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Abstract

The highly conserved, cardiotonic steroid binding site (also termed ouabain binding site) on
the primary a subunit of Na,K-ATPase plays a receptor signaling role in a range of vital cell
processes and is a therapeutic target for human disease. Mouse lines with altered affinity for
cardiotonic steroids on the a1 or a2 subunit isoform of Na,K-ATPase, without any change in
pump activity, were developed by the late Jerry B Lingrel and are a valuable tool for studying
its physiological roles and drug actions. In one model, the normally ouabain resistant a1 iso-
form was rendered sensitive to ouabain binding. In a second model, the normally sensitive
a2 isoform was rendered resistant to ouabain binding. Additional useful models are obtained
by mating these mice. To further advance their use, we developed a rapid, real-time PCR
method that detects mutant alleles using specific primers and fluorescent probes. PCR is
performed in fast mode with up to 15 samples processed in 40 min. The method was vali-
dated by Sanger sequencing using mice of known genotype, and by comparing results with
a previous two-step method that used PCR ampilification followed by gel electrophoresis. In
addition, we clarified inconsistencies in published sequences, updated numbering to current
reference sequences, and confirmed the continued presence of the mutations in the colony.
Itis expected that a wider availability of these models and a more efficient genotyping proto-
col will advance studies of the Na,K-ATPase and its cardiotonic steroid receptor.

Introduction

The Na, K-ATPase (NKA) is an essential enzyme present in most cells of higher animals. It
establishes the Na* and K* concentration gradients that underlie cell volume regulation, elec-
trical signaling, and solute transport [1-3]. It also functions as a receptor for ouabain and
related cardiotonic steroids (CTS) and this receptor is an important therapeutic target. High
concentrations of ligands (millimolar range) inhibit pump transport, to produce both cyto-
toxic and therapeutic actions [4]; while concentrations far below saturation for inhibiting
transport (< nM) activate a range of cell processes, including membrane trafficking, growth
and proliferation, intracellular Ca** oscillations, cell signaling, and gene transcription [5-9].
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These physiological roles of the CTS receptor remain incompletely understood and are the
subject of active research. The Lingrel mouse models are an invaluable tool for such studies.
They are especially useful because they enable studies of CTS receptor functions without a
need to identify the endogenous ligand(s). Isolation and identification of endogenous CTS has
proven challenging due to their extremely low circulating concentrations and the need for
complex analytical separations [4].

The CTS receptor resides on the primary, ion-transporting o subunit of NKA. Four iso-
forms of the o subunit exist and show wide differences in affinity for CTS. In humans and
many mammals, all o isoforms exhibit high affinity ouabain binding (apparent IC50 1-3 nM)
[6]. However, in some rodents including mice, only o2 and o3 bind ouabain with high affinity,
whereas ol and a4 (sperm-specific) are resistant to ouabain binding (IC50 1000-fold greater)
[10-12]. Both ouabain-sensitive and -insensitive isoforms conduct ion transport, and all o iso-
forms (al-04) are able to respond to nM ligand concentrations to elicit cell responses. [5-9,
13] The low affinity, resistant isoforms of rodents are protected from the transport- inhibiting,
cytotoxic actions of higher CTS concentrations.

To advance studies of the physiological role(s) of the CTS receptor, the late Jerry B Lingrel
and collaborators identified two critical amino acids in the receptor site that determine CTS
binding [14] without any change in pump activity. Subsequently, they mutated o subunit
genes to create knock-in mouse models in which the affinity of the CTS receptor for ouabain
is altered, without any change in pump transport (Table 1) [15, 16]. Mutations in the mouse
ol gene (ATP1A1) convert its CTS receptor from low to high affinity ouabain binding (1%,
Sensitive); mutations in the mouse o2 gene (ATP1A2) convert it from high to low affinity
ouabain binding (028, Resistant). Mating these mice produces additional useful models.
These include the 01%°02%S “humanized” mouse with both isoforms sensitive, the 1™ ®o2®
R mouse with both isoforms resistant, the o1%%02"® “SWAP” mouse with reversed affinities
[17], and their heterozygous (HET) combinations. These models have been used to uncover
functional roles of the CTS receptor in the heart, vasculature, kidney, brain, and other cells
and tissues [15, 18, 19]. They also enable studies of isoform-specific functions of NKA because
they allow the researcher to selectively inhibit transport by either the .1 or a2 isoform
using UM ouabain, to avoid cytotoxic effects of high ouabain concentrations [20]. The
humanized model is useful for studies of CTS-derived drug candidates because both o1 and
02 isoforms are sensitive in humans. The SWAP model has been used to identify the NKA
isoform that drives secondary transport processes such as Na*/Ca®* exchange and Na-linked
glucose transport [18, 19, 21, 22].

Genotyping these many combinations using conventional methods is cumbersome and not
always reliable. It is further complicated by inconsistencies in gene and primer sequences
reported in the original literature, and outdated sequence numbering. The original method,
consisting of PCR amplification followed by gel electrophoresis of the amplicons, does not
directly detect the presence of the desired changes in the coding sequence; instead, it relies on
observing the presence or absence of an upstream artificial insertion site (loxP site and pad-
ding) that correlates with the amino acid modifications. In addition, both a1 and a2®
mutants, amplicons corresponding to the WT or mutant alleles differ in length by less than 50
bp, making it difficult at times to differentiate alleles by size on a gel.

Here, we developed a rapid and efficient genotyping protocol using a fluorescent probe-
based, real-time PCR method. The method reliably differentiates offspring by direct detection
of mutant alleles. Additionally, we performed Sanger sequencing to clarify these mutations
and their associated genomic sequences and to confirm the continued presence of the muta-
tions in the colony. It is expected that their wider availability and a more efficient method for
genotyping will advance studies of the NKA and its CTS receptor.

PLOS ONE | https://doi.org/10.1371/journal.pone.0267348  April 21, 2022 2/8


https://doi.org/10.1371/journal.pone.0267348
https://nam11.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mrcgene.com%2F&amp;data=04%7C01%7Cheinyja%40ucmail.uc.edu%7C36d690f385d64a6aa81f08da1973b4d0%7Cf5222e6c5fc648eb8f0373db18203b63%7C1%7C0%7C637850282022118272%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&amp;sdata=BvwsSW4H72vu4d9RnYDxyELPwOJTiqqRUojzzr6bx8M%3D&amp;reserved=0
https://nam11.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mrcgene.com%2F&amp;data=04%7C01%7Cheinyja%40ucmail.uc.edu%7C36d690f385d64a6aa81f08da1973b4d0%7Cf5222e6c5fc648eb8f0373db18203b63%7C1%7C0%7C637850282022118272%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&amp;sdata=BvwsSW4H72vu4d9RnYDxyELPwOJTiqqRUojzzr6bx8M%3D&amp;reserved=0
https://nam11.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mrcgene.com%2F&amp;data=04%7C01%7Cheinyja%40ucmail.uc.edu%7C36d690f385d64a6aa81f08da1973b4d0%7Cf5222e6c5fc648eb8f0373db18203b63%7C1%7C0%7C637850282022118272%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&amp;sdata=BvwsSW4H72vu4d9RnYDxyELPwOJTiqqRUojzzr6bx8M%3D&amp;reserved=0
https://nam11.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mrcgene.com%2F&amp;data=04%7C01%7Cheinyja%40ucmail.uc.edu%7C36d690f385d64a6aa81f08da1973b4d0%7Cf5222e6c5fc648eb8f0373db18203b63%7C1%7C0%7C637850282022118272%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&amp;sdata=BvwsSW4H72vu4d9RnYDxyELPwOJTiqqRUojzzr6bx8M%3D&amp;reserved=0
https://nam11.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mrcgene.com%2F&amp;data=04%7C01%7Cheinyja%40ucmail.uc.edu%7C36d690f385d64a6aa81f08da1973b4d0%7Cf5222e6c5fc648eb8f0373db18203b63%7C1%7C0%7C637850282022118272%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&amp;sdata=BvwsSW4H72vu4d9RnYDxyELPwOJTiqqRUojzzr6bx8M%3D&amp;reserved=0
https://nam11.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mrcgene.com%2F&amp;data=04%7C01%7Cheinyja%40ucmail.uc.edu%7C36d690f385d64a6aa81f08da1973b4d0%7Cf5222e6c5fc648eb8f0373db18203b63%7C1%7C0%7C637850282022118272%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&amp;sdata=BvwsSW4H72vu4d9RnYDxyELPwOJTiqqRUojzzr6bx8M%3D&amp;reserved=0
https://nam11.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mrcgene.com%2F&amp;data=04%7C01%7Cheinyja%40ucmail.uc.edu%7C36d690f385d64a6aa81f08da1973b4d0%7Cf5222e6c5fc648eb8f0373db18203b63%7C1%7C0%7C637850282022118272%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&amp;sdata=BvwsSW4H72vu4d9RnYDxyELPwOJTiqqRUojzzr6bx8M%3D&amp;reserved=0
https://nam11.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mrcgene.com%2F&amp;data=04%7C01%7Cheinyja%40ucmail.uc.edu%7C36d690f385d64a6aa81f08da1973b4d0%7Cf5222e6c5fc648eb8f0373db18203b63%7C1%7C0%7C637850282022118272%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&amp;sdata=BvwsSW4H72vu4d9RnYDxyELPwOJTiqqRUojzzr6bx8M%3D&amp;reserved=0

PLOS ONE

A PCR method to genotype mice with altered ouabain affinity on Na,K-ATPase

Table 1. Homozygous mouse models obtained by breeding mice with 1% and/or 62 mutations.

Genotype a1”Rg2S'S a1VR g2’k alSSa2S's alSSaa?/R
Phenotype Resistant/ Resistant/Resistant Sensitive/Sensitive Resistant/Sensitive
Sensitive
Description WT mutant a2, both isoforms mutant a1,both isoforms sensitive; double mutant, reversed affinities;
resistant “humanized” “SWAP”
Original [15] [16] [3]
citations
Amino acid none L116R and N127D R118Q and D129N o1: L116R and N127D
substitution o2: R118Q and D129N
(Prior notation) (L111R and N122D) (R111Q and D122N)

Numerous additional HET combinations are possible. Numbering of amino acids is based on current reference sequences for murine NKA o1 (NP_659149.1) and 02

subunits (NP_848492.1) [23, 24]. The original amino acid numbering is shown in parentheses [15, 16].

https://doi.org/10.1371/journal.pone.0267348.t001

Materials and methods

The protocol described in this article is published on protocols.io, doi.org/10.17504/protocols.
io.rm7vzym2rlx1/v3, and is included for printing as a S1 Appendix.

Mice

Mice were generated as described [15, 16] and housed in pathogen-free conditions at the Uni-

versity of Cincinnati. All procedures involving animal were performed in accordance with the

Guide for the Care and Use of Laboratory Animals (National Research Council of the National
Academies, USA) and were approved by the Institutional Animal Care and Use Committee of
the University of Cincinnati (IACUC Approval no. 07-05-07-08-01)

Sequencing

DNA was obtained from mice of known status (n = 2 a1, n = 2 @28 mice and amplified by
PCR using sequencing primers designed as described below. The resulting 4 amplicons were
Sanger sequenced (MCLAB, San Francisco, CA) (forward and reverse direction at 4 loci).
Results were analyzed and aligned with NCBI reference sequences and each-other.

Genotyping

Primers and probes used for genotyping (Table 2) were designed using best practices [25].
They were designed to target the regions of each gene where the critical base- pair substitu-
tions occur. Candidate sequences for primers and probes were chosen with PrimerQuest
software and assessed for kinetic parameters (Tm, dimerization, hairpin loop formation)
using OligoAnalyzer software [26]. Specificity was confirmed using NCBI BLAST [27].
Probes for a1 required locked nucleic acid (LNA) bases surrounding some SNP sites
because a standard probe did not show sufficient specificity [28]. ol probes were designed
with assistance from IDT Application Support (Integrated DNA Technologies). All primers
and probes were obtained from IDT. A melt-curve analysis using SYBR Green qPCR was
performed to check each pair of primers for off-target amplification or excessive dimeriza-
tion (Bio-Rad iTaq Universal SYBR Green Supermix, cat. no. 1725121). Each probe was
then assessed for its ability to discriminate between wild-type and mutant alleles of its target
gene. Candidate probes meeting these criteria were validated on multiple samples of known
genotype. RT-PCR was performed using ABI StepOne and StepOnePlus real-time PCR
machines (Thermo Fisher).
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Table 2. Primers and probes.

Name Amplicon Size and gene location Sequence

ATP1A1 FWD 128 bp product: NC_000069.7 CAG CTC TTT GGA GGC TTT

primer [101499671..101499798]

ATP1A1 REV GCT ACC GTA ACT ACA CAA CTC

primer

ATPIA1WT a1® allele probe /56-FAM/CA+T +CC+G +A+AG T+GC

probe /3IABKFQ/

ATP1AI mutant | a1® allele probe /56-FAM/TGG AAT +TC+A +G+AG T+GC
probe /3IABKFQ/

ATP1A2 FWD 103 bp product NC_000067.7 TCC TCT GCT TCT TAG CCT ATG G

primer [172118719..172118821]

ATP1A2 REV CAG GGC TAT AAG CAG GTC CA

primer

ATP1A2 WT 25 allele probe /56-FAM/CAC ATT ATC /ZEN/GTT GGA TGG
probe TTC GTC CTC C/3IABKFQ/

ATP1A2 mutant | a2® allele probe /56-FAM/CTC ACA TCA /ZEN/TCG TTC GAA
probe GGC TCG TC/3IABkKFQ/

“+” indicates a locked nucleic acid (LNA) before a base.“//”, indicates dye and quencher insertions; bp, base pair. Dye
was 6-FAM, quenchers were ZEN and Iowa Black FQ. Locations are NCBI reference sequences accession numbers

and positions.

https://doi.org/10.1371/journal.pone.0267348.t1002

ATP1A1

alR probe
112 113 114 115 116 117 118 119 120 121 122|123 124 125 126 127 128 129
F L A Y G I R S A T E E E P P N D N

TTC CTG GCT_TAT GGC ATC CGA AGT GCT ACA GAA GAG) GAA CCG CCA AAC GAT GAT

N N N L e R N N N R A R R e R R R R O R NN .
TTC CTG GCT TAT GGA ATT CAG AGT GCT ACA GAA) GAG GAA CCG CCA AAC GAT AAC

F L A Y G I Q S A T E E E P P N D D

(als pr‘obe ) (EcoRI site)

ATPIAZ

02° probe

113 114 115 116 117 118 119 120 121 122 123 124 125 126 127
Y G I L A A M E D E P S N D N

TAT GGT ATC CTG GCC GCT ATG _GAG GAC GAA CCA TCC AAC GAT AAT GTG AGC

TAC GGT ATC CGG GCC GCC ATG GAG (GAC GAG CCT TCG AAT GAT GAT GTG AGIC
Y G I R A A M E D E P S N D D

a2R probe

Fig 1. Sequence alignment of murine ATP1A and ATP1A2 variants and recognition sequences of the PCR probes. Amino acid numbering is
based on current reference sequences for the murine NKA ol and o2 subunits (from Table 1). ATP1A: gray highlight indicates the probe target site
for the WT a.1® mutant; red highlight indicates the probe target site for the sensitive e1° mutant. Base substitutions are indicated in red font. The
presence or absence of vertical lines between sequences indicates whether a base change in the codon is conserved. ATP1A2: corresponding
annotation. Blue highlight indicates the probe target site for the mutant @2% mutant. Green font indicates natural variance between C57BL/6] and
129S1/SIm] mouse strains.

https://doi.org/10.1371/journal.pone.0267348.9001
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Results and discussion

Sanger sequencing of the colony was performed to clarify and correct inconsistencies in initial
reports [15, 16], to design PCR primers and probes, and to check the current status of critical
mutations in the colony. Fig 1 shows the sequence alignments for ATP1A (a1%) and ATP1A2
(a2®) mutants and the target hybridization sequence of each newly designed probe. Results
confirmed that the critical SNPs remain in the colony.

A B

alR/R aZS/S

log ARn
log ARn

0.0001

0.0001
T

30 35 0 10 20 30 35
(] (]
a. 1R/S (12 S/R
g s s
[ ST ~
< pusz <
& 5

0.0001
0.0001

log ARn
log ARn

0.0001
0.0001

s @ fiatTE s

0 10 20 30 35 0 10 20 30 35

Fig 2. Detection of a.1° and 02® mutants by qPCR using mutant-specific fluorescent probes. ARn, fluorescence level vs. cycle number
(Cr). Horizontal lines indicate threshold fluorescence level for the WT (black), a1® (red) and a2® (blue) probes. Samples considered positive
for a specific allele showed Cr in the range of 26-31for the corresponding probe, while negative samples did not reach threshold in 35 cycles;
heterozygous samples had amplification of both probes within 2 Cr of each-other. The curves from both probes (run separately, in
duplicate) of each gene are superimposed onto one plot. A) Amplification plots from the a1 (ATP1A1) assay of 3 samples representative of
WT, HET, and homozygous mutant genotypes; al® probe (black), a1’ probe (red). B) Amplification plots from the 02 (ATP1A2) assay of 3
samples representative of WT, HET, and homozygous mutant genotypes; 0:2° probe (black), 2% probe (blue).

https://doi.org/10.1371/journal.pone.0267348.9002
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The WT o1® allele is identical to the NCBI reference sequence at this locus for the C57BL/
6] strain. The mutant a1® allele differs from WT at 6 base pairs; 2 changes were introduced to
alter the protein affinity and 4 to insert a restriction enzyme site. The WT 0.2° allele is identical
to the corresponding reference sequence for the C57BL/6] strain. However, the a2® allele
derives from the 129S1/SvIm] strain; it includes 3 silent mutations (highlighted in green) not
seen in C57BL/6]. The allele contains 5 artificially introduced base-pair changes that alter the
protein affinity and create a restriction enzyme site. Several individuals were sequence, and
none had a WT allele from the 129S1/SvIm] strain. Sequencing of a region upstream of the o2
gene confirmed this identification.

Fig 2 illustrates the method for genotyping the a1® and a2® mutants by real-time fast PCR.
A sample obtained from tail clips is digested and subjected to PCR without DNA isolation.
PCR amplification is performed in fast mode using mutant-specific primers and probes
(Table 2). Presence or absence of fluorescence indicates probe hybridization to the target, as
measured by cycle number (Cr).

The method is fast and efficient. It can genotype 11 samples for both genes, in duplicate,
using a 96-well plate (including negative controls) in 40 min cycling time. To save reagents, it
is possible to multiplex the WT a1® and 02° probes in one reaction if the a.1® probe is ordered
with SUN dye (a molecular equivalent to VIC). This requires both sets of primers to be
included in its reaction mix. Multiplexing allows for up to 15 samples (including negative con-
trols) per 96-well plate.

To validate the method, we analyzed samples having known genotypes using the new real-
time PCR method and compared the results with those of the previous two-step gel electro-
phoresis method. Results showed 100% agreement (n = 27 mice with al genotypes, n = 19
mice with a2 genotypes; 3 replicates analyzed per mouse) and agreed with the sequences
obtained by Sanger sequencing.

Conclusions

This report introduces a fast and efficient method for genotyping mouse models with altered
affinity for cardiotonic steroids on the NKA a1® and a2® subunit isoforms. The method uses
PCR amplification of digested tail samples with fluorescent probe-based detection of the criti-
cal mutations. The method, validated by sequencing, provides a substantially simplified and
accurate protocol for genotyping the models. It also clarifies and corrects inconsistencies in
the gene, amino acid, and primer sequences previously reported.

Supporting information

S1 Appendix.
(PDF)

Acknowledgments

The authors thank Dr. Sandrine Pierre for sharing the original primers that were used to clar-
ify sequence information on the a.1° mutant.

Author Contributions
Conceptualization: Peter W. Chomczynski, Judith A. Heiny.
Data curation: Peter W. Chomczynski, Kianna M. Vires.

Formal analysis: Peter W. Chomczynski.

PLOS ONE | https://doi.org/10.1371/journal.pone.0267348  April 21, 2022 6/8


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267348.s001
https://doi.org/10.1371/journal.pone.0267348

PLOS ONE

A PCR method to genotype mice with altered ouabain affinity on Na,K-ATPase

Investigation: Peter W. Chomczynski, Kianna M. Vires.

Methodology: Peter W. Chomczynski, Kianna M. Vires, Michal Rymaszewski, Judith A.
Heiny.

Project administration: Judith A. Heiny.

Resources: Peter W. Chomczynski.

Supervision: Judith A. Heiny.

Validation: Peter W. Chomczynski, Michal Rymaszewski, Judith A. Heiny.
Visualization: Peter W. Chomczynski.

Writing - original draft: Peter W. Chomczynski, Judith A. Heiny.

Writing - review & editing: Peter W. Chomczynski, Kianna M. Vires, Michal Rymaszewski,
Judith A. Heiny.

References

1. Kaplan JH. Biochemistry of Na,K-ATPase. Annu Rev Biochem. 2002; 71: 511-535. https://doi.org/10.
1146/annurev.biochem.71.102201.141218 PMID: 12045105

2. Clausen MV, Hilbers F, Poulsen H. The Structure and Function of the Na,K-ATPase Isoforms in Health
and Disease. Front Physiol. 2017; 8: 371. https://doi.org/10.3389/fphys.2017.00371 PMID: 28634454

3. Loreaux EL, Kaul B, Lorenz JN, Lingrel JB. Ouabain-Sensitive alpha1 Na,K-ATPase enhances natri-
uretic response to saline load. J Am Soc Nephrol. 2008; 19: 1947-1954. https://doi.org/10.1681/ASN.
2008020174 PMID: 18667729

4. Hamlyn JM, Blaustein MP. Endogenous Ouabain: Recent Advances and Controversies. Hypertension.
2016; 68: 526—-532. https://doi.org/10.1161/HYPERTENSIONAHA.116.06599 PMID: 27456525

5. Johnson CL, Kuntzweiler TA, Lingrel JB, Johnson CG, Wallick ET. Glutamic acid 327 in the sheep
alpha 1 isoform of Na+,K(+)-ATPase is a pivotal residue for cation-induced conformational changes.
Biochem J. 1995; 309 (Pt 1): 187—194. https://doi.org/10.1042/bj3090187 PMID: 7619055

6. O’Brien WJ, Lingrel JB, Wallick ET. Ouabain binding kinetics of the rat alpha two and alpha three iso-
forms of the sodium-potassium adenosine triphosphate. Arch Biochem Biophys. 1994; 310: 32—-39.
https://doi.org/10.1006/abbi.1994.1136 PMID: 8161218

7. Blanco G, Mercer RW. Isozymes of the Na-K-ATPase: heterogeneity in structure, diversity in function.
Am J Physiol Renal. 1998; 275(5):F633-50. https://doi.org/10.1152/ajprenal.1998.275.5.F633 PMID:
9815123

8. Shattock MJ, Ottolia M, Bers DM, Blaustein MP, Boguslavskyi A, Bossuyt J, et al. Na*/Ca®* exchange
and Na+/K+-ATPase in the heart. J Physiol. 2015; 593: 1361-1382. https://doi.org/10.1113/jphysiol.
2014.282319 PMID: 25772291

9. Blaustein MP, Hamlyn JM. Ouabain, endogenous ouabain and ouabain-like factors: The Na* pump/
ouabain receptor, its linkage to NCX, and its myriad functions. Cell Calcium. 2020; 86: 102159. https://
doi.org/10.1016/j.ceca.2020.102159 PMID: 31986323

10. Pratt RD, Brickman CR, Cottrill CL, Shapiro JI, Liu J. The Na/K-ATPase Signaling: From Specific
Ligands to General Reactive Oxygen Species. Int J Mol Sci. 2018;19. https://doi.org/10.3390/
ijms19092600 PMID: 30200500

11.  Cui X, Xie Z. Protein Interaction and Na/K-ATPase-Mediated Signal Transduction. Molecules. 2017;22.
https://doi.org/10.3390/molecules22060990 PMID: 28613263

12. Klimanova EA, Tverskoi AM, Koltsova SV, Sidorenko SV, Lopina OD, Tremblay J, et al. Time- and dose
dependent actions of cardiotonic steroids on transcriptome and intracellular content of Na* and K*: a
comparative analysis. Sci Rep. 2017; 7: 45403. https://doi.org/10.1038/srep45403 PMID: 28345607

13. Upmanyu N, Dietze R, Kirch U, Scheiner-Bobis G. Ouabain interactions with the a4 isoform of the
sodium pump trigger non-classical steroid hormone signaling and integrin expression in spermatogenic
cells. Biochim Biophys Acta. 2016; 1863: 2809—2819. https://doi.org/10.1016/j.bbamcr.2016.09.001
PMID: 27599714

14. Price EM, Lingrel JB. Structure-function relationships in the Na,K-ATPase alpha subunit: site-directed
mutagenesis of glutamine-111 to arginine and asparagine-122 to aspartic acid generates a ouabain-

PLOS ONE | https://doi.org/10.1371/journal.pone.0267348  April 21, 2022 7/8


https://doi.org/10.1146/annurev.biochem.71.102201.141218
https://doi.org/10.1146/annurev.biochem.71.102201.141218
http://www.ncbi.nlm.nih.gov/pubmed/12045105
https://doi.org/10.3389/fphys.2017.00371
http://www.ncbi.nlm.nih.gov/pubmed/28634454
https://doi.org/10.1681/ASN.2008020174
https://doi.org/10.1681/ASN.2008020174
http://www.ncbi.nlm.nih.gov/pubmed/18667729
https://doi.org/10.1161/HYPERTENSIONAHA.116.06599
http://www.ncbi.nlm.nih.gov/pubmed/27456525
https://doi.org/10.1042/bj3090187
http://www.ncbi.nlm.nih.gov/pubmed/7619055
https://doi.org/10.1006/abbi.1994.1136
http://www.ncbi.nlm.nih.gov/pubmed/8161218
https://doi.org/10.1152/ajprenal.1998.275.5.F633
http://www.ncbi.nlm.nih.gov/pubmed/9815123
https://doi.org/10.1113/jphysiol.2014.282319
https://doi.org/10.1113/jphysiol.2014.282319
http://www.ncbi.nlm.nih.gov/pubmed/25772291
https://doi.org/10.1016/j.ceca.2020.102159
https://doi.org/10.1016/j.ceca.2020.102159
http://www.ncbi.nlm.nih.gov/pubmed/31986323
https://doi.org/10.3390/ijms19092600
https://doi.org/10.3390/ijms19092600
http://www.ncbi.nlm.nih.gov/pubmed/30200500
https://doi.org/10.3390/molecules22060990
http://www.ncbi.nlm.nih.gov/pubmed/28613263
https://doi.org/10.1038/srep45403
http://www.ncbi.nlm.nih.gov/pubmed/28345607
https://doi.org/10.1016/j.bbamcr.2016.09.001
http://www.ncbi.nlm.nih.gov/pubmed/27599714
https://doi.org/10.1371/journal.pone.0267348

PLOS ONE

A PCR method to genotype mice with altered ouabain affinity on Na,K-ATPase

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

resistant enzyme. Biochemistry. 1988; 27: 8400-8408. https://doi.org/10.1021/bi00422a016 PMID:
2853965

Dostanic |, Lorenz JN, Schultz JEJ, Grupp IL, Neumann JC, Wani MA, et al. The alpha2 isoform of Na,
K-ATPase mediates ouabain-induced cardiac inotropy in mice. J Biol Chem. 2003; 278: 53026-53034.
https://doi.org/10.1074/jbc.M308547200 PMID: 14559919

Dostanic |, Schultz JEJ, Lorenz JN, Lingrel JB. The alpha 1 isoform of Na,K-ATPase regulates cardiac
contractility and functionally interacts and co-localizes with the Na/Ca exchanger in heart. J Biol Chem.
2004; 279: 54053-54061. https://doi.org/10.1074/jbc.M410737200 PMID: 15485817

Wansapura AN, Lasko VM, Lingrel JB, Lorenz JN. Mice expressing ouabain-sensitive a1- Na,K-
ATPase have increased susceptibility to pressure overload-induced cardiac hypertrophy. Am J Physiol
Heart Circ Physiol. 2011; 300: H347-55. hitps://doi.org/10.1152/ajpheart.00625.2010 PMID: 20952666

Blaustein MP, Chen L, Hamlyn JM, Leenen FHH, Lingrel JB, Wier WG, et al. Pivotal role of a2 Na
pumps and their high affinity ouabain binding site in cardiovascular health and disease. J Physiol. 2016;
594: 6079-6103. https://doi.org/10.1113/JP272419 PMID: 27350568

Lingrel JB. The physiological significance of the cardiotonic steroid/ouabain-binding site of the Na,K-
ATPase. Annu Rev Physiol. 2010; 72: 395-412. https://doi.org/10.1146/annurev-physiol-021909-
135725 PMID: 20148682

Despa S, Lingrel JB, Bers DM. Na(+)/K(+)-ATPase a2-isoform preferentially modulates Ca2(+) tran-
sients and sarcoplasmic reticulum Ca2(+) release in cardiac myocytes. Cardiovasc Res. 2012; 95:
480-486. https://doi.org/10.1093/cvr/cvs213 PMID: 22739122

Dostanic-Larson |, Lorenz JN, Van Huysse JW, Neumann JC, Moseley AE, Lingrel JB. Physiological

role of the alpha1- and alpha2-isoforms of the Na*-K*-ATPase and biological significance of their car-
diac glycoside binding site. Am J Physiol Regul Integr Comp Physiol. 2006; 290: R524—8. https://doi.

org/10.1152/ajpregu.00838.2005 PMID: 16467499

Norman NJ, Ghali J, Radzyukevich TL, Heiny JA, Landero-Figueroa J. Glucose uptake in mammalian
cells measured by ICP-MS. bioRxiv. 2021. https://doi.org/10.1101/2021.10.14.454503

NCBI Reference Sequence: NP_659149.1—sodium/potassium-transporting ATPase subunit alpha-1
[Mus musculus]. National Library of Medicine (US), National Center for Biotechnology Information; 7
Dec 2021. Available: https://www.ncbi.nlm.nih.gov/protein/NP_659149.1

NCBI Reference Sequence: NP_848492.1—sodium/potassium-transporting ATPase subunit alpha-2
[Mus musculus]. National Library of Medicine (US), National Center for Biotechnology Information; 31
Oct 2021. Available: https://www.ncbi.nim.nih.gov/protein/NP_848492.1

Real-time PCR guide: Design, validation, analysis, and troubleshooting. Integrated DNA Technologies;
09/2020. Available: https://go.idtdna.com/202009gPCRCampaignConsolidatedGuideParts1-gpcr-
guide-part-3.html

Owczarzy R, Tataurov AV, Wu Y, Manthey JA, McQuisten KA, Almabrazi HG, et al. IDT SciTools: a
suite for analysis and design of nucleic acid oligomers. Nucleic Acids Res. 2008; 36: W163-9. https://
doi.org/10.1093/nar/gkn198 PMID: 18440976

BLAST. National Library of Medicine (US), National Center for Biotechnology Information; Available:
https://blast.ncbi.nlm.nih.gov/Blast.cgi.

You Y, Moreira BG, Behlke MA, Owczarzy R. Design of LNA probes that improve mismatch discrimina-
tion. Nucleic Acids Res. 2006;34. https://doi.org/10.1093/nar/gkl175 PMID: 16670427

PLOS ONE | https://doi.org/10.1371/journal.pone.0267348  April 21, 2022 8/8


https://doi.org/10.1021/bi00422a016
http://www.ncbi.nlm.nih.gov/pubmed/2853965
https://doi.org/10.1074/jbc.M308547200
http://www.ncbi.nlm.nih.gov/pubmed/14559919
https://doi.org/10.1074/jbc.M410737200
http://www.ncbi.nlm.nih.gov/pubmed/15485817
https://doi.org/10.1152/ajpheart.00625.2010
http://www.ncbi.nlm.nih.gov/pubmed/20952666
https://doi.org/10.1113/JP272419
http://www.ncbi.nlm.nih.gov/pubmed/27350568
https://doi.org/10.1146/annurev-physiol-021909-135725
https://doi.org/10.1146/annurev-physiol-021909-135725
http://www.ncbi.nlm.nih.gov/pubmed/20148682
https://doi.org/10.1093/cvr/cvs213
http://www.ncbi.nlm.nih.gov/pubmed/22739122
https://doi.org/10.1152/ajpregu.00838.2005
https://doi.org/10.1152/ajpregu.00838.2005
http://www.ncbi.nlm.nih.gov/pubmed/16467499
https://doi.org/10.1101/2021.10.14.454503
https://www.ncbi.nlm.nih.gov/protein/NP_659149.1
https://www.ncbi.nlm.nih.gov/protein/NP_848492.1
https://go.idtdna.com/202009qPCRCampaignConsolidatedGuideParts1-qpcr-guide-part-3.html
https://go.idtdna.com/202009qPCRCampaignConsolidatedGuideParts1-qpcr-guide-part-3.html
https://doi.org/10.1093/nar/gkn198
https://doi.org/10.1093/nar/gkn198
http://www.ncbi.nlm.nih.gov/pubmed/18440976
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://doi.org/10.1093/nar/gkl175
http://www.ncbi.nlm.nih.gov/pubmed/16670427
https://doi.org/10.1371/journal.pone.0267348

