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ATP1A3 encodes the α3 isoform of Na,K-ATPase. In the
brain, it is expressed only in neurons. Human ATP1A3 muta-
tions produce a wide spectrum of phenotypes, but particular
syndromes are associated with unique substitutions. For argi-
nine 756, at the junction of membrane and cytoplasmic do-
mains, mutations produce encephalopathy during febrile
infections. Here we tested the pathogenicity of p.Arg756His
(R756H) in isogenic mammalian cells. R756H protein had
sufficient transport activity to support cells when endogenous
ATP1A1 was inhibited. It had half the turnover rate of wild-
type, reduced affinity for Na+, and increased affinity for K+.
There was modest endoplasmic reticulum retention during
biosynthesis at 37 �C but little benefit from the folding drug
phenylbutyrate (4-PBA), suggesting a tolerated level of mis-
folding. When cells were incubated at just 39 �C, however, α3
protein level dropped without loss of β subunit, paralleled by
an increase of endogenous α1. Elevated temperature resulted in
internalization of α3 from the surface along with some β sub-
unit, accompanied by cytoplasmic redistribution of a marker of
lysosomes and endosomes, lysosomal-associated membrane
protein 1. After return to 37 �C, α3 protein levels recovered
with cycloheximide-sensitive new protein synthesis. Heating
in vitro showed activity loss at a rate 20- to 30-fold faster than
wildtype, indicating a temperature-dependent destabilization
of protein structure. Arg756 appears to confer thermal resis-
tance as an anchor, forming hydrogen bonds among four lin-
early distant parts of the Na,K-ATPase structure. Taken
together, our observations are consistent with fever-induced
symptoms in patients.

Mutations in ATP1A3, the gene that encodes the isoform
of Na,K-ATPase that is expressed in most neurons in the
nervous system, cause an extraordinarily wide range of syn-
dromes. Syndromes can manifest in utero with developmental
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malformation, at birth with intractable epilepsy, in infancy
with paroxysmal motor symptoms, or later in life with
persistent symptoms triggered by stress or febrile infection.
The majority of mutations are missense and heterozygous. A
clinical continuum of symptoms can be traced, but there is a
strong bias for some substitutions to produce a particular
syndrome. Symptom severity does not correlate with residual
Na,K-ATPase activity (1–3), and so broader investigation is
needed to determine the underlying mechanisms. In prior
work comparing mutations from mild (rapid-onset dystonia-
parkinsonism, RDP) and severe perinatal phenotypes, we
showed evidence that protein with severe mutations was
retained in endoplasmic reticulum and that the unfolded
protein response (UPR) was elicited (3). The syndrome in
patients with mutations of Arg756 (to His, Leu, or Cys) is
distinct from most other ATP1A3 syndromes because
symptoms do not manifest until triggered by fever. Patients
make substantial recovery over weeks, but there are persistent
RDP-like symptoms that accrue with additional febrile
episodes.

The first crystal structure of a P-type ATPase (that of
SERCA1, the skeletal muscle sarcoplasmic-endoplasmic re-
ticulum Ca2+-ATPase, ATP2A1) demonstrated that the cor-
responding arginine residue, R751, is part of an important
network of hydrogen bonds [Fig. 8 of reference (4)]. It was
predicted to play the same role in Na,K-ATPase [called R758
in reference (5)]. It is on the cytoplasmic portion of the longest
transmembrane span, M5, and its side chain is extended and
makes contact with backbone atoms (carbonyls) of sur-
rounding protein segments. The residue is strongly conserved
in the P2A, P2B, and P2C subgroups of P-type ATPases [See A
P-type ATPase database (traplabs.dk)]. Fig. 1 shows Na,K-
ATPase R756 (ATP1A3 numbering) in three different
conformational states on the left.

The properties and roles of the Na,K-ATPase isoforms are
well-studied (6). Crystal structures of ATP1A1 (Na,K-ATPase
α1) are useful to investigate relationships among conserved
residues because the three Na,K-ATPase isoforms are 89%
identical, and their sequence differences are mostly in patches
J. Biol. Chem. (2023) 299(1) 102758 1
Biochemistry and Molecular Biology. This is an open access article under the CC

https://doi.org/10.1016/j.jbc.2022.102758
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
https://orcid.org/0000-0001-9174-5806
Delta:1_given name
Delta:1_surname
https://orcid.org/0000-0002-8586-6406
Delta:1_given name
Delta:1_surname
https://orcid.org/0000-0002-8812-7545
Delta:1_given name
https://orcid.org/0000-0002-4727-9382
Delta:1_surname
mailto:sweadner@helix.mgh.harvard.edu
mailto:sweadner@helix.mgh.harvard.edu
mailto:aristarkhova@helix.mgh.harvard.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbc.2022.102758&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. R756 helps connect four domains of Na,K-ATPase α and the β subunit. A–C, Portions of crystal structures of α1β1 Na,K-ATPase in three
different conformation states are illustrated with different colors (ribbon representation). In the order of the linear structure, the P domain is made in two
parts (pink and red) that are interrupted by the 214-amino acid N domain (not visible). M5 is a long transmembrane span, but the portion shown is its
cytoplasmic extension (white). The cytoplasmic loop between M6 and M7 is lavender, and the N terminus of the β subunit is green. The backbone and
sidechains of R756 and Q825 of α3 are shown in stick format, but only the backbone carbonyls and amides of Glu358, Ala599, Ile821, and Arg824 are shown,
because the latter’s sidechains are not involved in the hydrogen bonds. Not illustrated: The arginine is further surrounded by hydrophobic residues in L6-7.
ATP1A3 residues I821, M822, and P826 are all close contacts (<4.2 Å) of the R756 side chain, and the stem of the R824 side chain runs antiparallel with that
of R756. In the ground state structure, a portion of L6-7 is cut away to make the backbone of I821 more visible. Putative hydrogen bonds (black dashed lines)
were calculated in Swiss PDB Viewer 4.1 as determined by both distance and angle. The calculated hydrogen bond between the carbonyl of G358 and R756
is near the maximal distance, so its dashed line is colored gray. In the Na+ form, R756 makes a hydrogen bond with the carbonyl of Q825. The glutamine’s
carboxyamido group in turn can form a hydrogen bond with the guanidine of Arg3 of the β subunit. There are minor shifts in predicted hydrogen bonds
among the three conformations, but the common feature is that the guanidino group of R756 can make hydrogen bonds with three other parts of the
protein that meet at this location. D–E, Na,K-ATPase (PDB file 3KDP) and a SERCA Ca-ATPase (PDB file 6LN5) were aligned on the cytoplasmic M5 helix with
Magic Fit in Swiss PDB viewer to illustrate the interactions of R756 and R751. F, The two structures were superimposed. All of the bonded residues
correspond between Na,K-ATPase and Ca-ATPase, and their relationships are exactly the same in the two proteins.
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on the surface. Figure 1 shows that in the Na+-bound
conformation, one side of the guanidino group of R756 can
form a hydrogen bond with the backbone carbonyl of an
alanine (A599 in α3 numbering) in the second half of the P
domain (P2) and the other side with a backbone carbonyl of a
glutamine (Q825) on the cytoplasmic loop L6-7 between
membrane spans M6 and M7. In two other conformations,
there are only slight differences in the ground state: the alanine
is farther away but is still within 4.2 Å, and in both ground
state and the K+-bound form, the hydrogen-bond to L6-7 is
shifted to the carbonyls of R824 and I821. The carbonyl of a
conserved glycine (G358 in ATP1A3) is also near the base of
the guanidino group of R756, apparently within hydrogen
bonding range; G358 is in the helix of the first part of the
divided P domain, P1.

The result is a four-point contact of different parts of the
protein anchored by the R756 guanidino group. In the ho-
mologous Ca2+-ATPase SERCA2, the M5 arginine (R750), P1
glycine (G343), and P2 alanine (A616) are all conserved, as well
as I815 and K818 in the L6-7 intracellular loop. Figure 1 (right)
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superimposes SERCA2 and Na,K-ATPase crystal structures to
illustrate the similarity.

Our initial investigations in cell lines stably transfected with
human ATP1A3 R756H determined that there was significant
residual ATPase activity during growth at 37 �C. The principal
questions were whether the activity is altered functionally;
whether protein misfolding during biosynthesis contributes to
pathogenicity; and whether the mutated protein is intrinsically
temperature sensitive.
Results

Protein expression

The first objective was to assess the level of expression of
ATP1A3 mutations in culture. Cell lysates were employed to
ensure that all fractions, intracellular as well as plasma
membrane, were included. Figure 2A shows a representative
example of variations in ATP1A3 (α3) expression for several
mutations in 293 isogenic cell lines after continuous tetracy-
cline induction. D366H is an RDP mutation with an



Figure 2. Reduced expression and increased ER retention. A, examples of variations in the expression level of α3 in 293 cell lines with different mu-
tations. The R756L cells initially expressed the protein but looked abnormal and lost expression after continuous induction, suggesting selection against it.
B, average reduction of R756H expression in 15 biological replicates, normalized to cells expressing WT α3 in the same experiment. Significance was
determined with paired 2-tail Student’s t test with the measured densitometry values for both α3WT and R756H (average 0.566 ± 0.188 S.D., n = 15, p <
0.0001). C, example of differences in α3 expression and β subunit maturation. In almost all experiments with α3WT, immature β could not be quantified. This
blot shows the highest level ever seen. All lanes shown were from the same blot, but top and bottom halves were stained with α3 and β1 antibodies
separately, and unrelated lanes between these were removed. D, the fraction of immature β was determined by scanning densitometry of each lane for 23
independent samples from 15 experiments. Normalization for loading is not needed with in-lane scanning. Significance was determined by unpaired one-
sided Student’s t test (average 0.282 ± 0.086 S.D., n = 23, p < 0.0001). Significance: ****≤ 0.00001.
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inactivating substitution at the active site aspartate, and its
expression level was consistently like WT (not included on this
blot). R756C, R756H, and R756L are the three human sub-
stitutions that produce the relapsing encephalopathy and
cerebellar ataxia (RECA)/fever-induced paroxysmal weakness
and encephalopathy (FIPWE) syndrome. Each showed a
different level of reduction of expression. The remaining lanes
are E815K (a severe AHC mutation), E818K (CAPOS, cere-
bellar atrophy, areflexia, pes cavus, optic nerve atrophy, and
sensorineural hearing loss), D923N (RDP), and L924P (EIEE).
R756H was selected for investigation here because it is the
most common RECA/FIPWE mutation. In multiple experi-
ments its average expression, normalized to GAPDH, was
reduced by about half relative to α3WT (Fig. 2B).

The first way that an amino acid substitution can damage a
protein is by reducing its ability to fold during biosynthesis.
Membrane proteins are folded in the endoplasmic reticulum
(ER). When there is misfolding during biosynthesis,
Na,K-ATPase α subunit with its β subunit is retained in the
ER for additional rounds of chaperone-assisted folding. We
previously reported that ATP1A3 mutations D923N, L924P,
and D742Y exhibited partial ER retention (1, 3). The migra-
tion of the Na,K-ATPase β subunit on SDS gels is an indi-
cator: β subunit complexes with α subunit co-translationally
(7, 8), and it is β that carries N-linked glycosylation. ER en-
zymes monitor the success of folding by successively trim-
ming and rebuilding glucoses in the high-mannose
glycoconjugate (9). All of the glycosylation in ER is in the
high-mannose immature form, and β with immature glyco-
sylation migrates faster than with mature glycosylation on
SDS gels (8). Figure 2C shows that there is immature β in
R756H cells, but not as much as in L924P cells in the same
experiment. The proportion of the immature form for R756H
was quantified by densitometry, and 25 to 30% of the β was
retained (Fig. 2D). It should be borne in mind that β subunit
also binds to the endogenous α1 subunit and traffics to the
plasma membrane with it, so this is an underestimate of α3
misfolding.
Functional impairment by R756 mutations

Ouabain is a specific inhibitor of Na,K-ATPase. To make it
possible to test the function of the inducible α3 separately
from the endogenous α1 Na,K-ATPase, the human ATP1A3
cDNA in the vectors used to establish the cell lines had two
amino acid substitutions that replicate the low ouabain affinity
characteristic of rats and mice, while the endogenous human
or monkey α1 expressed by the cells has high affinity (10). We
performed the classic survival assay, where a low concentra-
tion of ouabain is used to inhibit endogenous α1 to determine
if the induced α3 has enough activity to support cell growth. In
both 293 and COS-1 cells, only R756H was able to survive in
the presence of ouabain whereas R756C and R756L lines were
unable to survive (see more in Methods). In COS-1 cells, the
R756H line was maintained under ouabain selection. The
ability of R756H to support cell survival in both HEK293 and
COS-1 indicates that it has at least a minimum amount of
pump activity that is successfully delivered to the plasma
membrane.

Functional tests for enzyme expression and impairment
were performed with membrane preparations from the stable
R756H transfectants of COS-1 cells (Fig. 3). Following ouabain
selection to obtain stable transfectants, an expression level 55%
of WT was obtained by measuring the active site concentra-
tion in phosphorylation experiments determining the incor-
poration of 32P from ATP under stoichiometric conditions (11)
J. Biol. Chem. (2023) 299(1) 102758 3



Figure 3. Impacts of the R756H mutation on Na,K-ATPase function. A,
active site concentration as a measure of the expression level determined
by phosphorylating the enzyme for 10 s at 0 �C in the presence of 2 μM
[γ-32P]ATP, 150 mM NaCl, 20 mM Tris (pH 7.5), 3 mM MgCl2, 1 mM EGTA,
10 μM ouabain, and 20 μg oligomycin/ml, i.e., under stoichiometric condi-
tions (11). The data are presented as % of the WT, resulting in a mean value
of 55 ± 15 (S.D., n = 6) for R756H. B, maximal catalytic turnover rate. The
ATPase activity was determined for 15 min at 37 �C in medium containing
130 mM NaCl, 20 mM KCl, 30 mM histidine (pH 7.4), 1 mM EGTA, 3 mM
MgCl2, 3 mM ATP, and 10 μM ouabain and is shown relative to the active
site concentration determined as described for panel A, resulting in mean
values (min-1) of 8157 ± 689 (S.D., n = 14) and 3531 ± 545 (S.D., n = 16) for
WT and R756H, respectively. In panels A and B, the data points from indi-
vidual determinations are shown superimposed on bar graphs showing
mean values with error bars indicating S.D. C, Na+ dependence of phos-
phorylation. Phosphorylation was carried out under conditions described
for A, except that the Na+ concentration was varied, added as NaCl with
various concentration of NMDG+ to maintain constant ionic strength. The
data points (normalized to maximal phosphorylation) show mean values
with error bars indicating S.D. Line plots represent the best fit of a Hill
function. The apparent affinities for Na+ activation extracted from the data
are as follows: K0.5 = 0.86 ± 0.04 mM and 2.56 ± 0.70 mM for WT and R756H,
respectively (mean ± S.D., n = 3 and 6). D, K+ dependence of Na,K-ATPase
activity determined at 37 �C in medium containing 40 mM NaCl, 3 mM
ATP, 3 mM MgCl2, 30 mM histidine (pH 7.4), 1 mM EGTA, 10 μM ouabain,
and the indicated concentrations of K+ added as KCl. The data points
(normalized to the maximal activity) show mean values with error bars
indicating S.D. Line plots represent the best fit of a double Hill function to
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(Fig. 3A). To eliminate expression level and possible inactiva-
tion in the cell culture as variables, the maximal catalytic
turnover rate was determined by relating the rate of ATP
hydrolysis by the isolated membrane preparation to the
measured concentration of active sites in the same prepara-
tion. As shown in Figure 3B, the maximal turnover rate of
R756H, determined in the presence of saturating Na+

(130 mM) and K+ (20 mM), was approximately half of that of
WT in the same conditions. Figure 3C shows that the apparent
affinity for Na+ required for the in vitro incorporation of
phosphate from ATP and Mg2+, as determined in the absence
of competing K+ and in the presence of oligomycin to block
dephosphorylation, was reduced approximately 3-fold
compared to WT. Figure 3D shows that the apparent affinity
for K+, measured by its activation of ATP hydrolysis in the
ATPase assay with Na+ present to activate the active site
phosphorylation, was higher in R756H than in WT, with half-
maximal stimulation at �200 μM compared to 600 μM in WT.
A reduced apparent affinity for Na+ has been seen in a number
of pathogenic human Na,K-ATPase mutants (12). Because the
Na+ concentration in cells is not saturating for the
cytoplasmic-facing Na+ sites, a reduction in apparent Na+ af-
finity is expected to reduce physiological activity (activity at the
cytoplasmic concentration of Na+) in addition to the reduced
turnover number and reduced expression level (11). While the
activation of phosphorylation is due to Na+ binding at the sites
facing the cytoplasm in intact cells, the K+ activation of the
ATPase activity owes to K+ binding at the sites facing the
external side of intact cells. The K+ dependence of ATPase
activity (Fig. 3D) furthermore reveals an inhibition of ATPase
activity at high K+ concentrations that can be ascribed to
competition between Na+ and K+ at the internal sites where
Na+ activates. This inhibition is more pronounced in R756H
relative to WT, likely due to the reduced Na+ affinity at these
sites. Hence, the E1-E2 conformational equilibrium is likely
displaced toward E2 in the mutant. The increased apparent
affinity for K+ in activation of ATPase activity may likewise
result from enhanced competition of K+ with Na+, but in this
case at the extracellular-facing sites, where K+ exerts its acti-
vation of dephosphorylation.
Temperature sensitivity

Given that ATP1A3 R756 symptoms begin during febrile
infections, it is a cardinal question whether R756H is intrin-
sically temperature sensitive. We tested whether elevation of
temperature in the febrile range (to a conservative 39 �C)
elicits a heat shock response in 293 cells. The cytoplasmic
chaperone HSP70 was elevated �2-fold over baseline when
both α3WT and R756H 293 cultures were shifted to 39 �C for
24 h (α3WT, average 2.02 ± 0.27 SD; R756H, average
2.11 ± 0.38 SD. p = 0.0005 for α3WT and p = 0.001 for R756H
the data (with a rising phase and an inhibition phase). The apparent af-
finities for K+ activation extracted from the data corresponding to the rising
phase are: K0.5 = 595 ± 66 μM and 213 ± 25 μM for WT and R756H,
respectively (mean ± S.D., n = 5 and 6).



Instability due to mutation at a multidomain contact point
by one-tailed t test, N = 5). This indicates that there is a robust
protective heat shock response in these conditions.

The expression of Na,K-ATPase subunits during the same
temperature elevation protocol is shown in Figure 4A. The α3
in α3WT and R756H lines was continuously tetracycline-
induced, and the α1 and β1 were endogenous. Expression of
R756H α3, which was already reduced at 37 �C (Fig. 2B), was
further reduced at 39 �C (Fig. 4, A and quantification in B).
The average final level of α3 expression was estimated by
multiplying R756H expression at 37 �C (65% that of α3WT) by
Figure 4. Elevated temperature effects on Na,K-ATPase α and β sub-
units. A, the blots shown are from the same experiment as Figure 3A. B and C,
α3 and α1were quantified by densitometry. There was little effect of elevated
temperature on α3WT, but there was complementary reduction in α3 and
increase in α1 in R756H. Biological replicates were n = 5 for α3WT (α3 average
0.963 ± 0.343 S.D.; α1 1.104 ± 0.416 S.D.) and n = 10 for R756H (α3 average
0.571 ± 0.106 S.D.; α1 1.522 ± 0.344 S.D.). Statistical analysis was by Wilcoxon-
signed rank test (p< 0.01). D, total β subunit was quantified by densitometry
and normalized to GAPDH (left 2 bars), and there was no significant differ-
ence by paired 2-tail Student’s t test (α3WT average 1.139 ± 0.164 S.D, n = 9;
R756H 1.018 ± 0.200 S.D, n = 9). On the right, when total β subunit was
normalized to α3 in each experiment, the difference was significant (p <
0.001), reflecting the decrease in α3 (α3WT average 1.194 ± 0.239 S.D, n = 9;
R756H 2.262 ± 1.394 S.D, n = 13). Significance: **≤0.001; ***≤0.0001.
the level at 39 �C (47%) to give a final average level of 31% (n =
9 matched biological replicates).

The expression of endogenous α1 is not independent of the
expression of α3 in this system (1, 3). Reciprocal expression of
the two α isoforms was seen when 293 cells are cultured
continuously in tetracycline, which suggests that they compete
for a factor that physiologically limits the total. This is
consistent with prior reports in other types of cells (8, 13, 14),
although the mechanism is still not known. In elevated tem-
perature experiments here, any increase in α1 for α3WT-
expressing cells was not statistically significant, but in R756H
cells, α1 had a significant �50% increase at 39 �C (Fig. 4C)
corresponding to the �50% decrease in α3 (Fig. 4B). There was
no change in the total β subunit detected in α3WT or R756H
cells after incubation at 39 �C for 24 h (Fig. 4D). The ratio of β
to α3 was elevated 2-fold in R756H at 39 �C, corresponding to
the reduction in α3.
Temperature-sensitivity in vitro

The temperature sensitivity of R756H compared to control
α3WT was tested in controlled conditions in vitro using
membrane preparations from stable COS-1 cell lines. The
results are shown in Figure 5. Following incubation for various
time intervals at 37 �C, 39 �C, or 41 �C, the ATPase activity
was determined under standard conditions at 37 �C. The WT
was rather stable, losing only about 20% of the activity during
24 h incubation in the presence of 130 mMNa+ and 20 mM K+

(i.e., saturating concentrations), with little effect of the
Figure 5. Temperature sensitivity in vitro. Wildtype (triangles pointing
upward), R756H mutant (triangles pointing downward), and D923N mutant
(small yellow circles) in membranes isolated from COS-1 cells and per-
meabilized as described in Methods were incubated for the time intervals
indicated on the abscissa in buffer containing 12.5 mM Imidazole (pH 7.0),
10 mM EDTA, with 130 mM NaCl and 20 mM KCl, at the following tem-
peratures: 37 �C (black symbols), 39 �C (red and yellow symbols), or 41 �C
(cyan symbols). At the indicated times, the ATPase activity was determined.
Mean values are shown relative to that corresponding to zero time. Plotted
on the same graph (red squares, WT; red hexagons, R756H) are the values
obtained when membranes were incubated at 39 �C in buffer containing
12.5 mM Imidazole (pH 7.0), 10 mM EDTA without NaCl or KCl, which
destabilized the R756H mutant far more than WT. Error bars indicate S.D.
(number of independent experiments n= 3–6 for all datapoints, each per-
formed as duplicate determinations).

J. Biol. Chem. (2023) 299(1) 102758 5
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temperature differences. By contrast, under similar conditions
the R756H mutant lost more than 80% of activity with a
noticeable temperature dependence of the inactivation rate,
which was 20- to 30-fold higher than that of WT, as estimated
from the decay during the first hour of incubation at the
various temperatures. In the absence of added Na+ and K+, the
WT remained as stable as in the presence of 130 mM Na+ and
20 mM K+, but the inactivation rate of the mutant increased
further to more than 100-fold that of WT (Fig. 5). The stability
of WT demonstrates that the effect of removing Na+ and K+

from the mutant is not a simple consequence of low ionic
strength or absence of the physiological ligands; a particular
structural instability caused by the mutation seems to be
required. These results prompted us to examine another
neurological disease mutant, α3-D923N causing RDP/AHC,
which previously was shown to exhibit very low affinity for Na+

(in fact more than 100-fold reduction relative to WT) (15). As
can be seen in Figure 5 (yellow circles), this mutant was as
stable as WT at 39 �C, again showing that the instability of
R756H is a unique property of its protein structure and not
due to reduced Na+ binding.
Recovery from elevated temperature

Patient phenotype includes gradual recovery (>1 month) of
much normal function after a febrile illness subsides. We
Figure 6. Prolonged incubation of cells at elevated temperature. A, represen
h. The asterisk in panel A marks immature β. B, α3 levels remained suppresse
0.936±0.296 S.D. at 24 h, n =8; 1.027± 0.112 S.D. at 48 h, n = 6; n.s.) and R756Hwa
S.D. at 48 h, n = 11). The figure additionally shows pairwise 2-tailed compariso
immature were quantified at 37 �C to determine the baseline, and the graph sho
S.D. at 48 h, n = 12). Improvedmaturation at 48 h for R756H cells was significant at
at 39 �Cat both incubation times, but thedifferencewas greater after 48h. Two-w
weremore significantly different at 48 h (p< 0.001). Averageswere 37 �C 24 h 0.3
S.D. n = 8; 39 �C 48 h 0.324 ± 0.072 S.D., n = 10). Significance: *≤0.01; **≤0.001;
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tested whether expression of α3 in R756H 293 cells recovers if
cells are returned to normal temperature. For these experi-
ments, incubation at 39 �C was extended to 48 h, with new
controls. Figure 6, A and B show that the temperature-induced
reduction of α3 in R756H cells was essentially the same at 24 h
and 48 h. Figure 6C shows a secondary phenomenon that there
was a modest improvement in the maturation of the R756H β
subunit when incubation at 37 �C was extended to 48 h. This
may be due to accumulation of the mature glycosylated form
because the plasma membrane area increases as cell processes
gradually lengthen after trypsinization. This is also seen in the
maturation of β at elevated temperature at the same time
points, as shown in Figure 6D. After incubation at 39 �C for
24 h, the fraction of immature β was modestly higher at 39 �C
than at 37 �C in R756H cells, and the difference between 37 �C
and 39 �C was statistically more significant at 48 h (p < 0.001).
These are small effects on β, but they could play a larger role in
cells that do not proliferate, like neurons. The total amount of
β was unchanged after 48 h of elevated temperature (Fig. 4D).
Considered together, the unaltered total β and minor effect on
its maturation contrast with the sharp reduction of α3 in
R756H cells.

To test for recovery, α3WT and R756H cultures were
incubated at 37 �C or 39 �C for 48 h and in parallel at 39 �C for
24 h followed by 24 h at 37 �C (Fig. 7A). This resulted in
substantially restored expression of R756H α3 normalized to
tativeWestern blot showing the effect of prolonging incubation at 39 �C to 48
d at 48 h; by two-way ANOVA, levels in α3WT were not different (average
s reducedbyhalf (p< 0.01) (average0.567±0.243 at 24 h, n = 14; 0.543± 0.139
ns. C, effects of the length of incubation on the fraction of β subunit that is
ws 24 h and 48 h data (average 0.327 ± 0.065 S.D. at 24 h, n = 11; 0.241 ± 0.085
37 �C (p< 0.01).D, the proportion of immature β subunit in R756Hwas higher
ayANOVAgavep< 0.01, andapairwise 2-tailed t test between37 �Cand39 �C
48± 0.064 S.D, n = 8.; 37 �C 48 h 0.266 ± 0.081 S.D. n = 8; 39 �C 24 h 0.409 ± 0.95
***≤0.0001; ****≤ 0.00001.



Figure 7. Recovery after elevated temperature. A, representative blot
showing recovery of α3 expression after shift from 39 �C back to 37 �C. B,
the averaged data showed no significant change in α3WT expression levels
(n = 5) (average 1.015 ± 0.120 S.D. at 37 �C, 1.028 ± 0.142 S.D. at 39 �C), but
for R756H, the data were significant by two-way ANOVA and pairwise
comparisons (n = 5) (average 0.489 ± 0.140 S.D. at 37 �C, 0.866 ± 0.175 S.D
at 39 �C). Significance: *≤ 0.01; **≤0.001. C, cycloheximide blocked the re-
covery of R756H α3 as expected if most of the recovery is due to new
synthesis. The reduction in α3WT due to cycloheximide was 25% for α3 and
undetectable for total β, while for R756H, the reduction was 65% for α3 and
25% for total β.
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GAPDH (Fig. 7B). When cycloheximide was added to block
new protein synthesis at 24 h with the shift to 37 �C, the re-
covery of α3 was 25% lower in α3WT but was 65% lower in
R756H (Fig. 7C). This indicates both that the recovery of
R756H is largely due to new protein biosynthesis and that
mature R756H α3 is degraded more quickly. During recovery
experiments, no consistent difference in the proportion of
immature β subunit was detected 48 h at 39 �C, n = 12, average
0.218 ± 0.66 SD; 24 h 39 �C, 24 h 37 �C, n = 4, average
0.320 ± 0.053, p = 0.383). Panel C shows that immature β
subunit disappeared during cycloheximide treatment, howev-
er, suggesting that it completed its maturation in the Golgi
apparatus or was degraded during the chase.

Phenylbutyric acid

L924P is an ATP1A3 mutation with severe consequences
at infancy and was studied previously (1). Treatment of
293 cells expressing L924P with the folding drug and his-
tone deacetylase inhibitor phenylbutyric acid (PBA)
improved the accumulation of the L924P α3 mutant and the
maturation of the β subunit (3). The same treatment was
tested here for R756H. Figure 8 shows that PBA had only
slight benefits for either the amount of mutant α3 or the
maturation of β glycosylation (Fig. 8, A and B) and none at
39 �C.

The effect of PBA on the L924P mutation had a functional
readout; there was a 40% reduction in the median length of cell
processes in L924P cells growing on tissue culture plastic
compared to α3WT, and this was corrected by PBA treatment
(3). Process length in cells expressing R756H was not affected
by the mutation even after incubation for 48 h at 39 �C (Fig. 8,
C and D). The L924P mutation had a much bigger effect on β
subunit ER retention than R756H, indicative of a strong UPR
that may have diverted resources from process extension. That
was evidently not a major factor for R756H. This is the kind of
difference in mutation impact on cell behavior unrelated to ion
transport that may underlie phenotype diversity among
ATP1A3 mutations.
Immunofluorescence detection of R756H

HEK293 cells mound up when crowded, which gives the
opportunity to visualize normal cell–cell interactions medi-
ated by the transassociation of Na,K-ATPase β subunits be-
tween neighboring cells (16, 17). This gives the anti-β
fluorescence the appearance of brighter, straighter lines at cell
interfaces. The ATP1A3 mutation L924P showed profound
disruption of this interaction and rounded, variable-sized
cells (1). Here, cultures were fixed at a density where most
cells were in contact as monolayers or mounds where such
features can be observed with conventional fluorescence
microscopy.

Figure 9A shows Na,K-ATPase stain after growth at 37
�C. Cells expressing α3WT had the classic honeycomb
appearance of crowded cells somewhat flatly apposed to
each other (Fig. 9, A, A–C). As expected for dividing cells,
there was always some intracellular stain, but colocalization
of α3 and β1 was good. In contrast, cells expressing R756H
had disrupted localization (Fig. 9, A, and D–F). A majority
of α3 stain appeared to be intracellular, with occasional
aggregates. β subunit localization was variably disrupted
and showed a mixture of membrane and intracellular
distribution.

After incubation at 39 �C for 24 h, the α3WT control cells
showed more intracellular stain, but colocalization of α3 and
β1 was unchanged (Fig. 9, A–C). R756H cells were more
sensitive to elevated temperature. At least two kinds of pa-
thology were seen. Some cells were larger, and less α3 stain
could be seen at cell margins. These R756H-expressing cells
had faint and diffuse aggregates in the cytoplasm (Fig. 9, B, and
D–F). In this case, β subunit appeared to colocalize in the
internal fraction. Other cells showed less internalization and
better colocalization with β subunit, and there were occasional
cells with very abundant and bright internal aggregates (Fig. 9,
J. Biol. Chem. (2023) 299(1) 102758 7



Figure 8. Tests of phenylbutyric acid (PBA) for improvement of R756H cell phenotype. A, R756H cells were incubated at 37 �C or 39 �C for 48 h with
and without 5 mM PBA. At 37 �C, there was an average 1.48-fold increase in α3 in R756H, but this did not differ from 1.46-fold in α3WT. At 39 �C, there was
less improvement than at 37 �C. B, similarly, there was a small improvement in βmaturation in PBA at 37 �C, but not at 39 �C. The results are plotted as pairs
of values in five replicate experiments. C, the appearance of processes was not different between α3WT and R756H at either temperature. Scale bar is
20 μm. D, quantification of process length (175 measurements per condition) showed that α3WT and R756H had a similar distribution of lengths at both
temperatures and with and without PBA.
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B, and G–I). In the latter case, α3 formed aggregates with a
broad cytoplasmic distribution. In such clusters of cells, there
was very little colocalization of α3 with β. The pathology was
thus heterogeneous, suggesting the activation of different
kinds of deleterious responses.
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Involvement of lysosomes
Antibody to lysosomal-associated membrane protein 1

(LAMP1) was used as a marker of lysosome and late endosome
morphology, while antibody to β1 gave definition to cell
boundaries (Fig. 10). At 37 �C, there was little difference in the



Figure 9. α3 and β1 distribution in confluent cells. In fixed and permeabilized cells, α3 was detected with polyclonal antibody (red) and β1 with
monoclonal antibody M17-P5-F11 (green). A, after growth at 37 �C, R756H cells showed more intracellular stain and more discrepancies in the distribution of
α3 and β compared to the α3WT controls. B, after growth at 39 �C, α3WT showed uniform changes consisting of an increase in intracellular stain. R756H
cells, on the other hand, showed almost entirely intracellular stain for α3 as well as cells with sharply reduced levels. The β subunit in many cases was
internalized, but with less co-localization with α3. D–F, these images show cells that are somewhat enlarged, with diffuse stain. G–I, these cells show a
different pathology consisting of bright α3 aggregates scattered in the cytoplasm. Scale bar 50 μm.
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appearance and distribution of LAMP1 stain between α3WT
and R756H cells. After incubation at 39 �C, there was
considerable increase and dispersion of LAMP1 stain in
R756H cells. This appears to parallel the internalization and
loss of stain for α3. Chloroquine (CQ) blocks the fusion both
of autophagosomes activated by the accumulation of aggre-
gated protein and intermediate vesicles originating from
internalization of damaged protein from the plasma mem-
brane (18). CQ treatment at the same time as 39 �C incubation
blocked the anatomical effect on LAMP1. However, CQ did
not significantly block the reduction of R756H levels detected
on western blots either at control temperature or at 39 �C
(α3WT: average 1.047 ± 0.153 SD at 37 �C; 1070 ± 0.300 at
39 �C. R756H: 1.298 ± 0.325 at 37 �C; 1.451 ± 0.525 at 39 �C,
J. Biol. Chem. (2023) 299(1) 102758 9



Figure 10. LAMP1 stain for lysosomes and endosomes. Stain for LAMP1 is red, and stain for Na,K-ATPase β subunit in green is used to define the edges of
the cells and reveal some disruption in R756H cells. Chloroquine, 10 μM, was added at the same time as the change to 39 �C. Scale bar 20 μm. LAMP1,
lysosomal-associated membrane protein 1.
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n = 3. T-tests: effect of temperature on CQ, 0.91 for α3WT,
0.70 for R756H.; effect of mutation, 0.29 at 37 �C, 0.23 at
39 �C). It seems likely that two things are occurring; mature
Na,K-ATPase in the plasma membrane is damaged and routed
to lysosomes, while ongoing biosynthesis of R756H is
compromised by elevated temperature. Heat shock induces
major changes in physiology, and so understanding how the
damaged R756H enzyme is degraded under the stress of fever
will require more investigation.

Prediction of the impact of R756 mutation

As shown in Figure 1, R756 is a highly conserved residue
with a core role in P-type ATPase structure. Hydrogen bond
stabilization of a point where multiple contacts form between
linearly distant segments has implicit significance, particularly
given that the contacts are with backbone, not side chains.
Figure 11 shows what interactions are missing and what are
possible (without adjustments during folding) in the three
R756 mutants. When histidine is substituted for arginine in the
crystal structure, three out of six rotamers clash with the
carbonyl of G358, and the other three clash with the side chain
10 J. Biol. Chem. (2023) 299(1) 102758
of I821. When cysteine is substituted, one of three rotamers
produces a hydrogen bond between the sulfur group and the
carbonyl of G358, as also noted in a recent case report (19),
and the other two rotamers do not clash. When leucine is
substituted, one of four rotamers clashes with the carbonyl of
V752, which also normally forms a backbone α-helical
hydrogen bond with it. A different rotamer clashes with the
side chain of I821, while the other two rotamers of leucine do
not clash.
Discussion

Phenotype-genotype relations

This investigation adds another piece to the puzzle of
phenotype variability in human mutations of the ATP1A3 gene.
The most extensively studied differences between mutation
properties investigated in mammalian cells, insect cells, or
oocytes are different extents of activity loss, different kinetic
constants for Na+, K+, and ATP, and different voltage sensi-
tivities. Here we show that R756H has reduced maximum ac-
tivity, reduced apparent affinity for Na+, and increased apparent



Figure 11. Rotamers predict interactions of the mutant side chains. Substitutions were made in the Na+ form crystal structure 3WGU with the Swiss PDB
viewer, and each of their rotamers was examined for interactions or clashes with other residues. Two examples are shown for each substitution to histidine,
cysteine, and leucine. On the left in each frame, the backbone carbonyls and amides of A599 in the P domain and Q825 and R824 in L6-7 are shown to
illustrate how far away the side chains of the three substitutions are. Black dashed lines are calculated hydrogen bonds. The bond that shows in both R756H
and R756L is the normal alpha helical hydrogen bond between the carbonyl of V752 and the amide of R756. A new hydrogen bond is predicted between
the sulfur of cysteine and the carbonyl of G358. Clashes are indicated by white dashed lines and by arrowheads when poorly visible.
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affinity for K+. The effects on Na+ and K+ interaction resemble
several other Na,K-ATPase neurological disease mutations,
particularly in ATP1A3 (11, 12, 15). It should be recognized
that at the physiological intracellular Na+ concentration in the
presence of competing K+, the reduction of Na+ affinity may
render the amount of Na+-bound enzyme rate limiting for the
overall transport reaction. The pump activity under physio-
logical conditions would be further challenged by the reduced
maximal turnover rate and reduced expression level of active
enzyme. Although this would affect the intracellular concen-
trations of Na+ and K+ and as a result also the membrane
potential and Ca2+ in neurons, there isn’t yet an obvious cor-
relation between functional differences and human phenotype.
Hence, the disturbance of pump function would not explain the
specific phenotype observed for R756H, which is characterized
by fever-induced symptoms. There also isn’t compelling evi-
dence in favor of haploinsufficiency in the phenotypes we know
about, though it remains formally possible.
Phenotype differences may instead arise from toxic side
effects of mutation. Previously, we showed that protein mis-
folding and the UPR were exhibited by two mutations with
severe manifestation in infancy or atrophy later, as well as
activation of a proapoptotic pathway (1, 3). Here, the fever-
induced symptoms seem to be explained by the in vitro
observation of a temperature-dependent inactivation of the
ATPase activity of R756H that is 20- to 30-fold faster than seen
for WT. In the absence of the natural ligands Na+ and K+, the
rate of inactivation of the R756H mutant was even higher,
more than 100-fold increased relative to WT, thus indicating a
dramatic destabilization of the protein structure. This desta-
bilization is not due to the absence of physiological ligands as
indicated by the high stability of WT in the absence of these
ligands. Neither is it due to the reduced Na+ affinity of R756H,
because another ATP1A3 neurological disorder mutant
D923N with more than 100-fold reduction in Na+ affinity, due
to perturbation of the third Na+ binding site, did not show
J. Biol. Chem. (2023) 299(1) 102758 11
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instability relative to WT. This is well-explained by the role of
the R756 guanidine group as a strategic anchor that promotes
the interaction between key functional subdomains of the
ATPase (P1, P2, L6-7 loop, and M5) by hydrogen bonds.
Without the stability provided by the hydrogen bonds to R756,
thermal energy input may allow the subdomains to escape
their intimate contact and unfold. Furthermore, at elevated
temperature, cells showed apparent internalization of R756H
from the membrane, degradation, and after return to normal
temperature, replacement with new protein as the principal
way to recover. Such a scenario is in line with the clinical
observations of recovery following the fever.

Figure 1 showed the particular role of the extended side-
chain of R756 (or Arg750 in ATP2A1) of forming hydrogen
bonds with the backbone carbonyls of residues in L67, P1, and
P2. Figure 11 shows the lack of these bonds when the rotamers
of His, Cys, and Leu are substituted in the existing protein
structure. There would also be atom clashes with some
rotamers. During protein folding, clashes can result in
impaired or delayed success. When a protein does fold, clashes
will result in adjustments in the position of surrounding resi-
dues. This is the basis of long-range effects on protein struc-
ture and function. Here, the degree of clashes differs among
the substitutions, yet the fever-sensitive phenotype in patients
is similar. This suggests that it is the absence of the guanidino
group and its hydrogen bonds that confers temperature
sensitivity in ATP1A3. With the Na,K-ATPase mutation tested
here, expression was reduced, but sufficient material was
produced for analysis of enzyme kinetics after growth at
normal temperature. At 37 �C, there was a clear reduction in
turnover number with reduced affinity for Na+ and increased
affinity for K+, demonstrating long-range effects on structure
and function; however, activity was lost at 39 �C.

In support of this interpretation, the corresponding argi-
nine’s sensitivity to mutation was first seen in laboratory at-
tempts to mutagenize SERCA to investigate mechanism and
kinetics (20). R751 was changed to alanine, isoleucine, or
glutamate in ATP2A1, but the result was poor expression in
COS cells. The conservative mutation R751K was tolerated
and expressed well but had no ATPase activity. These findings
were notable because 17 other mutations in the vicinity were
expressed and had activity, and their effects on enzyme ki-
netics were documented in the same study.
Is fever a common precipitating factor in genetic disease?

There is evidence that Na,K-ATPase studied in vitro is not
unusually sensitive to thermal inactivation (21, 22). On the
other hand, there are many clinical case reports of responses to
fever in people with other mutations not only in ATP1A3 but
also in a wide range of other genes. There is another mutation-
specific ATP1A3 syndrome, CAPOS, with the mutation
p.Glu818Lys, that is triggered by febrile infections (23). Fa-
milial hemiplegic migraine patients with mutations in
ATP1A2, the gene for the Na,K-ATPase expressed in glia in
the brain, frequently have seizures, and in one paper seven out
of 27 families reported febrile seizures (24). However,
12 J. Biol. Chem. (2023) 299(1) 102758
triggering by fever does not necessarily mean temperature
sensitivity of the protein structure. Fever is a defensive strategy
to fight infection or trauma, and it entails a metabolic cost and
other costs in the form of tissue damage. Fever may be
accompanied by stress, inflammation, immunomodulation,
cytokine elevation, and cell death (25), phenomena that could
alternatively trigger disease. It is not yet known whether
thermal protein destabilization plays a role in any of the other
known Na,K-ATPase mutation cases.

Homologous human mutations in other P-type ATPase genes

The residue corresponding to R756 is mutated in other
diseases. In ATP1A2 (the Na,K-ATPase α2 subunit that is
expressed in glia), R763H and R763C have both been reported
in familial hemiplegic migraine (FHM2) (26–29), as has
A606T, the residue corresponding to A599 in ATP1A3 (30,
31). For the Na,K-ATPases, there are human mutations in the
residue corresponding to G358 in ATP1A3 and ATP1A2
(multiple different substitutions) (32–36). In Darier disease in
the Ca2+-ATPase SERCA2a (ATP2A2), there are R750Q and
R750W mutations (37–39). Note that the arginine codon in
the Na,K-ATPases is CGC, while that in ATP2A2 is CGG.
Certain single base missense mutations could result in sub-
stitution with leucine, proline, or glycine for either ATPase,
but others will result in tryptophan in SERCA2 versus cysteine
in Na,K-ATPase and glutamine in SERCA2 versus histidine in
Na,K-ATPase. Substitution to serine is only possible for the
Na,K-ATPases. Proline, glycine, and serine clinical variants
have not been reported so far.

The human arginine mutations in ATP1A2 and ATP2A2
have not been reported to produce notable fever sensitivity. In
fact, ATP1A2’s R763H was identified in a large hemiplegic
migraine family first described in 1997 (26, 40). Typical
migraine triggers were reported in all subjects, and minor head
trauma was a trigger in 83% of subjects, but fever was not
mentioned. It is possible that fever has similar effects on
ATP1A2 stability in glia, but that manifestations are subclin-
ical because glial function is not as impaired as neuronal
function. As for the Ca2+-ATPase ATP2A2, it is typical for the
skin condition in Darier disease patients to worsen in heat and
humidity and for severe flare-ups to be accompanied by high
fever (41), but whether these reflect causation or side-effects is
unknown.

Mechanistic investigations in other P-type ATPases

The electrogenic transport properties of R763H in human
ATP1A2 were studied by voltage-clamp electrophysiology in
Xenopus oocytes (42) with findings that complement the
present functional studies. Protein level was not obviously
reduced, but the oocytes had been incubated at 18 �C. Pump
current of R763H was reduced by �2/3, and so estimated
turnover number was reduced, and kinetic constants for K+

and Na+ dependence of transient currents at room tempera-
ture changed in the same directions as here, albeit with smaller
changes (note, however, that the electrophysiological mea-
surements determined the apparent Na+ affinity on the
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extracellular side, whereas the present data refer to the intra-
cellular side, where Na+ is more critical for activity). The re-
sults are as consistent as could be expected given the
difference in experimental temperatures and conditions.

Another study utilized mutagenized Drosophila that had
been screened for mutations causing temperature-sensitive
discoordination (43). In one strain, an A617T mutation in
drosophila SERCA was found, corresponding to the A606T
FHM2 mutation in ATP1A2 and to A599T in ATP1A3.
NIH3T3 cells transiently expressing the corresponding A616T
in mouse SERCA2 had normal intracellular calcium stores, but
stores were emptied after cells were heated to 42 �C for
30 min. A leak of Ca2+ through the Ca2+-ATPase caused by
mutation only at elevated temperature was considered a
possible cause. To extend the findings, transgenic flies were
generated that expressed another pathogenic SERCA muta-
tion, drosophila SERCA R751Q, which the investigators knew
corresponds to Darier disease ATP1A2 mutation R750Q.
Those flies also showed temperature-sensitive discoordination.
In NIH3T3 cells, transient R750Q expression elicited some
calcium store emptying even without heating and complete
emptying after heating (43).

The apparent Ca-ATPase leakiness might seem to parallel
the temperature-sensitivity of R756H reported here after
longer incubations at 39 �C. There is a fundamental cell bio-
logical difference between SERCA and Na,K-ATPase, however.
There is no recognized role for Na and K transport in the ER.
In contrast, both SERCAs are necessary components of the
secretory pathway: they accumulate the lumenal calcium that
is essential for normal protein biosynthesis and for signaling
via Ca2+ release. Importantly, the SERCA inhibitor thapsi-
gargin also empties the calcium store (44). However, the au-
thors found support for the leakiness mechanism by testing the
same mutations in yet another P-type ATPase, the plasma
membrane Ca-ATPase, ATP2B1. Mutation of A617T and
R869Q, the corresponding residues, elevated cytoplasmic Ca2+

at 37 �C modestly, but much more at 39 �C or 42 �C (43). The
magnitude was comparable to the effect of ionomycin.

A confounding observation in (43) was that in SERCA2, a
mutation at the ATP binding site in the cytoplasmic N domain
and a mutation in the cytoplasmic A domain also emptied the
Ca2+ stores during heating. The same ATP-site mutation
introduced into the plasma membrane Ca2+-ATPase also
increased Ca2+ influx after heating. In P-type ATPases, the N
and A domains are involved in rigid body movements during
ion transport that act by altering the conformation of another
cytoplasmic domain, the P domain, and have no direct contact
with the membrane domain. Thus, it is unexpected if their N
and A domain mutations caused leakiness. It remains un-
known whether the loss of Ca2+ stores would also result from
the pathologies we observed in Na,K-ATPase: some impair-
ment of biosynthesis, temperature-dependent irreversible
inactivation, internalization, and degradation, on top of the
broader cellular damage of elevated temperature. Leakiness
seems unlikely for R756H ATP1A3 because of cell recovery
from heating and because of long-term survival when the
endogenous Na,K-ATPase is inhibited with ouabain. An
answer to the question whether any of the mutations caused a
leak will require a more biophysical approach.

Cell biological effects of R756H mutation

Even during growth at 37 �C, there was reduced expression
of the α3 subunit of R756H, and it was further reduced at
39 �C. The presence of some β subunit with immature
glycosylation demonstrates that α3-β complexes were retained
in the ER for a period of time, while the ability of the mutant
Na,K-ATPase to support cell life when the endogenous α1 is
inhibited with ouabain demonstrates that the complex does
reach the plasma membrane. This was borne out by immu-
nofluorescence localization and is typical of the scenario where
misfolding during biosynthesis is recognized by ER chaperones
(45) and managed by the successive addition and cleavage of
glucose residues on N-linked glycoconjugates until the protein
is ready to transit to the Golgi apparatus (46). When α3
decreased at 39 �C, α1 increased with no net change in β
subunit. A return to 37 �C resulted in replacement synthesis of
α3. Immunofluorescence showed both reduction of the R756H
mutant protein and aggregation within the cell. A lysosome
marker showed dispersion of lysosomes throughout the cyto-
plasm of R756H-expressing cells after 24 h at 39 �C and
blockade by CQ, which blocks the fusion of endosomes with
lysosomes. These data paint a picture of a protein with mildly
impaired biosynthesis and a significant loss of thermal stability
after it traffics to the plasma membrane.

Experimental procedures

DNA constructs and site-directed mutagenesis

For the Flp-In system in 293 cells, a DNA construct con-
taining 3.5 kb of ATP1A3 full-length cDNA (GenBank
accession NM_152296.4) was purchased from OriGene.
3042 bp of ATP1A3 ORF fragment was PCR-amplified using
primers 50-aaaAAGCTTggccacc-ATGGGGGACAAGAAA-
GATG (forward) and 50-aaaGGATCCTCAGTAG-
TAGGTTTCCTTC (reverse) and subcloned in pcDNA5/FRT/
TO vector using HindIII and BamHI restriction sites to pro-
duce pcDNA5/FRT/TO/ATP1A3-OR (ouabain resistant) for
Tet-inducible expression in Flp-in 293 cell lines (Thermo-
Fisher Scientific). Site-directed mutagenesis by PCR was per-
formed to generate mutations including D366H, R463C,
S729Y, D742Y, D743H, R756C, R756H, R756L, E815K, E818K,
D923N, and L924P using pcDNA5/FRT/TO/ATP1A3-OR.
The subcloning and site-directed mutagenesis were performed
by Mutagenex (now Molecular Biology Core, The Ohio State
University, Department of Surgery). All constructs were
confirmed by Sanger sequencing for whole ORF sequences.
For COS-1 cells, plasmids were mutagenized by PCR using the
quick-change mutagenesis kit (11, 47).

Stable cell transfection and growth

For cell biology experiments, Na,K-ATPase α3 subunit
(ATP1A3) was expressed using the Flp-In system in 293 cells,
where recombination of a plasmid vector containing the cDNA
with and without mutation occurs at a single FRT site, as
J. Biol. Chem. (2023) 299(1) 102758 13



Instability due to mutation at a multidomain contact point
previously described (1). Stable cell lines were obtained by
hygromycin selection, and expression was controlled with
tetracycline. This single-copy insertion ensures that expression
levels are moderate and consistent from mutation to mutation
to enable comparisons of the posttranscriptional expression
and properties of different mutations (1). Baseline incubator
temperature was set to 36.6 �C to minimize stress from
opening-related fluctuations. Ouabain, CQ, and
4-phenylbutyrate were from Sigma, and lactacystin and
cycloheximide are from Cayman Chemicals.

For analysis of changes in enzyme properties, large-scale
preparations were made from transfectants of COS-1 cells;
stable cell lines obtained by ouabain selection, where inhibition
of the endogenous ATP1A1 results in a requirement for suf-
ficient Na,K-ATPase activity of the transfected ATP1A3 to
support cell growth (11). Transfection, growth, and ouabain
selection of COS-1 cells were performed as previously
described (47). These cultures were grown for months to
optimize yield for biochemical assays.

In both cell lines, the WT and mutations were expressed
from a plasmid where α3 carries two mutations in the first
extracellular loop (Q108R and N119D), originally found in the
ouabain-resistant rat, that reduce the affinity for ouabain (10).
This allows a practical assessment of loss of activity in the
mutant when a low concentration of ouabain is included
during growth to inactivate the endogenous α1. Many patho-
genic Na,K-ATPase mutations inactivate the exogenous Na,K-
ATPase and the cells die, but if there is at least �10% residual
activity, the cells survive and grow in low ouabain (12). In our
hands, R756H-expressing 293 Flp-In and COS-1 cells survived
when tested at 3 μM and 5 μM ouabain, respectively. The 293
Flp-In lines were cultured continuously with hygromycin se-
lection and the COS-1 lines with ouabain selection. Unlike
WT and R756H, mutants R756C and R756L were unable to
support growth of 293 and COS-1 cells in the presence of
ouabain, indicating that pump activity was below the critical
level. In COS-1 cells, the lack of survival of cells transfected
with R756C and R756L was confirmed for each mutant in
three independent transfection experiments, each using
mutant cDNA obtained from three independent mutagenesis
reactions. All cDNA constructs were full-length sequenced
before transfection, and for the R756H mutant COS-1 cell line,
the incorporation of the mutant cDNA was verified by
genomic sequencing.
Analysis of protein expression in 293 cells

Methods for production of cell lysates, SDS gel electro-
phoresis, and Western blotting were as described previously
(1). Antibodies used here included α3-specific goat polyclonal
antibody C16 or mouse monoclonal antibody clone F1 raised
against the same peptide (from Santa Cruz Biotechnology). α1-
specific monoclonal antibody 6F (Developmental Studies Hy-
bridoma Bank, University of Iowa) or M17-P5-F11 [gift of Dr
W. James Ball, University of Cincinnati, (48)] were used to
detect human α1 and β1 subunits. Other antibodies used were
rabbit anti-HSP70 4872, rabbit mAb anti-BiP C50B12 (3177),
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rabbit mAb anti-LC3 E7X4S, and HRP-conjugated rabbit mAb
anti-GAPDH D16H11 from Cell Signaling Technology.

Functional analysis of COS-1 cell-expressed enzyme

The plasma membrane fractions of COS-1 cells containing
the expressed WT or mutant R756H were isolated by differ-
ential centrifugation and made leaky with alamethicin to allow
Na+, K+, and ATP to bind to the Na,K-ATPase from both sides
of the membrane (11, 47). Functional analysis was carried out
on the leaky membranes. The composition of the media is
described in the figure legends. ATPase activity during a
15 min incubation was determined by following the liberation
of Pi at 37 �C (11). The ouabain concentration was 10 μM to
inhibit the endogenous COS-1 cell Na,K-ATPase. For back-
ground subtraction, similar measurements were carried out in
the presence of 10 mM ouabain, inhibiting all Na,K-ATPase
activity.

The Na+ dependence of phosphorylation was determined by
incubating the membranes for 10 s at 0 �C with 2 μM [γ-32P]
ATP in the presence of varying concentrations of Na+ and
oligomycin (to block dephosphorylation) and ouabain to
inhibit the endogenous Na,K-ATPase. Acid quenching of the
phosphoenzyme, isolation of Na,K-ATPase protein by SDS-
PAGE at pH 6.0 was performed as before (11), and quantifi-
cation of the associated radioactivity was obtained by phos-
phorimaging using a Cyclone Storage Phosphor System
(PerkinElmer Life Sciences).

Thermal inactivation was studied by incubating the leaky
COS-1 cell membrane preparation containing WT or mutant
R756H in the media described in the figure legend in a ther-
mostated water bath at 37 �C, 39 �C, or 41 �C. After various
time intervals samples were withdrawn for test of the ATPase
activity at 37 �C under the same conditions as for the maximal
turnover rate in Figure 2B.

Immunofluorescence

Cells were grown in 8-well chamber Lab-Tek Pernox slides.
They were fixed with 4% paraformaldehyde-lysine-periodate
(49) treated with 1% SDS in PBS for antigen retrieval and
blocked in 1% bovine serum albumin in PBS supplemented
with 0.2% Triton X-100. The α3 subunit was stained with a
goat polyclonal antibody (Santa Cruz, C16) followed by
donkey-anti-goat Alexa-fluor 555. The β1 subunit was stained
by mouse monoclonal antibody M17-P5-F11 followed by
rabbit-anti mouse Alexa-fluor 488 (Life Technologies).
LAMP1 was stained with rabbit mAb D2D1 (9091) (Cell
Signaling Technology), followed by goat-anti-rabbit Alexa-
Fluor 555. Images were obtained on an Olympus BX60 fluo-
rescence microscope.

Analysis of structures

The Na+ form (PDB file 3WGU) has three Na+ bound in the
occluded ion binding site, ADP, and AlF4

- as a phosphate
analog (50). It is the only structure with resolution of the N
terminus of the β subunit. The “ground state” (PDB file 7DDF)
was crystallized with Mg2+ and BeF3

- as a phosphate analog
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(51). The K+ form (PDB file 3KDP) has two bound K+ and
MgF4

2- as a phosphate analog (52). The structure of SERCA2
(PDB file 6LN5) was crystallized in Ca2+ and AMPPCP.

Structures were studied in the Swiss PDB Viewer version 4.1
(53). Putative hydrogen bonds (black dashed lines) were
calculated in Swiss PDB Viewer 4.1 as determined by both
distance and angle. Amino acid substitutions and their
rotamers were investigated with the Mutate function. Align-
ments were made with Magic Fit in Swiss PDB viewer.
Data availability

All of the data are within the paper.
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