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FXYD protein isoforms differentially modulate
human Na/K pump function
Dylan J. Meyer1, Sharan Bijlani1, Marilina de Sautu1, Kerri Spontarelli1, Victoria C. Young1, Craig Gatto2, and Pablo Artigas1

Tight regulation of the Na/K pump is essential for cellular function because this heteromeric protein builds and maintains the
electrochemical gradients for Na+ and K+ that energize electrical signaling and secondary active transport. We studied the
regulation of the ubiquitous human α1β1 pump isoform by five human FXYD proteins normally located in muscle, kidney, and
neurons. The function of Na/K pump α1β1 expressed in Xenopus oocytes with or without FXYD isoforms was evaluated using
two-electrode voltage clamp and patch clamp. Through evaluation of the partial reactions in the absence of K+ but presence of
Na+ in the external milieu, we demonstrate that each FXYD subunit alters the equilibrium between E1P(3Na) and E2P, the
phosphorylated conformations with Na+ occluded and free from Na+, respectively, thereby altering the apparent affinity for
Na+. This modification of Na+ interaction shapes the small effects of FXYD proteins on the apparent affinity for external K+ at
physiological Na+. FXYD6 distinctively accelerated both the Na+-deocclusion and the pump-turnover rates. All FXYD isoforms
altered the apparent affinity for intracellular Na+ in patches, an effect that was observed only in the presence of intracellular
K+. Therefore, FXYD proteins alter the selectivity of the pump for intracellular ions, an effect that could be due to the altered
equilibrium between E1 and E2, the two major pump conformations, and/or to small changes in ion affinities that are
exacerbated when both ions are present. Lastly, we observed a drastic reduction of Na/K pump surface expression when it
was coexpressed with FXYD1 or FXYD6, with the former being relieved by injection of PKA’s catalytic subunit into the oocyte.
Our results indicate that a prominent effect of FXYD1 and FXYD6, and plausibly other FXYDs, is the regulation of Na/K pump
trafficking.

Introduction
All human cells need to build and maintain electrochemical
gradients for Na+ and K+ across their plasmamembrane in order
to subsist. Such gradients are built exclusively by the Na/K
pump (aka Na+,K+-ATPase), which, in its minimally functional
form, comprises a large catalytic α subunit (∼100 kD) and a
glycosylated β subunit (∼55 kD).

Because the Na+ and K+ gradients built by the Na/K pump are
essential for diverse cellular functions, such as excitability or
epithelial transport, it is logical that Na+/K+ transport is tightly
regulated. Thus, vertebrates express several α (α1–α4) and β
(β1–β3) isoforms in a tissue-specific, and often cell-specific,
manner. The formation of various αxβx pumps, eachwith unique
kinetic properties (Blanco, 2005; Blanco et al., 1995; Crambert
et al., 2000; DiFranco et al., 2015; Geering, 2008; Hilbers et al.,
2016; Meyer et al., 2019; Stanley et al., 2015), provides cells with
versatile Na/K pump activities for regulating their specific Na+

and K+ transport needs.

Despite the versatile pump functions offered by available
αxβx dimer combinations, the Na/K pump is found as a trimer in
many tissues, owing to its association with a small, single-
membrane–spanning FXYD protein (∼8–20 kD; Geering, 2008).
FXYD2 (the Na/K pump γ subunit) was the first FXYD identi-
fied in kidney (Forbush et al., 1978; Mercer et al., 1993). FXYD4
(corticosteroid hormone-induced factor; Attali et al., 1995) was
also found in kidney, where its expression increases in re-
sponse to corticosteroid hormone. FXYD1 (phospholemman;
Palmer et al., 1991; Moorman et al., 1992) was found to be
an important PKA and PKC protein target in the heart and
skeletal muscle, and was later reported in brain and kidney
(Arystarkhova et al., 2017; Feschenko et al., 2003). FXYD6
(phosphohippolin) and FXYD7 seem to be exclusive to the ner-
vous system (Béguin et al., 2002; Delprat et al., 2007; Kadowaki
et al., 2004), while FXYD3 (Mat-8; Morrison et al., 1995) and
FXYD5 (dysadherin or related to ion channel; Ino et al., 2002) are
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expressed in several epithelia and appear to be up-regulated in
certain cancers.

The physiological role of the FXYD proteins remains elusive.
Geering’s pioneering work (Geering, 2006; Geering, 2008)
demonstrated that each FXYD protein induces small, yet dis-
tinct, changes to the function of α1β1 pumps expressed in Xen-
opus laevis oocytes, but studies using other preparations or
experimental systems (ranging from cells to purified protein)
have sometimes produced contradictory results. Many of these
studies were performed using αβFXYD pumps formed from
isoforms of different species, which may hinder experimental
interpretation.

Here we use two-electrode voltage clamp (TEVC) and patch
clamp to compare the effects of five human FXYD subunits
(Fig. 1 A) on human α1β1 pumps when coexpressed in Xenopus
oocytes. We observed that association of α1β1 with each FXYD
isoform uniquely alters the Na/K pump’s apparent affinities for
transported ions, effects that are largely dictated by ion binding
competition. We also found that each FXYD modifies the rate
and proportion of slow transient charge movement that reflects
the pump’s transition between the phosphorylated forms of the
two major Na/K pump conformations, E1P(3Na) and E2P (Fig. 1
B, dotted box). In addition, we describe the novel observation
that FXYD1 and FXYD6 drastically reduced the surface expres-
sion of α1β1 pumps, a result indicating that a prominent mech-
anism for regulation of Na/K pump activity by FXYD1 and
FXYD6 may be through Na/K pump trafficking, in line with
recent proposals (Lin et al., 2013).

Materials and methods
Oocyte isolation
Xenopus oocytes were isolated in accordance with approved
Texas Tech University Health Sciences Center Institutional
Animal Care and Use Committee protocols, as described by
Meyer et al. (2017). Briefly, oocyte lobes were cut and incubated
with collagenase from Clostridium histolyticum (2 mg/ml, C2674;
Sigma-Aldrich) for 1 h in an OR2 solution containing (in mM)

82.5 NaCl, 1 MgCl2, 2 KCl, and 5 HEPES, titrated to pH 7.5 with
NaOH. The oocytes were then rinsed, incubated three times in
OR2 + 2mMCaCl2 for 45min, and transferred to standard oocyte
solution (∼220mOsm/kg) comprising (in mM) 100 NaCl, 1 MgCl2,
2 KCl, 1.8 CaCl2, 5 HEPES, 2.5 pyruvic acid (Sigma-Aldrich), 1×
antibiotic-antimycotic (Gibco), and 5% horse serum (Gibco),
titrated to pH 7.5 with NaOH.

Molecular biology
Plasmid DNA (pSD5 vector) containing human α1, human β1, or
human FXYD cDNA was linearized using NdeI (for α1), NotI (for
β1), BglII (for FXYD1, FXYD2b [one of two splice variants],
FXYD6, and FXYD7), or PvuI (for FXYD4). Complementary RNA
(cRNA) was transcribed in vitro with the SP6 mMessage ma-
chine kit (Ambion). Oocytes were injected with cRNA mixtures
of α1:β1:FXYDx (75 ng α1 and 25 ng β1 or 75 ng α1, 25 ng β1, and
16.6 ng FXYD) and kept at 16°C for 3–6 d until recording.

The rodent α1 catalytic subunit is naturally more resistant to
the inhibitor ouabain (half-maximal inhibitory concentration
[IC50] ∼100 µM; Price and Lingrel, 1988) than its human α1 or-
thologue (IC50 5–50 nM; Crambert et al., 2000) due to the RD
substitutions (i.e., Q118R/N129D for human α1 pumps). RD mu-
tations are commonly used for oocyte Na/K pump recordings
(Hilbers et al., 2016; Stanley et al., 2016; Yaragatupalli et al.,
2009) to allow for separation of exogenous and endogenous
pump signals based on sensitivity to the inhibitor. However,
given that RD mutations alter ion binding reactions (Vedovato
and Gadsby, 2010), we chose not to introduce RD mutations
into the human α1 isoform because the effects of FXYDs on ion
apparent affinities were expected to be small. For kinetic
analysis, we considered only experiments with Na/K pump
currents at least sixfold above the maximal endogenous Na/K
pump current of uninjected oocytes (i.e., ≥150 nA in TEVC;
≥3.5 pA in patch), which is 25 nA with 90 mM external Na+

(Stanley et al., 2015); 14 ± 8 nA at 145.5 mM Na+ + 4.5 K+ (n =
26, four batches of oocytes) in TEVC; or 0.55 pA in patches
(Meyer et al., 2017). This ensures negligible contribution from
endogenous pumps.

Figure 1. FXYD amino acid sequence align-
ment and Na/K pump enzymatic cycle. (A)
Alignment of the five human FXYD isoforms
studied in this work. Residues in the trans-
membrane (TM), cytoplasmic, and extracellular
regions of the isoforms are indicated. (B) Post-
Albers kinetic scheme of the Na/K pump cycle
(clockwise forward direction). The pump alter-
nates between two major conformations, E1 and
E2, which can exist in dephosphorylated or
phosphorylated (P) forms. Parentheses indicate
ions occluded within the protein. Transitions
within the red box produce transient charge
movement: the release of the first Na+ (forward
cycle) or rebinding of the last Na+ (backward
cycle) during E1P(3Na+) ↔ E2P(2Na+) + Na+o
produces the slow transient charge movement,
while the release of the last two Na+ ions (for-
ward cycle) or rebinding of the first two Na+ ions
(backward cycle) during E2P(2Na+) ↔ E2P +
2Na+o produces fast charge movement.
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Electrophysiology
TEVC was performed 3–6 d after cRNA injection using an OC-
725C amplifier (Warner Instruments) or a CA-1B amplifier
(Dagan) controlled by pClamp software (Molecular Devices).
Only FXYD1 experiments and its cotemporaneous controls were
performed using the CA-1B. After completing the experiments,
we noticed that the voltage dependence of α1β1 results with the
CA-1B differed from those with the OC-725C. These differences
were the result of an error in the output gain of the digidata
controlling the CA-1B, requiring a nonconventional 14.5 mV/V
gain instead of the conventional 20 mV/V. The voltage values
were corrected offline, and the steady-state curves for α1β1 ob-
tained on either amplifier were indistinguishable from each
other (e.g., see Table 2). All currents were digitized at 10 kHz
with a Digidata 1440 A/D converter and continuously recorded
with a Minidigi 1A at 1 kHz (both AD converters fromMolecular
Devices). Current and voltage glass electrodes had 0.2–1 MΩ of
resistance (filled with 3 M KCl).

Before recording, oocytes were incubated for 30 min in
a Na+-loading solution containing (in mM) 90 NaOH, 20
tetraethylammonium-OH, 40 HEPES, and 0.2 EGTA, titrated to
pH 7.2 with sulfamic acid (∼220 mOsm/kg), and then kept until
recording in a 125 mM Na+o solution containing (in mM) 133
methanesulfonic acid (MS), 5 Ba(OH)2, 1 Mg(OH)2, 0.5 Ca(OH)2,
10 HEPES, and 125 NaOH, titrated to pH 7.6 with MS (∼260
mOsm/kg). Upon clamping, the oocytes were perfused with a
Na+o solution (∼300 mOsm/kg) that contained (in mM) 150
NaOH, 5 BaCl2, 1 MgCl2, 0.5 CaCl2, and 5 HEPES, titrated to pH
7.4 with MS. K+

o was added by mixing the Na+o solution with a
solution in which 150 mM KOH replaced 150 mM NaOH. Oua-
bain was directly dissolved in external solutions.

Inside-out patch clamp was performed as previously de-
scribed (Meyer et al., 2017), on the animal pole of manually
devitellinized oocytes, using a 3900A amplifier (Dagan) con-
trolled by pClamp and digitized with a Digidata 1550A A/D
converter (Molecular Devices). Current was continuously moni-
tored with a Minidigi 1B at 100 Hz. The borosilicate pipettes
were fire polished to ≥15-µm diameter and coated with sylgard.
Pipette resistance was 0.5–0.7 MΩ when filled with pipette
(extracellular) solution containing (in mM) 140 NMDG, 5 KCl,
5 BaCl2, 1 MgCl2, 0.5 CaCl2, and 5 HEPES, titrated to pH 7.4
with HCl (∼280 mOsm/kg). The patch was formed in a bath
solution containing (in mM) 100 KOH, 20 KCl, 10 HEPES,
4 MgCl2, and 2 EGTA, titrated to pH 7.0 with L-aspartic acid
(∼240 mOsm/kg), and the solution was switched to the re-
cording solution after excision. This recording intracellular so-
lution was made by mixing solutions containing (in mM)
1MgCl2, 10 tetraethylammonium-Cl, 10 HEPES, and 5 EGTA, and
either 140 NaOH, 140 NMDG, or 140 KOH (pH 7.4 with
L-glutamic acid; ∼280 mOsm/kg). After mixing to obtain the
various intracellular Na+ (Na+i) concentrations, solutions were
degassed for 5–10 min in a vacuum desiccator. Solution ex-
change was achieved with a piezo solution switcher (Siskiyou).
Just before recording, MgATP (A9187; Sigma-Aldrich) was added
to the internal solutions from 200 mM stocks (in filtered double
distilled H2O, pH 7.2 with NMDG+, kept at −20°C). PKA catalytic
subunit (prepared weekly as 50 mg/ml stocks in 6 mg/ml

dithiothreitol, according to manufacturer’s instructions; P2645;
Sigma-Aldrich) was also added to the internal solution at a final
concentration of ∼5 µM just before recording.

Western blotting
Plasma membrane preparations were performed with 14–40
oocytes 3–5 d after injection with the indicated cRNA combi-
nations. Oocytes were homogenized in oocyte homogenization
buffer (OHB; 250 mM sucrose, 5 mM MgCl2, 10 mM HEPES,
1 mM PMSF, and protease inhibitor cocktail were added before
starting, pH 7.4) in a glass Dounce homogenizer on ice. The
homogenate was centrifuged at 500 g for 10 min at 4°C to re-
moved cellular debris. The supernatant was kept on ice, and the
procedure was repeated with the pellets. The two supernatants
were combined and laid on top of two layers (4.5 ml each) of
OHB + 20% sucrose and OHB + 50% sucrose and centrifuged at
30,000 g for 1 h at 4°C in a swinging bucket rotor (Sw41Ti). After
centrifugation, two major membrane bands were visible. Both
the light (within 20% sucrose layer) and heavy (at 20–50% in-
terface) bands were collected and diluted twofold with OHB. The
membranes were pelleted at 100,000 g at 4°C for 30 min.

The same total protein amount from each injection condition
(quantified by BCA Protein Assay Kit; Thermo Fisher Scientific)
was mixed with equal volumes of Laemmli sample buffer
(Sigma-Aldrich; 4% SDS, 20% glycerol, 10% 2-mercaptoethanol,
0.004% bromphenol blue, and 0.125M Tris HCl, pH 6.8) and 8M
urea. The mix was loaded into a 4–20% polyacrylamide gel
(4–20% Mini-Protean TGX Precast Protein Gels; Bio-Rad). After
electrophoresis, proteins were transferred onto polyvinylidene
difluoride membranes by electroblotting in 25 mMTris, 192 mM
glycine, and 20%methanol (pH 8.0) for 3 h at a constant current
of 30 mA. Polyvinylidene difluoride membranes were blocked
with milk for 1 h at room temperature, followed by overnight
incubation at 4°C with 1:5,000 dilutions of mouse anti-Na/K
pump α-subunit antibody a5 (Developmental Studies Hybridoma
Bank) or 1:5,000 rabbit anti-FXYD1/PLM antibody (ab76597,
Abcam). After three washes with PBS containing 0.1% Tween-20
(vol/vol), the membranes were incubated with 1:20,000 dilu-
tions of secondary antibodies IRDye 800CW goat anti-mouse or
IRDye 680RD goat anti-rabbit (LI-COR) for 1 h at room tem-
perature. Finally, the membranes were washed three times with
PBS + 0.1% Tween-20 and visualized via Infrared Fluorescence
Odyssey Imagen System (LI-COR).

Imaging
Five oocytes in each condition (injected with α1β1, α1β1FXYD1, or
α1β1FXYD6 and uninjected with or without preincubation with
10 µM unlabeled ouabain) were incubated for 15 min with 1 µM
BODIPY FL-ouabain (Thermo Fisher Scientific), followed by
three rinses in 125 mMNa+ external solution. Immediately after
rinsing, oocytes from two different batches were imaged on a
Nikon Ti-E Microscope in the Texas Tech University Health
Sciences Center’s Image Analysis Core Facility, using the Alexa
Fluor 488 excitation/emission filter set, with a 10× objective.
The confocal plane was placed as close to the equator as possible
(sometimes the equator exceeded the maximum image field).
The images were analyzed by measuring the total fluorescence
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intensity in two concentric circles and then subtracting the in-
tensity in the inner circle from the intensity in the external
circle that contained the plasma membrane.

PKA and PKA inhibitor (PKI) injections
For some α1β1 or α1β1FXYD1 TEVC experiments, oocytes were
injected with PKA or the PKI fragment 6–22 amide (P6062;
Sigma-Aldrich) before recording. These oocytes were Na+-
loaded for 30 min (as above), kept in Na+ solution for 30 min,
injected with PKA (∼2 µM, V5161; Promega) or PKI (∼250 µM),
and kept in Na+ solution for ≥45 min until recording. Oocyte
volume was assumed to be 1 µl (typical oocyte diameter is
∼1 mm; Dascal, 2000).

Data analysis
Electrophysiological data were analyzed using software from
pClamp (Molecular Devices) and Origin (OriginLab). The K0.5 for
K+

o or for Na+i was determined by fitting the Hill equation,

I � Imax

"
(ion)H

KnH
0.5 + (ion)H

#
,

to the [K+
o] dependence of ouabain-sensitive currents (for

K0.5,K+) or the [Na+i]-dependence of ATP-activated currents (for
K0.5,Na+), where the maximal pump current (Imax) is the current
stimulated by infinite (ion); K0.5 is the (ion) at which I = Imax/2;
and H is the Hill coefficient, which was fixed at 1.6 for fits to
external K+-dependent curves (Jaisser et al., 1994). Ouabain-
sensitive transient currents were integrated, and the time de-
pendence of charge was fitted (performing the fit in the integral
instead of the current improves detection of the slow compo-
nent), starting 3 ms after turning on the pulse, to a mono-
exponential equation extrapolated to the beginning of the pulse,

Q � Qse
−tτ( ) + C,

where Qs is the charge moved in the slow component, τ is the
relaxation time constant, and C is a constant that includes the
charge moved in the fast component (before 3 ms). We use
the ratio Qs/Q at +40 mV in steady state to calculate the fraction
of the charge in the slow component.

Ouabain-sensitive charge-voltage (Q-V) curves (from the
steady-state value of the current integrals) were fitted with the
Boltzmann equation,

Q � Qhyp − Qtoth
1 + exp zqe(V−V0.5)

kT

i,

where Qhyp is the charge moved by hyperpolarizing voltage
changes, Qtot is the total charge moved, V0.5 is the voltage at the
center of the distribution, zq is the apparent valence of a charge
crossing the whole electric field, e is the elementary charge, k is
the Boltzmann constant, and T is temperature (in Kelvin). The
slope factor is kT/ezq. The Q-V curves were normalized by sub-
tracting Qhyp from the Q moved at each voltage and dividing
by Qtot.

The turnover rate of pump activity was calculated as

Turnover � IP
�
Qtot,

where IP is the pump current and Qtot is the total charge calcu-
lated from a Boltzmann fit to the Q-V curve. As the charge
moved by each individual pump during the E1P(3Na+) ↔ E2P
transition (presumably one elementary charge; Nakao and
Gadsby, 1986) is constant, Qtot is an estimate of the number of
functional pumps at the plasma membrane.

Online supplemental material
Fig. S1 shows kinase activity of the same PKA batch used in
Na/K pump experiments, in a patch from an oocyte expressing
cystic fibrosis transmembrane conductance regulator (CFTR)
channels.

Results
FXYD subunits alter interaction with K+o
Experiments were designed to determine the effects of human
FXYD subunit isoforms on the human α1β1 pump’s interaction
with external K+ (K+

o). Fig. 2 illustrates the analysis of a dose
response for K+

o-induced current with a Na+-loaded oocyte 5 d
after injection with an α1β1 cRNAmixture (without FXYDs). The
continuous recording from an oocyte held at −50mV and bathed
inmammalian-like cation solutions (Fig. 2 A; [Na+o] + [K+

o] = 150
mM) shows that application of 10 mM K+

o (i.e., 140 mM Na+o +
10 mM K+

o) induced a large outward current (due to the ex-
trusion of one net positive charge per cycle) that decreased with
stepwise reductions of K+

o concentration. A brief application of
0.5 mM ouabain inhibited (irreversibly within the experimental
duration) all K+

o-induced outward current by subsequent ap-
plications of K+

o, demonstrating robust overexpression of ex-
ogenous human pumps. Vertical current deflections along the
recording indicate application of 100-ms-long square pulse to
voltages between −100 and +40 mV to obtain current-voltage
(I-V) plots of ouabain-sensitive currents (Fig. 2 B, current before
ouabain minus the current after ouabain application in the same
external condition). Hill equations were fitted to the K+

o con-
centration dependence of ouabain-sensitive currents at each
voltage (Fig. 2 C) to determine the K0.5 for K+

o, which was then
plotted against voltage (Fig. 2 D). K0.5,K+ was determined in oo-
cytes coinjected with α1β1 and FXYD1, FXYD2, FXYD4, FXYD6, or
FXYD7. Table 1 summarizes the small effect of FXYD isoforms on
the mean K0.5 values at −100 and 0 mV; FXYD1, FXYD4, and
FXYD7 increased K0.5, at both voltages, with FXYD4 and FXYD7
showing larger effects at negative voltages, FXYD2 reduced K0.5

at negative voltages, and FXYD6 increased K0.5 at 0 mV. In
contrast to the large currents (>150 nA at −50 mV) in oocytes
expressing α1β1 with FXYDx, 4.5 mM K+

o induced only 14 ± 8 nA
(n = 26) in four batches of uninjected oocytes, 11 ± 3 nA (n = 8) in
two batches of FXYD1-alone-injected oocytes, and 8 ± 3 nA (n =
5) in one batch of FXYD6-alone-injected oocytes. This ensures
that the signals we evaluated come from human α1β1-expressing
oocytes, without contamination from endogenous pumps. Our
results with human isoforms resemble previously reported ef-
fects with FXYD isoforms and α1β1 isozymes of diverse origin
(Béguin et al., 1997, 2001, 2002; Bossuyt et al., 2009; Crambert
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et al., 2002; Delprat et al., 2007; Geering, 2006; Li et al., 2005;
Lindzen et al., 2003a), but the amplitude of changes in K0.5 we
observed appear to be smaller in magnitude.

FXYD subunits alter interaction with Na+o
To determine the effect of each FXYD isoform on the interaction
of α1β1 with extracellular Na+ (Na+o) we measured transient
currents of Na+-loaded oocytes bathed in 150 mM Na+o, without
K+

o (Fig. 3), a condition in which the pump is restricted to its
phosphorylated partial reactions. Square voltage pulses evoke
transient currents that reflect either Na+o binding and occlusion
(hyperpolarizing pulse) or deocclusion and unbinding (depola-
rizing pulse) events that are rate-limited by the pump’s tran-
sitions between E1P(3Na+) and E2P states (Fig. 1 B, dotted box). A
pulse protocol is applied first without and then with ouabain to
inhibit the currents owing to Na/K-pump conformational
changes. Representative ouabain-sensitive transient currents
(currents in Na+o minus the currents in Na+o with ouabain) from
oocytes expressing α1β1 alone (Fig. 3 A) or coexpressed with
FXYD1 (Fig. 3 B), FXYD2b (Fig. 3 C), FXYD4 (Fig. 3 D), FXYD6
(Fig. 3 E), or FXYD7 (Fig. 3 F) illustrate the unique effect of each
FXYD isoform on transient currents.

The multiexponential relaxation rates of the transient cur-
rent during each voltage step reflect the rates of partial reactions
during the pump’s Na+ translocation steps; the slowest compo-
nent of the relaxation rate represents the Na+ reocclusion/
deocclusion reaction (Castillo et al., 2011; Holmgren et al., 2000;
Moreno et al., 2020). The fastest components (corresponding to
the reaction E2P(2Na+) ↔ E2P + 2 Na+o, Fig. 1 B) cannot be time
resolved with the TEVC technique, whereas the slow component
(E1P(3Na+) ↔ E2P(2Na+) + Na+o; Fig. 1 B) can be resolved easily.
Assuming that the maximal relaxation rate at extreme negative
voltages is not changed, the shift in the voltage dependence
(Fig. 4 A) of relaxation rates, 1/τ from a monoexponential fitted
to the current integral (similar to the dashed lines representing

fits to the currents in Fig. 3), indicate that Na+o reocclusion was
slowed by FXYD1, FXYD6, and FXYD2, and probably unaltered
by FXYD7.

From the ouabain-sensitive transient current traces in Fig. 3,
it is also clear that the amplitude of each multiexponential
component of transient current induced by the pulse to +40 mV
is altered by all five FXYD proteins. Compared with α1β1 alone,
the ratio of charge moved in the slow component divided by the
steady-state charge from the current integral (Qs/Q) was re-
duced significantly by FXYD1, FXYD2, and FXYD6 but increased
by FXYD4 and FXYD7. These changes to the rate and proportion
of the slow transient provide insight into the mechanism of
action of these FXYDs (see Discussion).

Relative changes in apparent affinity for Na+o can be esti-
mated from the shift of the voltage dependence of the steady-
state charge distribution (Fig. 4 B). The transient current elicited
by each voltage pulse, measured when the pulse was turned
off, was integrated, and the resulting charge was plotted as a

Figure 2. Recording and analysis of an ex-
periment to determine the K0.5 for K+

o. (A)
Current at −50 mV of a Na+-loaded oocyte
overexpressing the α1β1 pump, bathed in Na+o
solution. Substituting Na+o with K+o stimulated
outward current in a [K+]-dependent manner.
Application of 0.5 mM ouabain for 2 min blocked
currents in subsequent K+ applications. Vertical
deflections along the recording indicate pulses to
voltages between −100 and +40 mV. Lowercase
letters indicate currents used to obtain ouabain-
sensitive currents in B. (B) I-V plot of ouabain-
sensitive current (current before ouabain
application − current after ouabain application
in the same condition) measured during the last
5 ms of 100-ms-long voltage pulses. (C) [K+o]
dependence of ouabain-sensitive current at −100
and 0 mV fitted with Hill equations (line plots).
(D) Voltage dependence of K0.5 for K+o.

Table 1. Mean K0.5 and Imax from [K+o] dependence

K0.5 for K+
o (mM) Imax (nA)

Condition −100 mV 0 mV ≥150 nA, 0mV n

α1β1 1.6 ± 0.3 0.9 ± 0.2 365 ± 144 24

FXYD1 2.0 ± 0.4** 1.2 ± 0.2** 275 ± 110 32

FXYD2 1.0 ± 0.3** 1.0 ± 0.3 290 ± 43 8

FXYD4 2.8 ± 0.6** 1.5 ± 0.1** 330 ± 117 8

FXYD6 1.4 ± 0.2 1.2 ± 0.2** 340 ± 66 11

FXYD7 2.4 ± 0.3** 1.4 ± 0.2** 278 ± 86 9

Mean K0.5 values at −100 mV and 0 mV. Errors represent SD; n is the
number of experiments. **, Significantly different with respect to α1β1 alone
by t test: P < 0.001.
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function of the applied voltage (Q-V curve). A Boltzmann equation
was fitted to the data from each individual experiment (see
Materials and methods), giving the total charge (Qtot), slope
factor (kT/zqe), and midpoint voltage (V0.5), which are sum-
marized in Table 2.

A positive shift of the V0.5 indicates an increase, while a
negative shift indicates a decrease, of the apparent affinity for
Na+o (approximately twofold change in apparent affinity per
∼25-mV shift; Holmgren and Rakowski, 2006). Therefore, our
results indicate that the apparent affinity for Na+o is reduced
(1.5–2-fold) by FXYD1, FXYD2, and FXYD6 and increased (∼2-
fold) by FXYD4 and FXYD7 (Fig. 4 B and Table 2). It should be
noted that this apparent affinity links direct effects on ion
binding with effects on the E1P/E2P equilibrium.

Given that FXYD6 accelerates the Na+ deocclusion rate
(i.e., the rates measured at positive potentials in Fig. 4 A), which,
together with deocclusion of 2 K+ toward the intracellular side, is
one of the rate-limiting steps in the cycle, we calculated the
turnover rate of Na+/K+ transport at physiological K+

o (Fig. 5) by
dividing the pump activity (pump current) by the number of
pumps in the plasma membrane (which is directly proportional

to the total charge; seeMaterials andmethods). FXYD6 increased
the turnover rate by 30–50% (depending on voltage), probably
reflecting the increased rate of the E1P(3Na+) → E2P transition
described above. The turnover rates observed with the other
FXYD isoforms nearly overlapped with α1β1 alone, although
FXYD4 and FXYD7 seemed to reduce the turnover rate at neg-
ative voltages (∼25% at −80 mV, probably owing to a strong
voltage-dependent inhibition by Na+o), while FXYD1 induced a
small (∼15%), but statistically significant (P < 0.05), reduction of
the turnover rate at 0 mV, from 14.9 ± 3.0 (n = 47) in α1β1 to 12.9
± 3.0 s−1 (n = 20) in α1β1FXYD1, consistent with a ∼25% reduc-
tion previously reported in studies with purified protein
(Mishra et al., 2015).

FXYD1 and FXYD6 reduce surface expression of α1β1
After a long struggle to achieve consistently high expression
levels for kinetic measurements in oocytes injected with either
FXYD1 or FXYD6, we noticed that these isoforms substantially
reduced the total number of functional pumps in the membrane
(i.e., they reduced total charge and Na/K pump current). Ret-
rospectively and prospectively, we compared the amplitude of

Figure 3. Effect of FXYD subunits on transient currents. (A–F) Ouabain-sensitive currents elicited by voltage steps from the holding potential to −100 and
+40 mV recorded from oocytes bathed in external Na+ solution 3–6 d after injection with α1β1 (A), α1β1FXYD1 (B), α1β1FXYD2 (C), α1β1FXYD4 (D), α1β1FXYD6
(E), or α1β1FXYD7 (F). The oocyte in B was held at −35 mV, and the rest were held at −50 mV. Depolarizing voltage pulses from the holding potential produce
transient outward currents, whereas hyperpolarizing voltage pulses produce transient inward currents. The dashed lines are monoexponential fits to the
current, beginning 3 ms after the voltage step.
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Na/K pump current in oocytes injected with α1β1 alone with that
in oocytes injected with α1β1FXYD1 or α1β1FXYD6 (Fig. 6). On
average, pump currents from oocytes expressing FXYD1 (Fig. 6
A) and FXYD6 (Fig. 6 B) were reduced to 52% ± 23% (n = 45) and
30% ± 20% (n = 29), respectively, of the current from oocytes
expressing α1β1 alone. This analysis includes oocytes grouped by
oocyte batch (seven batches for each FXYD), measured in a 2-d
span (Many of these oocytes did not reach our 150-nA K+-induced
current threshold for the kinetic analysis in previous figures). In
addition to the strong reduction in functional expression, FXYD6
also increased oocyte death rate following the third day after in-
jection, largely complicating the measurements.

To test if the changes in functional expression are due to a
reduced number of Na/K pump molecules at the plasma mem-
brane or to another form of inhibition of the pumps remaining
there, we used two semiquantitative methods: labeling with
BODIPY FL–ouabain and Western blot of plasma membrane
preparations (Fig. 7). Five different oocyte groups were labeled
by a 15-min incubation in BODIPY FL–ouabain; representative
confocal images (Fig. 7 A) illustrate that α1β1-injected oocytes
display larger fluorescence than oocytes injected with

α1β1FXYD1 or α1β1FXYD6. Uninjected oocytes showed lower
intensity than all injected oocytes, but larger intensity than
uninjected oocytes preincubated in unlabeled ouabain, demon-
strating specificity of the signal. The bar graph below the images
plots the average fluorescence intensity at the plasma mem-
brane in two batches of oocytes, normalized to the intensity in
α1β1-injected oocytes. A representative Western blot probed
with an α-specific antibody (Fig. 7 B) shows that plasma mem-
branes from oocytes injected with α1β1 (lane 2) have more
α1 protein than membranes from oocytes injected with
α1β1FXYD1 (lane 3), which clearly has more α1 than oocytes
injected with FXYD alone (lane 4). The bar graph plots the mean
average from five membrane preparations from four batches of
oocytes (Fig. 7 B). Survival of oocytes injected with α1β1FXYD6
was too low to make the membrane preparations.

PKA restores functional expression of FXYD1 pumps
FXYD1’s intracellular C-terminal region is rich in serine and
threonine residues, many of which are phosphorylated by pro-
tein kinases (Palmer et al., 1991). We evaluated the effects of PKA
on Na/K pump currents under TEVC (Fig. 8). To avoid con-
founding effects due to plausible phosphorylation by the rela-
tively active endogenous PKA (Artigas et al., 2006), we
performed control experiments on oocytes with PKI. TEVC ex-
periments were performed intercalating measurements in PKA-
and PKI-injected oocyte groups, on the same day, using the same
setup, with the same solutions, and by the same experimentalist.

Representative currents from oocytes expressing α1β1FXYD1
∼4.5 h after injection with PKA (Fig. 8 A) or PKI (Fig. 8 B) il-
lustrate dose-dependent effects for K+

o at the holding potential
(−35 mV). At all voltages, the K0.5,K+ for PKA-injected oocytes
overlap with PKI-injected ones (Fig. 8 C), meaning that PKA did
not reverse the small change in affinity induced by FXYD1,
consistent with a previous report (Bibert et al., 2008). However,
it is evident that the oocytes in Fig. 8, A and B, produce different
current levels. The mean 10 mM K+

o-induced current measured
in two batches of oocytes show that α1β1FXYD1-expressing oo-
cytes injected with PKA have larger outward currents than those
injected with PKI, an effect that is absent in oocytes expressing
α1β1 alone (Fig. 8 D). Upon normalization to the value measured
in PKA-injected oocytes on the same day, the mean current for
α1β1FXYD1 was 1 ± 0.21 (n = 11) in PKA-injected oocytes and 0.54
± 0.19 (n = 10) in PKI-injected ones, while the mean currents for
α1β1 alone were 1 ± 0.35 (n = 12) and 0.88 ± 0.23. Oocytes ex-
pressing α1β1FXYD1 also showed proportionally larger total
charge (Qtot) when injected with PKA compared with those in-
jected with PKI. Therefore, the turnover rate remained nearly
constant between PKA- and PKI-injected oocytes (Fig. 8 E). The
apparent affinity for Na+o of α1β1FXYD1 was unaffected by PKA,
as the center for the Boltzmann distribution of Q-V curves was
−39.2 ± 4.4 mV (n = 20) for PKA-injected and −39.1 ± 7.4 (n = 26)
for PKI-injected oocytes expressing α1β1FXYD1.

Effect of FXYDs on interaction with Na+i
Most FXYD isoforms have been shown to modulate the apparent
affinity for Na+i. We evaluated Na+i interaction bymeasuring the
Na+i concentration dependence of ATP-activated currents in

Figure 4. Effect of FXYDs on charge movement. (A) Mean transient
charge-movement rate for α1β1 alone or coexpressed with FXYD proteins.
The rates were calculated from monoexponential fits to the integral of
transient currents. (B) Mean normalized Q-V curves for α1β1 alone or when
coexpressed with FXYD isoforms. Error bars are SEM in both panels. See also
Table 2 (note that the α1β1 and α1β1FXYD1 shown here are those that started
at a holding potential of −50 mV).
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large inside-out patches, allowing for rapid and precise ex-
change of internal ion composition, while the pipette extracel-
lular solution remained constant and contained NMDG+ with
saturating 5 mM K+

o (Figs. 9 and 10 and Table 3). When meas-
urements were performed with a mixture of NMDG+

i and Na+i
(without intracellular K+ [K+

i]), the K0.5 observed with each
FXYD protein was not significantly different from α1β1 alone
(P ≤ 0.05; Fig. 9 and Table 3). The continuous trace (Fig. 9 A)

shows a typical experiment in a patch excised from an oocyte
expressing α1β1 alone. We first applied 25 mM Na+i and then
added a saturating concentration of MgATP (4 mM), reversibly
activating Na/K pump current. The first activation is biphasic,
with a nearly instantaneous phase (rate limited by solution ex-
change) and a slow phase that develops in tens of seconds. The
slow fraction was reduced when MgATP was reapplied in 5, 2,
and 1 and again in 25 mM Na+, similar to previous reports in
giant patches excised from rat ventricular myocytes (Friedrich
et al., 1996; Hilgemann, 1997). However, although generally re-
duced in subsequent applications, the initial amplitude of this
slow component was variable (see Discussion). At steady state,
the ATP-induced current amplitude depended on the Na+i con-
centration, as shown in the normalized dose–response curves for

Table 2. Transient charge movement parameters

Condition Rate−100 (s−1) Rate+40 (s−1) V0.5 (mV) Qtot (nC) kT/zqe (mV) Qs/Q (%) n

α1β1 194 ± 21 65 ± 9 −34 ± 5 17 ± 8 34 ± 2 72 ± 6 28

FXYD1 154 ± 14** 68 ± 6 −43 ± 2** 11 ± 3 34 ± 2 66 ± 4* 6

FXYD2 102 ± 19** 67 ± 13 −61 ± 9** 20 ± 8 39 ± 3 59 ± 2** 8

FXYD4 251 ± 51** 59 ± 5 −4 ± 9** 18 ± 13 33 ± 1 78 ± 3* 7

FXYD6 155 ± 19** 80 ± 12** −54 ± 7** 16 ± 3 37 ± 3 58 ± 4** 16

FXYD7 167 ± 21* 49 ± 6** −13 ± 4** 16 ± 6 32 ± 4 78 ± 5* 7

α1β1−35 mV 156 ± 20 54 ± 4 −30 ± 4 26 ± 7 29 ± 2 77 ± 7 13

FXYD1−35 mV 120 ± 21** 54 ± 9 −40 ± 7** 18 ± 7 31 ± 2 68 ± 6** 26

Some FXYD1 experiments and some α1β1 controls started from a holding potential of −35 mV in the Dagan amplifier and are shown separately. Errors
represent SD; n is the number of determinations. Qtotwas determined from the Boltzmann fits to Q-V in individual oocytes (Materials and methods). Qs/Q is the
charge of the slow component divided by the steady-state value from the transient-current integral in pulses to +40 mV. Significantly different with respect
to α1β1 alone by t test: *P < 0.05; **, P < 0.001.

Figure 5. Effect of FXYD isoforms on turnover rate. Mean turnover rate
at 4.5 mM K+o as a function of voltage. Error bars are SEM. Data fromWarner
amplifier are shown. Values at 0 mV are (± SD in s−1): 14.9 ± 3.0 (n = 47, data
from Warner and Dagan amplifiers) for α1β1, 12.9 ± 3.0* for α1β1FXYD1 (n =
20, data fromWarner and Dagan amplifiers), 12.8 ± 3.9 for α1β1FXYD2, 14.7 ±
3.3 for α1β1FXYD4, 19.1 ± 3.1 for α1β1FXYD6**, and 13.3 ± 1.7 for α1β1FXYD7.
Note that there are more oocytes where we measured pump current at
4.5 mMK+o and charge movement than full dose–response curves and charge
movement. Significantly different with respect to α1β1 alone by t test: *, P <
0.05; **, P < 0.001.

Figure 6. FXYD1 and FXYD6 reduce pump current. (A and B) Mean
normalized K+o-induced currents from oocytes expressing α1β1 (n = 40) or
α1β1FXYD1 (n = 45; A) and for α1β1 (n = 38) or α1β1FXYD6 (n = 29; B). Each
group was normalized to the mean outward current from α1β1 oocytes
measured the same day or on subsequent days in seven batches of oocytes in
each condition. Error bars are SEM. Normalized data points from individual
oocytes are shown as open circles. Asterisks indicate significantly different
with respect to α1β1 alone by t test, **, P < 0.001.
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patches from oocytes expressing each of the FXYD subunits
(Fig. 9 B). The mean K0.5 obtained from Hill plots to individual
experiments is shown as a box plot (Fig. 9 C) and listed in
Table 3, illustrating that the small effects on the K0.5 for Na+i
induced by expression of FXYD proteins were not statistically
significant from α1β1 alone.

Results were clearly different when the intracellular solution
was designed to approximate the situation in a cell, where Na+i

would replace the more abundant K+
i (Fig. 10 and Table 3).

Fig. 10 A illustrates representative recordings at zero voltage
from patches excised from oocytes expressing α1β1, either alone
or with each of the FXYD proteins. After measuring the baseline
current at each Na+i concentration, 4 mM MgATP was applied,
stimulating an outward current reversibly. As apparent in
most traces, the kinetics of pump-current activation at near-
saturating 50 mM Na+i was also biphasic, but the proportion

Figure 7. Reduced plasma membrane expression of Na/K
pumps with FXYD1 and FXYD6. (A) Confocal image of
representative oocytes following incubation in BODIPY
FL-ouabain (1 µM). Note that preincubation of uninjected
oocytes with unlabeled ouabain (UI+ouab) eliminates the
signal observed in uninjected oocytes (UI). Fluorescence
intensity was measured in two concentric circles (one
including the plasma membrane signal) to subtract back-
ground fluorescence. The bar graph at the bottom sum-
marizes results from two batches of oocytes (one batch for
FXYD6) normalized to the fluorescence intensity measured
in oocytes injected with α1β1 alone. (B) Representative
Western blot of plasma membrane preparations from oo-
cytes expressing α1β1 (lane 2), α1β1FXYD1 (lane 3), and
FXYD1 alone (lane 4), 3 d after injection (14 oocytes in each
condition). The top half was probed with the pan-α-anti-
body (a5, Developmental Studies Hybridoma Bank) and an
anti-mouse secondary antibody (IRDye 800 CW goat anti-
mouse; LI-COR). The bottom half was incubated with a
polyclonal FXYD1 antibody (ab76597; Abcam) and an anti-
rabbit secondary antibody (IRDye 680RD goat anti-rabbit;
LI-COR). The bar graphs at the bottom summarize results
from five membrane preparations from four oocyte batches,
normalized to the intensity of α1β1 alone. Pump current
activated by 4.5 mM K+, 145 mM Na+ in 28 α1β1 and 34
α1β1FXYD1 oocytes included in these membrane prepara-
tions were 219 ± 19 nA and 100 ± 10 nA (mean ± SEM),
respectively.

Figure 8. Effect of PKA on α1β1FXYD1 ex-
pression and kinetics. (A and B) Representa-
tive recordings of dose–response for K+o on
oocytes expressing α1β1FXYD after injection
with PKA (A) or PKI (B). (C) Mean K0.5-V from
oocytes expressing α1β1FXYD1 injected with PKA
(n = 20) or PKI (n = 19). (D) Mean normalized
current induced by 10 mM K+o in two batches of
oocytes expressing α1β1 or α1β1FXYD1 after in-
jection with PKA or PKI, measured on the same
day. Error bars are SEM. Asterisks indicate sig-
nificantly different at P < 0.001. (E) Turnover rate
in 4.5 mM K+o for oocytes expressing α1β1FXYD1
injected with PKA (n = 10) or PKI (n = 10). Error
bars are SEM.
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of slow phase at a given Na+i concentration remained more or
less constant in subsequent applications of MgATP. A full de-
scription of how intracellular ligands influence this slow phase,
which has a complex dependence on the time spent with or
without nucleotide as well as on the concentrations of both Na+

and K+ before the addition of MgATP, is currently underway and
goes beyond the focus of this article. However, here we mention
a few observations that appear to be altered by FXYD proteins.
At 50 mM Na+i with 90 mM K+

i, the slow-phase fraction was
0.30 ± 0.13 (n = 26) for α1β1, 0.43 ± 0.13 (n = 32) for α1β1FXYD1,
0.39 ± 0.08 (n = 6) for FXYD2, 0.24 ± 0.10 (n = 12) for FXYD4,
0.23 ± 0.09 (n = 6) for FXYD6, and 0.11 ± 0.06 (n = 9) for FXYD7.
Application of MgATP at a lower Na+i concentration (with a
concomitant increase in K+

i in this case) generally led to a larger
slow-phase fraction (noticeable in the α1β1FXYD1 trace and
particularly evident in the FXYD2 trace, and less obvious but still
visible in traces with other FXYD proteins). At 10 mM Na+i with
130 mM K+

i, it was 0.40 ± 0.11 (n = 20) for α1β1, 0.50 ± 0.2 (n =
16) for FXYD1, 0.70 ± 0.17 (n = 5) for FXYD2, 0.37 ± 0.19 (n = 11)
for FXYD4, 0.46 ± 0.11 (n = 3) for FXYD6, and 0.26 ± 0.12 (n = 8)
for FXYD7. Although some small differences did not reach sta-
tistical significance for all the FXYD proteins, FXYD1 and FXYD2
appeared to increase the proportion of slow component while
FXYD4 and FXYD7 reduced it. For FXYD6, it is difficult to get
patches with enough expression due to the trafficking and via-
bility issues induced by this isoform (described above).

Whether the changes in ATP-activation kinetics relate to the
changes in overall affinity measured from Hill fits to the
Na+i-concentration dependence of steady-state ATP-activated
current (as shown for the mean normalized data in Fig. 10 B)
will require a full description of the ion dependence of the slow
phase. The apparent affinity for Na+i was reduced (K0.5,Na+ in-
creased) by FXYD1, FXYD2, and FXYD6, while it was increased
by FXYD4 and FXYD7 (Fig. 10 C and Table 3); interestingly, these

alterations are in the same direction as the changes in apparent
affinity for external Na+. Given that the normal physiological cy-
toplasmic solution contains high [K+

i], which raises the K0.5 for Na+i
to values close to the normal Na+i concentrations (although values
vary depending on the cell type and activity level), these results
demonstrate that FXYD effects onNa+i interactionmust be analyzed
in the presence of K+

i to draw physiologically relevant conclusions.
Notably, under these conditions, the observed changes in apparent
affinity may have profound consequences for Na+ extrusion.

There was a large variability of the K0.5 for α1β1FXYD1-
injected oocytes. Both Shapiro–Wilk and Anderson–Darling
tests reject the hypothesis that the K0.5,Na+ is normally distrib-
uted at the 95% confidence level. As FXYD1 is phophorylated
PKA and PKC (Palmer et al., 1991), it is possibile that the K0.5

variability reflects two populations of pumps: some that are
phosphorylated, showing a relatively high affinity for Na+i, and
some that are dephosphorylated, showing a lower affinity for
Na+i. Na/K pump regulation by PKA-dependent phosphorylation
has remained a point of controversy for years (Lu et al., 2016).
Several publications using whole-cell preparations reported that
activation of the PKA pathway in oocytes (Bibert et al., 2008),
ventricular myocytes (Despa et al., 2005; Fuller et al., 2009), and
HeLa cells heterologously expressing FXYD1 (Han et al., 2010)
increases Na+i apparent affinity, but similar effects have never
been reported in excised patches or isolated membrane prepa-
rations (only the effect of FXYD1 phosphomimetic mutations
have been reported in purified preparations of Na/K pumps;
Mishra et al., 2015).

To determine if PKA affects the apparent Na+i affinity of
α1β1FXYD1, we tried two different approaches. First, we added
PKA at 25mMNa+i, a subsaturating concentration. In contrast to
the expected result arising from an increased apparent affinity
for Na+i, PKA application failed to augment current at 25 mM
Na+i (Fig. 11). However, when 50 mM Na+i was added after

Figure 9. FXYD effects on Na/K pump inter-
action with Na+i in the presence of NMDG+

i

(without K+
i). (A) Representative patch from an

oocyte expressing α1β1 alone held at 0 mV with
extracellular solution containing 5 mM K+o in
NMDG+

o. The bars on top indicate [Na+]i (in
mM), and the bars under the traces indicate
application of MgATP (4 mM) to activate out-
ward Na/K pump current. Note the biphasic
activation, more obvious in first ATP application.
Vertical deflections correspond to application
of 25-ms-long voltage pulses. (B) Mean ATP-
induced current as a function of [Na+]i. Line
plots are Hill equations with the parameters in
Table 3. (C) K0.5,Na+ for each FXYD. Error bars are
SEM.
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application of PKA, the current increase was smaller than ob-
served in the absence of PKA (Fig. 11 B).

Interpretation of these results is complicated by several as-
pects. Among them are the possibility that a small rundown of

Na/K pump current in the patch is responsible for the reduction
of maximal pump current in the presence of PKA, the unknown
rate of FXYD1 phosphorylation by PKA (would 2–3 min in PKA +
ATP suffice to phosphorylate all the pumps?), and the also

Figure 10. FXYD effects on Na/K pump in-
teraction with Na+i in the presence of K+i. (A)
Patches from oocytes expressing each FXYD
protein were held at 0 mV with extracellular
solution containing 5 mM K+o in NMDG. The bars
on top indicate [Na+]i (in mM), and the bars
under the traces indicate application of MgATP
(4 mM) to activate outward Na/K pump current.
Vertical deflections correspond to application of
25-ms-long voltage pulses. Note biphasic acti-
vation by ATP. (B)Mean ATP-induced current as
a function of [Na+]i, normalized to the value at
50 mM Na+i. Line plots are Hill equations with
the parameters in Table 3. (C) K0.5,Na+ for each
FXYD, from the number of experiments in pa-
rentheses. Error bars are SEM.

Table 3. Parameters from Hill fits to [Na+i] dependence, when Na+i is exchanged with NMDG+
i or K+

i

Na+i with NMDG+
i Na+i with K+

i

Condition K0.5 (mM) Imax (pA) H n K0.5 (mM) Imax (pA) H n

α1β1 3.1 ± 0.9 7.0 ± 2.9 1.2 10 13.8 ± 2.3 10.2 ± 3.9 2.8 18

FXYD1 2.9 ± 0.6 5.7 ± 1.6 1.4 9 19.5 ± 6.6*** 5.6 ± 1.5 2.2 31

FXYD2 3.5 ± 0.8 10.3 ± 10.3 1.7 7 18.1 ± 2.4** 5.3 ± 0.4 3.0 6

FXYD4 2.4 ± 0.6 5.1 ± 1.2 1.2 4 10.4 ± 1.7** 8.5 ± 5.2 2.6 9

FXYD6 3.4 ± 0.6 6.2 ± 2.5 1.5 10 20.7 ± 3.2** 4.6 ± 0.8 2.8 6

FXYD7 3.0 ± 0.5 5.5 ± 1.0 1.3 6 10.5 ± 2.6* 6.1 ± 3.0 2.2 7

Errors represent SD, H = Hill coefficient, and n = number of experiments. Significantly different with respect to α1β1 alone: *, P < 0.01 and **, P < 0.001
(t test); ***, P < 0.05 (Mann–Whitney U test).
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unknown FXYD1 dephosphorylation rate by membrane-embedded
phosphatases once PKA and/or ATP is withdrawn from the
patch. These issues are illustrated in a representative control
experiment in which we tested whether the same PKA applied on
α1β1FXYD1 was capable of activating PKA phosphorylation–
dependent CFTR channels, days after performing the pump
experiments (Fig. S1). Thus, PKA was indeed active, as it acti-
vated CFTR channels in the presence of ATP. In this case, (1)
CFTR activation by PKA phosphorylation at multiple sites was
slow (i.e., several minutes); (2) channels remained active when
they were partially dephosphorylated in the absence of PKA but
presence of ATP; and (3) channels were completely deactivated
(dephosphorylated) when both ATP and PKA were removed from
the patch for 2 min. These phosphorylation and dephosphoryla-
tion rates are much harder to estimate in pump-expressing
patches. Also, because the experiment was performed in ionic
conditions identical to the pump experiments (5 mM K+

o, 135 mM
NMDG+

o, 25 mM Na+i, and 115 mM K+
i), but in a patch excised

from an oocyte that had previously been incubated in 10 µM
ouabain, it demonstrates that the outward current activated by
ATP in Figs. 9 and 10 is Na/K pump specific.

To limit the incidence of those unknowns, we performed
dose–response tests for Na+i in experiments where ATP and PKA
were simultaneously present to maximize the times to achieve

PKA-dependent phosphorylation and diminish the uncertainties
regarding dephosphorylation. The parameters from Hill fits to
those experiments were K0.5,Na+ = 15.8 ± 3.8, Imax = 6.2 ± 1.4 (H =
2.4, n = 12); the mean K0.5,Na+ was normally distributed and
significantly different from the K0.5,Na+ with FXYD1 without PKA
(Mann–Whitney U test P < 0.05), and not significantly different
from patches with α1β1 alone in a t test (P = 0.24).

Discussion
Our results provide the first full comparison of the effects of five
human FXYD proteins on human α1β1 in which the experiments
were performed in the physiological voltage range with near-
physiological conditions under precise control of intracellular
and extracellular ion concentrations. The data confirm some, but
not all, observations previously reported using isoforms from
different species. The most important novel results we describe
are (1) that all FXYD isoforms alter the E1(3Na+) ↔ E2P + 3Na+

equilibrium; (2) that all FXYD isoforms alter affinity for Na+i,
only in the presence of K+

i; (3) that FXYD6 increases the Na/K
pump turnover rate; (4) that FXYD1 and FXYD6 reduce the
number of Na/K pumps in the plasma membrane; and (5) that
PKA application rescues the reduced number of FXYD1-Na/K
pumps in the plasma membrane and appears to reverse FXYD1
effects on Na+i affinity.

FXYD effects on extracellular ion affinities
All FXYD subunit isoforms have been shown previously to alter
Na/K pump function (Geering, 2008), something we also ob-
served with the five human FXYD isoforms we studied. They all
alter the apparent affinity for transported ions, but in many
cases, the relativelymild effects on interactionwith K+

o reported
were altered by the presence of Na+o. In some cases, distinct
results from experiments using interspecies isoform interac-
tions were reported (Béguin et al., 1997). FXYD effects on partial
reactions that only bind Na+o had not been reported previously.

Many of the pioneering studies by the Geering laboratory
(Geering, 2006) determined the effect of FXYD isoforms from
one species on Na/K pumps from a different species in batra-
chian ionic conditions. Nonetheless, our observations on K0.5

for K+
o in the presence of Na+o, are similar to Geering’s ob-

servations: FXYD1 produces a small, voltage-independent in-
crease in K0.5,K+ (Crambert et al., 2002) and FXYD2 and FXYD6
have nominal effects, whereas FXYD4 (Béguin et al., 2001) and
FXYD7 (Béguin et al., 2002) induce a voltage-dependent increase
of K0.5,K+ at negative voltages (probably indicative of their ability
to increase the apparent affinity for competing Na+o). Fre-
quently, the direction of the effects on the apparent affinity for
K+

o varies depending on whether Na+o is present. FXYD1 is the
only auxiliary subunit that seems to have similar effects in the
presence or absence of Na+o (Béguin et al., 2001, 2002; Crambert
et al., 2002, 2005; Delprat et al., 2007; Lindzen et al., 2003b; Pu
et al., 2001; Stanley et al., 2015).

Our results measuring Na+-dependent transient charge
movement (partial reactions inside the dashed box in Fig. 1 B)
help clarify the complications caused by ion (i.e., substrate)
competition. The center of the voltage-dependent distribution of

Figure 11. PKA failed to increase Na/K pump current at 25 mM Na+i. (A)
Na/K pump current was activated by application of ATP in 50 mM and then
25 mM Na+i. After the current reached steady state, PKA was applied at
25 mM Na+i without effect during 2 min. Subsequent application of 50 mM
Na+i minimally increased the current. (B) Bar graph summarizing results from
six patches (four at 50 mMNa+i) in which similar maneuvers were performed.
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this charge movement reflects the pump’s overall apparent af-
finity for Na+o. We observed statistically significant shifts of the
Q-V curves by each FXYD protein (Fig. 4 B and Table 2): to the
right with FXYD4 (+30 mV) and FXYD7 (+20 mV) and to the left
by FXYD2 (−30 mV), FXYD6 (−20 mV), and FXYD1 (−10 mV),
which indicates an approximately twofold increase or decrease
in apparent affinity for Na+o, per 25-mV shift to the right or to
the left, respectively (Moreno et al., 2020). A previous report
measuring the effect of cow FXYD2 on sheep α1β1 did not ob-
serve a shift of the Q-V curve (Dempski et al., 2008). It is pos-
sible that the FXYD2 effect was lost either due to the use of
isoform subunits from different species, the left-shifted nature
of this α1β1 construct’s Q-V curve compared with others (com-
pare Stanley et al., 2018), or significant differences in 6 of 18
intracellular domain residues between cow and human FXYD2.

The findings regarding apparent affinity for Na+ are all
consistent with previous reports indicating that the effects on
K0.5 K+

o were largely shaped by the presence or absence of Na+o.
For example, FXYD1 was reported to slightly reduce the appar-
ent affinity for K+

o in the absence of Na+o, but surprisingly, its
effects on α1β1 in the presence of Na+o were voltage independent
(Crambert et al., 2002). The mild effect of FXYD1 on the voltage-
dependent apparent affinity for Na+o that we observe explains
why it does not alter the voltage dependence of the K0.5,K+ in the
presence of Na+o, as the voltage-dependent apparent affinity for
Na+o is reduced to the same degree as the apparent affinity for
K+

o.
The affinity for Na+ or K+ is the product of the coordination

efficiency of the ion-binding sites as well as the fraction of en-
zyme residing in E1 (with increased Na+ affinity) versus E2 (with
increased K+ affinity). Apparent ion affinities are further com-
plicated by the inherent competition between Na+ and K+ in the
two major conformations. Even within a single major confor-
mation (i.e., E1 or E2), apparent affinities as well as selectivity
can be altered if, for example, the preference between individual
E2 states is modified. More specifically, effects on apparent af-
finities and ion selectivity would be quite different depending on
whether FXYD proteins favor occupancy of the empty E2P, the
fully occluded E2(2K+), or the partially occluded E2P(2Na+).

The transient charge movement kinetics provides mecha-
nistic insight into which partial reactions may be modified by
FXYDs. All FXYD subunits altered the proportion of total charge
moved in the slow component (Fig. 3 and Table 2). FXYD1,
FXYD2, and FXYD6 reduced the fraction of the total charge
moving in the slow component, while FXYD4 and FXYD7 in-
creased it. Because these slow charge movements are thought to
represent the binding of the last Na+ in the backward direction
(i.e., reocclusion) or release of the first Na+ in the forward di-
rection (deocclusion; Gadsby et al., 2012; Hilgemann, 1994;
Holmgren et al., 2000), this may be interpreted as suggesting
that the equilibrium constant for interaction of the last Na+ to
bind is altered by all FXYD subunits, albeit in different direc-
tions and to different degrees. However, this effect can be me-
diated simply by altering the E1↔ E2 equilibrium instead of the
actual ion-binding reaction.

Presently, we can state that at negative voltages (−100 mV),
FXYD2 and FXYD1 reduced the rate of rebinding/reocclusion

(i.e., the “backward” transition E2P + 3 Na+o → E1P(3Na+); Fig. 1
B) by ∼50% and ∼20%, respectively. These effects appear to be
sufficient to account for their respective ∼50% and ∼30% re-
duction in overall apparent Na+o affinity. On the other hand,
FXYD6 reduces the apparent affinity for Na+o by ∼50%, both by
accelerating ∼25% the Na+o deocclusion/release step (i.e., the
“forward” transition from E1P(3Na+)→ E2P + 3 Na+o; Fig. 1 B) as
well as by reducing ∼20% the reocclusion rate. FXYD4 increased
the Na+o rebinding/occlusion rate ∼30% and perhaps led to a
small ∼10% reduction in the deocclusion rate (not statistically
significant given the small difference), while FXYD7 reduced the
deocclusion rate ∼25%. In any case, determinations of re-
occlusion rates at very negative voltages may be limited by the
inherent slow clamp of the TEVC technique.

The small changes observed in apparent affinity for K+
o

(∼20–40%; Table 1) are consistent with previous reports and
unlikely to be physiologically relevant in the regulation of α1β1
pumps under normal serum concentrations, where Na/K pumps
will mostly be functioning at K+

o concentrations that are four to
five times larger than the K0.5. However, the conditions would
change if pumps were located in special compartments. For in-
stance, the K+

o concentration of the cerebrospinal fluid bathing
pumps interacting with FXYD6, FXYD7, and FXYD1 in central
nervous system neurons varies between 2.5 and 10 mM de-
pending on neuronal activity, with basal values of 2.5–3 mM K+

o

(Bradbury and Davson, 1965; Cserr, 1965; Keep et al., 1993). If
α1β1 pumps normally associate with FXYD7 in neurons (Béguin
et al., 2002), these would be functioning near the K0.5,K+ at
neuronal resting potentials and drastically activated when there
is a need to clear K+

o after its concentration is increased by
neuronal activity.

A similar substantial physiological importance would arise if
FXYD proteins interact with pumps formed by the α2 subunit, as
FXYD1 is known to do (Bossuyt et al., 2005), because α2 pumps
have a much lower apparent affinity for external K+ in the
presence of external Na+ (DiFranco et al., 2015; Stanley et al.,
2015; Stoica et al., 2017), particularly when associated with
β2 (Hilbers et al., 2016; Stanley et al., 2015), its preferred
β-isoform association partner (Tokhtaeva et al., 2012). Indeed,
FXYD1 reduces the K0.5 for K+

o in α2β2 pumps from ∼5.5 to
∼8 mM at 0 mV (compare Fig. 8 in Stanley et al., 2015), some-
thing that would transform α2β2 pumps into a reservoir for K+

o

clearing at depolarized potentials. Clearing K+
o by α2 pumps is

essential in skeletal muscle T-tubules and glia following periods
of high electrical activity. Therefore, whether the pumps are
associated with FXYD1 could have a dramatic effect on their
effectiveness as a pumping reservoir. Nevertheless, it remains
unclear whether distinct FXYD isoforms have a predilection for
different α-subunit isoforms in the cells in which they are
expressed.

FXYD2 and FXYD4 are well known to associate with α1β1
in the basolateral membrane of the thick ascending limb
(Arystarkhova et al., 2002) and the principal cells of the med-
ullary collecting duct (Capurro et al., 1996), respectively.
Therefore, their small effects on K+ apparent affinity are prob-
ably innocuous, and their main importance comes from their
effect on Na+i affinity, as the Na/K pumps in the collecting duct
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will drive the reabsorption of Na+ at lower intracellular
concentrations.

FXYD effects on intracellular ion affinities
In contrast to effects on K0.5,K+, the small effects of FXYDs on the
apparent affinity for Na+i would have profound physiological
impact because Na/K pumps function at Na+i concentrations
near the K0.5,Na+ value, and because the high cooperativity of
pump current activation by Na+i results in very steep Na+i de-
pendencies. Under normal physiological intracellular ion con-
centrations, all five FXYD proteins significantly altered the
apparent affinity for Na+i (Fig. 10 and Table 3). These alterations
can be divided into two groups: (1) those that increase Na+i ap-
parent affinity, reducing the K0.5 by ∼30% (FXYD4 and FXYD7);
and (2) those that reduce apparent affinity, increasing the K0.5

by ∼30% (FXYD1, FXYD2, and FXYD6). To illustrate the impor-
tance of the changes in apparent affinity for Na+i we describe
here, in physiological terms, if the Na+i concentration in the cell
remained constant at 14 mM, the high cooperativity of Na+i ac-
tivation (nH ∼2.8 mM) means that the “small” increase in
K0.5,Na+ from 14 to 20 mM due to association of α1β1 pumps with
FXYD1, FXYD2, or FXYD6 would manifest as a nearly threefold
reduction in effective pumping capacity. On the other hand, a
decrease in K0.5,Na+ from 14 to 10 mM due to association of α1β1
pumps with FXYD4 or FXYD7 would mean a 35% increase in
pumping capacity.

The K0.5 values for Na+i in the presence of K+
i reported here

agree with reports from the Geering laboratory for FXYD1
(Crambert et al., 2002), FXYD2 (Béguin et al., 1997; Pu et al.,
2001), FXYD4 (Béguin et al., 2001; Lindzen et al., 2003b), and
FXYD6 (Delprat et al., 2007) but contrast with the lack of change
in Na+i apparent affinity reported for FXYD7 by Béguin et al.
(2002). This difference may be because Béguin et al. (2002)
reported the effect of mouse FXYD7 on rat α1β1 instead of hu-
man FXYD7 on human α1β1 or because of the uncertainty of the
Na+i and K+

i concentrations in their study (as intracellular
concentrations cannot be directly controlled in a whole oocyte)
versus the precise control of intracellular solutions in our patch
experiments.

An important observation for all FXYDs is that the changes in
apparent affinity for Na+i disappear in the absence of K+.
Therefore, our studies at near-mammalian cationic concen-
trations (140 mM Na+i + K+

i) indicate that this relevant physi-
ological effect of FXYD proteins effectively requires altering the
competition between K+

i and Na+i. In keeping with our obser-
vation, Pu et al. (2001) previously reported that FXYD2 de-
creased the apparent affinity for Na+i by increasing antagonism
(competition) from K+

i. Taken together, these results indicate
that FXYD proteins may act by altering ion selectivity of the Na/
K pump at intracellular-facing sites rather than by changing the
actual affinity for one ion.

It is important to note that the effects on Na+i apparent af-
finity in the presence of K+ are in the same direction as the ef-
fects on extracellular Na+ apparent affinity in the absence of
competitor. Although it is tempting to conclude that this is due
to an increased affinity for the third Na+ site (site III, the site that
interacts only with Na+), the need for K+

i antagonism to observe

the effect of FXYD isoforms on Na+i apparent affinity does not
require direct effects on ion-binding sites. A nonmutually ex-
clusive alternative explanation can be surmised from the effect
of each particular FXYD on transient charge movement (Figs. 4
and 5 and Table 2). FXYD4, and to a lesser extent FXYD7, favor
the occupancy of the third Na+ from the extracellular side and a
shift to the E1P(3Na+) conformation, while FXYD2 and FXYD6,
and to a lesser extent FXYD1, reduce binding of that third ex-
tracellular Na+ and favor the E2P conformation. An effect on the
E1P/E2P equilibrium suffices to explain the changes in apparent
affinity for extracellular Na+, because their effects on ion
binding and conformational equilibrium are inseparable with
the experiments presented here. Future studies will attempt to
dissect direct effects on ion binding from effects on the major
conformational equilibrium using techniques with faster time
resolution or that report conformational changes concomitantly
with the electric signals, such as voltage clamp fluorometry
(Stanley et al., 2018).

A modification of the E1/E2 equilibrium by FXYD proteins
can also explain the required antagonism by K+ to observe their
effect on the apparent affinity for Na+i. If we assume that the
ion-free enzyme is poised toward E1 whether FXYD isoforms
are present or not, any preference for the backward transition
from E1(empty) to E2(2K) would be realized only when K+

i is
added, concomitantly amplifying the action of FXYD on K0.5,Na+.
Therefore, only in the presence of K+

i to move the pump back to
E2(K2), will FXYD isoforms that promote occupancy of E2 re-
duce apparent affinity for Na+i, whereas FXYD proteins that
stabilize E1 will increase the apparent affinity for Na+i. Although
this model completely explains all our observations and is
strongly supported by the transient charge movement data, it
must be noted that it contrasts with a previous proposal that
FXYD2 increases E1 occupancy (Pu et al., 2001).

Another argument in favor of altering the E1/E2 conforma-
tional equilibrium comes from the Na/K pump crystal structures.
There, FXYD proteins are seen interacting with transmembrane
segment 9, too far from the ion-binding sites formed by residues
in transmembrane segments 4, 5, 6, and 8 to directly alter ion
binding (Kanai et al., 2013; Morth et al., 2007). This indicates that
their effects on ion binding are allosteric, something that could be
achieved simply by modification of the conformational state of
the protein.

The ATP-activation kinetics measured in patches may also
lend additional support to FXYD proteins acting by altering the
equilibrium between E1 and E2. Activation of pump current by
ATP in the presence of K+

i is clearly biphasic, with a fast phase
(limited by our tens-of-milliseconds solution exchange system)
followed by a slow phase with a time constant in the tens of
seconds. Each FXYD protein appears to alter the fraction of
current in the slow component (Fig. 10 A). FXYD1 and FXYD2,
which slow entrance to E1P(3Na+) in transient currents and
reduce apparent affinity for Na+i, increase the fraction of the
slow component. Conversely, FXYD4 and FXYD7, which favor
E1P(3Na+) in the transient currents and raise the apparent af-
finity for Na+i, reduced the fraction of slow phase (The data for
FXYD6 have been more difficult to obtain due to lower expres-
sion). One plausible explanation for the observed biphasic ATP
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activation time course is that when ATP is absent (i.e., before
pump cycle activation) the enzyme system rests in equilibrium
between the E2(2K+)-occluded and the E1-3 Na+–bound states
(compare Fig. 1 B). Then, as ATP is added, pumps in E1 with 3
Na+ bound can cycle immediately, while pumps in the E2(2K+)
state must first deocclude K+ before they can start cycling. If this
was the case, the slow time constant observed would appear to
be well below the transport rates of ∼15–30 s−1 in our conditions
at room temperature (Fig. 8 E; Crambert et al., 2000; Meyer
et al., 2017) and ∼100 s−1 in ventricular myocytes at 36°C
(Friedrich et al., 1996).

Interestingly, previous descriptions from patches from ven-
tricular myocytes in the absence of K+

i show fast activation by
ATP in all but the first ATP application (Friedrich et al., 1996).
Although less drastic, a similar behavior was observed in our
patches (Fig. 9). As both our experiments and those of Friedrich
et al. (1996) began with excision of the patch into K+-containing
solutions without ATP, it is plausible that the first activation by
ATP reflects the pumps leaving an E2(2K+) state with the slow
component we describe here, but further experiments will be
required to directly address this possibility.

The importance of studies to describe in detail the slow
transitions that depend on the presence of transported ions is
highlighted by the recent observation of a Na+i depletion-
triggered inactivated state described by Hilgemann (2020b).
The appearance of the slow activation phase in patches, just like
the entrance into the inactivated state in whole-cell experi-
ments, is dramatically influenced by the presence of competing
K+

i (Lu and Hilgemann, 2017). Therefore, it is possible that the
slow ATP-activation phase we describe here represents the in-
active state entered by Na/K pumps when the Na+i concentra-
tion is reduced in whole-cell patch-clamp experiments with
ventricular myocytes (Hilgemann, 2020b; Lu and Hilgemann,
2017). If this is the case, the changes in apparent ion selectiv-
ity of intracellular-facing pumps induced by FXYD proteins that
we describe here would have profound consequences on Na/K
pump activity. Notably, the preference of intracellular-facing
sites for K+

i over Na+i is increased in the presence of FXYD1,
FXYD2, and FXYD6, while the fraction of pumps in the inactive
form is increased in myocytes expressing FXYD1 compared with
FXYD1 knockouts (Hilgemann, 2020b; Lu et al., 2016). An im-
portant difference between experiments in cells and our ex-
periments is that ATP is present to drive the pump to E1, thus
competingwith K+ driving the pump back to E2 in the whole-cell
experiment, while the slow phasewe describe here is induced by
the combined presence of K+

i and absence of ATP. Yet, in the
absence of Na+i and the presence of ATP, K+

i still drives a sub-
stantial portion of pumps to E2 (Gatto et al., 2005). Thus, it is
tempting to speculate both that the slow phase represents the
inactivated state described by Hilgemann (2020b) and that the
effects of FXYD proteins on intracellular ion affinities reflect
their modulation of these inactive states. In the future, it will be
important to directly evaluate whether this slow activating
phase in excised patches corresponds to the Na+i depleted-
inactivated state, whether the entrance to the inactivated state
is favored by long occupancies of E2 conformations, and/or
whether the effects of FXYD proteins, which regulate Na/K

pump ion selectivity and modify ATP-activation kinetics, reflect
alteration of the inactivated state’s occupancy.

Does PKA phosphorylation modulate FXYD1’s effect on
ion affinities?
Na/K pump regulation by phosphorylation remains controver-
sial (Hilgemann, 2020b; Lu et al., 2016). Reports in whole cells
have shown that activation of the PKA pathway in oocytes
(Bibert et al., 2008), ventricular myocytes (Despa et al., 2005;
Fuller et al., 2009), and HeLa cells heterologously expressing
FXYD1 (Han et al., 2010) augment Na/K pump current due to an
increase in apparent affinity for Na+i. In contrast, Fine et al.
(2013) show that PKA pathway stimulation had no effect on
pump currents in iCell Cardiomyocytes at 9 mM Na+i, although
the experiments were performed without K+

i, a condition with
higher apparent affinity, where the reduction in apparent af-
finity by FXYD1 should not be observed (Table 3).

Direct application of PKA failed to increase the pump current
at one subsaturating Na+i; increased pump current would be
expected if phosphorylation increases the apparent affinity for
Na+i concentration. The inability to observe this increase in
isolated membrane preparations has led other groups to propose
that a yet-unknown intracellular factor is required for this effect
(Hilgemann, 2020a). However, it is also possible that the ab-
sence of a direct increase in current by PKA in the patches arises
from the complications related to unknown phosphorylation/
dephosphorylation rates in the isolated membrane system,
which complicate experimental design. In our hands, when ex-
periments measuring dose effect for Na+i were performed with
simultaneous application of PKA and ATP, the apparent affinity
of α1β1FXYD1 pumps for Na+i appeared to be increased in a
statistically significant manner. Further experiments will be
required to resolve this conundrum, for instance, by analyzing
direct effects of PKA at lower Na+i concentrations, in the pres-
ence of phosphatase inhibitors, and on patches expressing Ser/
Thr-phosphorylation-site mutants.

FXYD6 increases α1β1 turnover rate
In the presence of physiological 4.5 mM K+

o, FXYD6 increases
the turnover rate in a voltage-dependent manner (by 50% at
−80 mV and 25% at +40 mV). Because FXYD6 significantly ac-
celerates the rate of transient charge movement at positive po-
tentials (Figs. 3 and 4 A), a transition independent from the
extracellular Na+o concentration (Holmgren and Rakowski,
2006; Holmgren et al., 2000; Nakao and Gadsby, 1986), the ob-
served increased turnover rate probably reflects FXYD6’s true
increase to the rate of Na+o deocclusion during the E1P(3Na) ↔
E2P + 3 Na+o transition, which is one of the two rate-limiting
steps in the pump cycle. The stronger effect at negative voltages
reflects the reduced affinity for Na+o of FXYD6-associated Na/K
pumps (i.e., a left-shifted Q-V; Fig. 4 B). That is, FXYD6 simul-
taneously speeds up Na+o deocclusion and reduces sensitivity to
the Na+o rebinding that competes with K+

o for the externally
accessible binding sites.

No other FXYD protein tested here had such a drastic effect
on the rate of Na+o deocclusion or the turnover rate of pump
cycling, although FXYD1 appeared to reduce the turnover rate at
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0 mV to a much lower extent. A previous study reported that
FXYD5 may be another FXYD protein that increases the turn-
over rate (Lubarski et al., 2005), but this was based on meas-
urements of ionic currents of mouse FXYD5 with rat α1 and pig
β1, and without normalizing Na/K pump activity to the number
of pumps in the plasma membrane. Confirmation will require
measurements like those we present here in human α1β1FXYD5.

It is interesting to note that FXYD6 is an inhibitor of α1β1 in
terms of Na+i binding, but an activator in terms of turnover rate.
Consequently, these qualities may allow FXYD6-associated
pumps to respond when Na+i is increased, such as during neu-
rotransmission in the brain where FXYD6 is primarily expressed
(Kadowaki et al., 2004). The increased turnover rate would also
allow for larger pumping capacity, which may be especially
useful for regulating larger Na+i increases. However, as de-
scribed above for FXYD1, this observation applies only to the
association of FXYD6 with α1 pumps. Additional effects of
FXYD6 on ion transport may well depend on whether it asso-
ciates with and regulates the α3 isoform in neurons. Association
of FXYD6 and α3 in oocytes has been demonstrated (Delprat
et al., 2007), but whether it alters the transport properties of
α3 pumps has yet to be reported. Future studies will address
these important questions.

The most striking observation regarding regulation of α1β1
by FXYD6 in our oocyte system is its astonishing ∼70% reduc-
tion of plasma membrane expression of α1β1 (Figs. 6 and 7). No
such observations were conveyed in previous reports deter-
mining the effects of mouse FXYD6 coexpressed with rat iso-
zymes in Xenopus oocytes (Delprat et al., 2007). It is possible that
this discrepancy reflects that mouse and human FXYD6 differ
at two intracellular residues near two cysteines, which have
been deemed essential for FXYD1 regulation by palmitoylation
(Tulloch et al., 2011). However, a prevalent intracellular location
of FXYD6 location was reported in nondifferentiated PC12 cells
(compare Fig. 3 in Delprat et al., 2007).

Regulation of α1β1 expression by FXYD1 and PKA
Like FXYD6, FXYD1 reduced α1β1-pump density at the oocyte
plasma membrane by ∼50% (Fig. 6 and Fig. 7). The original
description of FXYD1’s effects by Geering’s group shows a small
reduction of Imax on the third day of expression, probably just
below statistical significance (compare Fig. 4 in Crambert et al.,
2002). In a subsequent study, the same group showed identical
maximal Na/K pump currents from rat or human isoforms, re-
gardless of whether the oocytes expressed FXYD1 (Bibert et al.,
2008). The differencesmay reflect the injection of different total
cRNA for all three isoforms, differences in the isoforms, or dif-
ferences in the oocyte culture solutions used. Reports of studies
comparing Na/K pump currents between ventricular myocytes
from wild-type and FXYD1-knockout mice are also conflicting;
some show an increase in Na/K pump current density in FXYD1
knockout (Pavlović et al., 2007) mice, while others show a de-
crease (Han et al., 2009).

Upon injection of the catalytic subunit of PKA into oocytes
expressing FXYD1, we observed a 30–50% increase in α1β1FXYD1
Na/K pump surface expression, indicated by larger Na/K pump
currents, without turnover rate variation (Fig. 8). Bibert et al.

(2008) reported that when the PKA-activation pathway was
stimulated, the maximal current did not change in oocytes ex-
pressing human or rat α1β1 and dog FXYD1. Our differing results
may be explained by (1) the fact that Bibert et al. (2008) did
not observe the reduced expression in the presence of un-
phosphorylated FXYD1 (which may be required to observe the
increase in expression by activation of PKA), (2) the different
approach we used here (i.e., directly injecting PKA instead of
activating the PKA pathwaywith forskolin or epinephrine), and/
or (3) the use of different species of the αβ and FXYD isoforms.

Conflicting results regarding stimulation of the PKA pathway
have been described in myocytes; Silverman et al., (2005)
showed an increase in Na/K pump current in guinea pig ven-
tricular myocytes voltage clamped with the perforated patch
technique, while others reported unchanged Na/K pump current
amplitude (Despa et al., 2005; Fine et al., 2013). It is plausible
that PKA-induced delivery of new Na/K pumps to the plasma
membrane requires a cellular component that is lost in regular
whole-cell patch-clamp experiments, but not with perforated
patches (containing all cytosolic constituents) or whole oocytes
under voltage clamp.

FXYD1 is known to be retained in the endoplasmic reticulum
in some expression systems (Lansbery et al., 2006), and coex-
pression of PKA increases its delivery to the plasma membrane
(Mounsey et al., 1999). More recently, FXYD1 was reported to
regulate trafficking of aquaporins (Arystarkhova et al., 2017).
Inconsistencies in the literature regarding Na/K pump regula-
tion by FXYD1 may relate to cell-specific issues, including the
existence of phosphorylation-dependent FXYD1 pools that are
not associated with Na/K pumps (Wypijewski et al., 2013), but
more probably highlight the fact that regulation of Na/K pump is
very complex (Lu et al., 2016) and may involve endocytosis
events that are linked to oxidative stress and ischemia-
reperfusion injury (Fine et al., 2011; Hilgemann and Fine, 2011;
Lariccia et al., 2011; Lin et al., 2013), which may vary depending
on the contents of whole-cell patch pipettes or the cell isolation
and cell culture procedures used. In any case, the ability of PKA
to increase both the apparent Na+i affinity and the plasma
membrane insertion of α1β1FXYD1 pumps would have dramatic
implications for Na+i regulation in response to sympathetic
stimulation, as these effects would drastically increase both the
affinity of Na+i and the Na+-extrusion capacity.

FXYD proteins alter membrane stability and traffic
Our results showing retention of α1β1 Na/K pumps by associa-
tion with FXYD1 and FXYD6 point to these two proteins as
regulators of Na/K pump trafficking. In this respect, Tulloch
et al. (2011) reported that inhibition of the Na/K pump by
FXYD1 requires palmitoylation and that palmitoylation increases
FXYD1’s half-life in the membrane. It is possible that palmitoy-
lation of FXYD1 contributes to its recently reported membrane
stabilization of α2 Na/K pumps (Lifshitz et al., 2007). Further-
more, palmitoylation drives massive endocytosis events in re-
sponse to oxidation insults during ischemia reperfusion in the
heart (Hilgemann et al., 2013; Lin et al., 2013). Heavy palmi-
toylation of FXYD1, controlled by the mitochondria, suggests it
may be a driver for these drastic trafficking changes. The
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structural features that allow protein recognition by palmitoyl-
transferases are mostly unknown (Greaves and Chamberlain,
2011) and are only beginning to be elucidated (Howie et al., 2014).

Considering that FXYD1’s palmitoylatable cysteines (C60 and
C62) and nearly all of the immediate surrounding amino acids
are conserved in FXYD6 (Fig. 1 A), it might be expected that
FXYD6 is also functionally regulated via palmitoylation. In ad-
dition, Fig. 1 A shows that both cysteines are conserved in
FXYD4, while the second cysteine is conserved in FXYD2 and
FXYD7 (the first cysteine is conserved in FXYD5 and both are
conserved in FXYD3, the isoforms not evaluated here). However,
the residues surrounding the cysteines in these FXYDs are less
conserved relative to FXYD1. Additionally, glutathionylation of
FXYD cysteines was shown to regulate Na/K pump activity
(Bibert et al., 2011), which adds even more complexity to the
nature of Na/K pump regulation. The intricate regulatory role of
FXYD cysteines, together with other aspects of the structure–
function relationships that determine the functional differences
among FXYDs described here, which likely include interactions
with anionic phospholipids (Cornelius and Mahmmoud, 2007)
and possibly with other membrane proteins (Zhang et al., 2009),
will be the subject of future studies.
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Figure S1. CFTR recording in a giant patch demonstrating PKA activity. As a positive control for the patch-clamp experiments on α1β1FXYD1, we tested
the ability of the same preparation of PKA to activate CFTR, typically a few days after the α1β1FXYD1 recordings. (A) Current recording at 0 mV from a large,
inside-out patch excised from an oocyte 1 d after injection with human CFTR cRNA. Endogenous Na/K pumps were inhibited by incubating the oocyte in 10 µM
ouabain before the experiment. The pipette contained the same external NMDG+ solution with 5 mM K+ as other patch clamp experiments, and the inside of
the patch was perfused with 25 mM Na+ internal solution ([Na+] + [K+] = 140 mM). Under these experimental conditions (∼150 mM external Cl− and ∼30 mM
internal Cl−, 0 mV), CFTR currents are outward. Application of 4 mM ATP alone to the inside of the patch produced no change in the baseline current, but
simultaneous application of ATP with 10 µM PKA catalytic subunit induced an outward current that returned to baseline upon their removal. The large, vertical
current deflections before the initial PKA application are 25-ms I-V pulses. (B) Enlargement of the current trace enclosed by the dashed box in A. Single-channel
openings are visible ∼10 s after application of ATP and PKA.
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