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Role of a conserved ion-binding site tyrosine in ion
selectivity of the Na*/K* pump

Kerri Spontarelli*®, Daniel T. Infield?, Hang N. Nielsen?, Rikke Holm?, Victoria C. Young'@®, Jason D. Galpin?®, Christopher A. Ahern?@®, Bente Vilsen’®,
and Pablo Artigas'®

The essential transmembrane Na* and K* gradients in animal cells are established by the Na*/K* pump, a P-type ATPase that
exports three Na* and imports two K* per ATP hydrolyzed. The mechanism by which the Na*/K* pump distinguishes between
Na* and K* at the two membrane sides is poorly understood. Crystal structures identify two sites (sites | and 1) that bind Na*
or K* and a third (site Ill) specific for Na*. The side chain of a conserved tyrosine at site Il of the catalytic a-subunit (Xenopus-

al Y780) has been proposed to contribute to Na* binding by cation-Tt interaction. We substituted Y780 with natural and
unnatural amino acids, expressed the mutants in Xenopus oocytes and COS-1 cells, and used electrophysiology and
biochemistry to evaluate their function. Substitutions disrupting H-bonds impaired Na* interaction, while Y780Q
strengthened it, likely by H-bond formation. Utilizing the non-sense suppression method previously used to incorporate
unnatural derivatives in ion channels, we were able to analyze Na*/K* pumps with fluorinated tyrosine or phenylalanine
derivatives inserted at position 780 to diminish cation- interaction strength. In line with the results of the analysis of
mutants with natural amino acid substitutions, the results with the fluorinated derivatives indicate that Na*-m interaction with
the phenol ring at position 780 contributes minimally, if at all, to the binding of Na*. All Y780 substitutions decreased K*
apparent affinity, highlighting that a state-dependent H-bond network is essential for the selectivity switch at sites | and Il

when the pump changes conformational state.

Introduction

All vertebrate cells use the energy accumulated in Na* and K*
electrochemical gradients across their plasma membranes to
power essential functions, like electrical excitability or nutrient
and neurotransmitter uptake. These gradients are established
and maintained by the Na*,K*-ATPase, also known as the Na*/K*
pump, which is a member of the type 2C subfamily of P-type
ATPases. All P-type ATPases share a similar transport cycle
whereby alternating phosphorylated and dephosphorylated
forms drive the conversion between two major conformations:
E2 with external-facing ion-binding sites and E1 with internal-
facing sites (Fig. 1 A; Sen and Post, 1964). Precise ion-selectivity
mechanisms and ionic stoichiometries distinguish type 2 family
members. A salient feature of the Na*/K* pump is that in addi-
tion to two shared sites that can be reciprocally occupied by Na*
or K* (site I and site II), there is a third site (site III) which is
highly selective for Na* (Ratheal et al., 2010). Based on the
crystal structures, the side chain of a tyrosine residue in the fifth
transmembrane segment, M5 (Y780 in Xenopus al, Y778 in hu-
man al, Y773 in rat al, and Y771 in the pig al from crystal

structures) may stabilize the bound Na* at site III in one or both
of the following ways: (1) through direct cation-m interaction
with Na* (Kanai et al., 2013) and (2) through a network of hy-
drogen bonds that may include the side-chain hydroxyl of Y780
(Kanai et al., 2013; Nielsen et al., 2019; Fig. 1, C and D). This
aromatic residue is well conserved among P-type ATPases (Fig. 1
E). The importance of this residue for ion transport is high-
lighted by the finding that mutation of the equivalent tyrosine in
the neuron-specific a3 subunit (Y763) to cysteine or histidine
causes alternating hemiplegia in childhood (AHC; Panagiotakaki
et al,, 2015), a debilitating neurological disorder (Holm et al.,
2016). While cation-m interactions involving aromatic residues
have been extensively studied in ion channels in relation to ion
pore function and inhibitor binding (Infield et al., 2021; Roux,
2005), the putative roles of aromatic residues in ion binding to
ion pumps remain largely suggestive. Previous studies evaluat-
ing the effect of Y780 mutation on Na*/K* pump function are
somewhat contradictory: Arguello et al. (1999) concluded that
mutations Y7804, Y780S, and Y780F affected Na* interaction,
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Figure 1. Relevant functional and structural
properties of the Na*/K* pump. (A) Post-
Albers kinetic scheme describing partial re-
actions in the Na*/K* pump cycle. (B) Overall
view of the Na*/K* pump structure in E1(3Na")
form, PDB accession no. 3WGV. The boxed part
shows the ion-binding region (with three Na*
ions as blue spheres; see further below). In the
cytoplasmic region, the nucleotide, phosphate
analog (both in blue stick representation) and
phosphorylated aspartate (stick representation
in color by elements) are shown. (C) Zoomed-in
view of the ion-binding region of the E1(3Na*)
structure showing amino-acid side chains par-
ticipating in ion coordination, as well as Y780 and
surrounding residues (stick representation in
color by elements). Broken lines indicate poten-
tial hydrogen bonds from Y780 (2.77 indicates
the length in A of the bond between Y780 hy-
droxyl and T816 backbone oxygen). Numbers on
the Na*-ions (blue spheres) are the ion-binding
site number. (D) Zoomed-in view of the ion
binding region of E2P,(2K*) structure (PDB ac-
cession no. 2ZXE) with the same residues shown.
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catalytic subunit of P-type-ATPases showing
high conservation of the tyrosine residue studied in
this article. P2-ATPaseses shown are Na*,K*-ATPase
al subunit (NKA), the gastric H*,K*-ATPase a sub-
unit (HKA), the plasma membrane Ca?*-ATPase
catalytic subunit (PMCA), and the sarcoplasmic/en-
doplasmic reticulum Ca?-ATPase catalytic subunit
(SERCA). Other P-type ATPases indicated are the
Cu-ATPase ATP7B (P1-ATPase), the H*-ATPase from
Arabidopsis thaliana (P3-ATPase), and the human
flippase ATP8AL (P4-ATPase).
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P4-ATPase (841) SKCILYCEYKNIVLYIIEIWFAFVNGES

without effect on K* interaction, while Pedersen et al. (1998)
reported that any modification of the Y780 side chain reduced
the interaction of the Na*/K* pump with both transported ions.
However, neither article provided a clear picture of the inter-
actions that make this residue so critical for transport, and
electrophysiological studies, allowing distinction between in-
teractions with intra- and extracellular ions, were not applied.
Here, we use electrophysiology and biochemistry to evaluate
the functional effects of substituting the tyrosine at position 780
with several natural and unnatural amino acids. The results
demonstrate that (1) substitutions disrupting the hydrogen
bonds at Y780 impaired interaction with internal and external
Na* while Y780Q strengthened it, (2) all Y780 substitutions
reduced apparent affinity for external K*, reinforcing the notion
that a hydrogen bond network, which changes during the E1-E2
conformational transition, is essential for the alteration of
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selectivity between the Na*-binding and K*-binding forms of the
Na*/K* pump, (3) a cation-m interaction is unlikely to play a
major role in Na* binding, although such interaction is suggested
by the structural position of Y780 in relation to Na* in site III,
and (4) the methods used to perform atomic mutagenesis with
ion channels can be successfully applied to active transporters
with transport rates >10* slower than those in channels.

Materials and methods

Molecular biology

Point mutations were introduced into full-length cDNA encod-
ing the ouabain-resistant al subunits (the Xenopus QI20R/
N131D-al or rat al-isoform of Na*,K*-ATPase) using PCR, and
verified by sequencing (Holm et al., 2017; Nielsen et al., 2019),
both before oocyte injection or transfection into COS-1 cells
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using the Ca?'-phosphate precipitation method (Chen and
Okayama, 1987) and after expanding single colonies into stable
cell lines under ouabain selection pressure (Holm et al., 2015;
Holm et al., 2017; Nielsen et al., 2019). For simplicity, throughout
the manuscript, we use Xenopus al numbering (seven higher than
rat al and nine higher than the pig al from crystal structures).

Oocyte preparation and electrophysiology

Oocytes were extracted from female Xenopus laevis toads and
enzymatically dissociated as described (Meyer et al., 2017). Upon
dissociation, oocytes were kept in SOS solution composed of (in
mM) 100 NaCl, 1 MgCl,, 2 KCl, 1.8 CaCl,, 5 HEPES, 2.5 pyruvic
acid (Sigma-Aldrich), 1x antibiotic-antimycotic (Gibco), and 5%
horse serum (Gibco), titrated to pH 7.5 with NaOH. Oocytes were
injected with cRNA mixtures of Xenopus Q120R/N131D-al:B1 (75 ng
al, 25 ng B3). When using non-sense suppression, 25 g pellets of
pyrrolysine tRNA loaded with the indicated amino acid were re-
suspended in cold 3 mM pH 5 NaOAc and added to the mixture of
cRNA (10 pg tRNA, 2 pg cRNA). A total of 50 nl of the RNA
mixture was injected into each oocyte on the first day, and then
50 nl of tRNA alone was injected on subsequent days until the day
of recording. Oocytes were kept at 16°C until recording (3-5 d).

Two-electrode voltage clamp (TEVC) was performed using an
0C-725C amplifier (Warner Instruments) controlled by pClamp
software through a Digidata 1440 (both from Molecular Devices)
and were utilized for data acquisition at 10 kHz. Data were also
continuously recorded with a Minidigi 1A at 1 kHz. Glass mi-
croelectrodes resistance was 0.2-1 MQ when filled with 3 M KCl.

To increase the intracellular Na* concentration, a rate-
limiting factor for maximal Na*/K* pump cycling (Meyer
et al., 2017), oocytes were incubated for 1 h in a Na*-loading
solution containing (in mM) 90 NaOH, 20 TEA-OH, 40 HEPES,
and 0.2 EGTA (which chelates Ca?*, causing connexin channels
to open and allowing Na* to follow its concentration gradient),
titrated to pH 7.2 with sulfamic acid (~220 mOsm/kg), and then
kept in the Na* external solution until recording.

The recording solutions contained (in mM) 133 meth-
anesulfonic acid (MS), 5 Ba(OH),, 1 Mg(OH),, 0.5 Ca(OH),, 10
HEPES, and 125 of either NaOH (Na* solution) or N-methyl
D-glucamine (NMDG" solution), and were titrated to pH 7.6
with MS (250-260 mOsm/kg). K* was added from a 450 mM
K-MS stock solution. Ouabain (10 mM) was dissolved directly in
external solutions. There were no outward currents in the ab-
sence of added K* in NMDG* solution, indicating that the con-
tamination of K* of the NMDG"* used in this study (66930;
Sigma-Aldrich) is negligible. When K* dose-response curves
required concentrations above 10 mM, ouabain sensitive K*-
induced currents were used (Y780Q and Y780A).

Patch-clamp was performed essentially as described (Meyer
et al., 2020; Stanley et al., 2016). The pipette solution was
NMDG* external solution with 5 mM K* and 1 uM ouabain to
inhibit endogenous pumps. The bath intracellular solution was
composed of (in mM) 110 glutamic acid, 10 TEA-C], 10 HEPES, 5
EGTA, and 1 MgCl,, with either 125 NMDG* or 125 NaOH (pH 7.4,
250-260 mOsm/kg). Intermediate Na* concentrations were
achieved by mixing NMDG* and Na* intracellular solutions.
MgATP was added from 200 mM stocks (pH 7.4 with NMDG*).
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All electrophysiological experiments were performed at room
temperature (22-23°C).

Biochemical analyses

Like the WT, the mutants Y780F/L/Q/A were all able to support
the growth of the COS-1 cells in the presence of ouabain to in-
hibit the endogenous Na*/K* pump, thus indicating that the
mutants were able to actively transport ions. Na*,K*-ATPase
activity, and phosphorylation with [y->*P]ATP were determined
as previously described (Holm et al., 2015; Nielsen et al., 2019)
under the conditions stated in the relevant figure legends, on the
plasma membrane fraction from the cells. Plasma membranes
were isolated by differential centrifugation and made leaky with
alamethicin to allow the access of ligands from both sides of the
membrane. The ATPase activity was measured by Pi liberation
using the colorimetric procedure of Baginski et al. (1967) for
15-19 min. The phosphorylation and dephosphorylation re-
actions were performed under stirring and were quenched with
ice-cold 1 M phosphoric acid, pH 2.4. The acid-precipitated
32p-labeled phosphoenzyme was washed by centrifugation and
quantified by phosphorimaging using a cyclone storage system
(PerkinElmer Life Sciences; Nielsen et al., 2019).

Synthesis of PYL-tRNA loaded with unnatural amino acids
General information

All solvents and reagents were supplied by Sigma-Aldrich and
were used as-is unless explicitly stated, and 5’-O-phosphoryl-2'-
deoxycytidylyl-(3'—5') adenosine (pdCpA) was obtained
through GE Healthcare/Dharmacon. All N-Boc-protected amino
acids were supplied by ChemImpex International, except for
N-Boc-3-fluoro-L-tyrosine (1ClickChemistry, Inc.) and N-Boc-
L-Cho cyanomethyl ester (AsisChem, Inc.). Dry nitrogen was
supplied by Praxair and passed through two moisture scrub-
bing columns of dry calcium sulfate (Drierite) prior to use.
HPLC analyses were performed on a Waters 1525 Binary HPLC
pump equipped with a Waters 2998 Photodiode Array Detector,
employing Sunfire C18 analytical (3.5 pm, 4.6 mm x 150 mm,
0.8 ml/min) or preparative (5.0 um, 19 mm x 150 mm, 10 ml/
min) columns and Empower software; buffers were drawn in
linear gradients from 100% A (50 mM ammonium acetate) to
100% B (acetonitrile) over 30 min. UV-visible spectra for
concentration determinations were recorded on a Thermo
Fisher Scientific Nanodrop 2000C spectrophotometer. Mass
spectra were recorded on a Waters QToF Premier Quadrupole
instrument, in both positive and negative modes.

Cyanomethyl ester of Boc-protected amino acids

The cyanomethyl esters of Boc-protected amino acids were
prepared and purified as in Robertson et al. (1991). The 4-
hydroxycyclohexyl amino acid (Cho) was purchased as a Boc/
cyanomethyl ester compound.

Synthesis of acyl dinucleotides of L-Phe, 4-fluoro-L-Phe, 3,5-
difluoro-L-Phe, L-Tyr, 3-fluoro-L-Tyr, B-cyclohexyl-L-alanine (Cha),
B-(4-hydroxy) cyclohexyl-L-alanine (Cho)

Slight modifications from the published procedure were
employed (Hohsaka et al., 1999; Robertson et al., 1991). A
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representative synthesis is described here for Phe. The cyano-
methyl ester of Boc-L-phenylalanine (0.04 mmol) and pdCpA (5
mg, 0.008 mmol) was dissolved in dry dimethylformamide (200
ul) in a screw-top vial (1 dram) and tetrabutylammonium acetate
(30 mg, 0.1 mmol) was added. The solution was stoppered and
stirred at room temperature and monitored by HPLC over sev-
eral hours (2 pl aliquots were removed and diluted into 100 pl of
a 4:1 mixture of A:B buffer prior to injection) with detection at
261 nm. Unreacted pdCpA elutes at ~9 min and the Boc-L-
phenylalanine pdCpA product around 10-13 min. The entire
reaction was chromatographed on a Waters 1525 Binary HPLC
pump equipped with a Waters 2998 Photodiode Array Detector,
employing a Sunfire preparative (5.0 pm, 19 x 150 mm, 10 ml/
min) CI8 column. Buffers were drawn in a linear gradient from
100% A (50 mM ammonium acetate) to 100% B (acetonitrile)
over 30 min. The product peak was isolated, frozen, and
lyophilized. The residue was treated with ice-cold trifluoro-
acetic acid (~300 pl) placed on an ice bath for 30 min to facilitate
the removal of the Boc group. Excess trifluoroacetic acid was
removed in a gentle stream of dry nitrogen gas until a sticky oil
remained and ice-cold ether was added to precipitate the TFA
salt of L-Phe-pdCpA, which was washed twice more with ether
and very carefully dried in a gentle stream of dry nitrogen gas.
The resulting granular powder was stored as a salt at -20°C.
Mass spectrometry confirmed the identity of the molecule
(Fig. 2). When needed for ligation to full-length tRNA this ma-
terial was carefully dissolved in ~50 pl dry DMSO and checked
for product integrity via HPLC, and stock concentration was
approximated on a NanoDrop UV-vis spectrometer using the
known molecular extinction coefficient for pdCpA. L-Phe-pdCpA
isolated in this manner had its concentration adjusted to 3 mM
with DMSO and the stock was stored in aliquots at -28°C.

Ligation of tRNA

An amber suppressor pyrrolysine (PylT) tRNA lacking the last
two nucleotides (-CA; Infield et al., 2018) was generated either
by in vitro transcription, using the method described previously
in detail (Leisle et al., 2016) or synthesized and HPLC purified by
Integrated DNA Technologies. Pellets of tRNA were resuspended
in 10 mM HEPES, pH 7.4, and refolded by heating to 94°C for
3 min followed by linear cooling in a thermocycler to 4°C over
20 min. For each ligation, 25 ug (in 30 pl volume) of refolded
tRNA was added to 28 pl of DEPC-treated water, 8 pl of ~3 mM
DMSO stocks of pdCpA with or without appended amino acid,
1 ul of ATP (10 mM stock, New England Biolabs [NEB]), 5 ul of T4
RNA ligase 1 (NEB) and 8 ml of T4 RNA ligase buffer (NEB). This
80 pl ligation reaction was incubated for 2 h at 4°C. The acylated
tRNA was purified via phenol-chloroform extraction and etha-
nol precipitation. The tRNA pellets were washed in 70% ethanol,
dried via Speedvac, and stored at -80°C or on dry ice until used
for injection.

Data analysis and statistics

Data points shown in the figures are mean and error bars are
SEM, while data in the main text and table are mean + SD. The
SigmaPlot program (SPSS, Inc.) or Origin (Originlab Corp) were
used to fit relevant equations to data points using non-linear
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regression. The ligand concentration dependencies of the dis-
tinct enzymatic reactions and currents were fitted by a Hill

function (Eq. 1):
[L]n> , (1)

A=Ay +Ans .
(Kg.s +[L]

where A, is the activity or current in the absence of the ligand,

Apax is the maximum value reached at infinite ligand concen-

tration, Ko 5 is the ligand concentration giving half-maximal

activation (1/apparent affinity), and n is the Hill coefficient.
The K* dependence of phosphorylation was fitted by repre-

senting the inhibitory ligand (i.e., K*) binding by a negative Hill

function (Eq. 2):
L' ) )

A=A+ An <1 K T
Apnax is the maximum value of the variable fraction corre-
sponding to zero concentration of the inhibitory ligand. A, is the
phosphorylation corresponding to infinite ligand concentration,
i.e., maximal inhibition.

Likewise, for K* dependence of ATPase activity, in the cases
where inhibition was observed at high K* concentrations, a
negative Hill function representing the inhibition was added to
the Hill function in Eq. 1.

The determination of the EIP-E2P distribution of the phos-
phoenzyme was based on fitting a double exponential decay
function to the dephosphorylation time course (Eq. 3):

EP = E,Pexp(™t + E,Pexp(*!, (3)
EP is the total amount of phosphoenzyme. E1P and E2P are the
two phosphoenzyme intermediates that are ADP- and K*-sensitive,
respectively. Here, k; and k, are the decay constants for the E1P
and E2P phases, respectively.

Transient currents elicited after a 50- or 100-ms-long pulse
were baseline-corrected with a time-independent constant and
integrated. The Q-V curves were fitted with a Boltzmann dis-
tribution (Eq. 4):

Qtot (
o Qu 4)
T+ exp (45

Qorr = thp +
Qnyp is the charge moved by hyperpolarizing pulses, Q is the
total charge moved, Vy/, is the center of the distribution, z, is the
valence of a charged particle if it crossed the entire membrane
electric field, e is the elementary charge, k is the Boltzmann
constant, and T is the temperature. kT/z.e relates to the steep-
ness of the curve and is also called the slope factor.

Results

We began to study the contribution of tyrosine 780 to ion
binding by introducing the conservative aromatic substitution,
Y780F. The mutant was expressed in Xenopus oocytes to perform
a functional evaluation with TEVC and patch clamp, as well as in
COS-1 cells to evaluate the enzymatic reactions (Figs. 3 and 4).
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Figure 2. Representative LRMS (+ mode) of Phe-pdCpA. Calculated mass for C,gH35sNgO14P,, 783.18 D.

Representative traces at -50 mV from Na*-loaded oocytes
expressing WT or Y780F illustrate activation of outward current
due to the extrusion of one charge per cycle when the indicated
K* concentrations are applied in an external solution, where
NMDG* substitutes extracellular Na* (Fig. 3 A). From the K*-
concentration dependence of outward current, we obtained the
maximal pump current (Fig. 3 B), as well as the half-maximal
activating concentration (Ko 5 k). In the absence of external Na*,
the true affinity (1/Ko_s) for externally facing sites is estimated as
the E2P state accumulates. The bar graph in Fig. 3 C compares
the Ko 5 x obtained at -50 mV in NMDG* (conditions like in Fig. 3
A) and the presence of 125 mM Na* to illustrate the effect of
external Na*/K* competition. In the absence of Na*, removal of
the hydroxyl group causes a 6.4-fold reduction in apparent af-
finity for external K*. A much less dramatic effect (1.5-fold re-
duction) was observed in the presence of Na*, suggesting that
there is a reduction in the affinity for both K* and Na*, but a
larger reduction in Na* affinity than in K* affinity.

To evaluate the effect of Y780F on the apparent affinity for
external Na* in the absence of K*, we measured the transient
charge movement generated when the Na*/K* pumps transit
between the Na*-bound E1(3Na*) and the Na*-free E2P (Meyer
et al., 2020; Moreno et al., 2020; Fig. 3, D-H). Square voltage
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pulses (500-ms long, illustrated within the box) were first ap-
plied in the absence of ouabain and then in its presence, and the
current in the presence of ouabain was subtracted from the
current in its absence, yielding the Na*/K* pump-mediated
transient current. The representative traces in Fig. 3, D and E,
show these currents for a WT- and a Y780F-expressing oocyte,
respectively. The top traces were obtained at 125 mM and the
bottom ones at 62.5 mM Na*. Because the effect of negative
voltages is to promote rebinding of external Na*, a reduction in
Na* concentration requires more negative voltages to cause such
rebinding. This correlates to a shift in the Q-V curves (Fig. 3,
F-H) obtained by integrating the current traces.

As the equilibrium at -50 mV is disrupted when the pulse is
turned on, the charge measured at the applied voltages (Qon)
should be equal to and of opposite sign relative to the charge
observed when the voltage returns to holding potential, as seen
in the Q-V curves of Fig. 3, G and F. However, due to a small but
obvious inward current at negative voltages (which is switched
off at the same rate as the transient current is moved), Qoy is
frequently larger than Qo at very negative potentials, and this
difference is altered by mutations affecting Na* affinity (Meier
et al., 2010; Nielsen et al., 2019; Yaragatupalli et al., 2009).
Hence, for the rest of this article, we will limit our analysis to
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Figure 3. Interaction with extracellular ions of WT and Y780F. (A) Representative currents at 50 mV from oocytes expressing WT and Y780F mutant.
Application of K* in NMDG* external solution at the millimolar concentrations indicated over the grey lines activates Na*/K* pump current. At -50 mV all
current induced by <10 mM K* is Na*/K* pump current (Meyer et al., 2020; Stanley et al., 2015). (B) Pump current amplitude induced by 10 mM K* in NMDG*,
number of oocytes indicated in parentheses. (C) Ko 5.« from Hill plots of dose-response data in NMDG* and in 125 mM Na*. Individual data points are shown as
grey spheres. (D and E) Representative ouabain-sensitive currents from two oocytes expressing WT (D) or Y780F (E). The currents were elicited by the pulse
protocol illustrated in the box in two conditions: 125 mM Na* (top) and 62.5 mM Na* (bottom). The pulse protocol was repeated in the absence and then in the
presence of ouabain, to obtain the subtracted ouabain-sensitive current displayed. (F and G) Q-V curves for the integral of the currents during the pulse (Qon),
at 125 mM Na*, and upon return to =50 mV (Qogr) at 125 mM Na* (solid) and 62.5 mM Na* (open) for WT (F) and Y780F (G) expressing oocytes displayed in D
and E. Line plots are fits by Boltzmann distribution (Eq. 4) with parameters Vy,, = -49.1mV, kT/z4e = 43.6 mV, Qo = 39.7nC (Qon at 125 mM Na*), Vq /5 = -38.2
mV, kT/zge = 39.1mV, Qor = 35.7 nC (Qorr at 125 mM Na*) and V15 = =60.5 mV, kT/zge = 39.1 mV, Quor = 34 0.1 nC (Qorr at 62.5 mM Na*) for WT, and Vy, =
-119.6 mV, kT/z4e = 56.8 mV, Qt, = 16.8 nC (ON at 125 mM Na*, fit to -160 mV only), V1> = =121 mV kT/zee = 48 mV Qo = 16.3 nC (OFF at 125 mM Na*) and
Vi/o = =131 mV kT/z4e = 48 mV Quor = 14.5 nC (OFF at 62.5 mM Na*), for Y780F. (H) Mean Qor-V curves (normalized to Qo from Boltzmann equations) from
oocytes expressing WT (black, n = 5) or Y780F (red, n = 8) where transient charge movement was evaluated in both 125 and 62.5 mM Na*. Line plots are
Boltzmann curves with parameters: Vy, = =42.0 mV, kT/zqe = 35 mV at 125 mM Na* and Vy/, = =67.6 mV, kT/zqe = 35 mV for WT and Vy,, = -113.5 mV, kT/z4e =
51.8 mV at 125 mM Na* and Vs, = -144.8 mV, kT/z,e = 51.8 mV at 62.5 mM Na*, for Y780F. A shared slope factor (kT/z4e) was used for the two concentrations
in each mutant.

Qorr- The normalized Qupe-V curve (Fig. 3 H), fitted with a
Boltzmann distribution, illustrates that halving the concentra-
tion of Na* shifts the center of the Q-V curve, V,,,, toward more
negative voltages in both WT (-24 + 5 mV, SD, n = 5) and Y780F
mutant (-33 + 12 mV, SD, n = 8), consistent with similar ex-
periments previously reported in Xenopus oocytes (Vedovato and

Spontarelli et al.
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Gadsby, 2010). Considering the linear dependence between the
shift in V;,, and the fold change in Na* concentration (Holmgren
and Rakowski, 2006), V,, relates to the overall apparent affinity
for external Na*. Each ~25 mV leftward shift in V,, indicates an
approximately twofold reduction in apparent affinity for ex-
ternal Na* (Meyer et al., 2020; Nielsen et al., 2019). Thus, Y780F
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Figure 4. Interaction with intracellular Na* and ATPase activity of WT and Y780F. (A) ATP induced currents at O mV from two patches excised from two
oocytes: one expressing WT pumps (top, black traces) and another expressing Y780F pumps (bottom, red traces). The patch pipettes contained extracellular
NMDG* solution with 5 mM K* and the bath intracellular solution (NMDG* + Na* = 125 mM) with the indicated Na* concentration. (B) Mean normalized ATP-
activated Na*/K* pump currents from three patches as a function of the intracellular Na* concentration. Lines are fits of a Hill equation, with best fit pa-
rameters Ko = 3.47 + 0.25 mM, ny = 1.4 + 0.1 for WT and Kgs = 17.9 + 0.96 mM, ny = 1.9 + 0.2 for Y780F. (C) Na* dependence of phosphorylation.
Phosphorylation was carried out for 10 s at 0°C with 2 uM [y-32P]ATP in 20 mM Tris (pH 7.5), 3 mM MgCl,, 1 mM EGTA, 10 pM ouabain, 20 pg oligomycin/ml,
and the indicated concentration of Na* added as NaCl with various concentration of NMDG* to maintain constant ionic strength. Line plots represent the best
fit of a Hill function (Eq. 1in Materials and methods) with Ko5 + SD and the number of independent experiments reported in Table 1. (D) K* dependence of
Na*,K*-ATPase activity determined at 37°C in 40 mM NaCl, 3 mM ATP, 3 mM MgCl,, 30 mM histidine (pH 7.4), 1 mM EGTA, 10 pM ouabain, and the indicated
concentration of K* added as KCl. Line plots represent the best fit of a double Hill function to the data (see Materials and methods), with Ko 5 + SD and the
number of independent experiments corresponding to the rising part reported in Table 1. For C and D, error bars (seen only when larger than the size of the
symbols) represent SEM. (E) Turnover rate of WT and Y780F (mean + SD) calculated as the ratio between the maximum ATPase activity (determined at
130 mM Na* and 20 mM K* under conditions otherwise similar to those for D) and the active site concentration (phosphorylation level obtained under
stoichiometric conditions, i.e., as for C at 150 mM NaCl; Nielsen et al., 2019).

reduces extracellular Na* affinity by 11-20-fold (~86 mV shift).
Y780F also increases the slope factor (shallower voltage de-
pendence), an effect more difficult to interpret due to the
complex relationship of the slope factor to sequential voltage-
dependent reactions (Bezanilla and Villalba-Galea, 2013) similar
to those reported for extracellular Na* binding to the pump
(Hilgemann, 1994; Holmgren et al., 2000).

Interaction with intracellular ions was evaluated in giant
patches excised from Xenopus oocytes and in membrane prepa-
rations from COS-1 cells (Fig. 4). Fig. 4 A shows currents from
two patches excised from an oocyte expressing WT (top, black)
and another expressing Y780F (bottom, red). With near-
saturating 5 mM K* in the extracellular (intrapipette) NMDG*
solution, activation of Na*/K* pump current requires the

Spontarelli et al.
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presence of both Na* and ATP, allowing to obtain the Na*-
concentration dependence of ATP-activated current (Fig. 4 B).
Y780F causes a sixfold reduction in apparent affinity for acti-
vation by intracellular Na*. Since this apparent affinity for Na*
is influenced by the distribution of the major conformational
states, E1 forms (which bind Na* from the intracellular side to
activate phosphorylation of the pump) and E2 forms (which bind
K* from the extracellular side to activate dephosphorylation, cf.
Fig. 1 A), we also measured the apparent affinity for Na* under
conditions that favor the accumulation of E1 forms in the ab-
sence of K* to more closely reflect the intrinsic affinity of E1 for
Na*. This was accomplished by determining the Na* dependence
of the phosphorylation reaction in plasma membrane prepara-
tions from COS-1 cells expressing either WT rat o, or the Y780F
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mutant (Fig. 4 C). The membrane vesicles were made leaky to
allow ligand access to the Na*/K* pump from both sides of the
membrane (see Materials and methods). Oligomycin blocks the
transition from EIP to E2P, locking the pump in EI forms.
Therefore, in the presence of 2 uM [y-*?P]ATP with oligomycin,
the phosphorylation assay exclusively reflects interaction with
intracellular-facing sites, even though Na* was applied to both
sides of the membrane. As seen in Fig. 4 C, Y780F causes a 16-
fold reduction in affinity for intracellular Na*, identical to its
effect on extracellular Na* affinity described in Fig. 3.

The ATPase activity as a function of K* concentration was
also evaluated (Fig. 4 D). In WT pumps, the K* dependence is
monophasic, but there is a biphasic response in Y780F mem-
branes: a rising phase, which corresponds to the activation of
ATPase activity by interaction at extracellular-facing sites
stimulating dephosphorylation, and an inhibitory phase, which
represents stronger K* competition with Na* for intracellular-
facing sites (inhibiting the phosphorylation reaction) due to a
larger reduction in affinity for Na* than for K*, just as observed
for extracellular-facing sites. Furthermore, the Ko s x for K* ac-
tivation of ATPase activity extracted from the rising phase
shows a 1.4-fold increase relative to WT, again, matching the 1.5-
fold increase observed in electrophysiological experiments in
the presence of Na* (Fig. 3 C). Finally, the turnover rate, cal-
culated as the maximum ATPase activity divided by the number
of sites in the membrane preparation (Fig 4 E), is not altered by
the Y780F mutation. Overall, removal of the hydroxyl group
reduces the affinity for Na* by 16-fold on both sides of the
membrane in the absence of K* and the affinity for K* on the
external side by 6.4-fold in the absence of Na* (only 1.5-fold in
the presence of Na*).

The effects of the non-conservative Y780L (hydrophobic side
chain), Y780Q (hydrophilic side chain of similar length), and
Y780A (minimal side chain) mutations were also evaluated us-
ing both electrophysiological assays (except for patch-clamp)
and biochemical assays. Using TEVC, we evaluated the K*-con-
centration dependence of pump current activation in the ab-
sence or presence of external Na* (Fig. 5, A and B) and the
changes in apparent affinity for external Na* in the voltage
dependence of transient charge movement without external K*
(Fig. 5, C and D). Y780L shows large outward currents, while
Y780A and Y780Q show reduced maximal pump current in
NMDG" (Fig. 5 A). Their effects on the K, sx for activation of
pump current both in the absence and presence of Na* are
summarized in Fig. 5 B. All three mutations reduce the apparent
affinity (1/K ) for external K* in the absence of Na*. Like WT,
Y780Q shows an approximately fivefold larger Ko s x in Na* due
to competition between the transported ions, Na* and K*. In
contrast, the Ky 5x for Y780A is only slightly affected by Na*,
indicating that Y780A, like Y780F, has a larger reduction in
apparent affinity for Na* than for K*. The ouabain-sensitive
transient currents induced by 50 ms-long voltage pulses in
125 mM Na*, without K* (Fig. 5 C), were integrated to obtain the
Qorr-V plots, which were fitted with a Boltzmann distribution
(Fig. 5 D) with parameters given in the figure legend. Of note,
the charge movement of the Y780L mutant is spread out across a
wide voltage range making it impossible to fit this mutant’s Q-V

Spontarelli et al.
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curve with a Boltzmann. The total charge moved is reduced for
Y780A and Y780Q, indicating reduced expression of these mu-
tants, which partially explains the reduced pump currents in
Fig 5 A. The plot of the normalized Boltzmann functions fitted to
the average data (Fig. 5 D, insert) illustrates the increased slope
factor and altered V,,, caused by all mutations. Y780A shows a
larger reduction in apparent affinity for Na* (approximately
-129 mV shift, consistent with a 36-87-fold reduction, although a
precise determination is impossible due to the reduced size of
the transients and the strong leftward shift) than that already
described for Y780F (-86 mV, 11-20-fold reduction). In contrast,
Y780Q increases the apparent affinity for Na*, shifting the curve
to the right (approximately +20 mV, approximately twofold
increase in apparent affinity for external Na*). Table 1 summa-
rizes the Vi, and Kosx for WT, Y780F, Y780L, Y780Q, and
Y780A.

The effects of the substitutions Y780/L/Q/A on Na* interac-
tion on the intracellular side, as well as other partial reactions,
were further evaluated biochemically (Fig. 6 and Table 1) in
plasma membrane preparations from COS-1 cells expressing the
rat al mutants. As described above for Y780F, the Na* concen-
tration dependence of phosphorylation in the presence of [y-32P]
ATP and oligomycin and the absence of K* (Fig. 6 A) evaluates
the affinity of the intracellular-facing sites of the E1 form for
Na*. Y780A and Y780L, like Y780F, reduce the apparent affinity
(increase Ko 5) for Na* by 48- and 12-fold, respectively, whereas
Y780Q increases the apparent affinity by twofold, thus quanti-
tatively matching the effects on extracellular Na* affinity de-
termined in the electrophysiological measurements for Y780A
and Y780Q. The fact that Y780L reduces Na* affinity less than
Y780F provides a clear demonstration that Na*-m interaction
with the phenol ring at position 780 contributes minimally, if at
all, to the binding of Na*. The K* dependence of ATPase activity
in the presence of Na* (Fig. 6 B), reflecting the activation of
dephosphorylation by K* binding to extracellular-facing sites, is
WT-like for Y780L, whereas Y780Q and Y780A show approxi-
mately four- and approximately threefold reduced apparent K*
affinities, respectively, relative to WT. It was further observed
that high concentrations of K* exert an inhibitory effect on the
ATPase activity of mutants Y780A and Y780L, as described
above for Y780F. By contrast, such inhibition was not observed
for Y780Q, which behaves like WT in this respect. The larger
reduction in Na* affinity than in K* affinity seen for Y780F/A/L
explains the inhibitory phase observed at high K* concentrations
in these mutants by a reduced ability of Na* to compete with K*
at the intracellular-facing sites. The effects on K* interaction
were further analyzed by studying the K* concentration de-
pendence of the phosphorylation level (Fig. 6 C). K* reduces the
phosphorylation level both by competing with Na* for binding to
intracellular-facing sites of the E1 form, driving the enzyme
backward into the K*-occluded E2(2K*) form by what has been
termed the “direct route” (Glynn, 1993), and by binding to the
extracellular-facing sites, activating dephosphorylation of E2P.
Both routes lead to the K*-occluded E2(2K*) form. The apparent
affinity for K* in this assay is higher than the apparent affinity
for K* in the Na*,K*-ATPase assay (Fig. 6 A and Table 1) because
the high ATP concentration in the ATPase assay (3 mM ATP
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Figure 5. Interaction of Y780L/Q/A with extracellular ions. (A) Na*/K* pump current induced by 10 mM K* in NMDG*. (B) K, 5« obtained from Hill fits (Eq.
2) to the K*-induced current at =50 mV in NMDG"* or with 125 mM Na*. Grey circles show each independent measurement in individual oocytes. (C) Rep-
resentative ouabain-sensitive currents elicited by 50-ms-long pulses from -50 mV to the indicated voltages, in oocytes bathed by 125 mM Na* solution,
expressing Y780L, Y780Q, or Y780A. (D) Mean Qofe-V curve from 6 to 12 experiments. Continuous lines are Boltzmann distribution fits to the average

data, with kT/z.e = 36 mV and Qo = 6.65 nC for WT and kT/z4e = 50 mV; Qo =

7.32nC for Y780F, kT/zqe = 45 mV, Qcot = 4.24 nC for Y780Q and kT/z4e = 60 mV,

Qtot = 2.24 nC (Y780A). The mean Vy,, from individual experiments is listed in Table 1. The inset shows normalized Boltzmann equations to illustrate shifts in

Q-V, except for Y780L which could not be fit, see Results.

versus 2 uM in the phosphorylation assay) destabilizes E2(2K*)
(see below in relation to the ATP concentration dependence of
ATPase activity). Thus, the phosphorylation inhibition assay
reflects the affinity of the sites for K* in combination with the
stability of the occluded E2(2K*) form. As was the case with the
results from the other assays for K* affinity, the fold-change in
apparent affinity for K* inhibition of phosphorylation is largest
for Y780A and Y780Q (Fig. 6 C and Table 1), indicating that the
interaction with K* is particularly weakened in these two

Spontarelli et al.
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mutants. The turnover rate for ATP hydrolysis, determined as
the maximal ATP hydrolysis rate relative to the site concentra-
tion (phosphorylation level under stoichiometric conditions), is
decreased for Y780Q and Y780A (Table 1), which may reflect a
defective activation by K* of the E2P dephosphorylation. Thus,
the lower maximal pump current observed with these mutants
(Fig. 5 A) probably reflects both their reduced expression (es-
timated from total charge moved in the Q-V curves) and reduced
maximal turnover rate.
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Table 1. Functional parameters of Y780 mutants
Turnover Ko.s, Na+ Ko.s, k+ Ko.s,k+ EP fraction/ Ko+ Ip Ko.s,k+ Vi
rate phosphorylation ATPase inhibition of dephosphorylation in NMDG* Ip in Na*
activity phosphorylation rate in Na*
s mMm mM pW %/s? mM mM mV
wT 138 + 16 (16) 0.50 + 0.08 (17)  0.57 + 0.09 (14) 96 + 12 (3) 41+8(8) 022+009(6) 13+01(3) -51+8(8)
0.14 + 0.02
Y780A 61+9(12) 24.0+33(6) 1.8 + 0.6 (8) 376 + 118 (3) 37+9(3) 19 +0.7(4) 25+0.8(4) -180* (6)
48-fold 1 3.2-fold 1 3.9-fold 0.07 + 0.03 8.6-fold 1 1.9-fold 1 36-87-fold?
Y780L 137 + 43 (16) 6.0 + 0.6 (2) 0.63+011(6) 126 +37(4) 48 +5(2) 053+0.06(4) 15+01(5 ND
12-fold 1 1.1-fold 1 1.3-fold 1 0.11 + 0.002 2.4-fold 1 1.2-fold 1
Y780F 148 +12(6) 8.1+ 2.0(6) 078 +013(3) 159 + 56 (3) 42 + 20 (4) 14+ 05 (8) 20+07(4) -137+13(12)
16-fold 1.4-fold 1 1.7-fold 1 022 +0.01 6.4-fold 1 1.5-fold 11-20 fold?
Y780Q 81+ 8(6) 0.25 + 0.05 (9) 2.5+ 03(5) 422 + 41 (3) 45 + 10 (3) 20+07(18) 103+03(3) -33+13(6)
2-fold | 4.4-fold 4.4-fold 0.04 + 0.02 9.1-fold 1 7.7-fold 1 1.7-1.9-fold

The data were extracted from results in Figs. 3, 4, 5, 6, and 7, except the turnover rates of Y780A/L/Q, which were obtained as described in Fig. 4 E. The K*-
inhibition of phosphorylation of Y780F was carried out as described for WT and the other mutants in the legend to Fig. 6 C. Average values are indicated with
SD and number of determinations in parentheses, except in the case marked by *, where fit to average data was applied. Range of fold changes in K 5 for
external Na* given a shift in V1, was obtained, based on 25 mV/twofold change and ~20 mV/twofold change (based on results from Holmgren and Rakowski,

1994; Holmgren and Rakowski, 2006; Vedovato and Gadsby, 2010, and consistent with our data in Fig. 3 F).

Changes in apparent affinities for transported ions may re-
flect that a mutation alters the distribution between the phos-
phoenzyme intermediates EIP(3Na*) and E2P instead of direct
effects on ion binding. We analyzed the distribution of phos-
phoenzyme intermediates by taking advantage of the ADP-
sensitivity of the EIP(3Na*) conformation (Fig. 7 A and
Table 1). When ADP is added to the phosphoenzyme (previously
formed in the presence of [y-3?P]ATP and Na*, but the absence
of K*), two clearly distinguishable phases of the dephos-
phorylation reaction are observed. The rapid phase reflects
E1P(3Na*), donating the phosphoryl group back to ADP,
forming ATP, whereas the slow phase reflects the dephos-
phorylation of E2P in the absence of K* (Fig. 1 A). The E2P
dephosphorylation occurs at much slower rates when Na*
interacts than when K* interacts with sites I and II. The
relative amplitude of the slow phase reflects the E2P level and
was almost unaffected by all four mutations (Fig. 7 A and
Table 1), indicating negligible effects on the E1P(3Na*)-E2P
distribution.

Finally, we evaluated the E2(2K*) — E1 transition of the de-
phosphoenzyme by studying the ATP concentration dependence
of ATPase activity in the presence of both Na* and K* (Fig. 7 B).
ATP acts at two steps in the pump cycle—binding with high
affinity (<1 uM) to the E1 conformation, phosphorylating the
enzyme in the presence of Na*, and binding with low affinity
(>50 wM) to the K*-occluded E2(2K*) form, accelerating the
E2(2K*) — E1 transition that deoccludes and releases K* to the
intracellular side (Post et al., 1972; Stanley et al., 2016). Be-
cause of the latter effect, the apparent affinity for ATP in the
activation of Na*,K*-ATPase activity increases if the E2(2K*)
— E1 step is accelerated by a mutation (Holm et al., 2015).
Compared with the WT, Y780A and Y780Q, the two muta-
tions with a strong effect on affinity for external K* in the

Spontarelli et al.
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absence of Na* interference (a ninefold reduction, Fig. 5 B),
show a marked increase (six- and threefold, respectively) in
the apparent affinity for ATP, whereas mutants Y780L and
Y780F (with a two- and a sixfold reduction of affinity for
external K*, respectively), behave closer to WT. The en-
hanced apparent affinity for the ATP of Y780A and Y780Q
can be explained by their weakened interaction with K*
in the occluded E2(2K*) state, thus accelerating K*
deocclusion.

We also used TEVC to test the effect of six other side chains
capable of hydrogen bonding: Y780C/S/T/H/D/E. The two mu-
tants with carboxylic acid substituents, Y780D (n = 14, three
batches of oocytes) and Y780E (n = 10, two batches of oocytes),
lacked K*-induced outward currents, ouabain-sensitive tran-
sient currents, or leak currents in the absence of K*, indicating a
lack of expression. Fig. 8 shows that the center of the Q-V curves
of Y780C/S/T/H is positioned between Y780F and WT, indicat-
ing reduced Na* affinity (Fig. 8, A-C), and that the apparent
affinity for K* is reduced, as well, compared with WT, both in
the absence (Fig. 8 D) and in the presence (Fig. 8 E) of external
Na*. The equivalent histidine (Y768H) and cysteine (Y768C)
substitutions in the a3 subunit are associated with AHC
(Panagiotakaki et al., 2015). Since a depolarizing inward current
through the mutant pumps has been implicated in the patho-
genesis of some neurological disease-causing Na*/K* pump
mutations (see Discussion), we measured the steady-state
ouabain-sensitive current in the presence of Na* at different
K* concentrations and voltages (Fig. 8 F). In contrast to WT (left
panel), the two a3-disease-equivalent mutants (center and
right panels) display inward currents at negative voltages in
the absence of K* (also seen in Fig. 8 A). However, the current
of the mutants is outward, albeit of much smaller amplitude,
at K* concentrations above 3 mM (the lowest normal
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Figure 6. lon concentration dependence of phosphorylation and ATPase activity. (A) Na* dependence of phosphorylation determined as described in
Fig. 4 C. Line plots represent the best it of a Hill function (Eq. 1) with Ko 5 + SD and number of independent experiments reported in Table 1. (B) K* dependence
of Na*,K*-ATPase activity determined as in Fig. 4 D. Line plots represent the best fit of a double Hill function to the data (see Materials and methods), with
Kos = SD and number of independent experiments corresponding to the rising part reported in Table 1. (C) K* affinity determined by K* inhibition of
phosphorylation. Phosphorylation was carried out as in A, with 100 mM NaCl and the indicated concentration of K* added as KCl (with various concentrations
of choline chloride to maintain a constant ionic strength), but without oligomycin. Line plots represent the best fit of a negative Hill function (Eq. 2). The
extracted Ky 5 values + SD and the number of independent experiments are reported in Table 1. For all panels, error bars (seen only when larger than the size of

the symbols) represent SEM.

physiological K* concentration). Therefore, it seems unlikely
that a gain-of-function passive inward current is the mecha-
nism by which these two mutations cause disease, although this
could be different in a3 pumps.

All experiments so far suggest that the hydrogen-bond in-
teractions at position 780 are critically important to determine
the apparent affinity for Na* on both sides of the membrane. A
weakness of conventional mutation is its general inability to
alter specific chemical interactions without concomitant, sub-
stantial changes in amino acid shape. To specifically evaluate the
importance of the aromaticity of tyrosine, we used non-sense
suppression to incorporate subtle modifications of the aromatic

Spontarelli et al.
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sidechain (Infield et al., 2018; Leisle et al., 2015; see Materials
and methods). First, we tested the feasibility of this approach to
express functional Na*/K* pumps (Fig. 9). We co-injected the
cRNA with the tag stop codon at position 780, together with the
Pyl-tRNA loaded with tyrosine or phenylalanine, and this was
followed by a boost injection of tRNA each day until recording.
We measured the current activated by the addition of 10 mM K*
and the transient charge moved in presence of Na* without K*,
3 and 4 d after injection. The K*-induced current (Fig. 9, A and B)
and the total charge (Fig. 9 C) were approximately fivefold re-
duced in oocytes expressing the non-sense-suppressed tyrosine
(NSS-Tyr) or phenylalanine (NSS-Phe), relative to oocytes
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Figure 7. E1P(3Na*)-E2P distribution evaluated by ADP sensitivity and E2(2K*) - E1 conformational transition evaluated by ATP dependence of
Na*,K*-ATPase activity. (A) ADP-dependent dephosphorylation. Phosphorylation was carried out for 5 s at 0°C with 2 uM [y-32P]JATP in 20 mM Tris (pH 7.5),
100 mM NaCl, 50 mM choline chloride, 3 mM MgCl,, 1 mM EGTA, and 10 pM ouabain. Dephosphorylation was initiated by the addition of 2.5 mM ADP and 1 mM
unlabeled ATP. The dephosphorylation reaction was terminated by acid quenching after the indicated time intervals. Line plots represent the best fit of a bi-
exponential decay function (Eq. 3 in Materials and methods) with the rate constant corresponding to the rapid phase, reflecting the ADP reaction with E1P, set
to 2 s7L The relative fraction of E2P together with the rate constant corresponding to the slow phase, reflecting E2P dephosphorylation, are indicated in Table 1
as mean + SD and number of independent experiments. (B) ATP dependence of Na*,K*-ATPase activity. ATPase activity was determined at 37°C in 130 mM
NaCl, 20 mM KCl, 3 mM MgCl,, 30 mM histidine (pH 7.4), 1 mM EGTA, 10 uM ouabain, and the indicated ATP concentrations. Line plots represent the best fit of
a Hill function (Eq. 1in Materials and methods). Ko 5 values (in uM + SD) and number of experiments (n) in parentheses are: WT, 402 + 74 (12); Y780A, 63 + 20
(6); Y780L, 362 + 122 (4); Y780F, 368 + 19 (4); Y780Q, 121 + 61 (7). In all panels, symbols are mean + SEM (seen only when larger than the symbols). For each

assay, the WT data from the left panel is reproduced as broken lines in the other panels.

injected with WT or Y780F cRNA, but the kinetic parameters
(Ko.5x and voltage dependence) of both non-sense-suppressed
natural amino acids were identical to WT or Y780F pumps
(Fig. 9, B and C), thus validating the approach. 22 out of 27 NSS-
Tyr-injected oocytes tested showed pump currents (11 batches).
Similarly, 32 out of 38 NSS-Phe-injected oocytes showed pump
currents (11 batches).

We injected several phenylalanine analogs (recall tyrosine is
4-hydroxyphenylalanine or p-OH-Phe with the hydroxyl group
at the para position) previously used with ion channels (Ahern
et al., 2008; Pless et al., 2011a; Santarelli et al., 2007; Tian et al.,
2016), 3-fluorotyrosine (m-F-Tyr; with fluorine at the meta po-
sition), 4-fluorophenylalanine (p-F-Phe), 3,5-difluorphenyla
lanine (di-m-F-Phe, with fluorine groups at both meta positions),
4-bromophenylalanine (p-Br-Phe), 4-hydroxycyclohexylalanine
(CHO), and cyclohexylalanine (CHA) and measured K*-induced
currents in oocytes held at -50 mV, 4 d after injection (Fig. 10).
The quality of the cRNA Y780tag-al3 mixtures used for these
studies was always tested prior to the experiment utilizing
tRNAs that incorporate into clearly functional pumps (NSS-Tyr,
NSS Phe, m-F-Tyr or p-F-Phe). Uninjected oocytes and oocytes
injected with CHA or with the unloaded tRNA (pdCpA) show
very small inward currents (<10 nA amplitude) due to non-

Spontarelli et al.
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Na*/K* pump currents (Fig. 10 A); oocytes injected with p-Br-
Phe and CHO show currents not significantly different from zero
(P =0.33 and P = 0.35, respectively), probably reflecting minimal
expression. Small outward currents were observed in di-m-
F-Phe injected oocytes and robust outward currents were ob-
served in oocytes injected with m-F-Tyr, p-F-Phe. The apparent
affinity for K* in the absence of Na* (Fig. 10 B) is fivefold reduced
in p-F-Phe compared with phenylalanine, while m-F-Tyr shows
only a minor (twofold) reduction of apparent affinity for K*
compared with tyrosine (dose responses could not be analyzed
in di-m-F-Phe-injected oocytes due to tiny outward currents).
We could not determine if the lack of outward current in di-m-
F-Phe is due to reduced K* interaction or simply due to the ap-
parent reduction in expression levels. (As the 10 mM K*-induced
currents in this mutant were frequently <10 nA currents, we
chose to determine the pump-specific ouabain-sensitive tran-
sient charge movement which was also tiny, but less prone to
errors due to small changes in leak and/or K* conductance.)

To determine Na* interaction as previously described for the
natural mutants, we measured Na*/K* pump-specific ouabain-
sensitive transient currents in oocytes that showed outward K*-
induced currents larger than 7 nA, including di-m-F-Phe (Fig. 11).
The analysis from independent experiments (with slightly
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Figure 8. Electrophysiological characteristics of Y780C, Y780T, Y780S, and Y780H. (A) Ouabain-sensitive currents in 125 mM Na*, elicited by 50 ms
pulses to the indicated voltages. (B) Mean Q-V curve, obtained from the integral of the transient currents when the voltage returns to -50 mV, for WT, Y780C,
Y780T, Y780S, and Y780H. (C) Normalized fitted curves from B, to illustrate changes in the Boltzmann distributions fitted to the mean data, with centers Vy,, =
=54 mV for WT, V3, = =75 mV for Y780C, V1> = =98 mV for Y780S, Vy/, = =101 mV for Y780T, and V3, = ~104 mV for Y780H. WT and Y780F are shown as black
and red dotted lines, respectively. (D and E) Ko 5 for K* activation of pump current when applied in NMDG* external solution (D) or Na* solution (E). Grey circles
show individual data points from each oocyte. (F) Current-voltage relationship for the ouabain-sensitive currents in 125 mM Na* at four K* concentrations, for
WT (left, n = 12) and the disease-causing Y780C (center, n = 2) and Y780H (right, n = 7). The dotted line marks the O-current level.

different values than the fits to the average data) also shows that
the charge for m-F-Tyr has a nearly identical center, V;, = -55 +
14mV (n = 8, SD), to tyrosine (see Table 1), while p-F-Phe and di-
m-F-Phe are centered respectively at Vy,, = 166 + 20 mV (n =7,
SD) and V,, -141 + 29 (n = 4, SD), the latter being very similar to
Phe (see Table 1 and Fig. 11 C). Therefore, Na* interaction is
unaltered by the reduction of the putative cation-m interaction

Spontarelli et al.
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strength through mono- and difluorination. The mild effects of
fluorination of phenylalanine at position 780 contrasts with
strong effects previously described in ion channels, where each
fluorination event induces additive effects on the energetics of
either gating (Pless et al., 2011b) or ligand binding (Ahern et al.,
2008; Ahern et al., 2006; Pless et al., 2011a; Santarelli et al.,
2007; Zhong et al., 1998).
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Figure 9. Feasibility of non-sense suppression to express Na*/K* pumps. (A) Mean current induced by 10 mM K* 3 or 4 d after injection with either WT
cRNA or Y780tag mutant cRNA + Tyr-tRNA (NSS-Tyr). The same batches of oocytes were tested on days 3 and 4 after injection. The pump current in oocytes
expressing NSS-Tyr was smaller than WT, whether 3 or 4 d after injection. (B) Mean current induced by 10 mM K* in the absence of Na* (left) and apparent
dissociation constant Ko 5 k (right) from Hill fits in dose-response curves for K* activation at =50 mV in NMDG* 4 d after injection. Grey circles show individual
data points in different oocytes. (C) Mean Qogr-V curves measured (125 mM Na*, 0 K*) for uninjected oocytes and for oocytes injected with WT cRNA, Y780F
cRNA, Y780tag cRNA + Tyr-tRNA (NSS-Tyr), or Y780tag cRNA + Phe-tRNA (NSS-Phe). The line plots are the fits to Boltzmann distributions. The inset shows the
mean normalized curves illustrating identical voltage dependencies for both pairs: WT NSS-Tyr and Y780F NSS-Phe.

Discussion
Central aspects of Na* and K* binding to the Na*/K* pump have

remained unclear, even after the enlightenment brought by the
Na*/K* pump crystal structures. Inspired by the important roles
of aromatic residues in ion channels, in the present study, we
have investigated the function of the highly conserved tyrosine
residue of the fifth transmembrane segment (Y780 in Xenopus
al and so numbered in this article) as a determinant of ion
binding to the Na*/K* pump and dissected the roles of Y780’s
distinct chemical components. First of all, the combination of
electrophysiology and biochemistry allowed us to demonstrate
that the effects of Y780 mutations on the apparent Na* affinity
are independent of whether Na* reaches its transport sites from
the intracellular side or the extracellular side. In both cases, the
bound Na* ions become occluded upon binding. Therefore, we
conclude that Y780 is a crucial residue for Na* interaction in the
occlusion cavity.

The crystal structure of the Na*/K* pump in the Na*-bound
E1 conformation (Kanai et al., 2013; Fig. 1 C) suggests that Y780
contributes both directly and indirectly to Na* interaction at the
Na*-specific site III. The bound Na* appears to interact directly
with the backbone carbonyl of Y780, as well as through a pu-
tative cation-m interaction with the phenol ring, which forms a
lid-like structure above the Na* ion at site III, giving the

Spontarelli et al.
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impression of acting as the ceiling of the binding/occlusion
cavity (Kanai et al., 2013). Importantly, the crystal structure also
shows that Y780 participates in a hydrogen-bonding network
with several residues that directly coordinate Na* at site III. The
side-chain hydroxyl group of Y780 hydrogen bonds with the
backbone carbonyl of T816, thereby fixing the unwound part of
Msé, which in turn constrains the juxtaposed D817 that provides
crucial side-chain oxygen ligands for the Na* ions at both site I
and site III (Kanai et al., 2013), and with the side chain of Q932,
which likewise is crucial to Na* interaction at site III (Kanai
et al., 2013; Nielsen et al., 2019). The hydrogen bond network
surrounding Na* site III further includes a bond between Q932
and the side chain of T816, whose indirect importance for Na*
binding was previously demonstrated by mutagenesis (Vilsen,
1995). Consequently, Y780 appears to stabilize Q932, and thus
the Na* at site III, in more than one way. By examining a series
of mutants with natural and unnatural amino acids, we were
able to distinguish the separate impacts of the chemical groups
of Y780’s side chain.

The marked 12-fold reduction in apparent affinity for Na* for
Y780L (without the aromatic ring in the side chain) and 16-fold
reduction for Y780F (with a phenol ring), corresponding to a
change in Na* binding energy of AAG ~ +6 kJ/mol and ~ +7 kJ/
mol, respectively (AAG = RTIn[K, smutant/K, sWT]), suggest
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Figure 10. K*-activated pump current with unnatural amino acids at position 780. (A) Mean 10 mM K*-induced current in oocytes injected with Y780tag
cRNA and tRNAs for tyrosine (NSS-Tyr), phenylalanine (NSS-Phe), and other phenylalanine derivatives. The label pdCpA designates the full-length ligated (but
unacylated) tRNA control (see Materials and methods). (B) Mean Kg s for substitutions with large enough pump currents. Grey circles show individual data
points in different oocytes. The chemical structure of the amino acids is shown on top of the bars and the error bars represent the SEM.

that the side-chain hydroxyl group is of much more importance
than the aromatic function of the side chain for Na* binding/
occlusion. Accordingly, mutations preserving some hydrogen
bonding potential of the side chain, Y780C/H/S/T/Q, were less
disturbing to Na* binding than removal of the hydroxyl group by
Y780F. Furthermore, the experiments with unnatural sub-
stituents demonstrated that the introduction of tyrosine and
phenylalanine derivatives with reduced cation-mt interaction
potential due to fluorination of the aromatic ring at the m po-
sition (m-F-Tyr or di-m-F-Phe) does not affect the interaction
with external Na*. The relatively small effects of fluorinating the
phenylalanine at the para position (p-F-Phe) on the Q-V curve
(small shift to the left, indicating a reduction of Na* apparent
affinity) appear independent from the polarizability of the
phenol ring and probably reflect steric hindrance effects of the
fluorine at the position of the hydroxyl in tyrosine, as the Q-V
shift is lost in oocytes expressing the double fluorinated di-m-
F-Phe, relative to p-F-Phe. Taken together, these results indicate

Spontarelli et al.
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a rather minor importance of the cation-mn interaction for the
binding of Na*.

Importantly, the non-aromatic substitution Y780Q increased
the apparent Na* affinity twofold (corresponding to AAG ~
-1.7 kJ/mol). In contrast to all other mutations studied here,
which reduced affinity by either removing the hydrogen bond
(Y780A/F/L) or altering its optimal distance (Y780C/S/T/H), the
Y780Q mutation introduces unique hydrogen bonding possi-
bilities by the side-chain amide, which might form two hydro-
gen bonds, one with Q932 in M8 (similar to the WT tyrosine)
and another with the side-chain oxygen of D817 in M6 (thus
directly stabilizing the Na*-binding side chain of D817 instead of
through T816 by WT tyrosine). The glutamine substituent might
also interact directly with the Na* ion at site III (although the
side chain of the WT tyrosine appears to contribute only indi-
rectly to Na* interaction, as discussed above). Considering that
Y780Q has a largely reduced affinity for K* (as discussed later)
and that the presence of external Na* increases the K, 5 for K* by
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Figure 11. Transient charge movement with unnatural amino acids at 780. (A) Ouabain-sensitive traces elicited by applying pulses from ~50 mV to the
indicated voltages in oocytes either uninjected or injected using the non-sense suppression method with the indicated natural and unnatural amino acids. The
current scale is identical for all traces. Time scale is different only for di-m-F-Phe (2F-Phe) for which pulses were 50 ms instead of 100 ms long. (B) Mean
Qore-V curve from experiments like those in A, number of experiments (four to nine) given with mean parameters from individual experiments in the text. The
line plots are fits to Boltzmann distributions (Eq. 4) to the average data with parameters: V3, = =45.6 mV, kT/zqe = 35.0 mV, Qgo = .91 nC for NSS-Tyr (Tyr);
Va2 = =136 mV, kT/z4e = 55.9 mV, Quor = 2.65 nC for NSS-Phe (Phe); V1, = -46.7 mV, kT/z4e = 40.3 mV, V1, = =166 mV, kT/z4e = 40 mV, Qo = 0.97 nC for p-F-
Phe (F-Phe). Qeor = 1.27 nC for m-F-Tyr (F-Tyr) Va/, = -141 mV, kT/z4e = 52.0 mV, Qior = 0.68 nC for di-m-F-Phe (2F-Phe). Error bars represent the SEM.

(C) Boltzmann fits to the average data, normalized to illustrate distinct voltage dependencies with parameters given in the text.

similar amounts (approximately fivefold) in both WT and
Y780Q pumps, we infer that the affinity for Na* at sites I and II
(where K* activates the enzyme and Na* and K* compete) is
reduced in the mutant (otherwise, Na* should have reduced
the affinity for K* more in the mutant than in the WT). Hence,
the observed twofold increase in overall apparent affinity for
Na* must specifically reflect an increase in Na* interaction
affinity at site III (which exclusively interacts with Na*), ei-
ther by direct interaction with Na* or by a stronger hydrogen
bond between the two amide groups to provide better coor-
dination by Q932.

The tyrosine side chain has a large volume compared with
most other amino acids with steric consequences. The differ-
ential effects of the substitutions with hydrophobic residues,
Y780A/L/F, indicate an impact of the side-chain volume on Na*
interaction. Alanine, for which the van der Waals volume is

Spontarelli et al.
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roughly half that of leucine and phenylalanine, reduced the
apparent Na* affinity much more than the other hydrophobic
substituents (~50-fold versus 12- and 16-fold for Y780L and
Y780F, AAG ~ +10, +6, and +7 kJ/mol, respectively). The strong
effect of removing the bulky side chain of Y780 is consistent
with the crystal structure showing that it fills the interhelix
space between M9, M5, and M6 (cf. the closeness of Y780 to
P820 of M6, apparent on Fig. 1 C and D), the latter two helices
contributing side chains participating in Na* coordination at all
three sites (Kanai et al., 2013). Mutagenesis data for the corre-
sponding tyrosine of the SERCA Ca?* pump showed that glycine
substitution resulted in complete uncoupling of Ca?* transport
from ATPase activity (but pump phosphorylation still required
the presence of Ca2*), whereas substitution with leucine allowed
Ca2* transport (Andersen, 1995; Andersen et al., 1997). Since Ca®*
binds at the analogous sites I and II, these results are consistent
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with the importance of this tyrosine’s side-chain volume to
position the M6 aspartate of site I through hydrogen bonding of
the juxtaposed threonine to the tyrosine. In keeping with this,
most P2-ATPases, except PMCA, have a conserved tyrosine at
the same MS5 position (Fig. 1 E). Because PMCA binds only one
Ca2* (at site II), it does not need the hydrogen bond with the
tyrosine hydroxyl group to fixate the unwound part of Mé for
ion binding. However, the conservation of a large hydrophobic
residue at the 780 position extends throughout the whole P-type
ATPase family, as discussed below.

Various assays were used to examine mutational effects on
apparent K* affinity with or without Na* present. All mutations
studied, whether natural or fluorinated unnatural, weakened
the K* interaction measured in the absence of Na* in electro-
physiological experiments. The change in binding energy was
AAG ~ +5.5 kJ/mol for Y780Q and Y780A, ~ +5 kJ/mol for Y780F
and Y7808S, ~ +4 kJ/mol for Y780T and Y780C, and ~ +2 kJ/mol
for Y780L. These data suggest that the hydroxyl group of tyro-
sine is more critical than the aromatic function for K* interac-
tion, just as was the case for Na* interaction. This conclusion is
further strengthened by the rather small effect on K* affinity
observed upon fluorination of the tyrosine (m-F-Tyr; AAG ~
+1.7 kJ/mol). Further consideration of the fluorination effects
indicates that the characteristics of the chemical group at the
para position of phenylalanine are a critical determinant of K*
interaction. Compared with phenylalanine, a hydroxyl group
(tyrosine) changes the binding energy corresponding to AAG ~
-5.5 kJ/mol, while a fluorine (p-F-Phe) changes the binding
energy corresponding to AAG ~ +4 kJ/mol, which contrasts with
the smaller effect of fluorination at the para position on the
binding of Na* (AAG ~ +2 kJ/mol).

The effect of mutants Y780A/L/F/Q on K* interaction is not
caused by a shift in the distribution of the phosphoenzyme in-
termediates E1P(3Na*) and E2P away from the K*-binding E2P
form in favor of EIP(3Na*) (Fig. 7 A). This indicates that the
intrinsic affinity of the E2P form for K* is reduced in all the
mutants. For Y780A/L/F, the reduction in apparent affinity for
Na* was larger than the reduction in apparent affinity for K*
measured without Na* present. Hence, there is a reduced com-
petition by Na* for the same sites (I and II) when both ions are
present, thereby explaining that the mutational effect on ap-
parent K* affinity is minimal in the presence of Na*. For Y780Q,
the reduction in apparent affinity for K* in the presence of Na* is
almost as large as in its absence, thus, the apparent affinity for
Na* at sites I and II may be reduced, despite the increased af-
finity for Na* at site III discussed above. The sequential nature of
external Na* release/rebinding (Castillo et al., 2011; Hilgemann,
1994; Holmgren et al., 2000; Moreno et al., 2020) hinders pre-
dicting by modeling and testing experimentally the exact in-
crease and reduction of apparent affinity at each site.

The K* activation of current, as well as ATPase activity for
which the apparent K* affinity was determined, occurs by K*
binding to E2P sites facing the external side of the membrane.
The two mutants Y780A/Q with the largest reduction in K* af-
finity also exhibited a marked increase in the apparent affinity
for ATP in ATPase activity assay (Fig. 7 B), indicating an accel-
eration of the K* deoccluding E2(2K*) — E1 transition, which
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may be a consequence of destabilization of K* interaction in the
occluded E2(2K*) form, similar to the effect of ATP binding to
E2(2K*) (Holm et al., 2015; Post et al., 1972; Stanley et al., 2016).
Both mutants also showed reduced dephosphorylation rate of
E2P in the presence of Na* without K* (as seen by the lower rate
of the slow exponential component in Fig. 7 A), suggesting that
the affinity for Na* is reduced at one or both of the sites (I and II)
where Na* can substitute for K* to activate E2P dephosphoryl-
ation, just as the K* affinity of these sites is reduced.

The two K* ions bound in the E2(2K*) form of the Na*/K*
pump occupy sites corresponding to sites I and II in the Na*-
bound EIl state with several identical ligand-binding residues
(Kanai et al., 2013; Morth et al., 2007; Shinoda et al., 2009).
However, because site III is selective for Na* and does not allow
K* to bind (Ratheal et al., 2010), the side chain of Y780 cannot
engage in a K*-m interaction there, in agreement with the minor
importance of the aromatic function for the binding of K* in-
ferred from our experimental data. In the E2(2K*) form, the
hydroxyl group of Y780 hydrogen binds directly to one of D817’s
side-chain oxygen atoms instead of interacting with T816 in M6,
as seen for the Na* bound E1 state. The other side-chain oxygen
of D817 interacts with a water molecule and serine S784, two
contributors to K* coordination at site I in E2(2K*) (Fig. 1 D,
water molecule shown as a red sphere, coordinated by both D817
and S784). This dependence of the hydrogen bond with D817 on
the specific E1/E2 conformational state explains the critical role
of Y780’s hydroxyl group for K* interaction. Among the mutants
Y780A/L/F/Q, the two with the smallest volume A and Q showed
the largest reduction of K* affinity.

The experiments reported here were designed to test the
functional effects of the mutations and not the structural effects
causing reduced expression at the plasma membrane. With this
in mind, we allowed the oocytes to express for the longest
possible time to observe maximal signals with each mutant (or
until substantial upregulation of pump expression had been
achieved under ouabain-selective pressure in COS-1 cells).
However, Y780D/E/Q/T/S/C/A all exhibited reduced expression
levels (in some cases undetectable, i.e., Y780D/E), as indicated
by less transient charge movement and K*-induced pump cur-
rents. In contrast, Y780F/L/H all presented robust pump current
and transient currents, which may indicate that residues with
larger hydrophobic and/or cyclic side chains optimize protein
folding and trafficking to the plasma membrane. Interestingly,
the overwhelming majority of P-type ATPases (beyond the P2-
ATPases, e.g., also P1-, P3-, and P4-ATPases as shown in Fig. 1 E)
possess tyrosine at the equivalent position, while PMCA has
phenylalanine. This high conservation among P-type ATPases
may reflect the importance of the cyclic moiety at the position
equivalent to Y780 for structural integrity. As demonstrated by
the present results, the hydrogen bonds formed by the hydroxyl
group add functional importance to the tyrosine in the Na*/
K* pump.

Notably, the substitutions equivalent to Y780C and Y780H in
the neuronal a3-isoform of the Na*/K* pump (Y768C and
Y768H) cause the neurological disorder AHC. Compared with
WT, these mutants exhibited increased passive steady-state
current at negative voltages in the presence of Na* without K*
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(Fig. 8, A and F) and reduced apparent affinities for both
transported ions (Fig. 8, B-E). Such enhanced “leak” currents
have been observed in a3 mutants causing rapid-onset dystonia
parkinsonism (a neurological disorder related to AHC; Isaksen
et al., 2017) as well as in al-subunit mutants that cause several
disorders (recently reviewed by Biondo et al., 2021), including
primary hyperaldosteronism (Azizan et al., 2013; Beuschlein
et al., 2013; Meyer et al., 2017; Meyer et al., 2019) and hypo-
magnesemia with cognitive delay and seizures (Schlingmann
et al., 2018). However, the inward leak in high external Na* is
antagonized by external K* (which concomitantly activates
pump current and inhibits the leak), and the net Na*/K* pump
current that was observed in both mutants at physiological K* is
outward (Fig. 8 F), but near O for Y780H. Therefore, it seems
unlikely that a gain-of-function passive inward current is the
mechanism causing disease. Considering that a mouse model of
rapid-onset dystonia parkinsonism has been generated by the
perfusion of nanomolar concentrations of ouabain to inhibit a3
pumps (Calderon et al., 2011), and that the outward Na*/K*
pump current from a3 pumps has been shown to contribute to
after-hyperpolarization potentials (important determinants of
excitability following trains of pulses in pyramidal neurons;
Gulledge et al., 2013), it is plausible that the loss of outward
current in Y780C/H suffices to explain the pathologic increase in
excitability without the need for an inward leak current.

In conclusion, by utilizing standard and non-sense suppres-
sion mutagenesis, we have demonstrated that the hydrogen-
bond interactions of Y780 in M5 are essential for the binding
of Na* and K* from both sides of the membrane, i.e., in the oc-
cluded states E1P(3Na*) and E2(2K*). A Na*-m interaction with
the phenol ring contributes minimally, if at all, to direct stabi-
lization of Na* at the Na*-exclusive site III. In addition to dem-
onstrating the feasibility of non-sense suppression to perform
atomic mutagenesis in slow-transport active transporters, our
results further highlight the importance of the change of hy-
drogen bond network associated with the alteration between E1
and E2 conformational states as a determinant of the ion-binding
affinities of the pump’s major conformations. This hydrogen-
bond-driven ion-selectivity switch is essential for Na*/K*
pump function.
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