosphomimetic Mutation S938E Mediates Its Effect
Through Interaction with Arg-1005—To examine whether the
phosphorylated side chain of Ser-938 senses the potential inter-
action partners Arg-1005 and Glu-998, we made several double
mutants where the phosphomimetic mutation S938E was com-
bined with either of the single mutations R1005A/K/M/S and
E998A (see Table 1 for an overview). Of the four mutants com-
bining S938E with substitutions of Arg-1005, only S938E/
R1005K was capable of sustaining cell viability in the presence
of ouabain (Table 1). Hence, mutants S938E/R1005A, S938E/
R1005M, and S938E/R1005S are unable to transport Na™ and
K™, or the transport rate is below a critical level (5-10% of wild
type activity seems to be required to sustain cell viability based
on previous experience of our laboratory). Expression of these
mutants was then carried out by transient co-transfection with
siRNA knocking down the endogenous Na™, K" -ATPase in the
COS-1 cells, a technique allowing analysis of the partial reac-
tion steps in the enzyme cycle despite severe reduction of
transport activity that we previously used for other transport-
deficient mutants (23, 24). Hence, the ability to form a phos-
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FIGURE 5. The phosphomimetic mutation S938E mediates its effect through interaction with Arg-1005. A, representative phosphorimaging autoradio-
graph of transiently expressed double mutants. The double mutants S938E/R1005A, S938E/R1005M, and S938E/R1005S, which could not sustain cell viability
in the presence of ouabain, were transiently expressed in the presence of siRNA-targeted knockdown of the endogenous COS-1 Na*,K*-ATPase. The autora-
diograph shows 32P incorporation from [y->?P]ATP at the catalytic site aspartate in the P-domain following separation by SDS-PAGE of enzyme phosphorylated
in the presence of the Na™ concentrations indicated in mm. It can be seen that all the double mutants tested were phosphorylation-inactive. B, Na* depen-
dence of phosphorylation from [y->2P]ATP. Each line shows the best fit of the Hill equation, and the extracted K, 5 values are listed in Table 1. C, ATP dependence
of Na™ K" -ATPase activity. Each line shows the best fit of the Hill equation, and the extracted K, 5 values are listed in Table 1. D, K* dependence of Na* ,K*-
ATPase activity. Each line shows the best fit of a two-component Hill equation with the inhibition represented by a negative term. K, 5 values for the rising parts
ofthe curves arelisted in Table 1.£,Na™ dependence of Na* -ATPase activity in the absence of K*. Inhibition of Na* -ATPase activity by high Na™ concentrations
is indicated semiquantitatively in Table 1. B-E, experimental conditions and equations used for data fitting are described under “Experimental Procedures.”
Statistical information is given in Table 1. Symbol and error bars (seen only when larger than the size of the symbols) represent mean = S.E. Dotted lines
reproduce the wild type for direct comparison in the same panel.

phorylated intermediate from ATP at the conserved aspartate  with that of the wild type (7313 versus 8474 min~'; Table 1),
in the catalytic site was examined (Fig. 14, reaction 2). As seen  whereas a substantial disturbance of Na* binding at the sites on
in Fig. 5A, none of the transiently expressed mutants S938E/ E, was found, amounting to as much as a 10-fold reduction of
R1005A, S938E/R1005M, and S938E/R1005S could be phos- the apparent affinity for Na™ activation of phosphorylation
phorylated in the presence of oligomycin and a Na™ concentra-  (Fig. 5B and Table 1). This effect is particularly noteworthy
tion of 100 or 300 mm with the latter being more than 20-fold because the single mutation S938E reduced the Na™ affinity
higher than required for saturation of the wild type enzyme. only 3-fold, and R1005K was without effect, suggesting that the
This finding is remarkable in the context of the more or less presence of the lysine reinforced the effect of the phosphomi-
wild type-like behavior of the mutants R1005A, R1005M, and  metic S938E mutation. Again the effects on apparent Na™ affin-
R1005S with single substitutions. ity are not caused by a conformational shift away from the Na™-

The viable double mutant S938E/R1005K exhibited a maxi- binding E; form as the apparent affinity for ATP was increased
mal catalytic turnover rate only slightly decreased compared (Fig. 5C and Table 1). These findings support the hypothesis
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FIGURE 6. PKA-mediated phosphorylation of Na*,K*-ATPase mutants. Representatlve phosphorlmaglng autoradlographs showing 32P incorporation
following incubation with [y->2P]JATP with PKA or without PKA catalytic subunit and separation by SDS-PAGE of COS-1 cell plasma membrane proteins
containing expressed Na* K" -ATPase mutants or wild type (WT) or purified Na™ K" -ATPase from pig kidney. See “Experimental Procedures” for further details.
Two SDS-PAGE gels, A and B, are shown. A, lane 1, WT — PKA; lane 2, WT + PKA; lane 3,S938A + PKA; lane 4, S938A — PKA. B, lane 1,5938A — PKA; lane 2, S938A +
PKA; lane 3,R1005A — PKA; lane 4,R1005A + PKA; lane 5, R1005K — PKA; lane 6, R1005K + PKA; lane 7, R1005M + PKA; lane 8, purified Na™ ,K"-ATPase (15 ug) +
PKA; lane 9, purified Na™ ,K*-ATPase (20 ug) + PKA. The arrow indicates the migration position corresponding to the purified Na*,K*-ATPase. For both gel A
and gel B, 35 g of total plasma membrane protein from COS-1 cells expressing mutant or wild type were loaded in each lane. Plasma membrane preparations
containing approximately equal amounts (*5%) of expressed exogenous mutant or wild type rat Na* K" -ATPase per mg of total protein were used based on

determination of the active site concentration.

that electrostatic interaction between the introduced phos-
phate on Ser-938 and the positive side chain of Arg-1005 is
central to the PKA regulatory effect on the binding of intracel-
lular Na™. The K™ dependence of the Na™,K*-ATPase activity
of S938E/R1005K showed only a minor reduction of K* affinity
for activation on par with the K™ affinity observed for the
S938E single mutation (Fig. 5D and Table 1). Furthermore,
the extracellularly facing low affinity sites on E,P were still
capable of binding Na™, leading to inhibition of Na*-ATPase
activity; however, the apparent affinity for the inhibitory Na™
appears slightly reduced relative to wild type, and the maximal
Na™-ATPase activity was clearly reduced in S938E/R1005K
(Fig. 5E), indicating a reduced efficacy of Na™* activation of
dephosphorylation. Thus, the combination of S938E with
R1005K also leads to an altered Na™ interaction at the extracel-
lularly facing sites, although neither of the single mutations had
such an effect.

Information about the influence of the electrostatic repul-
sion between S938E and Glu-998 was obtained by studying
the double mutation S938E/E998A, which turned out to fur-
ther compromise Na™ affinity relative to the single muta-
tions S938E and E998A (14-fold in the double mutant versus
3- and 9-fold in the respective mutants with single substitu-
tions) (Fig. 5B and Table 1). It is, however, important to note
that the E998A mutation does not diminish the effect of the
S938E substitution on the Na™ affinity. This result indicates
that electrostatic interaction between S938E and Glu-998 is
of minor importance for the effect of the S938E mutation on
Na™ affinity. The S938E/E998A mutant displayed a wild
type-like turnover rate and apparent affinity for K* activa-
tion (Fig. 5D). A distinct inhibition phase was observed at
high K" concentrations, which is in accordance with the
marked reduction of Na™ affinity because, as explained
above, inhibition by K™ results from K* binding in compe-
tition with Na™* (Fig. 5D and Table 1).

In addition, we constructed the swap mutant S938R/
R1005S, which also displayed a larger reduction of Na™ affin-
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ity (6-fold; Fig. 5B and Table 1) than the corresponding
mutants with single substitutions S938R and R1005S (4- and
2-fold, respectively). Hence, the swap of the serine and
the arginine did not recover the Na* binding properties of
the Na™,K"-ATPase, indicating that interaction of the un-
phosphorylated serine with the arginine is not a major deter-
minant of the normal Na* affinity in the absence of
phosphorylation.

Direct Measurement of PKA-mediated Phosphorylation of
Mutants—To examine whether Arg-1005 is required for PKA-
mediated phosphorylation of Ser-938, PKA phosphorylation
experiments were performed with selected mutants (Fig. 6).
Conditions were chosen under which almost no phosphoryla-
tion was observed in the absence of PKA (Fig. 6, A, lanes 1 and
4, and B, lanes 1, 3, and 5). As a positive control, highly purified
renal Na*,K*-ATPase was subjected to PKA-mediated phos-
phorylation, giving rise to a single phosphorylated band (Fig.
6B, lanes 8 and 9). PKA-mediated phosphorylation of the
microsomes from COS-1 cells expressing the wild type
Na*,K*-ATPase showed a distinct band migrating at the same
position as the band corresponding to the purified Na™,K*-
ATPase in addition to a number of other bands reflecting the
fact that the expressed Na™,K*-ATPase constitutes only a
few percent of the total microsomal protein (Fig. 6A, lane 2).
The microsomes from cells expressing the phosphorylation-
deficient S938A mutant showed a weaker phosphorylated
Na™,K*-ATPase band corresponding to the background of
endogenous COS-1 cell Na*,K*-ATPase (Fig. 6, A, lane 3,
and B, lane 2). For all the Arg-1005 mutants examined
(R1005A, R1005K, and R1005M; Fig. 6B, lanes 4, 6, and 7,
respectively), a distinct phosphorylated Na®,K™-ATPase
band stronger than the background corresponding to S938A
could be seen. Hence, the presence of Arg-1005 is not oblig-
atory for the PKA-mediated phosphorylation even though
the arginine appears to be mechanistically involved in the
signal transduction.
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Discussion

Although it is well established that PKA regulates Na™ K™ -
ATPase activity in vivo, the underlying molecular mechanism
has remained obscure. The current study provides new infor-
mation about this mechanism. Our data show that the phos-
phomimetic mutations S938D and S938E reduce the apparent
affinity of the E, form for Na* 2-3-fold relative to wild type
(Fig. 24 and Table 1). In the intact cell, the Na™ sites on E, face
the intracellular side. The sites on E,P that bind extracellular
Na* and K* were unaffected by these mutations (Fig. 2, C and
D, and Table 1). In agreement with our findings, previous elec-
trophysiological investigations of S938E did not disclose any
defect in the binding of extracellular Na™, which was attributed
to the smaller size and charge of the glutamate substituent com-
pared with a phosphate group having a charge of —2 at physi-
ological pH (17). However, the latter study did not investigate
the binding of Na™ from the intracellular side to the E, form
probably due to the difficulty in controlling the intracellular
Na™ concentration in whole cells. The presently observed
reduction of Na™ affinity of the intracellularly facing E, sites
caused by the phosphomimetic mutations S938D and S938E is
within the range expected for physiological regulation of the
Na®,K"-ATPase (15). Because the Na*,K*-ATPase works
under suboptimal conditions in vivo where the intracellularly
facing Na™ sites are not saturated with respect to Na™, the
moderate 2-3-fold reduction of Na™ affinity observed here is
expected to have a significant effect on the Na*,K"-ATPase
turnover rate in intact cells. Thus, altogether, the present
results suggest that PKA phosphorylation of Na™*,K*-ATPase,
mimicked by the glutamate substituent, exerts its role in cells
through modification of the intracellular Na™ affinity. Accord-
ing to a recent study from our group, this modification will have
consequences for the intracellular concentration of Na™, which
we have shown correlates with the apparent Na™ affinity (24).
Our findings are in agreement with a previous study showing
that the Na™ clearance rate decreases upon modulation of the
Na™,K*"-ATPase a3 isoform by PKA (35).

In the vicinity of Ser-938 in L8-9 are five charged residues,
Asp-997, Glu-998, Arg-1000, Lys-1001, and Arg-1005, of M10
(Fig. 1C). Our results demonstrate that alanine substitution of
Asp-997, Glu-998, and Arg-1000 affects the binding of Na™
from both sides of the membrane, whereas alanine substitution
of Lys-1001 only affects the binding of Na™ from the intracel-
lular side. In contrast, Arg-1005 is not required for proper Na™
or K binding (Figs. 3 and 4 and Table 1). The double sidedness
of the effects seen for Asp-997, Glu-998, and Arg-1000 indi-
cates that these residues are involved in stabilizing the Na*-
occluded state, which is reached from both sides of the mem-
brane. The most defective Na™ binding is seen for the R1000A
mutant, which displays a 15-fold reduced apparent Na™ affinity
of the E, form (Fig. 34) as well as a complete disruption of Na™
binding from the extracellular side (Fig. 44). These observa-
tions suggest a key role for the cytoplasmic half of M10 in the
regulation of Na™ binding. M10 is physically connected to the C
terminus whose interaction with M5 through Lys-768 (see Fig.
1C) is known to stabilize the so-called Na™ site III, which is
specific for Na™ and is believed to be the first Na™ -binding site
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M9 M8

FIGURE 7. Structural relations of L8-9 containing the potential PKA site
Ser-938. Shown is the relevant part of the structure of the Na*-bound E, form
of Na™ ,K*-ATPase (Protein Data Bank code 3WGV) (8) viewed from the side
along the membrane surface. Depicted is the extensive bonding network that
connects L8-9 (yellow) harboring the potential PKA site at Ser-938 with M10
(gray), the C terminus (light blue), and the Na™ binding segment M8 (gray).
The residues studied by mutagenesis are depicted as sticks (Ser-938, Asp-997,
Glu-998, Arg-1000, Lys-1001, and Arg-1005). Stick representation of back-
bone atoms (blue nitrogen and red oxygen atoms) is shown for the entire L8-9.
In addition, GIn-925 and Asp-928 known to contribute to the binding of the
Na™ ion at site Ill are shown as sticks as are lle-931 and Thr-934 that interact
with Lys-1001in M10.The Na™" ion bound atssite Il is depicted as a large purple
sphere. The figure was prepared using PyMOL.

occupied during the sequential binding of three Na™ ions to
Na™,K*-ATPase (8). Because replacement of each of the resi-
dues Asp-997, Glu-998, Arg-1000, and Lys-1001 only affects
the interaction with Na* and not the interaction with K™, the
observed mutational effects may be ascribed to modification of
the Na™-specific site III (Fig. 3). In the Na™, K" -ATPase struc-
ture with bound Na™, the side chain of Asp-997 seems to form
salt bridges with the side chains of both Arg-1000 and Lys-1001
(Figs. 1C and 7). Arg-1000 is hydrogen-bonded to Thr-1016
near the C terminus (Fig. 1C), and Lys-1001 is bonded to back-
bone carbonyl oxygens of M8 (Thr-934 and Ile-931; Fig. 7).
Furthermore, Glu-998 is hydrogen-bonded to the backbone
amide of Val-939 in L8-9, and the C terminus is tied up to
Arg-935 in L8-9 (6, 9). Thus, Asp-997, Glu-998, Arg-1000, and
Lys-1001 of M10 are part of an elaborate bonding network that
involves M10, L8-9, the C terminus, and the M5 and M8 helices
providing liganding residues (Tyr-773, Thr-776, and Ser-777 in
M5, GIn-925, and Asp-928 in M8) at Na™ site I1I (8, 34, 36). This
extended network likely allows changes in the configuration of
the M10 residues to be transmitted to Na™ site IIL

The inhibition at high K™ concentrations, which is most dis-
tinct for the alanine substitutions of Arg-1000 and its interac-
tion partner Asp-997 (Fig. 3C), may also arise from disturbance
of the above mentioned bonding network. Several mutations
affecting the C terminus have been found to exhibit this pattern
of K™ inhibition (6, 9, 24, 34, 36), and the marked K™ inhibition
of D997A and R1000A may be seen as a consequence of inter-
ference by the mutations with the bond between Arg-1000 and
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Thr-1016 next to the C-terminal tyrosines (Fig. 1C). Hence,
analysis of the crystal structure has indicated that K* binding at
Na™ site Il and resulting inhibition, i.e. loss of the Na™ selec-
tivity of site III, will occur if the cytoplasmic half of M5 is
inclined toward M10 by 10° as a consequence of disturbance of
the stabilizing interaction of the C terminus with M5 (8).

In this context, it is worth mentioning that a mutation replac-
ing the arginine corresponding to Arg-1000 with glutamine in
the Na*,K"-ATPase o2 isoform has been found in patients
with familial hemiplegic migraine (37). Asp-997 has also been
implicated in neurological disease as substitutions of this resi-
due have been identified both in a2 in association with familial
hemiplegic migraine and in the a3 isoform of patients with
alternating hemiplegia of childhood (38, 39).

The side chain hydroxyl of Ser-938 seems to form hydrogen
bonds to the two backbone amides of Phe-940 and GIn-941 that
may serve to stabilize a rigid loop structure of L8-9 (Figs. 1C and
7). The loss of these hydrogen bonds may be the reason for the
2-fold reduction of Na™ affinity caused by the S938 A mutation.
The introduction of the phosphomimetic S938E mutation led
to a more pronounced, 3-fold reduction of Na™ affinity. In the
Na™-bound structure, the side chains of Glu-998 and Arg-1005
are 4.12 and 4.91 A away, respectively, from the Ser-938
hydroxyl group. The glutamate substituent or in vivo phosphor-
ylation of the serine might disrupt the interactions with the
L8-9 backbone, which would provide opportunities for electro-
static attraction to the arginine side chain or repulsion by the
glutamate Glu-998. To test these ideas, we generated double
mutants of S938E combined with substitutions of either Arg-
1005 or Glu-998 to probe the interactions. None of the three
double mutants S938E/R1005A, S938E/R1005M, and S938E/
R1005S could support cell growth (Table 1) despite the fact that
the mutants R1005A, R1005M, and R1005S with single substi-
tutions behaved more or less wild type-like (Figs. 3 and 4 and
Table 1). Even when expressed transiently, S938E/R1005A,
S938E/R1005M, and S938E/R1005S failed to phosphorylate in a
Na™-dependent reaction at the conserved P-domain aspartate,
explaining their inability to support cell growth (Fig. 54). In
contrast, mutant S938E/R1005K was able to transport Na™ and
K™ across the membrane at rates sufficiently high to support
cell growth, and the maximal turnover rate of this mutant was
almost wild type-like (Table 1), thus underscoring the impor-
tance of the positive charge of the side chain at position 1005,
which apparently interacts with the phosphomimetic nega-
tively charged glutamate. Arginine side chains are well known
and common interaction partners of phosphate groups as anal-
ysis of phosphate interactions in several proteins has shown
that phosphate groups preferentially interact with one or more
arginine residues (40—42). Due to the planar structure of the
guanidino group of the side chain, which has the ability to form
several hydrogen bonds, the phosphate-arginine interaction is
extraordinarily strong. Besides arginines, phosphate groups can
also interact with lysines although generally less strongly. It is
therefore of note that even though R1005K exhibited wild type-
like Na™ affinity the Na™ affinity was even more reduced in
S938E/R1005K (10-fold) than in single mutant S938E (3-fold)
where arginine is present at position 1005 (Figs. 2, 3, and 5 and
Table 1). Hence, replacement of Arg-1005 with lysine rein-
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forced the effect of the phosphomimetic S938E mutation on
Na™ affinity. The lysine side chain is more flexible than that of
arginine, which may increase the probability of “catching” its
electrostatic interaction partner. Furthermore, due to the
shorter length of the bridging lysine side chain compared with
that of arginine, the interaction of the phosphomimetic gluta-
mate of S938E with the lysine at position 1005, near the edge of
M10, may cause larger structural perturbation of the elaborate
bonding network that connects L8-9 to M10, the C terminus,
and the Na™ binding region than the interaction with the longer
arginine side chain.

The importance of Arg-1005 in the signal transduction
resulting from the PKA-mediated phosphorylation of Ser-938
raises the question whether Arg-1005 is obligatory as interac-
tion partner with the phosphate group for the PKA-mediated
phosphorylation to occur? Our results showed that the PKA-
mediated phosphorylation is possible in the Arg-1005 mutants
(Fig. 6), which is reasonable because the latter residue is located
in transmembrane helix M10 outside the PKA consensus
sequence in the loop between transmembrane helices M8 and
M9. In the wild type Na*,K*-ATPase, the phosphorylation of
Ser-938 conceivably occurs without requirement for the argi-
nine in the binding of the phosphate, but upon phosphorylation
of the serine the phosphate group attracts the arginine, thereby
propagating structural perturbation via the surrounding bind-
ing network to Na™ site III.

Although the structural closeness of Glu-998 to Ser-938
might suggest a role for electrostatic repulsion between a neg-
ative charge at position 938 and Glu-998 in the mechanism
generating reduced Na™ affinity, such an effect was not con-
firmed experimentally. Hence, the substitution of Glu-998 with
alanine did not attenuate the effect of S938E on Na™ affinity
(Figs. 2, 3, and 5 and Table 1). The marked effect of the E998A
single substitution seems to result from disruption of a hydro-
gen bond between one of the side chain oxygen atoms of Glu-
998 and the backbone amide of Val-939 (Fig. 7), thus again
pointing to the importance of bonds that stabilize a rigid L8-9
loop structure.

The swap mutant S938R/R1005S was constructed to test
whether S938R and R1005S interact in the absence of phos-
phorylation of the serine. Because the swap mutant displayed a
larger reduction of Na™ affinity than each of the single mutants
S938R and R1005S, interaction of the unphosphorylated serine
with the arginine is most likely not a major determinant of the
normal Na™ affinity in the absence of phosphorylation.

In conclusion, the biochemical data presented in this study,
particularly the effects of combining the phosphomimetic
S938E mutation with Arg-1005 mutations, support a scenario
where a phosphate group introduced at Ser-938 by PKA-medi-
ated phosphorylation would reduce the affinity of Na™ site Il in
the internally facing configuration by way of a mechanism
involving electrostatic interaction with the Arg-1005 side chain
and destabilization of the rigid loop structure of L8-9, thereby
conveying changes to M8 with its Na*-liganding residues. The
role of the positive charge at position 1005 is emphasized by the
strengthening of the effect of the phosphomimetic mutation on
Na™ affinity seen upon substitution of Arg-1005 with lysine.
The reduced Na™ affinity at the internally facing sites resulting
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from phosphorylation of Ser-938 is expected to increase the
intracellular Na™ concentration.
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