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The plasma membrane HT-ATPase is a proton pump of the P-type ATPase family and
essential in plants and fungi. It extrudes protons to regulate pH and maintains a strong
proton-motive force that energizes e.g., secondary uptake of nutrients. The only crystal
structure of a HT-ATPase (AHA2 from Arabidopsis thaliana) was reported in 2007. Here,
we present an improved atomic model of AHA2, obtained by a combination of model
rebuilding through interactive molecular dynamics flexible fitting (iMDFF) and structural
refinement based on the original data, but using up-to-date refinement methods. More
detailed map features prompted local corrections of the transmembrane domain, in
particular rearrangement of transmembrane helices 7 and 8, and the cytoplasmic N- and
P-domains, and the new model shows improved overall quality and reliability scores. The
AHA2 structure shows similarity to the Ca?*-ATPase E1 state, and provides a valuable
starting point model for structural and functional analysis of proton transport mechanism
of P-type H*-ATPases. Specifically, Asp684 protonation associated with phosphorylation
and occlusion of the E1P state may result from hydrogen bond interaction with Asn106.
A subsequent deprotonation associated with extracellular release in the E2P state may
result from an internal salt bridge formation to an Arg655 residue, which in the present
E1 state is stabilized in a solvated pocket. A release mechanism based on an in-built
counter-cation was also later proposed for Zn?+-ATPase, for which structures have been
determined in Zn®t released E2P-like states with the salt bridge interaction formed.

Keywords: P-type ATPases, plasma membrane proton pump, proton gradient, Arabidopsis thaliana AHA2,
molecular dynamics, iMDFF, crystallography, membrane transport
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Focht et al.

Proton Pump Crystal Structure

INTRODUCTION

The Arabidopsis thaliana plasma membrane H't-ATPase 2
(AHAZ2) is a member of the Pyj-subtype of the P-type ATPase
superfamily. It pumps protons out of the cell to maintain a steep
electrochemical HT gradient and potential across the plasma
membrane (Serrano et al., 1986; Blatt et al., 1987). The HT-
ATPases are of fundamental importance in plants and fungi, as
well as several prokaryotes (Pedersen et al., 2014). They maintain
a membrane potential at around —150 mV in plants, even down
to —300 mV in fungi, control intracellular H* homeostasis and
extracellular acidification, and potentiate secondary transporters
involved in e.g., nutrient uptake (Briskin, 1990).

Pii-type HT -ATPases are substantially different in sequence
and function to the Pjr-subtype ATPases such as the gastric
HT/KT-ATPases in animals. A total of 11 isoforms of H-
ATPases have been identified in A. thaliana (Harper et al.,
1994), of which AHAI and AHA2 are the most abundantly
expressed in the plasma membrane. AHA1 and AHA2 can
compensate for each other, while the deletion of both genes
is lethal (Haruta et al., 2010). Neurospora crassa has only one
plasma membrane H'-ATPase (PMA), which is essential for cell
growth. In Saccharomyces cerevisiae two isoforms (PMA1 and
PMA?2) are found, of which PMA1 is constitutively expressed
and essential (Serrano et al., 1986), but AHA2 can compensate
a PMA1 knockout (Palmgren and Christensen, 1993). Due to
the important role of plasma membrane HT -ATPases for cellular
life in plants and fungi, and their significant differences to
human pumps, they represent attractive targets for anti-fungal
and herbicidal strategies (Schubert and Peura, 2008; Yatime et al.,
2009).

Overall, the Pyjj-type plasma membrane H'-ATPases share
a similar fold with the Pp subfamily including Na®/K*-
ATPases, HF/K*-ATPases, and Ca?>*-ATPases present in animal
cells (Bublitz et al, 2011). Structural organization of AHA2
encompasses a cytoplasmic headpiece formed by three domains;
the nucleotide (N) binding domain, the phosphorylation (P)
domain, and the actuator (A) domain, as well as a membrane
domain composed of 10 transmembrane segments harboring the
proton binding site and the translocation pathway (Figure 1A;
Pedersen et al., 2007). Additionally and similar to other members
of the Py subfamily (Mandala and Slayman, 1989; Portillo et al.,
1989), AHA2 has N- and C-terminal extensions involved in
auto-regulatory functions (Ekberg et al., 2010a), the latter being
considerably longer and referred to as the R-domain. The first
and so far only direct structure determination of a H*-ATPase
was obtained of AHA2 in 2007 from highly anisotropic, low-
resolution crystallographic data (Pedersen et al.,, 2007). Model
building and refinement with difficult data of this kind remains
very challenging even today, and the 2007 model reflected
this although it clearly expanded our knowledge on the spatial
organization and architecture of AHA2 and afforded models on
the transport mechanism.

Here, we have made use of new model-building and
refinement tools to present a new, re-refined atomic model of
AHA2, which can be employed for more accurate structural
comparisons and models of transport. Rebuilding and

re-refinement employed the new interactive molecular dynamics
flexible fitting (iMDFF) approach (Croll and Andersen, 2016)
in combination with phenix.refine (Adams et al., 2010) and
resulted in a significantly improved model with new features
emerging in the electron density maps. The revised model as well
as the body of published data since 2007 invites a reiteration of
the structure/function relationship, and it allows also tentative
studies by molecular dynamics simulations in a lipid bilayer
environment.

MATERIALS AND METHODS

Rebuilding and Refinement

Revision of the AHA2 model representing two copies (chain
A and B) in the asymmetric unit of a P2;2;2; crystal form
was initiated from the coordinates of Protein Data Bank
entry 3B8C, via multiple rounds of rebuilding in the iMDFF
environment (Croll et al., 2016), interspersed with refinement
in PHENIX. Parameters for modeling of AMPPCP and DDM
molecules in iMDFF were obtained using the CGENFF server
(Vanommeslaeghe and MacKerell, 2012; Vanommeslaeghe et al.,
2012), and for refinement in phenix.refine using phenix.elbow.
The first few rounds of rebuilding/refinement were carried out
using the elliptically truncated data used for a major part of the
refinement/rebuilding cycles in the original analysis, but we later
observed that using data reprocessed without elliptical truncation
improved the stability of refinements substantially, and this was
used from then on. As previously observed (Croll and Andersen,
2016), we found that the use of a TLS-only B-factor model (i.e.,
no individual B-factor refinement) improved the interpretability
of maps, particularly during initial rounds. Worth noting, the
combination of this simplified B-factor model and the strict
handling of non-bonded interactions in the iMDFF environment
led to an initial dramatic increase in Rg, from 0.366 to ~0.42
as regions making unfavorable interactions were pushed out of
density, and it took several rounds of rebuilding and refinement
before the R-factors started to drop below those of the original
model.

In each round of rebuilding the entire structure was inspected
end-to-end via localized iMDFF simulations, with a typical
simulation containing 100 contiguous residues as well as the
surrounding shell of residues approaching within 5 A of these.
Secondary structure was visualized by a standard cartoon overlay
over the backbone atoms and updated every 50 simulation steps,
while the status of residues on the Ramachandran plot was
mapped to the color of the Ca atoms and updated every five
steps. Small corrections such as side chain rotamers or backbone
geometry were fixed on-the-fly by either simply tugging on
atoms with a haptic interface or applying scripted forces to
guide side chain dihedrals toward library target values. Where
more substantial rearrangements were deemed necessary (e.g.,
rearrangement of a flexible loop or shifting the register of a
secondary structure element), more localized simulations were
run both to limit impact on surroundings and to provide
sufficient simulation performance for interactivity. Register shifts
were aided by scripted forces, applying position targets to Ca
atoms to make the shift and dihedral targets to the backbone
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N domain

P domain

TM domain

FIGURE 1 | Overall resemblance of AHA2-AMPPCP to the SERCA-SLN complex. (A) Superposition of the revised structure of AHA2-AMPPCP (domains
colored as indicated) and the SERCA-SLN complex (gray; pdb id: 4H1W) both representing E1 state. The structures are superimposed on Ca position of the TM or P
domains only. MgZ‘*' and K* ions are shown by green and purple-blue spheres, respectively. The spatial organization of the cytoplasmic domains is similar in both E1
state structures. Two loops connecting the A-domain with TM1 and TM3, respectively, align well in AHA2 and SERCA, although for the latter TM1 is longer and kinks
into a short helix parallel to the membrane. The TM3 connector forms a longer helix in the A-domain of SERCA compared to AHA2. The N-domain is moved slightly
closer toward the A-domain in the SERCA structure. The adenine base part of the AMPPCP molecule is coordinated by side chains of Asp372 and Asp375 and the
backbone oxygen of Ser457. The major differences between the P-domains are visible in a region between Pro533AHA2 1o Asp559AHA2, which covers one loop and
two short helixes. (B) Side view of the aligned pumps (superimposed on TM2-TM10 domains, r.m.s.d 3.07 Afor 159 Ca atoms) showing a tilt of the cytoplasmic
headpiece of AHA2 (in colors) relatively to SERCA (gray). The N- and P-domain headpiece of AHA2 is tilted by ~25° (measured between Ca of Ser436~HA2 ang
Thr538SERCA for the N-domain and between Ca of Pro550°HA2 and Pro662SERCA for the P-domain, using Ca of Lys625A"‘A2 in TM5 in both cases as an apex).
Asterisks mark helices from the P- and N-domain of AHA2. (C) Alignment of the transmembrane region. Top view from the plane marked by dashed line at segment A.
Catalytically important residues of AHA2 and conserved Asp800 of SERCA are labeled. (D) Superposition of the N-domain of AHA2 and SERCA-SLN (r.m.s.d 0.97 A
for 123 atoms superimposed Ca atoms), both in E1 states and showing overlapping binding of B-y phosphates of AMPPCP. The AMPCPP molecule represents the

revised AHA2 model.
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¢ and { angles to maintain secondary structure geometry. All
simulations were performed under generalized Born implicit
solvent conditions. During most interactive remodeling the
simulation temperature was maintained at 100 K. Prior to writing
coordinates for crystallographic refinement the entire structure
was settled by reducing the temperature from 100 to 0K in 20 K
increments over 10-20 ps of simulation time.

Refinement in PHENIX was typically via the following
protocol. A TLS-only B-factor model was first refined in 4-
8 rounds with coordinates fixed. This was followed by a
further 5-10 rounds of coordinate and TLS refinement with
torsion-angle restraints using the input model as a reference.
Reference model restraints were then released, and a further 5-
10 rounds run with torsion-angle NCS restraints. In the last few
rebuilding/refinement rounds, a final refinement step was added
to refine individual B-factors.

Molecular Dynamics Simulation

Equilibrium simulations in an explicit membrane/water
environment were carried out in NAMD (Phillips et al., 2005)
using the CHARMM36 force field (Huang and MacKerell, 2013)
in the NPT ensemble with periodic boundary conditions at a rate
of 1 fs per time step. Van der Waals interactions were calculated
every two time steps and electrostatics every four time steps. The
temperature was set to 298 K and pressure to 1 atmosphere. A
POPC lipid bilayer was built in VMD (Humphrey et al., 1996),
and a single monomer (chain B) of the refined coordinates
embedded in it. AMPPCP was handled as ATP. Phospholipid
molecules with atoms overlapping protein atoms were deleted,
and the resulting construct was solvated in a box of 46,503 TIP3P
water molecules and neutralized with 0.15 M KCL. The system
was energy minimized for 2,000 steps, and equilibrated for 1 ns
with all protein atoms and the ATP fixed in space to dehydrate
the membrane and allow settling of lipid around the protein.
The simulation was continued for a further 3 ns with side chain
atoms and ATP free to move, but with backbone atoms held by
harmonic restraints. Finally, the simulation was run unrestrained
for 30 ns.

Summary of Key Changes to the AHA2
Model

At a cursory glance, the structure appears similar, but the
result is a noticeable improvement of quality scores over the
original model (Pedersen et al., 2007), exemplified by the
MolProbity score being reduced from 4.52 to 1.67 (Chen
et al, 2010). Secondary structure is improved throughout,
with 94% of residues now falling in the most favored
regions of the Ramachandran plot. Ry is reduced from
36.6% (with anisotropic truncation) to 32.8% (without
anisotropic truncation). Although still a quite high value
we ascribe it to a large part to the anisotropic nature of
the low resolution data set. All-atom root mean square
deviation (r.m.s.d.) between the original and revised structure
[using “align” command in PyMOL (Schrodinger)] is 1.86
A (4648 atoms), while for Ca atoms the r.m.s.d. is 1.32 A
(569 atoms).

Perhaps the most important revision to the model is the
rearrangement of transmembrane helices 7 and 8, which have
been N-terminally shifted by 4 and 3 residues respectively, i.e.,
~1-turn (Figure 2). Modeling of these helices was originally
complicated by poor definition of the intervening loop, no
significant sequence identity to e.g., SERCA, and threading of the
loop after helix 8 through a tube of strong density, which however
now appears more consistent with the disaccharide head-group
of a DDM detergent molecule not identified in the original maps.

For the most part density associated with the cytoplasmic
domains was substantially weaker than in the transmembrane
region. Single-residue register shifts were also applied to parts
of the N domain (residues 414-424 and 344-364), significantly
changing the adenosine pocket of the ATP binding site. We
were also able to resolve a conserved Kt binding site in the
vicinity of Asp617 (Ekberg et al, 2010b) of the P-domain,
and significant rearrangements were made to N-terminal
residues 12-50 and residues 529-548 on the backside of the P
domain.

STRUCTURAL AND FUNCTIONAL
ANALYSIS OF AHA2

P-Type ATPase Catalytic Cycle

Conformational changes of P-type ATPases, shuttling between
El and E2 states through E1P and E2P phosphoenzyme
intermediates, are described by the Post-Albers cycle (Figure 3;
Albers et al., 1963; Post and Sen, 1965; Pedersen and Carafoli,
1987). The resulting alternating access transport mechanism, in
which the binding site of the protein is accessible only from
one site of the membrane at any moment, is a prerequisite for
active transport (Jardetzky, 1966). From a structural point of
view the cycle is particularly well described for SERCA with
overall characteristics also expected to be representative for Pyyr-
ATPases.

In the E1 state of a P-type ATPase the cytoplasmic substrate
(H* in case of AHA2, Ca?t in case of SERCA) binds with
high affinity at membraneous site(s). This in turn triggers
rearrangement of the M1-M4 helices for robust occlusion, as well
as of the A-domain to stabilize a tight approach of the N-domain
with bound ATP to the P-domain with a Mg?* binding site that
coordinates the y-phosphate of ATP at a conserved Asp-Lys-
Thr-Gly motif (DKTG). Presence of the Mg?>* ion and the Lys
side chain of DKTG compensate opposing negative charges of
the y-phosphate and the Asp side chain (Asp329 in AHA2) and
promote phosphoryl transfer (Serensen et al., 2004; Toyoshima
etal., 2004) resulting in formation of the fully occluded, covalent
aspartyl-phosphoanhydride intermediate (E1P).

The y-phosphate transfer breaks the ATP mediated linkage
between the P- and N-domain and allows the transition of the
pump to the outward-facing E2P state observed for SERCA,
Nat, K*-ATPase, and P1B-ATPases (Olesen et al., 2007; Yatime
et al,, 2011; Andersson et al., 2014; Wang et al., 2014), where
the transported ions are extruded from low-affinity sites. The
transition is caused by withdrawal of the N-domain that
yields space for the A-domain to interact closely with the
phosphorylated P-domain. In doing so, the A-domain rotates
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KT ion binding site.

FIGURE 2 | Improvement of the AHA2 model. (A) The initial AHA2 model (pdb id: 3B8C). (B) Final, revised model after re-refinement (pdb id: 5KSD). Spheres mark
changes in the position of the Ca atoms between the two models (coloring according to the legend below). N and C-termini are indicated; DDM indicates bound
n-Dodecyl B-D-maltoside. (C) Electron density map contoured at 1.0 rm.s.d for the Asn106-Asp684 pair. (D) Electron density map contoured at 2.0 rm.s.d. for the

~120° and places a conserved TGES motif in close interaction
with the phosphorylated DKTG motif of the P-domain, which
overall rotates by ~15° relative to the membrane. The A-
domain movement affects the configuration of transmembrane
helices and the ion binding site(s) in the transmembrane
domain, resulting in the opening of the exit pathway toward the
extracellular site of the membrane.

Counterion interactions at the membraneous site stimulate
reclosure of the extracellular access pathway. The occlusion
induces a small rotation of the A-domain, which engages the
Glu side chain of the TGES motif to catalyze the hydrolysis of
the phosphorylated Asp side chain. Subsequent release of the
liberated phosphate promotes further rotation of the A-domain,
away from the P domain. The pump can now return to the
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FIGURE 3 | Overview of the P-type ATPases cycle. Schematic presentation of structural changes occurring during the catalytic cycle of P-type ATPases,
represented by SERCA structures. Insets show changes in relative orientation of the residues involved in formation of SERCA ion binding throughout the transport
cycle. White dashed lines mark the planes corresponding to the zoomed cross-sections. Cytoplasmic domains are colored as P-domain in blue, N-domain in red,
A-domain in yellow. The transmembrane domain is shown in green. Ligands and ions are shown as spheres (K* in purple-blue, Na™ in purple, Ca?* in wheat, MgZJr
in green) and ball-and-sticks representation for nucleotides and metallofluorides. SERCA1a [structures 4H1W (Winther et al., 2013), 1T5T (Serensen et al., 2004),
3B9B (Olesen et al., 2007), 2C8K (Jensen et al., 2006)]. The structures were aligned by their TM domains on TM7-TM10.

cytoplasmically oriented E1 state along with counterion release to ~ AMPPCP and with the three cytoplasmic domains approaching
the cytoplasm for those P-type ATPases performing this transport  a closed E1P conformation (Figure 1). Superpositioning of the
also. highly conserved P-domain (r.m.s.d = 0.94 A on Ca atoms)

reveals an overlapping position of the N domain (Figure 1A),
Overall Structure of the AHA2 E1-AMPPCP which is however noticeably smaller in AHA2 and rotated by

Complex ~25°, when the structures are aligned by the transmembrane
The structure of AHA2 obtained at pH 6.0 and with the ATP ~ domains (Figure 1B).
analog AMPPCP shows an overall typical E1 arrangement of Alignment of the AHA2 and SERCA El structures

domains, and an upright angle of the cytoplasmic headpiece  (Figure 1A) shows that the cytoplasmic domains of AHA2
relative to the membrane domain (Moller et al.,, 2010), although ~ adopt a more compact conformation around the bound
not identical to SERCA. Importantly, the E1 state observed in ~ AMPPCP. Details of the coordination of the nucleotide are
the structure of SERCA with sarcolipin (SLN) reported in 2013  different than previously reported for AHA2. The adenine
(Toyoshima et al., 2013; Winther et al, 2013) appears to be  base of AMPPCP is rotated by ~60° resulting in suitable
functionally equivalent to the AHA2 state, both stabilized by =~ conformation for interactions with the N-domain via residues
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Asp372 and Asp375, while Ser457 interacts with the ribose
(Figure 4) of AMPPCP. The y-phosphate of AMPPCP is placed
~5 A from Asp329 and coordinated only by P domain residues
(Thr331, Thr511, Gly512) and the nearby Mg?* ion, which also
interacts with the B-phosphate. A second Mg?* coordinates
Asp372 of the N-domain.

Ion binding and occlusion at the membraneous site
accompanies the formation of the catalytically competent E1P-
like state (Olesen et al., 2007; Toyoshima et al., 2013; Winther
et al., 2013). The transmembrane (TM) region however do
not overlap when the two structures are aligned by their P-
domains indicating that the SERCA and AHA2 E1 structures
may have been captured at different intermediates of the E2
to E1P trajectory (Figure 5). The TM1 helix (see alignment in
Figure 6) is differently placed, but shows both for AHA2 and
SERCA an amphipathic association with the membrane interface
(Figure 7). The TM segments 2-10 align with an r.m.s.d of 3.07
A for Ca atoms. The K+ binding site was previously visualized
using AHA2 E1-AMPPCP cocrystallized with rubidium chloride
(Ekberg et al., 2010b). The re-refined AHA2 structure revealed
this site directly at the P domain, where the K™ is coordinated
by back bone oxygens of Lys597, Ala599, Asp600, Ala615
and by side chain oxygens of highly conserved Asp617
(Figure 2).

Proton Binding Site at the Conserved
Asp684

Concerning proton transport and yeast PMA knock-out
complementation, Asp684 of AHA?2 is an indispensable, titratable
residue in the TM domain (Buch-Pedersen et al., 2000). It is
therefore considered the central binding site in proton transport.
The superpositioning of the TM domains of AHA2 and SERCA
shows a remarkable overlap of Asp684 and the critical Asp800
of SERCA that coordinates Ca*" at both sites I and IT in SERCA
(Toyoshima et al., 2000). A cavity in AHA2 localized between TM
helices 4, 5, and 6 connects Asp684, which is paired to Asn106 of
TM2 in the current structure, and the Arg655 residue of TM 5
(Figure 8, and see below).

Some Asp684 mutants are still functional ATPases, but show
no proton transport, except for the D684E mutation that also
complements a yeast PMA knock-out. Remarkably, the Asp684
mutants were more than 1,000-fold less sensitive to vanadate,
suggesting that they accumulate in the E1P state (Buch-Pedersen
and Palmgren, 2003) as also supported by proteolytic cleavage
analysis (Buch-Pedersen et al., 2000). In other words, an occluded
structure is likely reachable to support phosphorylation of
Asp684 mutated forms, but no proton release mechanism will
subsequently stimulate turn-over of the phosphoenzyme that
therefore accumulates in E1P.

Asp351SERCA

\

’ /‘I\=sp329"""2

FIGURE 4 | Binding of AMPPCP. (A) Binding of the phosphate groups of AMPPCP includes two M92+ ion, side chains of Thr511 and Thr331 and backbone atoms
of Gly512 and Thr331. The adenine base can interact with side chains of Asp375 and Asp372, the latter of which also interacts with the Mg24r ion that coordinates
a-phosphate group. The ribose ring interacts with the backbone carbonyl of Ser457. (B) AHA2 binding of AMPPCP (green carbons) compared to ADP-AIFZ (gray)
binding to SERCA in the E1P-like state, pdb id: 1T5T (Serensen et al., 2004). MgZJr —green spheres in AHA2, gray spheres in SERCA.
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FIGURE 5 | Comparison of AHA2-AMPPCP model with available
SERCA structures. Orientation of a reference helix from the P-domain (blue)
shows that the AHA2-E1 structure adopts an intermediate state of the
transition between SERCA-E2 and SERCA-E1 states. Structures were aligned
using helices TM5-TM9. TM5 marked in green. Corresponding helices from
the N-domain are marked in red.

Proton Occlusion at the Asp684-Asn106
Pair

An important role of Asn106 was apparent from the structure of
AHA?2 (Pedersen et al., 2007). It is conserved in all Pyy-type H -
ATPases and positioned close to a large intramembraneous cavity
(Figure 9), where it pairs with Asp684. The proximity of the two
residues is compatible with formation of a neutral hydrogen-
bonded pair between a protonated Asp684 and Asn106 as a basis
for a stable proton binding site associated with the occluded
E1P state (Figure 8). Similarly, occlusion of the Asp684-Asn106
pair is likely to increase the pKa of Asp684 and therefore
stabilize protonation (Buch-Pedersen et al., 2009). The important
functional role of Asn106 was further highlighted by mutational
studies (Ekberg et al., 2013). Various point mutations (N106A,
N106D, N106K, N106Q, and N106T) could complement a
PMAI1 knockout and maintain a membrane potential. Kinetic
characterization of the purified mutant proteins confirmed their
ability to hydrolyze ATP and transport protons, however at
reduced rates as compared to the WT pump and with an acidic

shift in the pH dependence as indeed to be expected from reduced
stabilization of the protonated Asp684. Notably, a three-fold
increased vanadate sensitivity of the N106D mutant suggested
that relative to the wildtype it is shifted toward an outward-
oriented E2 state (Ekberg et al., 2013).

PROTON ENTRY PATHWAY

Associated with E1 function, a proposed cytoplasmic proton
entry pathway is located at the N-terminal part of the membrane
domain at the cytoplasmic interface. A smaller cavity is evident
above the TM? Asn106-TM® Asp684 pair, and is defined by residues
of helices TM2, 4, 5, 6, and 8, including two negatively charged
glutamates (Glull3 and 114 of TM2) that may both attract
protons and repel negatively charged lipids from blocking the
cavity. MD simulations based on the improved model suggest a
“U”-shaped solvent tunnel between TM1, 2, 4, and 6 and support
the earlier proposal (Pedersen et al., 2007) that solvent enters the
cavity from the cytoplasmic environment and thereby provides
transmission of a proton to the Asp684-Asn106 pair.

The N-terminal end of TM1 is in close proximity to the
cavity and the proposed solvent tunnel. TM1 is significantly
shorter compared to the other helices with Pro68 (conserved
among Prii-type members; Axelsen and Palmgren, 1998) defining
the N-terminal starting point. The preceding A/TMI linker is
poorly defined in the crystal structure. Two positively charged
lysine residues (Lys57 and Lys60) may interact with head-groups
of the phospholipid membrane. Indeed, MD simulations show
this region to partition into the membrane interface through
an amphipathic helix for residues 56-64 and to induce a local
depression in the membrane that may facilitate the solvent access
to the Asp684-Asnl106 pair in the current El state (Figure 9). A
similarly short and kinked TM1 helix is also seen in SERCA, and
for the SLN bound E1 structure of SERCA it is as well immersed
into the membrane and may facilitate Ca®* entry, described as
a “sliding door mechanism” (Winther et al, 2013). A similar
TM1 structure is observed for Nat,KT-ATPase (Morth et al.,
2007) and a role in Na™ entry proposed (Einholm et al., 2007;
Laursen et al., 2009). The heavy-metal transporting P,p-ATPases
show a different N-terminal topology with a heavy-metal binding
domain and two additional N-terminal transmembrane segments
MA and MB, but here again the MB helix is short and kinked and
has been implicated in the mechanism of heavy metal entry for
the membraneous site (Gourdon et al., 2011; Wang et al., 2014).
A kinked (near-) N-terminal helix distorting the cytoplasmic
membrane interface therefore appears as a general mediator of
substrate entry in P-type ATPases.

Proton Transport Pathway through the

Membraneous Cavity

Proton release is connected to the E2P state, which is generally
characterized by low ATP and E1 substrate affinity. The proposed
transport mechanism with the Asp684 side chain functioning
as a titratable proton acceptor/donor site raises the question of
how protons are then extruded in an outward-open E2P form?
Next to Asp684, toward the extracellular side, we observe a large
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FIGURE 6 | Sequence alignment of AHA2, SERCA, PMA1, ZntA. Secondary structure markings (below the aligned sequences) are based on AHA2 crystal
structure with tubes for a-helix, arrows—f-strand, and lines for coil. The alignment was performed with MUSCLE (Edgar, 2004), using CLC Workbench (Genomics
Workbench 7.7).1 and accession numbers: AHA2-P19456; PMA1-P05030; SERCA1a-P04191; ZntA-Q3YW59.
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with lipid head-groups.

FIGURE 7 | Overview of the AHA2-AMPPCP structure. (Left) AHA2 (yellow cartoon) modeled into a lipid bilayer. lons and AMPPCP are shown by sphere
representation. The circle zooms onto a negatively charged pocket formed between TM1 and TM2 in a close proximity of the Asn106-Asp684 pair. (Right) Overall
surface electrostatic potential of AHA2 + 5 K, T/ec indicated in blue (positive) and red (negative) mapped on a surface representation. Negative electrostatic charge
comes from two Glu residues situated in helix 2. The unstructured loop connecting the A domain and TM1 carries positive charges (blue color), which may interact

intramembranous cavity of ~265 A3 formed between helices
TM4-TM6. This cavity is mostly due to the unwound structure
of the TM4 helix at conserved Pro286 and Pro290 residues
(Bukrinsky et al., 2001), and a bulged structure at the Asp684
position contributes as well. A similar deformation of the TM4
helix is present in e.g., SERCA, Na™,K'-ATPase, CopA, and
ZntA, yet in a very different context of metal cation coordination.
Backbone carbonyl and amide groups from AHA2 residues
11e282, Gly283 and Ile285 along with Gly284, Pro286 and side
chains of conserved Tyr645, Tyr648, Tyr653, and Arg655 of TM5
and Asn683 of TM6 define the cavity surface, which therefore
appears surprisingly polar. Ile282 has been implicated in proton
translocation (Fraysse et al., 2005). Our MD simulations further
suggest a role of 11e282 and Tyr653 in allowing water molecules
to penetrate the cavity (Figure 9).

Homology modeling of the E2P state suggested an important
role for Arg655 in TM helix 5 approaching toward the Asp684
and Asnl06 pair to stimulate deprotonation. Also the E2P
modeling suggests that the water-filled cavity merges into a then
deep, solvated extrusion pathway leading from Asp684 and pass
Arg655 to the extracellular environment (Figure 8). Arg655 is
conserved among all plant PM H*t-ATPases and corresponds

to a His residue of similar functionality in fungi (see below).
The equivalent residue in SERCA is the Ca?* binding Glu771
(Figure 6), which indeed faces the extracellular pathway in
the E2P state. The exact conformation and interactions of the
positively charged Arg655 side chain in AHA2 cannot be reliably
defined at the current resolution, albeit its proximity effect on
Asp684 deprotonation and its interaction with the water-filled
cavity appears quite likely and as a simple model of function.
The role of Arg655 in the catalytic cycle of AHA2 has
been investigated by extensive mutagenesis and functional
assays (Buch-Pedersen and Palmgren, 2003). Out of three
prepared mutants (R655K, R655A, R655D) the R655K mutant
was reported to support growth at a WT level in a PMAL1
knockout yeast strain, while R655A and R655D could not
complement at all. ATP affinity was unaltered for all mutant
(confirming proper folding and preserved functionality of the N-
domain), and the pH-dependence of the enzyme was maintained
indicating preserved function of proton binding. However, the
hydrolytic activities of the mutant pumps were significantly
reduced. Vanadate insensitivity and enzyme phosphorylation
levels indicated an accumulation in the E1P state (Buch-Pedersen
and Palmgren, 2003) in full agreement with a proposed role in
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along with E2P dephosphorylation.

FIGURE 8 | Comparison between AHA2 and Zn2+-ATPase. Despite different overall structure, the TM domains of AHA2 and the Shigella sonnei Zn2+-ATPase
ZntA exhibit significant resemblance regarding the distribution of charged residues in the TM helices associated with transport. In both cases the TM helix 2 harbors a
residue involved in closure of the ligand pathway from the cytoplasmic site. Phe210Z"Aserves as a gating residue, while overlapping Asn106”MA2 is implicated in
stabilization of the occluded, protonated Asp684. The Asp side chains placed in both cases in TM6 (Asp684AHA2 and Asp71 AZmA) likely fulfill similar roles. Zinc
binding in ZntA most likely involves Asp714 (and two conserved cysteines of TM4, not shown), while zinc release and the phosphorylation is stabilized by interactions
with the conserved Lys693 of TM5. In AHA2 the equivalent Asp684 is essential for transport and most likely becomes deprotonated by interaction with Arg655 of TM5

ZNTA-E2P

proton release. Double mutants of the Asp684 and Arg655 sites
showed that only R655K/D684E was able, to some extent, to
sustain yeast growth in a PMA knockout.

Importantly, a similar mechanism has been proposed for
the bacterial Zn?>*-ATPase where Zn*>* release in the E2P state
could be facilitated by the positively charged K693 residue,
which indeed stabilizes the Zn?* binding Asp714 as a built-in
counter ion (Wang et al, 2014) in the Zn?t-free E2 Pi state
(Figure 8). Localization of this lysine at the exit of the ion
pathway suggests that it too can block re-entry, in this case of
extracellular Zn?>* ions to the transmembrane domain (Wang
et al., 2014). Functional experiments have failed to identify
any counter-transported ligand for the fungal and plant proton
pumps supporting the model of Arg655 as a built-in counterion
(Pedersen et al., 2007). In the fungal proton pump, which sustains
even stronger polarization of the membrane potential than the
plant protein (Blatt et al., 1987), the position corresponding to
the Arg655 is occupied by His701 (yeast PMA1 numbering) and
in close proximity to Arg649 located next to the water-filled
cavity. Such clustered arrangement of positively charged residues
at the proton release pathway may explain the remarkably steep

membrane potentials that can be attained in fungal cells through
PMA activity.

Comparison to other Proton Transporters

The functional role of Arg655 and Asp684 in the AHA2
proton transport mechanism is similar in concept to many
other proton transport proteins such as bacteriorhodopsin
(Pebay-Peyroula et al., 1997; Luecke et al,, 1998) and F-/V-
type ATPases (Hutcheon et al., 2001; Fillingame and Dmitriev,
2002) where an Arg-dependent pKa shift of a carboxylic
acid side chain facilitates the proton transfer (Buch-Pedersen
et al., 2009). Localization of Arg655 at the exit pathway of
the proposed proton transport channel suggests that it can
also function as a built-in counter ion that facilitates E2P
occlusion and dephosphorylation and as a positively charged
block for extracellular proton re-entry (Pedersen et al., 2007). The
proposed behavior of the Asp684 and Arg655 residues in AHA2
resembles mechanisms utilized by other proton transporters. In
case of F Fy-ATPase, the proposed gating of periplasmic HT
is based on periodic formation of a salt bridge at the interface
of the transmembrane a subunit and a rotor-like ¢ subunit.
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FIGURE 9 | Solvent cavity in the TM domain of AHA2. (A) Overview on the cavity location within the TM domain. The cavity likely encloses 8-10 bound water
molecules in this conformation of the pump. (B) Zoom-in of the cavity viewed in the plane of the membrane. The cavity is formed by backbone atoms of €282,
Gly283, and 11e285 along with Gly 284, Pro286 and side chains of conserved Tyr645, Tyr648, Tyr653, and Arg655 of TM5 and Asn683 of TM6. (C) Molecular
Dynamics simulations indicate that a continuous string of water molecules (shown in green) can reach from the cytoplasm to the Asp684 residue, the proposed proton
binding site, i.e., an open proton translocation pathway, which must close later in the functional cycle, most likely along with E1P formation. Two stable water
molecules reached almost half way through the membrane into the TM domain where they can interact with 11282, Thr653 and backbone oxygen of Ala649, and
Cys247, next to the central solvent cavity.

The relative position of the involved residues, aArg210 and  1996; Svensson-Ek et al, 2002; Qin et al., 2006). Free-energy
cAsp61, promotes either a formation of the salt bridge which  simulations visualized a metastable rotamer state where the
facilitates a proton release to the cytoplasmic half-channel of  residue changes the side chain conformation and opens the
the ATP synthase, or, when the salt bridge is broken due to  channel to form a functional ion translocation pathway (Henry
movement of the a subunit triggered by acidification, allow for  etal., 2009).
protonation of an available cAsp61 residue (Dong and Fillingame,
2010). CONCLUSIONS

A mechanism similar to the function of the Asn106-Asp684
pair observed in AHA2 was proposed for the Escherichia coli  The application of iMDFF environment in refinement of low-
ClCec CI7/H™ antiporter and cytochrome C oxidase. Based  resolution protein structures was successfully reported in studies
on a crystal structure of the former protein, a Glul48 residue,  on Human Insulin Receptor Ectodomain (Croll et al., 2016), and
located at the beginning of the translocation pathway, was  we have applied it here to the original, highly anisotropic 3.6
suggested to serve as a gate for the ions, changing its side A resolution crystallographic data obtained from AHA?2 crystals
chain conformation in response to e.g., pH (Dutzler et al,  (Pedersen et al., 2007). Structural changes of the revised AHA2
2003; Accardi and Miller, 2004). In cytochrome ¢ oxidase a  model includes a local rearrangement of transmembrane helices
proton pathway has a form of a ~25 A long cavity, made 7 and 8, where ~1-turn N-terminal register shift is observed,
by polar residues and several ordered water molecules. From  and local changes at the nucleotide binding pocket of the N-
the crystal structures it was noticed that an Asn139 residue  domain. Additionally, improvement in the model quality allowed
affects formation the integrity of a water chain that supports  for inclusion of a conserved K*-binding site located at the
proton translocation (Iwata et al, 1995; Tsukihara et al,  P-domain.
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The improved quality of the model provides a more confident
basis of the proposed H" transport mechanism utilized by Pyy-
type ATPases. The proton translocation pathway, which centers
on earlier identified residues Asn106, Asp684, and Arg655, begins
at the cytoplasmic side of the TM domain from where protons are
delivered to the Asn-Asp pair via a solvent tunnel located between
TML1, 2, 4, and 6. Solvent accessibility of the proton entrance is
obtained by a characteristically short, helical structure of TM1.
Furthermore, the angle between the P-domain and the membrane
maybe important for the function of this entry pathway. Based
on modeling of E1P-E2P conformational changes, protons are
likely transported via a large solvent-filled cavity that merges with
an exit pathway toward the extracellular side of the membrane.
Arg655, proximal to the cavity stimulates deprotonation of
Asp684 and proton release, serving as a built-in counter ion
required for E2P closure and dephosphorylation and the E2-El
transition of the pump.

The AHA?2 structure reveals mechanistic concepts that can
also be recognized in other transmembrane proton/cation
transport systems, yet future structures of E2 states will be
required to fully elucidate functional transitions of Pyj-type H-
ATPases. Interestingly, single-molecule studies of AHA2 function
have been introduced and suggest also that inactive states and
protein-mediated proton leaks must be considered as part of the
functional cycle (Veshaguri et al., 2016), thus many structural and
mechanistic questions remain to be addressed to get a full insight
into the inner workings of the plasma-membrane proton pump.
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Nat, Kt-ATPase, or the Na®™ pump, is a key component in the maintenance of the
epithelial phenotype. In most epithelia, the pump is located in the basolateral domain.
Studies from our laboratory have shown that the B4 subunit of Nat, Kt-ATPase plays
an important role in this mechanism because homotypic B1-f1 interactions between
neighboring cells stabilize the pump in the lateral membrane. However, in the retinal
pigment epithelium (RPE), the Na* pump is located in the apical domain. The mechanism
of polarization in this epithelium is unclear. We hypothesized that the apical polarization
of the pump in RPE cells depends on the expression of its B subunit. ARPE-19 cells
cultured for up to 8 weeks on inserts did not polarize, and Nat, KT-ATPase was
expressed in the basolateral membrane. In the presence of insulin, transferrin and selenic
acid (ITS), ARPE-19 cells cultured for 4 weeks acquired an RPE phenotype, and the Na*
pump was visible in the apical domain. Under these conditions, Western blot analysis
was employed to detect the B, isoform and immunofluorescence analysis revealed an
apparent apical distribution of the B» subunit. gPCR results showed a time-dependent
increase in the level of Bo isoform MRNA, suggesting regulation at the transcriptional
level. Moreover, silencing the expression of the g, isoform in ARPE-19 cells resulted in a
decrease in the apical localization of the pump, as assessed by the mislocalization of the
ao subunit in that domain. Our results demonstrate that the apical polarization of Na*,
K*-ATPase in RPE cells depends on the expression of the B» subunit.

Keywords: Nat, Kt -ATPase, retinal pigment epithelium, apical polarity, ARPE-19, AMOG/B3, re-morphogenesis

INTRODUCTION

Na™, KT-ATPase, or the Nat pump, is the principal transporter in eukaryotic cells that sustains a
non-equilibrium distribution of Na™ and K™ ions across the plasma membrane (Kaplan, 2002).
Na™, KT-ATPase is a heterodimer that consists primarily of a and B subunits. The o subunit
has a molecular mass of 110kDa and is responsible for the catalytic functions of the enzyme

Abbreviations: ITS (mixture of insulin, transferrin and selenic acid); RPE (retinal pigment epithelium).
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(Ohtsubo et al., 1990). The B subunit is a glycoprotein with a
molecular mass of 35kDa and is indispensable for the structural
stabilization and functional maturation of the holoenzyme
(Geering et al., 1989; Ackermann and Geering, 1990) and the
transport of the o subunit to the plasma membrane (Noguchi
et al., 1987; Martin-Vasallo et al., 1989). Ion transport requires
the participation of both o and f subunits (Fambrough, 1988;
Martin-Vasallo et al., 1989). There are four distinct isoforms of
the o subunit (aj, oy, a3, and ay) and three isoforms of the p
subunit (81, B2, and pB3) that are tissue-specific in their expression
(Fambrough, 1988; Cortas et al., 1991; Blanco and Mercer, 1998).
Finally, there is a small y subunit that belongs to the FXYD family
of proteins that modulates Nat, KT-ATPase activity (Cortas
etal., 1991).

The establishment of cell surface polarity for most membrane
proteins in epithelia implicates sorting signals that are encoded
in their amino acid sequence (Sweadner et al., 2000; Rodriguez-
Boulan et al,, 2005), trafficking routes that involve apical or
basolateral recycling endosomes (Weisz and Rodriguez-Boulan,
2009), and interactions with epithelial-specific protein complexes
such as AP-1B and clathrin, which may be regulated by small
GTPases (Ellis et al., 2006; Gonzalez and Rodriguez-Boulan,
2009; Weisz and Rodriguez-Boulan, 2009). Na™, K -ATPase is
polarized and directed toward the basolateral membrane of most
epithelial cells (Deborde et al., 2008) and, more specifically, at
cell borders facing the intercellular space (Contreras et al., 1995;
Cereijido et al., 2001). In epithelial cells, newly synthesized Na™,
K*-ATPase is delivered directly to the basolateral membrane
(Contreras et al., 1989; Shoshani et al., 2005). Although it is clear
that the oy subunit carries the information for the basolateral
targeting of Na™, KT-ATPase in typical epithelia (Mays et al.,
1995), efforts to identify an amino acid sequence that functions
as a basolateral polarity signal in the a; subunit have been
unsuccessful (Dunbar et al., 2000). In the target membrane
domain, the asymmetric distribution of Nat, K*-ATPase is
reinforced by selective retention through binding to the ankyrin-
fodrin cytoskeleton (Hammerton et al., 1991; Muth et al., 1998).
Several lines of evidence have demonstrated that the B; subunit
anchors the pump at the lateral borders of epithelial cells through
homotypic p;-B; interactions, provided the neighboring cells
express an identical B; subunit (Contreras et al., 1995; Shoshani
et al., 2005). Recent studies have further shown that the adhesive
properties of the 1 subunit play a principal role in the basolateral
localization of the pump (Vagin et al., 2006; Padilla-Benavides
etal.,, 2010). However, in the choroid plexus epithelium (Wright,
1972), cockroach salivary gland epithelium (Just and Walz, 1994)
and retinal pigment epithelium (RPE; Gundersen et al., 1991),
Na™, KT-ATPase is expressed in the apical membrane.

The RPE makes up the outmost layer of the retina and has
many supporting functions that are fundamental for the survival
of photoreceptors. The RPE forms the outer hemato-retinal
barrier and regulates the volume and chemical composition of
the subretinal space. Na*, K*-ATPase is vital for several RPE cell
functions, such as the vectorial transport of ions and solutes from
the choroid to the photoreceptors and the reestablishment of Na™
and K gradients required for the photoreceptor dark current,
synaptic activity, action potentials, and transmitter uptake in

the subretinal space (Miller and Steinberg, 1979). RPE cells are
distinctive in that they contain apical Na*, KT-ATPase (Miller
and Steinberg, 1979; Gundersen et al., 1991). Nevertheless,
depending on the RPE preparation studied, apical expression
can be lost (Geisen et al., 2006) or accompanied by basolateral
expression (Okami et al., 1990; Hu et al, 1994; Marrs et al.,
1995). Despite many years of investigation, the sorting signals
and mechanisms that mediate the apical polarization of Na™,
K*-ATPase remain poorly understood (Cereijido et al., 2012).

The present work focuses on the intriguing mechanism
underlying the polarity of the Na™ pump in the RPE. Because the
By subunit plays a key role in the basolateral localization of the
pump in classic epithelia, we anticipated that p subunit isoforms
may be crucial elements in explaining the apical localization of
the pump in the RPE. In this context, it is worth recalling that a
role for the p subunit, particularly the $, isoform, in the apical
polarization of Na™, KT -ATPase has been suggested in previous
studies (Wilson et al., 2000; Vagin et al., 2005). In the present
study, we examined the hypothesis that the apical targeting of
Na*, KT-ATPase in RPE cells depends on the expression of the
B, subunit.

MATERIALS AND METHODS

Reagents and Antibodies

The following reagents were used: DMEM, F12, PBS, and
FBS (GIBCO Cat. 12100-061, Cat. 21700-026, Cat. 21300-058,
and Cat. A15-751), the antibiotics penicillin and streptomycin
(10,000 U/pg/ml, In vitro, A-01), laminin (SIGMA-ALDRICH
Cat. 12020), ITS (a mixture of insulin, human transferrin and
selenic acid, BD Biosciences Cat. 354352), Protease Inhibitor
Mix (GE Healthcare, Cat. 80-6501-23), a chemiluminescent
detection system (ECL Plus; Amersham Biosciences Cat.
RPN2132), Lipofectamine 2000 (Invitrogen, Cat. 11668-019), an
siRNA Labeling Kit-Cy3 (Ambion by Life Technologies Cat.
AM1632), Spl siRNA (Sta. Cruz Cat. sc-29488), siRNA B,
and P, (FlexiTube siRNA QIAGEN: S104284966, S104249098,
S104173134, S103149909, S104273003, S104138162, S104274543,
S104284014), the Light Cycler-Fast Start DNAMaster SYBR
Green I Kit (Roche, (Applied Biosystems, 4309159), and BCA
protein assay reagent (Thermo Scientific, 23224 and 23223).

The following antibodies were used: anti-Na™, K*-ATPase
a; subunit (IF: Novus NB300-146), anti-o; NaT, KT-ATPase
(Thermo Scientific, PA5-25725), anti-Na®, KT-ATPase B,
subunit (IF: Bio Reagents Cat. No. MA3-93; WB: Novus
464.8), anti-Na™, KT-ATPase B, subunit (WB: Transduction
Laboratories Cat. No. BD610915, IF: Biorbit orb10952 and
Creative Biolabs MOB-3916z), anti-Na™, Kt -ATPase B3 subunit
(Transduction Laboratories Cat. No. BD610992), anti-Ezrin
(Sigma E1281), anti-p-catenin (Invitrogen 13-8400), anti-N-
cadherin (IF: ZYMED Cat. No. 333900), anti-CD147 (Bioscience
No. Cat. 555961), Alexa 488- or 594-conjugated donkey anti-
mouse or anti-rabbit IgG (Invitrogen, A11094, A21207, A21203,
and A21202), TO-PRO (Invitrogen, T3605), Hoechst (Invitrogen
H21491), peroxidase-conjugated anti-mouse and anti-rabbit
antibodies (Zymed California, Cat. 62-6520 and 62-6120), and
FITC-phalloidin (Sigma Chemical).
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Cell Culture

The ARPE-19 cell line (ATCC CRL-2302) was originally obtained
from a spontaneously transformed human RPE primary culture.
We only used cells from the 5th to the 20th passages, when
the cultures grew rapidly and formed cobblestone monolayers.
Cells were maintained in 6-cm-diameter culture dishes in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with fetal bovine serum (FSB; 10%), penicillin (100 U/ml)
and streptomycin (100 pg/ml). The cultures were incubated
in an atmosphere of 95% air with 5% CO, at 37°C. The
cells were propagated on 6.5-mm or 24-mm-diameter Millicell
Hanging Cell Culture Inserts (0.4 wm pore) (Transwell Corning
Incorporated cat. 3450 and 3470) that had been previously coated
with laminin (10 pg/ml) and were maintained in 1:1 Dulbecco’s
Modified Eagle’s Medium and Ham’s F-12 medium (DMEM:F-
12) supplemented with FBS (10%) for 1 week. For the remaining
time, they were supplemented with FBS (1%) and ITS until a
polarized monolayer was formed (4-6 weeks). These culture
conditions were defined as re-morphogenic conditions.

Transepithelial Resistance (TER)

The degree of tight junction (T]) sealing to ionic solutes was
assessed by measuring the TER of cells grown for 6 weeks on
transwell-permeable supports using an epithelial volt-ohmmeter
(EVOM; World Precision Instruments Inc., Sarasota, FL). All
measurements were performed at room temperature. Final values
were obtained by subtracting the resistance of the bathing
solution and the empty insert, and the results are expressed as
the mean =+ SE in ohms times centimeters squared (2ecm?).

Immunofluorescence (IF),
Immunocytochemistry and Confocal

Microscopy

IF assay were performed using monolayers grown on 6.5-mm
transwells covered with laminin that were washed with PBS
(phosphate-buffered saline) and fixed with ice-cold methanol for
10 min. The cells were then soaked in blocking solution (PBS
containing 3% BSA) for 1h at 37°C or overnight at 4°C. Then,
cells were incubated with the primary antibodies for 60 min at
37°C, washed quickly 7 times with PBS, and then incubated
with the secondary antibodies for 45 min at 37°C. All antibodies
were diluted in blocking solution, and the following secondary
antibodies were used: Alexa 488- or 594-conjugated donkey anti-
mouse or anti-rabbit IgG. Nuclei were counterstained with TO-
PRO dye and then washed twice. To detect filamentous actin,
the cells were fixed in paraformaldehyde and labeled with FITC-
phalloidin.

Human eye preparations were obtained from the ophthalmic
pathology service at the “Dr. Luis Sanchez Bulnes” APEC hospital
in Mexico City. Paraffin-embedded eyes without lesions in their
fundus were selected from the service compendium, and 5-
wm sections were mounted on slides. For Nat, K*-ATPase
assessment, 3, subunit-stained sections were deparaffinized and
rehydrated using a series of incubations with xylene (2-5min
and 1:1 xylene/ethanol) and ethanol (2 min each in 100, 95, 80,
and 70% ethanol), followed by three washes in PBS or water. The

samples were bleached via incubation in 0.25% KMnO4 and PBS-
Ca?" for 30 min. After three washes with PBS-Ca?", the samples
were incubated in 1% oxalic acid and washed again. Antigen
retrieval was accomplished via incubation in 0.05% trypsin for
10-30min at 37°C. Sections were permeabilized using 0.25%
Triton X-100 and 1% FBS for 30 min and then blocked with
0.25% Triton X-100 and 10% FBS for 90-120 min. The samples
were incubated with primary antibodies (against CD147 and the
a2 and B, subunits of Na®*, K*-ATPase) in permeabilization
solution overnight at 4°C. The next day, the samples were washed
three times and incubated with a secondary antibody for 1h
at 37°C. The samples were washed twice, and the nuclei were
counterstained with DAPIL.

Confocal microscopy was performed using a Leica laser-
scanning confocal microscope (Leica TCS SP2 or TCS SP8).
Data acquisition and analysis were performed with the LCS Leica
software and ImageJ® software from the National Institutes of
Health (Bethesda, MD), respectively. The relative fluorescence
intensity was quantified using Image] 1.43u software.

Western Blot (WB) Analysis

All extraction steps were performed at 4°C. To detect the
protein levels of the Na®, Kt-ATPase subunits, monolayers
grown on 24-mm transwells covered with laminin were lysed in
a buffer containing 40 mM Tris (pH 7.6), 150 mM NaCl, 2 mM
EDTA, 10% glycerol, 1% Triton X-100, 0.5% Na™ deoxycholate,
0.2% SDS, and protease inhibitors (Complete, Mini). The
extract was sonicated for 30s and centrifuged at 15,000 x g
in a microfuge for 15min. The supernatant was recovered,
and the protein content was measured using BCA protein
assay reagent following the manufacturer’s instructions. Thirty
micrograms of protein from each condition were separated
via 10% SDS-PAGE and immunoblotted with the indicated
primary antibodies, followed by species-appropriate peroxidase-
conjugated secondary antibodies, which were imaged using a
chemiluminescence detection system. The immunoblots were
quantified via densitometry using Image] 1.43u software.

Steady State Surface Biotinylation Assay

ARPE-19 cells were maintained for 4 weeks in a culture on
polyester transwell inserts as described above. Cell monolayers
were biotinylated with 1 mg/ml of EZ-Link Sulfo-NHS-SS-Biotin
(Thermo scientific, 21331). After quenching the biotinylation
reaction, the cells were washed and then lysed, and the
membranes were solubilized by incubating them with 200 1 of
PBS (pH 8.0) with 1% Triton X-100 and protease inhibitors. Cell
lysates were clarified via centrifugation (15,000 x g for 10 min).
Samples containing 50 pl of supernatant mixed with SDS-
containing sample buffer were loaded into SDS-PAGE gels to
determine the total ARPE-19 protein in the supernatant (input).
To isolate biotinylated proteins, the rest of each supernatant
was incubated with 100 pl of streptavidin-agarose beads (Gibco,
5942SA) in a total volume of 150 1 of lysis buffer overnight
at 4°C with continuous rotation. The bead-adherent complexes
were washed 6 times [PBS (pH 8.0), 1% Triton X-100 and
150 mM NaCl]. Next, the proteins were eluted from the beads
via incubation in SDS-PAGE sample buffer for 5min at 80°C,
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separated in SDS-PAGE gels and analyzed via WB analysis using
primary antibodies against human Nat, K*-ATPase § subunits
and human N-cadherin.

Transfection of siRNA

ARPE-19 cells were cultured for 4 weeks and incubated for 48 h
with a mixture of Lipofectamine 2000 and 278 ng/pl of siRNA
for the B; subunit, 700 ng/pl of siRNA for the B, subunit or 75
pmoles/pl of siRNA for Spl, as indicated by the manufacturer.
Thereafter, the transfection medium was removed, and the cells
were processed for IF or WB analysis to estimate the silencing
efficiency. siRNA for the Nat, K*-ATPase B, subunit and for
Sp1 were pre-labeled with Cy3 using the siRNA Labeling Kit-Cy3
according to the manufacturer’s protocol.

Relative mRNA Quantification via qPCR

Real-time PCR was performed with a Light Cycler 2.0 system
(Roche) using the Light Cycler-Fast Start DNA Master SYBR

Green I Kit (Applied Biosystems). We used the following sets of
primers: B, subunit forward: GAGCTTCGTTCCACAGCTTC
and reverse: CCCACCAAACCGTCTAGAAA; B; subunit
forward: AGGCGTACGGTGAGAACATT and reverse: GGG
AAAGATTTGTGCTTGTGA; B3 subunit forward: TCGAGT
ACTCCCCGTAACGA and reverse: AGGCTCTGGTTGAGG
GACTT; a; forward: GAAGCAAGACGTCCTGGAAT and
reverse: TTTCAGTCTTTCCGGGTGTT; a, forward: CTACCC
TGTTGCTTTGGCTTTC and reverse: TGAGGGACCTTAGC
GGGAGA; and GAPDH forward: ACGGCACAGTCAAGG
CTGAG and reverse: CAGCATCACCCCATTTGATGTTGG.
PCRs were performed using 45 cycles that included the following
steps: 30s of denaturation at 95°C, a 30-s annealing phase at
60°C, and a 30-s template-dependent elongation phase at 72°C.
The amplification of each DNA template was performed in at
least three experiments with two technical replicates in the same
PCR run. The differential gene expression of the investigated
genes was calculated as the ratio normalized to the expression

Choroid RPE

FIGURE 1 | Immunofluorescence of adult human eye in situ. (A) A phase-contrast image of the human eye section studied. The RPE layer and the choroid are
indicated. The retina is already detached in the paraffin block. This section was co-stained for CD147 (B) and the Bo subunit of the Na*, K+ -ATPase (C) using Alexa
488- and Alexa 594-conjugated donkey anti-rabbit and anti-mouse IgG secondary antibodies, respectively. The merged image showing co-localization at the apical
domain is in (D). Panels (E,F) show similar sections treated only with the fluorescent secondary antibody (anti-rabbit and anti-mouse IgG, respectively) as negative
controls. Panel (G) shows a higher-magnification image from a different field of the same preparation. All the preparations were counterstained with DAPI (blue).
Arrows indicate the apical domain of RPE cells. Scale bars are 40 wm in (A-F) and 10 um in (G).

CD147
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of the GAPDH gene. The data were analyzed using the equation
described by Livak (Livak and Schmittgen, 2001; amount of
target = 27 AACT),

Statistical Analysis

GraphPad Prism version 4.00 software was used for all statistical
analyses. The data are presented as the mean 4+ SEM. Statistical
significance was determined using a one-tailed, non-parametric
t-test. P < 0.05 were considered significant.

RESULTS

The B2-subunit of Nat, K*-ATPase is
Expressed at the Apical Domain of the RPE
in the Eye

To test the hypothesis that the apical targeting of Nat, K*-
ATPase in RPE cells involves the expression of the f, subunit,
we first analyzed the expression of the B, isoform at the apical
membrane of the RPE in the eye. As shown in sections from
human eye (Figure 1), co-localization at the apical domain
was observed using anti-B, antibody and anti-CD147 antibody

(basigin or cluster of differentiation 147, the accessory subunit of
monocarboxylate transporters; 35). Thus, our data suggest that
the apical Na™, K*-ATPase expressed in human RPE includes the
B, isoform.

ARPE-19 Cells are Suitable for Studying
the Mechanism Underlying the Polarity of

Nat*, K*-ATPase in the RPE

To further test our hypothesis, we chose human ARPE-19 cells
as a model. ARPE-19 cells are fibroblast-like when cultured on
inserts and go through a process of re-morphogenesis that lasts
6-8 weeks (Dunn et al., 1996). This period probably reflects the
time required to up-regulate the expression of genes associated
with differentiated RPE cells and is needed to develop the
molecular machinery involved in membrane protein localization
in RPE cells. First, we analyzed the polarized expression of
Na*, K*-ATPase in ARPE-19 cells. In ARPE-19 cells cultured
up to 4 weeks on transwell inserts covered with laminin,
immunofluorescent staining of actin using rhodamine phalloidin
showed flat cells with stress fibers and very few circumferential
actin microfilament bundles (Figure 2A). The expression of

Actin

with anti-human B, antibody revealed a very weak signal (E). Scale bar: 10 pm.

CD147

FIGURE 2 | ARPE-19 cells cultured on transwell inserts for 4 weeks are not completely polarized. ARPE-19 cells were cultured up to 4 weeks on transwell
inserts covered with laminin. The immunofluorescence image in (A) shows actin localization using rhodamine phalloidin. The cells are flat with stress fibers and very
little circumferential actin microfilament bundles. The expression of CD147, a RPE marker, was detected using a specific antibody in the apical membrane domain (B).
The expression of Nat, KT -ATPase using anti-a4 (C) and anti-B4 antibodies (D) was observed mostly at the basolateral membrane. Immunofluorescence detection

a,-subunit

XZ
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CD147, was detected in the apical membrane domain using  anti-f, antibody (Figure 3H). T] formation was evaluated based
a specific antibody (Figure 2B). The expression of Na™, K™-  on measurement of the TER of the monolayers. As depicted in
ATPase using anti-o; and B antibodies was mostly observed in ~ Figure 31, the TER was stabilized at 4 weeks, with an average
the basolateral membrane (Figures 2C,D). Furthermore, using  value of 80 Q2ecm?, which is a characteristic value reported
anti-human P, antibody, a very weak signal was detected in these cells (Dunn et al, 1996; Luo et al, 2006). Hence,
(Figure 2E). Under these culture conditions, we were unable  we considered that under these conditions (designated as re-
to study the mechanism underlying the apical polarization of = morphogenic conditions and detailed in the Methods), it would
the Nat pump. Thus, we decided to add ITS, which has be feasible to perform experiments addressing the intriguing
been reported to epithelialize ARPE-19 cells (Luo et al., 2006). issue of the “reversed” apical polarization of Nat, K*-ATPase in
We then examined whether this supplement resulted in the  RPE cells.

apical localization of Na™, K*-ATPase. As shown in Figure 3, . .

after 4 weeks of culturing, cells cultivated in the presence of Expression of the a2 and BZ Isoforms is

ITS were epithelial-like in shape, with a circumferential actin ~ Up-regulated during Re-morphogenesis
microfilament bundle and occasional stress fibers (Figure 3A).  To characterize the expression of Na*, KT-ATPase under re-
As expected for RPE cells, the expression of molecular markers  morphogenic conditions, we analyzed the mRNA and protein
such as f-catenin and N-cadherin was observed in the lateral  expression levels of various isoforms of the o and B subunits.
membrane (Figures 3B,C), and CD147 was observed at the apical ~ The applied antibodies were carefully chosen to ensure that they
and basolateral membrane (Figure 3D). Ezrin, a membrane-  were specific for the designated isoform. As shown in Figure 4A,
organizing phosphoprotein that tethers actin microfilaments to  ARPE-19 cells cultured in the presence of ITS expressed the three
cell membrane proteins, is an apical polarization marker in the @ subunits (8, B2, f3). Remarkably, these findings are the first
RPE (Kiveld et al., 2000). As shown in Figure 3E, after 4 weeks of  evidence of B3 isoform expression in ARPE-19 cells. We then
culturing in the presence of ITS, ezrin was localized at the apical  evaluated changes in the amount of mRNA for the a and B
membrane in a pattern suggesting the formation of microvilli.  isoforms over time via qPCR. As shown in Figures 4B,C, mRNAs
The expression of Na®, K*-ATPase assessed using anti-o; and corresponding to all five studied isoforms (aj—3, B1-3) were
anti-B; antibodies (Figures 3EG) was mainly observed in the  expressed in ARPE-19 cells, and their relative amounts increased
basolateral domain, although B; expression was also observed  during re-morphogenesis. As shown in Figure 4B, although the
in the apical domain. An apical pattern was observed using  relative amounts of B and B, mRNA increased up to the sixth

Actin B-Catenin N-cadherin CD147
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= -} —_— —— ey

a,-subunit B,-subunit B,-subunit 401
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N
=
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0 2 4 6
time (weeks)

FIGURE 3 | Re-morphogenesis of ARPE-19 cells treated with ITS. (A) The photomicrographs show ARPE-19 cells cultured for 4 weeks with ITS and stained for
actin with Texas Red-X phalloidin. Note the tight intercellular contact, epithelial-like cellular shape, and predominantly peripheral cortical actin staining. Confocal
immunofluorescence images of the same culture conditions showing p-catenin (B) and N-cadherin (C) at the lateral membrane, CD147 (D) mostly in the apical
domain and ezrin (E) in the apical domain. (F) The immunofluorescence image shows immunostaining of the a4 subunit of Na™, K -ATPase at the lateral membrane
and more precisely, as observed in the XZ image, at the cell-cell contacts. (G) The B1 subunit is observed at the cell border and at the apical domain; the XZ image
confirms both basolateral and apical staining. (H) The B» subunit is observed mainly at the apical domain; the XZ image confirms apical staining. Scale bar: 10 wm. (1)
Quantitative analysis of the transepithelial resistance (TER) of ARPE-19 cells during re-morphogenesis is depicted. Note a stable TER of ~80 cm? between the
second and fourth week in culture.

Frontiers in Physiology | www.frontiersin.org 25 October 2016 | Volume 7 | Article 450


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Lobato-Alvarez et al.

Na+, K+-ATPase Apical Polarity in RPE

C n=3
'EF(X1
A 6 - oy E
3 S Ill
Ezin . - —— 75k0a g 4 A
f 4
HF N —:0o. S _&’_é
o £}~
B —3sk0a £, ™F
B, W w= & —— 35kDa
00 25 50
2 4 6  Weeks time (weeks)
B n=3 D n=3
8
321 -0
6 2 6{ o
5 | &8s = P2 I}\!
e ¢ e
2 gl 1Y oo
N . 2 7
E & A & o
00 25 50 00 25 50

time (weeks) time (weeks)

FIGURE 4 | Analyses of the relative amounts of o and 8 isoforms in
ARPE-19 cells during re-morphogenesis. (A) Western blot analysis of the
lysates of ARPE-19 cells cultured for the indicated time under conditions
established for re-morphogenesis. The upper part of the blot was probed with
an antibody against ezrin (as a loading control), whereas the lower part was
probed with antibodies against the B4, B, and B3 subunits. Western blot
analyses of all samples were conducted on the same day. A non-relevant lane
between 2 and 4 weeks in the ezrin blot was eliminated; therefore, it appears
to be discontinued. The blots represent three different experiments. Total
mRNA was extracted at weeks 1, 2, 4, and 6 of culture and analyzed via
gPCR. The relative mRNA levels of the B, B2, and B3 subunits (B) and of the
aq and ap subunits (C) are illustrated. The amount of MRNA was normalized
to that detected in the first week. (D) Quantification of B4 and B, subunit
expression via densitometry in three independent experiments normalized to
the loading control. Densitometry results were also corrected for the film light
level whenever the background level was different. Error bars represent the
mean £+ SEM of three independent experiments. Significant changes are
indicated by an asterisk (P < 0.05, non-parametric t-test).

week, the mRNA levels of B, increased to a significantly higher
value than those of ;. However, the amount of 3 mRNA
remained relatively constant during this time period (Figure 4B).
Therefore, we did not study this isoform further. Nevertheless,
while the amount of &; mRNA was doubled, the expression of
ay increased 6-fold (Figure 4C). When analyzing the amounts of
total protein of the B; and B, isoforms, we observed an increase
over time, reaching maximal expression at 6 weeks. Altogether,
Figure 4 shows that during re-morphogenesis, the expression of
the B, subunit was up-regulated, resulting in increasing amounts
of both mRNA and protein. This suggests transcriptional level
regulation.

The Transcription Factor Sp1 is Involved in
Regulating the Expression of the £,
Subunit in ARPE-19 Cells

During re-morphogenesis, expression of the o, and B, isoforms
is up-regulated, increasing both their mRNA and protein levels.
The transcription factor specificity protein 1 (Sp1) binds GC-rich

motifs and regulates gene expression through protein-protein
interactions (Shull et al., 1989; Samson and Wong, 2002). Based
on previous works by Kawakami et al. (1990, 1992) and Avila
etal. (1998) that reported that Sp1 enhances the promoter activity
of the B, subunit in rat neuroblastoma, in rat embryo cell lines
and in human lymphocytes, we suspected that Spl could be at
least one of the factors regulating this process. Therefore, we
explored whether Spl was involved in the up-regulation of the
B2 subunit during the re-morphogenesis of ARPE-19 cells. As
shown in Figure 5A, the relative amount of Sp1, as estimated via
WB analysis, was slightly changed during re-morphogenesis. IF
images in Figure 5B show that Spl was expressed in the nuclei
of ARPE-19 cells cultured for 4 weeks in the presence of ITS.
The silencing of Sp1 by siRNAs specific for human Sp1 in ARPE-
19 cells (cultured for 4 weeks) reduced the total protein level,
as estimated from the WBs, by ~40% (Figure 5C). This partial
silencing corresponds to the IF image of the silenced cells in
Figure 5D. The arrowheads indicate cells in which the expression
of Spl (in green) was not observed, although these were still
surrounded by cells that did express Spl in their nuclei. We
anticipated that if Spl was involved in B, transcription, Spl
silencing would also reduce the amount of the p, subunit in
ARPE-19 cells. As shown in Figure 5E, the total amount of f,
estimated via WB analysis was reduced by ~50% in Sp1-silenced
cells. Correspondingly, the IF image of B, subunit expression
(Figure 5F) shows zones in the Spl-silenced monolayer with
low fluorescence signal (indicated by arrowheads). These data
suggest that the transcription factor Spl is probably involved
in regulating the expression of the P, subunit in ARPE-19
cells.

Apical Expression of Nat, K*-ATPase in
ARPE-19 Cells during Re-morphogenesis
is Correlated with the Expression of the os

and @5 Isoforms

The WB and qPCR results in Figure 4 show that ARPE-19 cells
expressed all three f isoforms and at least two a isoforms. We
therefore proceeded to analyze the polarized distribution of the
different o and P isoforms in these cells. As observed from
the confocal IF analysis (Figure 6) and in contrast to the non-
polarized distribution of the p; isoform shown in Figure 3G,
B3 was mostly localized at the basolateral membrane and did
not co-localize with ezrin (Figure 6A). Therefore, we did not
study the role of this isoform in the apical localization of the
pump in RPE. The B, subunit was distributed in a typical dotted
pattern that suggested an apical localization (Figure 6B). The
B1 subunit was distributed in both the basolateral and apical
domains (Figure 6C). Nonetheless, the apparent apical pattern
was not homogenous, presenting a mosaicism that has been
previously reported for RPE cells (Burke, 2008). Because the
subunit must associate with the o subunit to reach the plasma
membrane, we analyzed the o isoform accompanying the B,
subunit in ARPE-19 cells using an IF assay. Figure 6D shows
that a; was present at the basolateral membrane and was clearly
excluded from the apical domain marked by ezrin. However,
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FIGURE 5 | The transcription factor Sp1 is involved in B2 subunit regulation in ARPE-19 cells. (A) Western blot analysis showing the expression of Sp1 over 4
weeks of culturing (upper panel). Actin was used as a loading control in all Western blots shown in this figure. Quantitative analysis of Sp1 normalized to the loading
control is illustrated in the lower panel. (B) Immunofluorescent staining of Sp1 in ARPE-19 cells is shown in green. Counterstaining of nuclei is shown in red. Merged
image shows the nuclear localization of Sp1 in ARPE-19 cells cultured for 4 weeks in the presence of ITS. Scale bar: 20 um. (C) Representative Western blot and
quantitative analyses of six independent experiments conducted on ARPE-19 cells treated with Sp1 siRNA are shown. Control cells were transfected without sSiRNA
(Mock). Error bars represent the mean + SEM. (D) Immunofluorescence image of ARPE-19 cells incubated with Cy3-siRNAs to silence Sp1 (red) and immunostained
for Sp1 expression (green). White arrows indicate siRNA-transfected cells (identified by red fluorescence) that did not express Sp1 in the nucleus. Scale bar: 20 pm.
(E) Representative Western blot and quantitative results of the immunodetection of the Bo subunit in six independent experiments of Sp1 knockdown in cells (60%).
(F) Immunofluorescence image of Sp1-silenced ARPE-19 cells stained for Bo subunit expression.

oy was distributed in an apical pattern and was apparently IF was not sufficient to conclude that B, does not reside at
excluded from cell-cell contacts (Figure 6E), very similar to  the apical membrane. Thus, we proceeded to perform a steady-
the B, pattern. We also observed a lack of co-localization  state surface biotinylation assay. ARPE-19 cells were cultured
between o; and f, (Figure 6F), o, and P; (Figure 6G) and for 4 weeks with ITS on inserts. Biotin was added to both
a; and oy isoforms (Figure 6H). Thus, the apical pump in  the apical and basolateral sides of the monolayer. As shown
RPE cells is most likely an ay/B2 complex. Although the IF  in Figure 7E, these cells expressed both N-cadherin and the
distribution pattern of the B, subunit in polarized ARPE-19 cells P, subunit, as detected in the total cell lysate (input). N-
suggests an apical localization, we had to confirm that the pump  cadherin was labeled with biotin as expected. Nevertheless, the
assembled by the B, isoform was actually delivered to the apical ~ f, subunit was not detected in the biotin-labeled (streptavidin-
membrane domain of ARPE-19 cells. Therefore, we examined  precipitated) fraction in any of the 6 experiments performed.
the co-localization of the B, and o, subunits with the apical  Therefore, our results indicate that apical pumps including B,
marker CD147 (Figures 7A,B) and with the basolateral markers  subunits probably did not accumulate in the apical membrane
N-cadherin and PB-catenin (Figures 7C,D). Images obtained  domain of ARPE-19 cells. To evaluate this possibility we used
via confocal microscopy (Figure7) show that the B, subunit immunofluorescence assays to analyze whether o, and B, co-
did not co-localize with markers of the basolateral or apical localize at the apical domain in sections of human eye. As
domains. However, a lack of co-localization demonstrated by =~ shown in Figure8, the a, and B, subunits co-localize in an
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FIGURE 6 | Domain-specific distribution of the Nat, KT -ATPase isoforms in ARPE-19 cells. Immunofluorescence assays of ARPE-19 cells cultured for 4
weeks with ITS. (A-E) Fluorescence images of immunostaining with isoform-specific antibodies against the a and p subunits of Nat, KT -ATPase; co-staining with
anti-ezrin as an apical marker (A,C,D) or counterstaining with propidium iodide for the detection of nuclei (B,E). B3 (A) and a4 (D) subunit expression was detected
mainly in the lateral domain. The distribution pattern of the o and a» subunits (B,E) suggests an apical localization. The distribution pattern of the g4 subunit (C) in
both the lateral and apical domains suggests non-polarized expression. Minor co-localization with ezrin at the apical domain is observed. The a1/Bo (F), ao/B1 (G) and
a1/ ap subunits (H) do not co-localize. Scale bar: 10 pm.

apical domain. Considering that the p, subunit is an adhesion ~ amount of o, mRNA was also reduced. Nevertheless, the mRNA
molecule (Gloor et al., 1990), we speculated that it did not levels of the o; and B; isoforms were sustained at the same levels
stabilize in the plasma membrane because it could not interact  observed in the non-silenced cells (mock). The WB results for
with a receptor protein at the apical “lumen” of the monolayer.  the total cell lysates (Figure 9B) show that the overall amount
Hence, the apical pumps observed via IF in ARPE-19 cells  of B, in siRNA-treated monolayers of ARPE-19 cells was only
may result from apical recycling of B, subunits accumulated in  slightly decreased. This can be explained by the fact that ARPE-
endosomes (AREs or CREs, 12). Interestingly, the p; isoform 19 monolayers have a low index of proliferation and therefore a
was clearly detected when the biotin-labeled fraction of the  low rate of protein recycling. Although the amount of mRNAs is
ARPE-19 cells was blotted for the B; subunit (data not shown),  significantly reduced there is always a high amount of remnant
suggesting that the B; isoform had a slower turnover in the  proteins in the cells. Nevertheless, the IF images in Figure 10B

plasma membrane and therefore was detectable in a steady-  show areas in the monolayer in which silencing was apparently
state analysis. However, these findings do not preclude the effective because the fluorescence signal due to B, expression
involvement of the B, subunit in the apical polarization of Na™,  in green was faint. At the same time, the apical expression of
KT -ATPase. the o, subunit (Figure 10D) also seemed to be reduced. The

localization of B; subunits changed substantially, displaying more

. . . apical rather than lateral distribution (Figures 10E,F). The lateral
Silencing the Expression of the f, Isoform distribution of «; subunit, as shown in Figures 6D,F, 10G,

in Mature ARPE-19 Cells Decreases the was also altered, showing a mixed distribution in the apical

Apical Localization of Na*, Kt-ATPase and lateral domains. The WB and IF results in Figures9, 10
To further examine the dependence of the apical sorting of the =~ show a partial silencing. The siRNA-transfected monolayer still
Na®™ pump on the expression of the B, isoform, we knocked  contained cells expressing the o, and B, subunits at the apical
down the B, isoform using siRNAs. As shown in Figure 9A, the  membrane, Therefore, it was difficult to determine whether the
expression of B, mRNA in ARPE-19 cells treated with siRNAs  apical localization of the pump was indeed altered. Hence, we
specific for human f, decreased by 60%. Meanwhile, the relative ~ knocked down the monolayer with siRNAs that were pre-labeled
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FIGURE 7 | The B2 subunit in ARPE-19 cells does not stabilizes at the
apical plasma membrane domain. Confocal images of the po and ap
subunits (in red) were analyzed for co-localization with CD147 (green), an
apical marker (A,B). Co-localization of the basolateral markers p-catenin and
N-cadherin (in red) with the Bo subunits (in green) are shown in (C,D). Although
an apparently apical pattern is observed for the Nat, K+ -ATPase subunits o
and ap_ they do not co-localize with either apical or lateral markers. Scale bar:
10 uwm. Representative Western blot of six independent experiments
conducted in ARPE-19 cells for steady state surface labeling with biotin is
presented in (E). Notice the lack of a Bo subunit band in the biotin labeled lane.

with the fluorochrome Cy3 because it helped us identify probable
silenced cells in a partially silenced monolayer. As shown in
Figures 11A,B, the monolayer was not completely silenced, and
PB2-subunit staining was still observed at the apical domain in
non-silenced cells (green fluorescence spots). Nevertheless, as
shown in Figure 11B, expression of the f, subunit in silenced
cells that were stained with Cy3 (in red) is clearly weaker
(white arrows), suggesting effective silencing in these cells. In
Figure 11C, we measured the green fluorescence intensity of

the B, subunit in Cy3-positive cells. The average expression
in these cells is reduced by 75%, indicating effective silencing.
Expression of the a; subunit was also monitored in silenced cells.
As illustrated in Figures 11D,E, the apical localization of the a;
subunit was conserved. Nevertheless, measuring the fluorescence
intensity of the o, subunit in Cy3-positive cells revealed a 40%
decrease in o subunit expression (Figure 11F). Our silencing
results support the notion that the apical sorting of Na™t, K-
ATPase in ARPE-19 cells during re-morphogenesis depends on
the expression of the f, isoform and its association with the oy
subunit.

DISCUSSION

RPE cultures appear to have a limited ability to reiterate
epithelialization and undergo phenotypic maturation, a process
described as re-morphogenesis by Burke (2008). In the present
study, we first had to establish conditions that supported the
re-morphogenesis of ARPE-19 cells in vitro. The appearance
of Na™, K*-ATPase in the apical domain of ARPE-19 cells
reflects the maturation and differentiation of the monolayer
(Burke et al., 2000; Kannan et al., 2006; Sonoda et al., 2010). In
this study, we addressed one aspect of the apical polarization
mechanism: identifying the isoform that may contain the apical
information (signal) necessary for the apical sorting of Na™, K-
ATPase in the RPE. Our observations indicate that the o, and
P, isoforms are rarely detected in non-mature ARPE-19 cells
(Figure 2) and constitute the apical pump in polarized RPE cells
(Figure 8). We showed that the apical sorting of Na*, KT -ATPase
in ARPE-19 cells correlates with the expression of the $, subunit
(Figure 6), a finding that is consistent with the observations in
fixed eye sections (Figure 1). We also showed that during the
process of re-morphogenesis, the expression of the a, and f;
isoforms was up regulated (Figure 4) and that Spl is probably
involved in that regulation (Figure 5). Although in the eye, the
pumps composed of a, and P, subunits were localized in the
apical membrane domain (Figure 8), they did not accumulate
in the apical membrane in cultured ARPE-19 cells (Figure 7)
but were probably retained in a sub-apical compartment. The
increase in mRNA was much more pronounced than that
of the extracted protein. Accordingly, silencing of the Na¥,
KT-ATPase B, subunit by siRNA resulted in a decrease in
the apical localization of Na™, K*-ATPase in knocked-down
cells (Figures 10, 11) but without a clear change in o;/f;
localization.

ARPE-19 Cells As a Model for Studying
Polarity in the RPE

The RPE forms the outer blood-retinal barrier that regulates
the movement of solutes between the capillaries of the choroid
and the photoreceptor layer of the retina. Although human
fetal RPE (hfRPE) primary cultures are considered the best
model for exploring the polarity and trafficking mechanisms
in RPE (Lehmann et al., 2014), we have no access to primary
cultures of hfRPE. Therefore, we used the cell line ARPE-19,
which was obtained from a spontaneously transformed human
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FIGURE 8 | Co-localization of the as and B subunits in adult human eye. (A) A phase-contrast image of the human eye section studied. The RPE layer and the
choroid are indicated. This section was co-stained for the g5 (B) and ap subunits (C) of Nat, K+ -ATPase using Alexa 488- and Alexa 594-conjugated donkey
anti-rabbit and anti-mouse IgG secondary antibodies, respectively. The merged image showing co-localization at the apical domain is in (D). Panels (E,F) show
images of similar sections treated only with the secondary fluorescent antibody (anti-rabbit and anti-mouse, IgG, respectively) as a negative control. Panel (G) shows
the field indicated by the square in (D) at higher magnification. All the preparations were counterstained with DAPI (blue). Arrows indicate the apical domain of RPE
cells. Scale bars are 25 um in (A-D), 40 um in (E,F) and 30 pm in (G).

RPE primary culture (Dunn et al, 1996). ARPE-19 shows  The disruption of cell-cell adhesion induces an EMT, resulting
acceptable conservation of polarity and barrier function for in a loss of the RPE phenotype that can become irreversible
studies of protein trafficking. The main advantages of ARPE-19  (Grisanti and Guidry, 1995; Gallagher-Colombo et al., 2010;
cells are its normal karyotype, relatively fast proliferation rate, =~ Tamiya etal.,2010; Adijanto et al., 2012). Accordingly, we suggest
and maintenance of several RPE-specific characters (Dunn et al.,  that a; 8 is the default dimer expressed and is sorted primarily to
1996). Lehmann et al. (2014) mention that in ARPE-19 cells, the basolateral membrane domain in non-differentiated ARPE-
“the trafficking machinery is likely different from RPE in situ 19 cells. During re-morphogenesis, only some ARPE-19 cells
because the Na™, K-ATPase was reported to be basolateral in  epithelialize to achieve a RPE phenotype, while others remain
ARPE-19 cells.” Based on our experiments, we suggest using  in a mesenchymal state. Here, we applied culture conditions
greater precision when considering Nat, K*-ATPase polarity ~ that augmented the proportion of well-differentiated cells but
and discussing specific dimer compositions: a;B; or af,. Thus,  still failed to obtain a fully differentiated cell population. Under
our data are consistent with the findings of Ahmado et al. (2011)  these improved conditions, the expression of the a,f, dimer was
with respect to the basolateral distribution of o;f;. Surprisingly,  up-regulated, and after 4 weeks, there was a large proportion
several studies do report an apical localization of the Na™ pump  of cells with this dimer localized in a pattern resembling
when using anti-a; antibodies in ARPE-19 cells. Nevertheless,  an apical distribution. Evidently, the a,f, dimer was absent
different authors define distinct patterns of localization based on ~ from the basolateral domain. The apparent apical localization
IF images as apical (Geisen et al., 2006; Kannan et al., 2006). Itis ~ probably depends on the maturation and differentiation of
well documented that both primary cultures and cell lines tend  the apical trafficking machinery, which was also only partially
to lose the RPE-specific properties with consecutive passages.  achieved.
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FIGURE 9 | siRNA silencing of the human Na*t, K+ -ATPase B, isoform
in mature ARPE-19 cells. ARPE-19 cells cultured for 4 weeks with ITS were
knocked down using siRNAs against the human B subunit. (A) mRNA levels
of the aq, ap, B1, and Bo subunits were assessed in three independent
experiments in ARPE-19 cells transfected with By siRNA or without any siRNA
(Mock) via gPCR. The extent of B2 mRNA silencing was ~60%. (B) Western
blot and quantitative results from silenced ARPE-19 cells treated as in (A) are
presented. The amount of protein corresponding to the B subunit was
normalized to the level detected in the mock-transfected cells. The extent of
Bo protein silencing was ~40%.

The Transcription Factor Sp1 Expressed in
ARPE-19 Cells is Probably Involved in
Regulating the Expression of the
B2-Subunit

During re-morphogenesis, the mRNA and protein expressions
of the oy and B, isoforms are up-regulated. It is conceivable
that this long-range up-regulation suggests transcriptional
regulation and thus the participation of transcription factors.
Shull et al. (1989) and Ikeda et al. (1993) observed that Spl
also activates the oy promoter in rat and human skeletal
myoblasts. Together, these data suggest that the transcription
factor Spl is involved in the up-regulation of a, and ;.
Our observations (Figure 5) support these previous findings.
Recent evidence points to a role for Spl in regulating the
transcription of genes in response to extracellular signals
such as insulin (Therien and Blostein, 2000). Hence, the
addition of insulin (a component of the ITS mixture) to the
culture medium could activate Sp1, promoting Na*, K*-ATPase
expression via binding to positive regulatory cis-acting elements
on the Nat, KT-ATPase B, gene (Takeyasu and Kawakami,

Mock

siRNA B,

| xz

DRI P

FIGURE 10 | Immunofluorescence analyses of ARPE-19 cells silenced
with siRNA against the human 5 isoform. ARPE-19 cells cultured for 4
weeks were transfected with or without siRNA specific to the human o
isoform, as shown in Figure 8. Confocal images of silenced (right panels) or
not-silenced (left panels) cells immunostained for specific a« and B isoforms are
displayed. Apical expression of the f» and ay isoforms in mock-transfected
cells is apparent in (A,C). Mislocalization and reductions in the fluorescence
intensity of both B and ap subunits are observed in silenced cells (B,D).
Basolateral and apical expression of the B4 isoform (E) is generally maintained
in Bo-silenced cells. However, in the presented field, B4 has a noted apical
distribution pattern (F). The mainly basolateral pattern of the a4 isoform (G,H)
is maintained in silenced cells. Scale bar: 10 wm.

1989; Sweadner et al., 2000; Tanos and Rodriguez-Boulan,
2008). Nevertheless, additional experiments are needed to
clarify the mechanism of B, regulation via Spl in ARPE-19
cells.
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FIGURE 11 | Silencing of the 85 subunit in ARPE-19 cells affects the apical distribution of Na*, KT -ATPase. The transfected siRNAs for the B isoform are
labeled with Cy3. Red fluorescent spots thus identify transfected cells. Confocal images of mock-transfected cells in which the Bo and as subunits are immunostained
(A,D), respectively show an apical distribution pattern for both subunits. Images of silenced cells show an apical expression of the 5 (B) and ao (E) subunits (green) in
non-transfected cells. Arrows in (B) indicate the lack of B» expression in the apical domain of siRNA-transfected cells. The absence of ap immunostaining in the apical
domain is also indicated by arrows in panel (E), implying the mislocalization of Na™, K*-ATPase from the apical domain. The fluorescence intensity of o (C) and oo
subunits (F) in silenced cells was measured in 10 different fields, and the mean 4+ SEM is shown. Scale bar: 10 pm.
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The Apparent Apical Polarization of the
a4p1 and asBo Dimers in ARPE-19 Cultures

In classic epithelia, the mechanism underlying the basolateral
polarization of Na®, KT-ATPase is related to the expression
of the a; and P; subunits. Nevertheless, published reports
on the isomer-specific composition of Na¥, KT-ATPase in
the RPE are somewhat confusing. Because the RPE originates
from the neuroepithelium of the optic vesicle, we hypothesized
that it would express the neuronal AMOG/f, isoform, which
was supported by our IF experiments depicted in Figures 1,
8. Nonetheless, the literature includes both consistent and
contradictory reports. (a) An analysis of human RPE mRNA
revealed the expression of the a;, 8; and B, isoforms but not the
oy isoform (Ruiz et al., 1995, 1996). (b) The distribution of all
subunits examined revealed that o; and p; were the predominant
isoforms expressed in mouse and rat RPE, while the f, isoform
was detected in photoreceptors, bipolar cells and Miller glia
but not in the RPE (Wetzel et al., 1999). (c) Most studies using
RPE cells in vitro have utilized anti-o; and anti-B; antibodies
for immunodetection of Na™, K*-ATPase (Miller and Steinberg,
1979; Rizzolo and Zhou, 1995; Burke et al., 2000; Kannan et al.,
2006). Our observations suggest that in non-polarized ARPE-19

cells, the ubiquitous o;f; dimer is the default housekeeping
Na™ pump essential for all living cells. This dimer likely uses
the non-differentiated trafficking mechanism to arrive at the
plasma membrane and is then stabilized and enriched in cell-
cell contacts due to B;-p; trans interactions between neighboring
cells. Considering that the B, subunit is an adhesion molecule,
in the eye, it would interact with a heterotypic adhesion protein
localized on the outer segment of the photoreceptor membrane,
maintaining the complex at the apical domain. Our images taken
from human eye sections (Figure 8) support this assumption.
Accordingly, it is plausible that Na™, K*-ATPase is only detected
at the apical domain of cultured RPE cells under very specific
conditions (Hu et al., 1994; Marrs et al.,, 1995; Rizzolo and
Zhou, 1995; Kannan et al., 2006; Sonoda et al., 2010) because
of the lack of an interaction of RPE cells with photoreceptors
in cultures. However, in various RPE models, Nat, K*-ATPase
is observed in the apical domain, even in the absence of contact
with the retina. Nevertheless, no previous studies have confirmed
these observations via co-staining with apical markers or surface
biotinylation. Evidently, the absence of photoreceptors on the
apical side of cultured RPE cells does not mean that the Na™*
pump is not being sorted and delivered to that domain, but
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FIGURE 12 | The apical polarization of Nat, Kt -ATPase in polarized ARPE-19 cells is regulated by the B, subunit. An illustration of polarized ARPE-19
cells cultured for 4 weeks on permeable inserts in the presence of ITS is depicted; the cells are relatively tall, express RPE markers and form adjacent tight junctions
(TJs). Our model proposes that extracellular signals trigger transduction pathways that activate re-morphogenesis. In non-polarized ARPE-19 cells, a basolateral
targeting mechanism carries a4 and a4 B3 dimers to the lateral membrane (gray vesicles). The B1-p4 (and perhaps p3-p3) trans-interaction between neighboring
cells stabilizes and retains these dimers at the lateral membrane domain for housekeeping. Upon the triggering of re-morphogenesis, a concurrent apical targeting
mechanism is activated by the association of the ax and B subunits. ao o is delivered to the apical domain (magenta vesicles). In cultures, this complex probably
does not stabilize at the apical plasma membrane but accumulates in a sub-apical compartment. /n situ, the pump is inserted in the apical membrane domain, where
it is probably stabilized by heterotypic trans interaction(s) of the po subunit with adhesion proteins on the outer segments of the photoreceptor (B2-X).

it implies that the a;B; dimer, observed mostly using anti-oy et al., 2011). In the case of Nat, KT-ATPase, the a; subunit
antibody, is actually a non-polarized pump that is directed to  contains an unidentified dominant basolateral signal. However,
all membrane domains, including the apical one (Figure 6 and it has been established that the  subunits also contain sorting
Hu et al,, 1994; Sonoda et al.,, 2010; Kannan et al.,, 2006). Our  information that is recessive relative to the basolateral signal of
silencing experiments support this notion, as silencing the f;  «;. In particular, the N-glycosylation of the B, subunit functions
isoform diminished the apical localization of thea,B; dimer but  as an apical sorting signal (Vagin et al., 2005). As shown by
not that of o §; (Figure 10). Castorino et al. (2011) for the sorting signals of CD147, the same

sorting signal can be interpreted in different ways in distinct

. . . . cell types. This observation justifies investigating the role of
Apical/Basolateral Sorting of Multimeric the apical sorting signal of the B, subunit in ARPE cells. Our

Membrane Proteins is an Intricate present observations in polarized ARPE-19 cells, summarized
Mechanism in Figure 12, partially clarify some of the complicated and
Current models of apical/basolateral sorting mechanisms in  confusing data presented in the literature, as illustrated by
epithelia are mostly based on evidence obtained for monomeric  the following points. (a) Na™, K*-ATPase evaluated based on
proteins (TfR, LDLR, and FcR; Matter et al., 1994; Gan etal., 2002;  the expression of the PB; isoform was detected in both the
Perez Bay et al.,, 2014). Corresponding models for multimeric ~ basolateral and apical domains, consistent with the findings
proteins, such as Nat, KT-ATPase, have not been clearly  of Hu et al. (1994). (b) The predominant combination at the
established. It is accepted that polarized proteins carry apical — apical membrane domain of polarized ARPE-19 cells is the a3
or basolateral sorting signals and that in some cases, two or ~ combination, which is consistent with the concept that the a;
more opposing signals co-exist in the same protein (Philp  isoform is the preferred binding partner of the B, isoform in
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assembling the Na*, K*-ATPase in different tissues (Lin et al.,
2005; Harada et al., 2006; Tokhtaeva et al., 2012) and with
the co-localization of a;f, in human eye sections shown in
this work. (c) Polarized ARPE-19 monolayers express Nat, K-
ATPase subunits in a membrane domain-specific pattern: o; is
detected only at the basolateral domain, a; is present only in the
apical domain (as seen in Figure 6), B; subunits are localized
in both the basolateral and apical domains, B, subunits are
preferentially localized in the apical domain, and B3 subunits
are exclusively localized in the basolateral domain. Together,
these results suggest that o;p; and a;f3 are the basolateral
combinations. It is unclear whether apical p; is a mislocalized
;P dimer or a non-preferential combination with o;. It is most
likely an ayP; dimer because we did not detect o} subunits in
the apical domain (Figure 4). (d) IF assays in human eye sections
(Figures 1, 8) reveal apical staining of the RPE using antibodies
specific to o, and B, isoforms. These data indicate that the apical
Nat, K*-ATPase in RPE cells includes the a,p, dimer. Thus, a
comprehensive analysis of the sorting machinery and trafficking
routes that direct the a8, complex to the apical domain in
polarized ARPE-19 cells must be performed in future studies.
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Cardiac remodeling occurs after cardiac pressure/volume overload or myocardial injury
during the development of heart failure and is a determinant of heart failure. Preventing
or reversing remodeling is a goal of heart failure therapy. Human cardiomyocyte
Nat/K*+-ATPase has multiple o isoforms (1-3). The expression of the a subunit of the
Nat/K+-ATPase is often altered in hypertrophic and failing hearts. The mechanisms
are unclear. There are limited data from human cardiomyocytes. Abundant evidences
from rodents show that Na*/K*T-ATPase regulates cardiac contractility, cell signaling,
hypertrophy and fibrosis. The a1 isoform of the Nat/K™-ATPase is the ubiquitous
isoform and possesses both pumping and signaling functions. The a2 isoform of the
Nat/Kt-ATPase regulates intracellular Ca?* signaling, contractility and pathological
hypertrophy. The a3 isoform of the Nat/K+-ATPase may also be a target for cardiac
hypertrophy. Restoration of cardiac Na™/KT-ATPase expression may be an effective
approach for prevention of cardiac remodeling. In this article, we will overview: (1) the
distribution and function of isoform specific Nat/K*-ATPase in the cardiomyocytes.
(2) the role of cardiac Nat/Kt-ATPase in the regulation of cell signaling, contractility,
cardiac hypertrophy and fibrosis in vitro and in vivo. Selective targeting of cardiac
Na*/KT-ATPase isoform may offer a new target for the prevention of cardiac remodeling.

Keywords: cardiac remodeling, Nat/K*-ATPase, isoform, hypertrophy, fibrosis, cardiomyocyte, ouabain

INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death in the United States, contributing to
more than a third of deaths annually. Heart failure is a complex clinical syndrome resulting from
structural or functional alterations in the heart which render it unable to meet the body’s need
for blood. In the United States, the risk of developing heart failure is 20% for the population aged
40 and over (Writing Committee et al., 2013). One in 9 deaths in 2009 included heart failure as
contributing cause. Although the clinical management for heart failure has improved, mortality
rates remain at ~50% within 5 years of diagnosis.

Cardiac remodeling occurs after cardiac pressure or volume overload or ischemic injury during
the development of heart failure, and is a crucial factor in the prognosis of heart failure (Rizzello
et al., 2009). Preventing or reversing remodeling is a goal of heart failure treatment (Konstam
et al,, 2011). Currently, beta-blockers and angiotensin converting enzyme (ACE) inhibitors or
angiotensin receptor blockers (ARBs) are the first line of treatment in heart failure patients.
Although several risk factors (hypertension, diabetes and coronary artery disease, etc.) have been
identified, there are no effective strategies to prevent cardiac remodeling and heart failure.
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Na/K-ATPase Isoforms Regulate Cardiac Remodeling

Digoxin is the only FDA-approved cardiac glycoside. It can
be beneficial in mild or moderate heart failure patients with
reduced ejection fraction. Several clinical trials have shown that
digoxin treatment improves symptoms and modestly reduces the
combined risk of death and hospitalization (Writing Committee
et al., 2013). Besides the known inotropy, effects of cardiac
glycosides on cardiac remodeling have a long history. In 1933,
Christian (1933) advocated the prophylactic use of digitalis to
retard cardiac enlargement in heart disease patients without heart
failure. In 1965, Williams and Braunwald (1965) presented the
first experimental evidence that supports this proposal. Rats,
subjected to suprarenal aortic constriction and treated with
daily non-toxic doses of digitoxin prior to and following aortic
constriction, exhibited less myocardial hypertrophy and a lower
incidence rate of fatal heart failure than those subjected to aortic
constriction but not treated with digitoxin. On the other hand,
digoxin is reported to increase the mortality in chronic renal
failure patients on dialysis (Chan et al., 2010). Infusion of cardiac
glycosides causes reactive oxygen species stress (Charlemagne
et al., 1994) and stimulates renal and cardiac fibrosis in animals
with experimental renal injury (Kennedy et al., 2006; Elkareh
et al., 2007; Fedorova et al., 2009).

The Na®/K*-ATPase is the only known receptor for cardiac
glycosides (Shattock et al., 2015). It is unclear whether cardiac
glycosides regulate cardiac remodeling and whether they can
prevent or promote cardiac remodeling. The inconsistencies of
the effect of cardiac remodeling may be due to the complexity
of multiple isoforms of the a subunit and different binding
properties of cardiac glycosides.

The Na®/K'-ATPase is an integrated membrane protein,
which hydrolyzes ATP for the energy of the coupled active
transport of Na™ and K*. It belongs to the P-type family of
ATPase and consists of two non-covalently linked o and B
subunits that are essential for ion pumping (Sweadner, 1989;
Blanco and Mercer, 1998; Kaplan, 2002). The FXYD1 protein,
i.e., phospholemman (PLM), is the third subunit in the heart that
regulates the function of the enzyme (Geering, 2005). There are 3
isoforms of the a subunit (a1, a2, and a3) and 2 isoforms of the
B subunits in the heart. The human heart expresses all 3 isoforms
of the o subunit (Sweadner et al., 1994). Monkey and dog heart
have roughly equal amount of al and either a2 or a3. Sheep
and chicken heart only have the al isoform (Sweadner et al.,
1994). The al isoform is ubiquitously present in the heart of all
species. In the recent literature, a large amount of results came
from rats and mice. In rodents, adult cardiomyocytes express
mainly two isoforms of Na®™/K*-ATPase a subunit, al (~75%)
and a2 (<25%), which have low and high affinities for ouabain,
respectively (Sweadner et al.,, 1994; Bers et al., 2003; Verdonck
et al., 2003).

In addition, different cardiac glycosides, e.g., ouabain and
digoxin, have the same binding sites on the Nat/K"-ATPase
although slightly different contacts may be made owing to the
different sugar backbones (Laursen et al., 2015). Katz A. et al. have
reported that glycosylation of cardiac glycosides contributes to
human Na™/K*-ATPase isoform selectivity (Katz et al., 2010). At
least in the case of digoxin, there is up to four-fold preference for
a2 or a3 over the al isoform (Laursen et al., 2015). Those reports

suggest that targeting different isoforms through modification of
chemical structure of cardiac glycosides is a possible approach.
In this article, we will the structural and
enzymatic differences of a isoforms of the Nat/K'-ATPase
in cardiomyocytes and the role of o isoforms of the
Na™/K*-ATPase in cardiac hypertrophy and fibrosis.

review

ENZYMATIC ACTIVITY, DISTRIBUTION,
AND FUNCTION OF Na*/K*-ATPase
ISOFORMS IN CARDIOMYOCYTES

The Na™/K*-ATPase (or sodium pump) was discovered in 1957
(Skou, 1957). It is a key enzyme in human cardiac myocytes
(density up to 107 molecules per cell) (Lelievr et al, 2001).
This enzyme plays an important role in maintaining the cellular
Na™ and K ion gradient, regulates cell volume, and enables
the Na'-coupled transport of a multitude of nutrients and
other ions across the cell membrane. Under normal conditions,
the electrochemical potential gradient for Na™ ions, which the
enzyme maintains, is one of the driving forces of Nat/Ca?"
exchanger to extrude intracellular Ca**. In the classical ion
pumping view of the Nat/K*-ATPase, when cardiac glycosides
bind to the enzyme, they inhibit the active Na™ efflux and
increase intracellular Ca>* through Nat/Ca?* exchanger. As a
result, cardiac glycosides increase cardiac contractility.

The o subunit of the Na®/Kt-ATPase is considered as
the catalytic subunit and has ATP, cardiac glycosides, and
other ligand binding sites. The B subunit is essential for the
assembly of a functional enzyme (McDonough et al., 1990).
There are multiple isoforms of each subunit with tissue and
species specificities, and variations among the sensitivities of
the isoforms to cardiac glycosides. In human cardiomyocytes,
alPl, a2B1, a3pl are expressed in all regions (LA, RA, LV, RV,
and S), while there is very low B2 expression in certain regions
only (Wang et al., 1996; Schwinger et al., 2003). As judged by
the sensitivities of Na*/KT-ATPase activity to ouabain (IC 50),
the Kp values (measured by *H ouabain binding), and by a
biphasic ouabain dissociation process, at least two functionally
active Na™/KT-ATPase isoforms coexist in normal human hearts
(Lelievr et al., 2001): The IC 50 values are 7.0 4= 2.5 nM and 81 +
11 nM; the Kp values in the presence of 10 mM [K™'] are 17.6 &
6nM and 125 =+ 25 nM; the dissociation rate constants are 360 x
104 min~! and 42 x10™* min~! (Lelievr et al., 2001).

There are observed kinetic differences (e.g., Km values for
Na™, K*) among these isoforms, but their subtlety makes them
an unlikely basis for physiological significance. Instead, recent
work suggests that the major functional distinction among the
isoforms is their interaction with regulatory proteins (Pressley
et al,, 2005). Isoform specific region among the isoforms are the
NH2 terminus, the extracellular ouabain binding site, and the
cytoplasmaic region between amino acids 403 and 503 (Blanco
and Mercer, 1998). Moreover, the isoform-specific effects of
modulatory proteins such as protein kinase C seem to originate
within two regions of structural divergence: the amino terminus
and the 11 residues near the center of the alpha subunit of
the isoform-specific region (Blanco and Mercer, 1998; Pressley
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et al., 2005). The comparative protein model using human o  the interaction between the Na™/K*-ATPase and Src are unclear.
sequencing based on pig a1 shows that there are very few isoform  The mechanistic analysis on living cells are required to clarify
differences in the transmembrane and in the regions interacting  the complicated network in cells. Thus, some of the conflicting
with B and y subunits; conversely, large clusters of isoform  results regarding the interaction between the Na™/K*-ATPase
differences map at surface-exposed regions of the A- and N-  and Src may be related not only to cell specificity and specific
domains (Morth et al., 2009). The structure difference may lead  in vitro conditions with detergent-treated membrane purified
to isoform-specific cell signaling. Another example is that, in  sodium pump.

trafficking, al is recruited to the membrane by adaptor protein The al and a2 isoforms play different roles in cardiomyocyte
1 via Tyr 255, a residue not conserved in other isoforms (Cinelli ~ function. There is ample evidence of al isoform signaling (Xie
etal., 2008). and Askari, 2002; Bossuyt et al., 2009; Han et al., 2009; Shattock

Besides its ion pumping function, the Na*/K*-ATPase also et al, 2015; Stanley et al., 2015) while no direct evidence is
serves as a scaffold protein interacting with neighboring proteins ~ shown on the a2 isoform signaling in cardiomyocytes. Based
and facilitates multiple cell signaling events. As shown in  on different affinities of al and a2 for ouabain in mice, and
Figure 1, Nat/KT-ATPase signaling mainly has two parallel the cardiomyocytes detubulation, Berry et al. (2007) found
pathways, one is the EGFR/Src/ERK pathway and another is the  that ol is the predominant current conductor, contributing
phosphoinositide 3-kinase (PI3K) o/ Akt/B-GSK/mTOR pathway. ~ 88% of total recordable current Iigtl— pump- Although Iy
To be sure there is some debate regarding the nature of the  density predominates over Iy, in both the surface sarcolemmal
interaction between the Na®/K*-ATPase and Src (Weigand  membrane (SSL) and T-tubules, the difference of current density
et al, 2012; Clifford and Kaplan, 2013; Yosef et al., 2016).  between a2 and al is markedly decreased in the T-tubule.
Ouabain indeed does activate Src in myocytes (Haas et al., 2000; It was reported that al is uniformly distributed between
Mohammadi et al., 2001, 2003; Xie and Askari, 2002; Liu et al, ~ SSL and T-tubules, while a2 is ~5 times more concentrated
2003, 2004) and several lines of evidence support the finding that ~ in T-tubules; strongly suggesting a different role of two
the Nat/K*-ATPase and Src do interact and induced by ouabain  isoforms in cardiomyocytes. A similar distribution pattern of
or high salt by immunoprecipitation assay in cardiomyocytes,  two isoforms was recapitulated in rat cardiomyocytes (Despa
breast cancer cells, and primary pig proximal tubular cells and ~ and Bers, 2007; Swift et al, 2007). NCX and L-type Ca’"
LLC-PK1 cells (Mohammadi et al., 2003; Kometiani et al., 2005;  channels are also enriched in T-tubules. Both al and a2
Liu et al,, 2011; Yan et al,, 2013). However, the mechanisms of =~ were shown to be functionally and physically coupled with
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FIGURE 1 | Schematic diagram of Nat/K+-ATPase pumping and signaling functions in cardiomyocytes (Liu et al., 2006, 2007; Wu et al., 2015). Inhibited
pump alters local [Na*]; and induces myocytes contractility; Major effect of ouabain signaling is Src/Ras/ROS/ERK cascade in a1/ a3 neonatal cardiomyocytes; Major
effect of ouabain signaling is PI3Ka /Akt pathway in a1/ a2 adult cardiomyocytes.
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NCX in cardiomyocytes; however, they differ in their effects
on intracellular Ca’* through regulating [Na]; (Yamamoto
et al., 2005). The al isoform regulates global [Na];j, while a2
controls local [Na];. a2 isoform is reported to regulate calcium
(James et al., 1999), preferentially modulate Ca?* transients and
sarcoplasmic reticulum Ca?* (Despa et al., 2012). Recent reports
have shown that the a2 isoform of the Na™/K*-ATPase is inactive
during the resting potential in adult rat cardiomyocytes and
primarily affects calcium handling during systole (Stanley et al.,
2015). This suggests that the a2 isoform of Na™/K*-ATPase is a
specific voltage-dependent isoform (Stanley et al., 2015).

Adrenergic  signaling may affect Nat/KT-ATPase
activity. This effect is stimulated by PKA and/or PKC and
phosphorylation of FXYDI (phospholemman, PLM) in
hearts (Bers and Despa, 2009). Cardiac ischemia induces
PKA-dependent phosphorylation of PLM and activates al
NaT/K*-ATPase activity but not a2 in rats (Fuller et al,
2004). Interestingly, a-adrenergic agonist increases a2 specific
Nat/KT-ATPase activity in guinea-pig cardiomyocytes (Gao
etal., 1999). Bers and colleagues clearly showed that B-adrenergic
signaling stimulates al Nat/KT-ATPase activity, but not
a2 activity on mouse cardiomyocytes (Bossuyt et al., 2009).
Similarly, forskolin (activating cAMP/PKA, the downstream of
B-adrenergic signaling) also specifically activates al Nat/K*-
ATPase activity in guinea-pig cardiomyocytes (Gao et al., 1999;
Silverman et al., 2005). Furthermore, the combination of - and
a -adrenergic signaling in the heart somehow leads to dramatic
reduction of a2 but not ol (Sjogren et al., 2016). While these
effects of p-adrenergic stimulation have been documented in
rodent cardiac myocytes, it is less clear how this may translate
to human cardiac myocytes especially in the setting of heart
failure where reductions in a1l and a2 Na®/K*-ATPase have
been noted.

ALTERATIONS OF Nat/Kt-ATPase
ISOFORMS IN CARDIAC HYPERTROPHY

Isoforms of the cardiac Nat/K*-ATPase play different roles in
cardiac hypertrophy (Huang et al., 1997a; Kometiani et al., 1998;
Xie and Askari, 2002; Bai et al., 2013). Most data shown in the
literature are in rodent. While there are al and a2 isoforms
in adult cardiomyocytes, al and o3 isoforms are expressed in
neonatal cardiomyocytes.

In cultured neonatal cardiomyocytes, hypertrophic stimuli
that mimic pressure overload induces reduced Nat/K+-ATPase
activity and the regression of 3 mRNA and protein without the
alteration of 1 mRNA and protein (Huang et al., 1997b).

Ouabain activates phosphoinositide 3-kinase (PI3K) o /Akt/f-
GSK/mTOR and lead to physiological hypertrophy in cultured
adult cardiomyocytes (Liu et al., 2007; Bai et al., 2013; Wu et al.,
2015). It is featured different from pathological hypertrophy as
no increase the influx of Ca?* (Bai et al., 2013) and hypertrophic
markers (ANP and BNP) in hypertrophic myocytes (Bai et al.,
2013; Wu et al., 2015).

Regression of the ouabain-sensitive isoform a2 is the marker
associated with cardiac hypertrophy in vivo (Book et al., 1994;
Charlemagne et al,, 1994; Wu et al, 2015), although several

reports have demonstrated that the ouabain-resistant isoform
al is also downregulated in cardiac remodeling (Norgaard
et al., 1988; Semb et al., 1998; Borlak and Thum, 2003; Zwadlo
and Borlak, 2005; Kennedy et al, 2006). The a2 isoform
mRNA and protein are decreased during hypertrophy of the
left ventricle, e.g., in pressure-overload (Book et al., 1994;
Ruiz-Opazo et al, 1997; Rindler et al, 2013), isoprenaline-
induced cardiac hypertrophy (Baek and Weiss, 2005), myocardial
infarction (Book et al., 1994), and uremic cardiomyopathy
(Kennedy et al,, 2006). Alteration of the a2 isoform of the
Nat/K*-ATPase may be a mechanism for pressure overload-
induced transcriptional response (Ruiz-Opazo et al., 1997). This
downregulation of the a2 isoform attenuates the control of
Na™t/Ca?" exchanger (NCX) activity and reduces the capability
to extrude Ca’t from cardiomyocytes (Swift et al., 2008). In
failing hearts, the a2 isoform are correlated to increases Ca>"
cycling (Liu and O’Rourke, 2008) and disorganized T-tubule
network in cardiomyocytes (Swift et al.,, 2008). However, the
cause-and-consequence of down-regulation of a2 in cardiac
remodeling is unclear.

It is interested to know if the compensation between the
isoforms and interaction among the isoforms and other proteins
would be true in human heart. In a1*/~ heterozygote mice,
cardiac 02 was increased 50%. In a2*/~ heterozygous mice,
al was not changed but NCX was dramatically increased
(Yamamoto et al, 2005). Another example is Ankyrin-B.
Ankyrin-B is a universal cell membrane adaptor protein. It may
be the scaffold protein for the interaction between Na™/K™-
ATPase and NCX. Reduced T-tubular a1 and a2 were shown in
the mice with heterozygous knockdown of Ankyrin-B (Mohler
et al., 2003).

Overexpression of cardiac-specific a2 but not al (Correll et al.,
2014) protects the heart from pressure overload induced cardiac
hypertrophy, fibrosis, and cardiac dysfunction, suggesting
that a2 regulates cardiac pathological hypertrophy. Na®/K*-
ATPase a2 overexpression does not block TAC-induced pro-
hypertrophic signaling pathways, such as previously established
Ca**/calmodulin-dependent protein kinase II (CaMKII) and
nuclear factor of activated T cells (NFAT) (Correll et al., 2014),
but its impact on NCXI1 is sufficient to improve cardiac function
during the cardiac remodeling. The possible mechanisms may
be because overexpression of a2 decreases PLM levels and
phosphorylation. PLM is an inhibitor of Na®/K*-ATPase
activity. Although both al and a2 isoforms directly couple to
NCXI, a2 isoform is much more enriched in T-tubules and
partial inhibition of a2 but not al can increase Ca’>* transients
suggesting a2 isoform is responsible for regulating NCXI1 to
control intracellular Ca*t. [Nat] curve of Nat/KT-ATPase
activity in overexpressed a2 myocytes shifted to left compared
to control and al overexpression suggesting a2 has a higher
affinity and it may be due to less regulated by PLM. Intracellular
Na™ plays a crucial role in contractility and cardiac remodeling
in failing hearts because lower intracellular Na™ results in less
damage to mitochondria and reduction in ATP production
(Pieske et al., 2002; Pogwizd et al., 2003).

Cardiac-specific a2 isoform knockout mice are able to survive
and have no change in baseline cardiac function (Correll et al.,
2014). Reversing the sensitivities of the al and o2 isoform
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to ouabain causes more severe hypertrophy and fibrosis by
pressure-overload (Wansapura et al, 2011). These findings
indicate that a1 and a2 isoforms play distinct roles in regulating
cardiac remodeling.

To be sure the relative insensitivity of rodent Nat/K*-
ATPase compared to human is well known and is an important
methodological limitation in studies that examine Na™/K*-
ATPase interactions with cardiac glycosides, such as those
referenced above. Thus, these studies need to be interpreted in
light of this important limitation and care needs to be given
to extrapolating their relevance to humans, especially as these
differences may be exacerbated in the heart.

OUABAIN INFUSION IN CARDIAC
REMODELING

Infusion of ouabain (15 pg/kg/day x 18 weeks) doubles plasma
“ouabain-like” immune-reactive material from 0.3 to 0.7 nM and
induces hypertension as well as cardiac and renal hypertrophy
in rats (Ferrandi et al., 2004). Other studies (Manunta et al,,
1994, 2000; Huang and Leenen, 1999; Rossoni et al., 2002) also
showed that infusion of ouabain (25-30 pg/kg/day) for 5 weeks
induces hypertension in rats. Rats are much more sensitive to
hypertension compared to mice via ouabain. However, other
researchers stated that cardiac hypertrophy in rats by ouabain is
independent of hypertension (Jiang et al., 2007).

Conversely, ouabain does not induce cardiac hypertrophy
in mice; moreover, ouabain is protective against pathological
hypertrophy. Infusion of ouabain (300 g/kg/day) induces
hypertension in mice and results in 3.3 nM of “ouabain-like”
immune-reactive material (Dostanic et al., 2005). Infusion of
ouabain (50 pg/kg/day x 4 weeks) does not induce mouse
hypertension and cardiac hypertrophy in vivo (Wu et al., 2015).
Others (Dostanic et al.,, 2005) also reported that the repeated
daily administration of 100 pg/kg of ouabain to mice resulted
in no significant change (the range of 0.75-0.87 nM) in serum
of “ouabain-like” immune-reactive material and no effect on
systolic blood pressure. The minimal dose of ouabain causing
positive inotropic effect is noted to be 40 nM in isolated perfused
heart (Dostanic et al., 2003). Infusion of ouabain (50 pg/kg/day)
with an implantable osmotic pump in mice for the first 4
weeks starting 1 day after transverse aortic constriction (TAC)
prevents pressure-overload-induced cardiac hypertrophy (Wu
et al., 2015). The prophylactic effect of sub-inotropic and sub-
nanomolar dose of ouabain is associated with activation of
PI3Ka (Wu et al., 2015). Ouabain also attenuates TAC-induced
reduction of the a2 Na*/K*-ATPase. These results demonstrate
the regression of a2 Na*/K*-ATPase in cardiac hypertrophy and
suggest that preservation of the a2 Nat/K*-ATPase improves
cardiac function and prevents cardiac hypertrophy. These data
provide experimental evidence that ouabain can be beneficial to
stage A [at high risk for heart failure (HF) but without structural
heart disease or symptoms of HF] and B (structural heart disease
but without signs or symptoms of HF) patients but not the stage
C (structural heart disease with prior or current symptoms of
HF) and D (refractory HF requiring specialized interventions)

patients [according to the American Heart Association (AHA)
and American College Cardiology Foundation (ACCF) guideline
(Writing Committee et al., 2013)].

Intriguingly, recent findings by Neubig and colleagues
(Sjogren et al., 2012, 2016) have shown that by screening several
thousand compounds, digitalis drugs (including ouabain and
digoxin) are able to stabilize RGS2 protein, a molecular brake for
overdriven Gq signaling in the diseased heart. More interestingly,
they further proved the stabilization of RGS2 protein by very
low concentration of digoxin (2 pg/kg/day, 7 days) protects heart
from injury in mice (Sjogren et al., 2016). However, it is unclear
that the impact of digitalis drugs on RGS is direct or indirect via
Na®/K*t-ATPase.

OXIDATIVE STRESS, ENDOGENOUS
CARDIOTONIC STEROIDS, AND CARDIAC
FIBROSIS

Ouabain activates membrane receptor tyrosine kinase and
Src/Ras and results in increase of mitochondrial reactive
oxidase species (ROS) in cardiomyocytes (Liu et al., 2000,
2006). Ouabain-induced ROS is independent of the changes of
intracellular calcium and sodium (Xie et al., 1999; Liu et al., 2000,
2006). ROS are not contributed to the positive inotropic effect of
ouabain, but a ROS-dependent pathway is involved in ouabain-
induced hypertrophy (Xie et al., 1999), and contributes to gene
transcriptional regulation of hypertrophy (Liu et al., 2000; Liu
and Xie, 2010).

Since “endogenous ouabain” in human was first reported in
1991 (Hamlyn et al.,, 1991), many research groups have isolated
Na®/K*t-ATPase ligands and identified them as “ouabain-;
“digoxin-,” “marinobufagenin (MBG)-,” and “telocinobufagin”-
like steroids (Hamlyn, 2014) and collectively referred to as
“cardiotonic steroids” (Bagrov et al., 2009). Several clinical and
experimental studies have reported that endogenous Nat/K™-
ATPase ligands act as natriuretic hormones and are elevated
in cardiovascular and renal diseases (Kolmakova et al., 2011;
Kennedy et al,, 2015). “Endogenous ouabain” in the immediate
postoperative period was strongly indicative of a more severe
cardiac disease and predicts mortality in heart failure patients
undergoing elective cardiac surgery (Simonini et al., 2015). There
are debates and inconsistencies within this field. For example,
conversely, other research groups were not able to detect plasma
endogenous ouabain in any conditions (Baecher et al., 2014;
Lewis et al., 2014). Technical problems on the measurement
of these “endogenous” steroids need to be resolved in the near
future.

The hypothesis proposed by Blaustein (2014) is that
endogenous ouabain (EO) has similar short term effect but
different long term effect than that of digoxin. Long-term
effects of EO cause hypertension and heart failure (Blaustein,
2014). Fedorova and coworkers demonstrated that in response
to salt loading, transient increases in brain EO, stimulates
adrenocortical MBG via an angiotensin I receptor pathway
resulting in renal sodium pump inhibition and elevation in
blood pressure (Fedorova et al., 2005). Nevertheless, Endogenous
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MBG affects different signaling pathways and functions from
ouabain in the heart. Plasma MBG is elevated in uremic
cardiomyopathy in rats (Haller et al., 2012), as well as in the
left anterior descending (LAD) ligation model of heart failure
in mice (Fedorova et al., 2015a; Kennedy et al., 2015). Elevated
plasma MBG is correlated with higher blood pressure, especially
in salt sensitive men (Fedorova et al., 2015b). Moreover, MBG
stimulates collagen synthesis and cardiac fibrosis (Elkareh et al.,
2007; Kennedy et al., 2015; Drummond et al., 2016). Infusion
of MBG to mice increases nitrative stress and cardiac fibrosis
(Fedorova et al., 2015a; Kennedy et al., 2015), while monoclonal
antibodies against MBG are able to reverse cardiac fibrosis in
uremic cardiomyopathy (Haller et al., 2012). MBG (100 nM)
also resulted in a two-fold rise in collagen-1 in cultured rat
aortic smooth muscle cells and a marked reduction in the
vasorelaxation following endothelin-1 stimulated constriction in
the aortic rings (Fedorova et al., 2015a). Elevated MBG levels
are associated with worsened right ventricular function even
after controlling for age, sex, diabetes mellitus, and ischemic
pathogenesis in humans (Drummond et al., 2016). Clearly, MBG
exhibits at least some of its effects via the a1 isoform as infusion
of MBG causes cardiomyocyte death and dilated cardiomyopathy
in a1 knockdown mice (Liu et al., 2012).

SUMMARY

The Na®/Kt-ATPase o isoforms play an important role in
the regulation of cardiac remodeling. A schematic diagram

that visually summarizes the reviewed results and conclusion
is presented to assist readers in efficiently seeing the proposed
interaction effects in Figure 1. The al isoform regulates cell
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Control over the Na,K-ATPase function plays a central role in adaptation of the organisms
to hypoxic and anoxic conditions. As the enzyme itself does not possess O, binding
sites its “oxygen-sensitivity” is mediated by a variety of redox-sensitive modifications
including S-glutathionylation, S-nitrosylation, and redox-sensitive phosphorylation. This
is an overview of the current knowledge on the plethora of molecular mechanisms
tuning the activity of the ATP-consuming Na,K-ATPase to the cellular metabolic
activity. Recent findings suggest that oxygen-derived free radicals and H>O»o, NO,
and oxidized glutathione are the signaling messengers that make the Na,K-ATPase
“oxygen-sensitive.” This very ancient signaling pathway targeting thiols of all three
subunits of the Na,K-ATPase as well as redox-sensitive kinases sustains the enzyme
activity at the “optimal” level avoiding terminal ATP depletion and maintaining the
transmembrane ion gradients in cells of anoxia-tolerant species. We acknowledge the
complexity of the underlying processes as we characterize the sources of reactive
oxygen and nitrogen species production in hypoxic cells, and identify their targets, the
reactive thiol groups which, upon modification, impact the enzyme activity. Structured
accordingly, this review presents a summary on (i) the sources of free radical production
in hypoxic cells, (i) localization of regulatory thiols within the Na,K-ATPase and the role
reversible thiol modifications play in responses of the enzyme to a variety of stimuli
(hypoxia, receptors’ activation) (iii) redox-sensitive regulatory phosphorylation, and (iv) the
role of fine modulation of the Na,K-ATPase function in survival success under hypoxic
conditions. The co-authors attempted to cover all the contradictions and standing
hypotheses in the field and propose the possible future developments in this dynamic
area of research, the importance of which is hard to overestimate. Better understanding
of the processes underlying successful adaptation strategies will make it possible to
harness them and use for treatment of patients with stroke and myocardial infarction,
sleep apnoea and high altitude pulmonary oedema, and those undergoing surgical
interventions associated with the interruption of blood perfusion.

Keywords: Sodium-Potassium-Exchanging ATPase, redox regulation, thiols, hypoxia, S-glutathionylation,
S-nitrosylation
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INTRODUCTION. OXYGEN, AND OXYGEN
SENSING FROM EVOLUTIONARY AND
MODERN PERSPECTIVES

Oxygen, Redox State, lons, Energy, and
Na,K-ATPase

Sustaining of life is a process requiring high energy costs.
Energy production in living systems utilizes transmembrane
electrochemical gradients, those for ions and redox equivalents.
No gradients can be sustained without a membrane, so
membranes are the key elements of any living cell since the
first proto-cell, the last universal common ancestor (LUCA),
that existed more than 3 billion years ago on our planet (Sousa
et al., 2013). As life evolved, more specialized compartments
were formed within cells, each surrounded by its own membrane.
Modern plasma membrane uses the energy of ATP produced
by aerobic or anaerobic pathways to generate transmembrane
Na™/K* and Ca®" gradients. One member of the P-type ATPases
family, Na,K-ATPase, transforms the energy of phosphate bonds
within the ATP to the energy of transmembrane Na/K gradient
that is used to support the excitability of neurons and myocytes,
control of intracellular Ca?>* levels and pH, intake of amino
acids and fuel, and for sensing and signaling (Blanco and Mercer,
1998; Therien and Blostein, 2000; Blanco, 2005; Geering, 2006;
Toyoshima et al., 2011; Reinhard et al., 2013; Shattock et al.,
2015). It uses 1 ATP molecule to exchange 3 intracellular Na™
ions for 2 extracellular Kt ions per cycle. The number of
cycles varies between 1500 and 10,000 per min (Liang et al.,
2007) and the corresponding energy expenditure ranges between
20% of total energy consumption in non-excitable cells to
75% in excitable tissues under hypoxic conditions (Buck and
Hochachka, 1993; Erecinska and Silver, 2001). Being a major
sink for ATP under hypoxic conditions, Na,K-ATPase is capable
of “sensing” the changes in O, availability and adjusting its
activity to the rates of ATP production (Bogdanova et al., 2006).
This review summarizes the progress in our understanding of
the mechanisms utilized by the Na,K-ATPase for “O, sensing.”
Recent developments in of the field of free radical biology and
medicine have provided decisive clues for dissection of these
mechanisms and the role that protein thiols play in it.

Reactive Oxygen (ROS) and Nitrogen (RNS)
Species As Signal Messengers

Oxygen is a key component of the cell energy production
machinery driving Cambrian explosion ~500 Mio years ago. It
plays a role of the final acceptor of the mitochondrial electron
transport chain (ETC), which is coupled to ATP production
by the H*-dependent reversible mitochondrial ATPase in the
mitochondrial oxidative phosphorylation (OXPHOS) system.
Many other metabolic reactions in the cell also use oxygen as a
necessary component. Thus, cells have developed systems that
can sense fluctuations in oxygen concentration and perform
different adaptations, and there are several links between hypoxia
sensing and redox reactions that we briefly explore here.

Oxygen produces reactive oxygen species (ROS) by successive
one-electron reductions (Figure 1). Superoxide anion (O357) is

the first ROS formed from O,; its half-life is as short as 2 x
10° M~!'s™! (Kalyanaraman, 2013), what makes O3~ particularly
difficult to detect. It is not a powerful oxidant, and its effect
on protein thiols is mainly limited to disruption of iron-sulfur
clusters; in this regard, mitochondrial aconitase inactivation has
been a classical hallmark of mitochondrial superoxide production
(Fridovich, 1995; Hausladen and Fridovich, 1996). It dismutates
spontaneously or by the action of cytosolic or mitochondrial
superoxide dismutases (Cu,Zn-SOD or Mn-SOD respectively),
producing a reduced form, hydrogen peroxide (H,O,), and
an oxidized form, water (H,O). Hydrogen peroxide half-life
is quite greater than that of its predecessor, 10°~10* M~1s~!
(Kalyanaraman, 2013), it can cross biological membranes and
oxidize thiols within Cys residues in proteins. The latter
capacity has been a useful tool for nature to design molecular
sensors of HyOy; likewise several laboratories have developed
different fluorescent proteins capable of detecting H,O, through
reversible oxidation of critical, sensitive thiols in their structure
(Hanson et al., 2004; Belousov et al., 2006; Ermakova et al.,
2014). All together, these features make H,O, the most easily
detectable ROS and the best known. A one-electron reduction
of hydrogen peroxide forms hydroxyl radical (*OH), a reaction
that can be catalyzed by the oxidation of Fe** into Fe** in
the so-called Fenton reaction (Kalyanaraman, 2013). *OH is the
most reactive and probably the most toxic free radical due to
the initiation of radical chain reactions. It is worth mentioning
the very fast reaction of superoxide with nitric oxide (NO®) to
form peroxynitrite (ONOO™), with a rate comparable to that of
diffusion, 4-6 x 10° M~!s™! (Kalyanaraman, 2013). Although
peroxynitrite (one of the reactive nitrogen species, RNS) is well
known as an inducer of tyrosine nitration, it is a peroxide and as
such it is a very effective two-electron oxidant of thiols.

ROS/RNS and Hypoxia

Since ROS are chemical derivatives of O, hypoxia would lower
the production of ROS due to the law of mass action, i.e., as
there is a lower oxygen concentration, one would expect to
observe a decrease in ROS production. However, cell systems
are often more complicated than the basic chemical systems
in a test tube with multiple players and reactions involved
in production and scavenging of ROS and RNS. Apart of
thermodynamic and kinetic restrains, compartmentalization
within the cell and species/cell type-specific settings affect the
capacity of electron donors to react with the oxygen molecules
and time course of these reactions. Indeed, there has been a
long-standing controversy in the field, as there are a number of
observations reporting lower ROS production in hypoxia (Hagen
et al.,, 2003; Acker et al., 2006; Chua et al., 2010; Fernandez-
Aguera et al, 2015) but also the opposite (Chandel et al,
1998, 2000; Guzy and Schumacker, 2006), what has been called
the paradoxical ROS increase in hypoxia (Turrens, 2003; Guzy
and Schumacker, 2006). This controversy emerged from the
differences in experimental design including timing of hypoxic
exposure prior to ROS detection, cell type, tissue or organism,
as well as from the methodological diversity in ROS detection.
For example, two groups detecting O3~ in cells using superoxide-
sensing probe (dihydroethidium) and microscopy reported the

Frontiers in Physiology | www.frontiersin.org

47

August 2016 | Volume 7 | Article 314


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Bogdanova et al. Responses of Na,K-ATPase to Hypoxia

Mb-NO _  Mb
1'7;1§7M-1 s ~7x10° M-1st .
NO +o,- s"ONOO

~2*10°Ms (nanomolar)

Hb-NO < .OH

10°s

10-15s soD Fe2*, Cu*
02 NOXes i 02.-, ~10° M-1s-1 H.O apaliase HZO . 02
’ 2Y2 :
(picomolar) .
(micromolar) peroxidase

10°s
minutes ‘HZO
DUOXes '

FIGURE 1 | Schematic representation of reactions in which reactive oxygen and nitrogen species are formed. Shown in blue are the half-life for each
species and in brackets the concentration range for each species in biological systems, and in green the enzymes catalyzing the corresponding reactions: dual
oxidizes (DOUXes), superoxide dismutases (SOD). Under the arrows are the rate constants for the reactions shown. Myoglobin (Mb) and hemoglobin (Hb) are shown

as sinks for NO.

opposing findings (Quintero et al., 2006; Chua et al.,, 2010).
The only decisive difference was the time of hypoxic exposure.
Detection of O3~ in cells following 3 h of hypoxia showed no
changes in superoxide levels compared to the normoxic control
(Chua et al,, 2010), while facilitation of OS5~ production was
observed during the first hour of hypoxia (Quintero et al., 2006).
A recent report reconciled this apparent controversy, as it showed
that production of mitochondrial superoxide is upregulated
exclusively during the first minutes of hypoxia and its production
decreases afterwards, in what has been called a superoxide burst
in hypoxia (Hernansanz-Agustin et al., 2014).

Several sources have been proposed to be the origin of
ROS in hypoxia. One of the first enzymes implicated in ROS
generation in hypoxia was NADPH oxidase, which plays a role
in hypoxic pulmonary vasoconstriction (HPV) (Marshall et al.,
1996). Together with this, xanthine oxidase was also shown to
produce ROS in hypoxia in neurons, contributing to cell death in
ischemic conditions (Abramov et al., 2007).

Last but not least, mitochondria-derived ROS have been
also shown to increase in hypoxia (Chandel et al, 1998,
2000; Hernansanz-Agustin et al, 2014), are necessary for
ROS production by NADPH oxidase in hypoxic pulmonary
vasoconstriction (Moreno et al, 2014) and are prior to the
xanthine oxidase-derived ROS (Abramov et al., 2007). The
source of electron leakage giving rise to an excessive production
of O} remains a matter of intensive investigation. Listed
below are some considerations regarding the causes and
possible mechanisms of hypoxia-inducible O3~ burst in the
mitochondria.

ROS and RNS Production in Hypoxic

Mitochondria

Mitochondrial electron transport chain (mtETC) consists of four
protein complexes within the mitochondrial inner membrane.
Complexes I and II oxidize electron carriers NADH and

FADH,;, and transfer the electrons to complex III by means of
ubiquinone. Complex III reduces cytochrome ¢, which transports
the electrons to complex IV and reduces O, to H;O. These
activities of complexes I, III, and IV are coupled to the pumping
of H' across the mitochondrial inner membrane, thus creating
an electrochemical gradient. The oxidative phosphorylation
system (OXPHOS) includes a fifth complex, complex V or
ATP synthase that transforms the energy of proton gradient to
phosphorylation of ADP to ATP (Mitchell, 1961; Mitchell and
Moyle, 1967).

It is suggested that ROS generation occurs mainly at the level
of complex I, but also at complex III (Turrens, 2003; Murphy,
2009; Drose and Brandt, 2012). FMN group within complex I
oxidizes NADH into NAD™ and transfers electrons to a series
of Fe-S clusters which, in turn, reduce ubiquinone into ubiquinol
(Berrisford and Sazanov, 2009; Hunte et al., 2010; Zickermann
et al., 2015) in the so-called forward electron transport. On
the other hand, at high mitochondrial transmembrane potential
AWmt or in the presence of the complex II substrate succinate,
complex I can accept electrons from ubiquinol and reduce NAD ™
into NADH at the level of flavin mononucleotide FMN, together
with the intrusion of HT in a process called reverse electron
transport (RET) (Vinogradov and Grivennikova, 2005, 2016;
Drose and Brandt, 2012). In both forward and reverse transport
there is a leakage of electrons giving rise to O3~ production.
Inhibitors targeting the ubiquinone-binding site (e.g., rotenone;
Pryde and Hirst, 2011) increase the leakage in the forward
transport, but inhibit it in RET. It is also reported in the presence
of high concentrations of succinate, condition associated with
progression of ischemia-reperfusion injury (Drose and Brandt,
2012; Chouchani et al., 2014). RET also takes place at elevated
AWmt (Korshunov et al., 1997; Drose and Brandt, 2012). O3~
produced by complex I will be released toward the mitochondrial
matrix where it is dismutated by Mn-SOD (SOD2) to H,O;.
The latter is further detoxified by GSH-Glutaredoxin2 system
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within the matrix (Drose et al., 2014). Complex III can also
give rise to O3~ production along with oxidation of ubiquinol
to ubiquinone known as Q cycle (Boveris et al., 1976; Cadenas
et al., 1977). This process includes formation of semiquinone as
an intermediate step (Trumpower, 1990), and this step becomes
rate-limiting at high AWmt or in the presence of the complex
III-Qi site inhibitor Antimycin A. In case of electron leakage
from complex IIT O3~ is accumulating within the intermembrane
space. After dismutation by Cu,Zn-SOD (SOD1) the resulting
H,0; is extruded from the mitochondria into the cytosol through
porin (Drose et al., 2014) and then detoxified by catalase and
GSH/glutaredoxin 2 systems. Free radicals and H, O, originating
from these two complexes most likely serve as local signaling
messengers.

Evidence obtained using transgenic animal models suggest
different mitochondrial complexes of the mtETC are involved
in generation of superoxide anion participating in redox
signaling. Knocking down Rieske iron-sulfur protein (RISP)
within the complex III indicates the key role of electron
transport by this complex for HIF-la stabilization under
hypoxic conditions (Brunelle et al.,, 2005; Guzy et al., 2005;
Mansfield et al, 2005). Silencing of the NDUFS2 protein
expression within complex I compromised hypoxia-induced ROS
production and arterial chemoreception in vivo (Fernandez-
Aguera et al,, 2015). However, none of these studies explained
the paradox of ROS production in hypoxia or addressed the
mechanism of their production. Our recent data point to the
key roles of complex I deactivation and Nat/Ca?" exchange
through the mitochondrial Na™/Ca?" exchanger in the hypoxic
superoxide production (Hernansanz-Agustin et al., manuscript
submitted).

CO, H3S, and NO production are most likely supported
within the mitochondria by heme oxygenase 1 (Ryter et al,
2006), mitochondrial NO synthase (Ghafourifar and Sen, 2007),
and 3-mercaptopyruvate sulfurtransferase (Li et al., 2011).
All gasses were shown to protect tissues from irreversible
suppression of respiratory capacity of mitochondria during
ischemia-reperfusion injury (Elrod et al., 2007). In addition to
blocking complex III H,S is also capable of direct binding to
the heme group of complex IV (Cooper and Brown, 2008).
Supplementation of H,S has been shown to inhibit HIF-la
stabilization in hypoxic, but not in anoxic conditions, which
is probably related to its capacity of inhibiting mitochondrial
respiration (Kai et al., 2012). Systemic administration of sulfide
was shown to sustain hibernation state (Blackstone et al,
2005). Nitrite causes inhibition of complex I by S-nitrosylation
(reviewed in Martinez-Ruiz et al., 2011) and decreases free radical
generation in tissues exposed to ischemia-reperfusion (Shiva
et al., 2007).

Genetic adaptation to hypoxia via stabilization of the alpha
subunit of hypoxia-inducible factors (HIFla and HIF2a), has
been suggested to require mitochondrial ETC O3~ production
(Chandel et al.,, 1998, 2000). However, how ROS act over
HIFa subunits or its degrading enzymes, the prolyl-hydroxylases
(EGLNs), is still unknown (Kaelin and Ratcliffe, 2008). More
recently, mitochondrial complex I and ROS production have
been shown to play a key role in acute oxygen sensing by carotid

body (Fernandez-Aguera et al., 2015). Such increase in ROS
production depolarizes glomus cells through inhibition of K*
channels and increase of cytosolic Ca?" by extracellular Ca®"
influx. Both stabilization of HIF-a subunits and inhibition of
K" channels could be influenced by ROS through oxidation
of thiols. Indeed, redox balance is also modified in hypoxia
since ROS reversibly oxidize thiols in the cytosolic compartment
of cells which, in turn, could have a role in cell signaling
and survival during hypoxia (Izquierdo-Alvarez et al., 2012).
Superoxide anion generation by mitochondria upon decrease
in oxygenation below “normoxic values” as well as decline in
NO production by neuronal and inducible NO synthases that
have low affinity for O, (Kg 2-5 kPa; Dweik, 2005) result in
an increase in oxidized glutathione in hypoxic heart tissues
of animals that are hypoxia-sensitive, but not in hypoxia-
resistant ones (Petrushanko et al., 2012; Yakushev et al., 2012).
Oxidized glutathione joins the reactions of non-enzymatic dithiol
exchange in which S-glutathionylated adducts of thiol residues
are formed in multiple proteins including the Na,K-ATPase. For
mitochondrial ROS/RNS to be regulators of the Na,K-ATPase
function under hypoxic conditions, the ROS generators should
be co-localized with the ATPase. The existence of membrane-
bound pool of mitochondria has been confirmed (Westermann,
2015). However, the role of ROS and RNS produced by the
mitochondria in control of the Na,K-ATPase activity, amplifying
and complementing the signals generated as NADPH oxidases,
xanthine oxidase and other free radical generators, awaits further
investigation.

Therefore, mitochondria-derived ROS produced in the first
minutes of hypoxia (Hernansanz-Agustin et al., 2014), may be
a primary and necessary event in redox signaling in hypoxia,
leading to the activation of multiple redox processes. All these
events converge to targeted thiol oxidation and development of
acute adaptive response (Izquierdo-Alvarez et al., 2012).

Both mitochondria and Na,K-ATPase are corner-stones in
control of metabolic state of hypoxic tissue. The intimate relation
between them remains to be unraveled as it does not seem to be
limited to the production and consumption of ATP alone.

VERSATILITY OF OXYGEN SENSING.
MULTIPLE SIGNALS-MULTIPLE
TARGETS —MULTIPLE

RESPONSES —MULTIPLE OUTCOMES

Changes in O, availability occurring in the course if evolution
trigger multiple responses in every cell of any living organism
on this planet (Holland, 2006). These responses are species-
and cell type-specific. Diversity in responses matches the oxygen
levels in the tissue under normoxic conditions (Bogdanova
et al., 2006) and is associated with adaptations some species
developed to survive hypoxic periods (Hochachka et al., 1999).
A single protein, such as the Na,K-ATPase, may demonstrate
essential hypoxia-insensitivity (Yakushev et al., 2012), maintain
maximal activity within a narrow window of O, concentrations
(Petrushanko et al., 2007), or show linear dose-dependence of
O, concentration in the environment (Bogdanova et al., 2005;
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Yakushev et al., 2012) depending on the species and cell type.
These responses also vary depending on the duration and severity
of hypoxia (Dada et al., 2003; Fuller et al., 2003; Bogdanova et al.,
2006; Petrushanko et al., 2007, 2015; Yakushev et al., 2012).

Patterns of response correlate with the changes in ROS/RNS
and NO production in the cells and the corresponding shifts
in redox state. Apart of the regulatory thiols within the Na,K-
ATPase changes in the enzyme activity are in part mediated
by its phosphorylation by multiple redox-sensitive kinases
and phosphatases (Devarie-Baez et al,, 2016). These versatile
signaling messengers as well as the variability in free radical
scavenging systems make responses to hypoxia dependent
on location of free radical generators and speciation of the
messengers (free radical- and gaseous-based). The mechanisms
of oxygen-inducible regulation are largely restricted to the
oxidative modifications of thiols (formation of mixed di-thiols
with glutathione, sulfide or other protein thiols, S-nitrosylation,
or proline/threonine carbonylation (Yan et al., 2013). These
changes occur in multiple proteins at the same time. Fine-
tuning of protein complexes is accomplished translating into the
protection against hypoxia or reperfusion injury at the tissue and
organism levels (Yan, 2014).

OXYGEN AND REDOX-SENSITIVITY OF
THE NA,K-ATPase

Na,K-ATPase and Its Thiols

Sodium potassium pump is formed by the 100-113 kDa catalytic
a subunit, the regulatory obligatory 55 kDa § subunit and the
tissue-specific regulatory proteins of 7-11 kDa belonging to the
FXYD family (Figure 2A; Blanco and Mercer, 1998; Blanco,
2005; Geering, 2006; Toyoshima et al., 2011). Furthermore,
Na,K-ATPase serves as a “docking station” for multiple other
proteins of those other ion transporters, receptors, cytoskeletal
proteins and members of signaling proteins are known (Reinhard
et al., 2013). Each Na,K-ATPase subunit type contains cysteine
residues. The only reduced thiol within the beta subunit is
localized at the edge to the membrane surface, diving into
and out of the membrane during the pumping cycle (White
et al., 2009; Bibert et al., 2011). Muscle-specific FXYD subunit
pospholemman (PLM) has two thiols (Bibert et al., 2011). The
catalytic a subunit is the largest of the three subunits, forms the
ATP binding site and binding sites for ions and transport pore,
and has 23-24 thiols depending on the isoform (Bogdanova et al.,
2006). Several of these thiols are considered to be the targets
of regulatory reversible thiol modifications. These modifications
make the Na,K-ATPase function extremely sensitive to the
changes in redox state and oxygen availability (chronic and acute
hypoxia).

Irreversible Oxidation of Thiols

Oxidative stress represents an imbalance between an augmented
production of pro-oxidative equivalents (mostly ROS and RNS)
and/or their detoxification rate by the so-called antioxidant
systems (Sies, 2015). Under these circumstances oxidants attack
reduced protein thiols turning them into sulfinic or sulfonic
acids. Irreversible oxidation induced in the Na,K-ATPase isolated

from kidneys by its exposure to 20 mM H, O results in a decrease
in Vo to a half and inability to form oligomeric complexes
(Kurella et al., 1999). Sensitivity to oxidation varied for the Na,K-
ATPase isozymes, those from the heart and the brain (astrocytes)
formed by the a2 isoform of the catalytic subunit being more
susceptible for oxidation than the ubiquitously expressed ol
isozyme (Xie et al., 1995). ATP was protecting the enzyme from
irreversible oxidation (Xu et al., 1997). Depletion of cytoplasmic
and mitochondrial GSH or exposure of cerebellar granule cells
to hyperoxia also caused suppression of the enzyme activity
associated with massive free radical burst (Petrushanko et al.,
2006, 2007).

As reviewed below terminal irreversible oxidation of the
enzyme has two more consequences. It makes the regulatory
thiols inaccessible for reversible thiol modifications and therefore
renders the enzyme insensitive to redox changes and alterations
in oxygen levels (Petrushanko et al., 2012). Irreversible oxidation
primes the proteins to degradation (Thevenod and Friedmann,
1999). In the lungs severe hypoxia (1.5 kPa) promotes
ubiquitination and lysosomal degradation of the alphal-isozyme
of the Na,K-ATPase by phosphorylation of the catalytic subunit
at Ser18 by PKCzeta (redox-sensitive kinase containing cysteine
clusters; Dada et al., 2003, 2007; Dada and Sznajder, 2003).

S-nitrosylation of Thiols
S-nitrosylation (and S-nitrosation, for nomenclature see
Heinrich et al, 2013) is a common thiol modification in
biological systems (Martinez-Ruiz and Lamas, 2004; Martinez-
Ruiz et al., 2013). Nitric oxide is unable to directly interact with
reduced thiols. Several mechanisms have been described for
nitrosothiol formation, which do not require the presence of
specific enzymes that catalyze these reactions (Martinez-Ruiz
etal., 2013).

Direct reaction of NO to nitrosylate a cysteine thiyl radical
(P-S®) whenever the latter has been formed.

P-S* + °NO — P-S-NO (1)

This is a fast reaction may compete with NO binding to the
heme of soluble guanylate cyclase sGC heme (Madej et al., 2008;
reviewed in Smith and Marletta, 2012). However, its biological
significance is limited to those proteins in which the thiyl radical
could be formed when NO is being produced.

NO autooxidation can also lead to S-nitrosylation, via the
formation of N,O3:

2NO + 02 — 2N02 (2)
NOZ + NO — N203 (3)
N,0; + RSH — RSNO + H + NO; (4)

The rate-limiting reaction is the formation of NO,, so it requires
avery high NO concentration for producing a significant amount
of S-nitrosylation. This high NO concentration can be achieved
in the proximity of NO sources, mainly NOS. Indeed, the reaction
is 30-fold faster in hydrophobic environments (Moller et al.,
2007), suggestion that it can be favored in regions close to cell
membranes, where NOS enzymes localize.
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Transnitrosylation in reactions involving modified cysteine
residues, including S-nitrosoglutathione, has emerged as an
effective and regulated mechanism forming this modifications
(Nakamura and Lipton, 2013; Kohr et al., 2014):

RSNO + R’SH — RSH + R’SNO (trans — nitrosylation,

nitrosylated glutathione may be involved) (5)
Interaction of peroxynitrite with cysteine thiol residues does
not give S-nitrosylated products directly but causes oxidation of
thiols to sulfenic acid that in turn can form mixed disulfides,
in particular with glutathione (see S-glutathionylation below;
Alvarez and Radi, 2003):

RS™ + ONOOH — RSOH + NO,

RSO™ + GSH — RSSG + OH™ (6)
Denitrosylation mainly involves two mechanisms (Smith
and Marletta, 2012). GSNO concentration is controlled by
enzymatically-catalyzed NADH (for GSNO reductase (GSNOR)
or NADPH-dependent (carbonyl reductase 1, CBR1) reduction
to GSH. Since trans-nitrosylation of thiols involves GSNO
(reaction 5), this process may be considered as rate-limiting in
S-nitrosylation of proteins. This is true for the Na,K-ATPase,
as increase in the levels of GSNO induces the second trans-
nitrosylation step and formation of S-glutathionylated adducts
of the a (Li et al., 2001; Petrushanko et al.,, 2015) and B (Liu
et al, 2013) subunits of the enzyme. Thioredoxin catalyzes
denitrosylation of multiple targets by trans-nitrosylation of its
active cysteines Cys32 and 35.

Hypoxia alters the number of S-nitrosylated cysteines in
numerous proteins. In endothelial cells with high levels of
eNOS (NOSIII) multiple targets get S-nitrosylated under hypoxic
conditions. This NO synthase has high affinity to O, (Kd 0.29
kPa, Dweik, 2005) and can therefore support NO production
at low O, levels. At the same time in heart tissue, where NOSI
and NOSII with low O, affinity are dominating (Kd 23-35
kPa, Dweik, 2005) hypoxia is associated with rapid cessation
of NO production and decrease in S-nitrosylation of cysteine
residues of the o subunit of the Na,K-ATPase (Yakushev et al.,
2012). NO and S-nitrosylation were shown to protect thiols
from irreversible oxidation and S-glutathionylation, and allow
the enzyme to maintain high activity in the brain and heart
(Petrushanko et al., 2007; Yakushev et al., 2012). Irreversible
oxidation makes regulatory thiols inaccessible for S-nitrosylation.
This may explain the fact that the sensitivity of the Na,K-ATPase
to NO was lost in a mouse model of amyotrophic lateral sclerosis
(Ellis et al., 2003).

S-glutathionylation of Thiols: Chemistry
S-glutathionylation (also referred to as S-glutathiolation), the
formation of a mixed disulfide between a protein cysteine and
that of glutathione. This thiol modification is produced in a
number of chemical reactions (Klatt and Lamas, 2000; Dalle-
Donne et al., 2007, 2008; Martinez-Ruiz and Lamas, 2007; Mieyal
et al., 2008; Bachi et al., 2013).

Reactions resulting in formation of S-glutathionylated protein
adducts include classical thiol disulfide exchange (reaction 7) that
does not require any catalysis, and several mechanisms requiring
prior oxidative modification of the thiol residues (either the
protein thiol or cysteine residue of GSH, reactions 8-13).

P-S7 + GSSG — P-SSG + GS™ (7)
Reactions priming thiols to S-glutathionylation include prior
formation of thiyl radicals with O, as an electron acceptor
(reactions 8-9), oxidation of thiols to sulphenic acid (reaction
10-11) or to nitrosothiol (reactions 12-13)

P—S* 4+ GS™ 4+ 0; — P-SSG+ O3~ (8)
P—S" + GS*+ 0, — P-SSG+ O3~

(catalyzed by glutaredoxin) 9)

P-SOH + GSH — P-SSG + H,0 (10)

P-SH + GSOH — P-SSG + H,0 (11)

P-SNO + GSH — P-SSG + HNO (12)

P-SH + GSNO — P-SSG + HNO (13)

S-glutathionylation of thiols in hypoxic cells is triggered by a
local shift in GSSG/GSH ratio toward more GSSG (Petrushanko
et al., 2012; Yakushev et al., 2012). On the other hand, oxidative
stress following superoxide anion burst in hypoxic mitochondria,
will promote oxidation of thiols to sulfenic acid priming them to
S-glutathionylation via reaction 10.

Reversibility — of  S-glutathionylation is  supported.
Glutaredoxinl and 2 may catalyze de-glutathionylation or
glutathionylation reactions depending on the redox environment
(NAD(P)H:NAD(P), GSH:GSSG, NO availability; Mieyal et al.,
2008). Not all thiols in the proteins are accessible for S-
glutathionylation. Whereas glutaredoxinl is active in the cytosol
and inter-membrane space, whereas glutaredoxin 2 is localized
in the mitochondrial matrix, controlling the state of protein
thiols in these compartments (Allen and Mieyal, 2012). Further
enzymes capable to catalyze de-glutathionylation reaction
include sulfiredoxin (Lei et al., 2008), glutathione transferase P
(Townsend et al., 2009), and glutathione transferase omega 1
(Menon and Board, 2013).

Not all thiols are equally accessible for S-glutathionylation.
Specific conditions that have to be fulfilled for the thiol to become
glutathionylated are discussed below.

Localization of the Groups Favoring Glutathionylation
The likelihood for a given thiol to undergo S-glutathionylation
is defined by several factors: (i) dissociation constant pKa of a
thiol (ii) microenvironment (amino acid composition in vicinity
to the cysteine residue), (iii) accessibility of the group and steric
restrictions, and (iv) redox potential of a thiol (Nagy, 2013).
Nucleophilic substitution reaction in which S-glutathionylated
adduct is formed involves interaction of a thiolate anion with a
GSSG molecule (Allen and Mieyal, 2012). Thiol therefore has to
be deprotonated to join this reaction. The average pKa of majority
of cysteine residues is 8.5. Thus, probability of deprotonation
of cysteine residues under physiological conditions is relatively
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low making S-glutathionylation selective (Dalle-Donne et al.,
2009). Reduction in pKa of distinct thiols is supported by the
positive charge of three flanking amino acids such as arginine,
lysine, or histidine (Allen and Mieyal, 2012; Sun et al., 2013;
Zhao et al., 2015). Proximity of negatively charged amino acids
to a thiol on the contrary compromises interaction with GSSG.
Protein sequence analysis for the a1 subunit of the Na,K-ATPase
revealed that cysteines 204, 452, 599, and 698 (corresponding
to the Cys 206, 454, 601, and 700 in Figure 2) are prone to
S-glutathionylation (Mitkevich et al., 2016).

Steric restriction and localization of cysteine residue within
the protein sequence are yet other parameters that should be
taken into consideration when predicting S-glutathionylation
sites (Pineda-Molina et al,, 2001). Hydrophilicity of GSSG
suggests that the residues should be exposed to aqueous phase as
the reaction with GSSG occurs. Furthermore, the exposed surface
of thiol should be sufficient for docking of GSSG to form mixed
dithiols (Sun et al., 2013). “Basal S-glutathionylation” of cysteines
that are buried within the protein, but are S-glutathionylated,
represents a special case and is discussed below.

Further restrictions limiting the number of S-glutathionylated
residues are related to the redox state of a thiol. For most proteins
GSH:GSSG ratio should decrease from 100:1 to 1:1 to achieve
S-glutathionylation of 50% of thiols (Allen and Mieyal, 2012).
Very few proteins, such as c-Jun may be glutathionylated within
physiological range of half-cell redox potential for GSH:GSSG
couple (Klatt et al., 1999; Allen and Mieyal, 2012). Na,K-ATPase
is one of these few proteins as interaction of the cysteine residues
within its catalytic a subunit with GSSG can be observed as
GSSG reaches 150 wM levels in the presence of 1.5 mM GSH
(Petrushanko et al., 2012; Yakushev et al., 2012).

S-glutathionylation and Targets in the

Na,K-ATPase

Alpha Subunit of the Enzyme

Cysteines of all three types of subunits forming Na,K-ATPase
undergo S-glutathionylation. Catalytic a subunit contains 23 or
more (depending on the isoform) cysteine residues (Figure 2A).
Fifteen out of 23 Cys residues of the al isoform are
localized within the cytosolic loops and are easily accessible
for interaction with cytosolic GSSG. Out of seven cysteine
residues of the regulatory p subunit 6 are forming S-S bonds
with each other and only one remaining cysteine possesses
a thiol accessible for S-glutathionylation (White et al., 2009).
Tissue-specific FXYD subunits also contain 1-2 cysteines of
which at least one undergoes S-glutathionylation (Bibert et al.,
2011).

Regulatory S-glutathionylation Cysteine residues that were
found S-glutathionylated within the al subunit isolated from
duck salt gland were classified as targets for regulatory or
basal S-glutathionylation (Petrushanko et al,, 2012). Whereas
basal S-glutathionylation is not associated with the changes
in the enzyme hydrolytic activity, binding of glutathione to
the regulatory cysteine residues causes the enzyme’s complete
inactivation that can be reversed upon de-glutathionylation

(Petrushanko et al., 2012; Yakushev et al., 2012). Regulatory S-
glutathionylation could be accomplished by incubation of the
purified enzyme or membrane fraction with GSSG indicating
that regulatory thiols were accessible for classical thiol disulfide
exchange (reaction 5). Similar response was obtained for the
al subunit within the broad range of tissues and cell type (cell
line, salt gland, kidneys, heart tissue) and species (duck, rabbit,
pig, mouse, rat, Spalax mole rat, trout, and human; Petrushanko
et al,, 2012, 2015; Yakushev et al., 2012; Juel, 2014; Xianyu et al.,
2014; Juel et al., 2015; Mitkevich et al., 2016). Apart of al, S-
glutathionylation of the a2 isozyme was shown in heart and
skeletal muscle. Moreover, a2 isozyme appeared to be more
sensitive to GSSG-inducible inhibition in rat heart (Petrushanko
et al., 2012; Xianyu et al., 2014; Juel, 2016). This observation
is in agreement with the report of Xie on exceptionally high
susceptibility of the a2 subunit to oxidation (Xie et al.,, 1995)
and suggests that Cys residue(s) within this isoform are more
accessible for oxidation (e.g., Cys 579 in Table 1). As can be seen
from the Table 1, microenvironment for two cysteine residues
(Cys 206 and 579) within the cytosolic loops of the a2 subunit
favors S-glutathionylation as non-charged amino acids present
in the al isoform are substituted by positively charged ones
facilitating thereby deprotonation of the thiols. Furthermore, a2
subunit harbors the extra cysteine (Cys 236) in the actuator
domain and lacks the Cys458 (present in the al). Thus, although
the number of cysteines does not differ between the al and
a2 subunits, their location, pK and the ability to become S-
glutathionylated show clear isoform-specificity.

Localization of the sites of regulatory S-glutathionylation was
identified by means of mass spectrometry (Petrushanko et al.,
2012). Three of them, Cys 454, 456, and 459 are proximal
to the ATP binding site whereas Cys 244 is localized in
the small cytosolic loop that may approach the ATP binding
pocket in E2 conformation (Bogdanova et al., 2006). Binding of
glutathione to the regulatory sites displaces adenine nucleotides
from interaction with the enzyme (Petrushanko et al., 2012). In
turn, GSSG cannot block the enzyme’s hydrolytic activity in the
presence of ATP or ADP (Petrushanko et al., 2012; Xianyu et al,,
2014). ATP was showing maximal “protective effect” compared
to the other nucleotides (Xianyu et al., 2014). Interaction with
ATP (but not with the other nucleotides) brings the nucleotide-
binding domain of the a subunit closer to the phosphorylation
domain (E1-closed state) shielding thiols of the small and large
cytosolic loops from attack by GSSG or oxidants (Petrushanko
etal., 2014) and making them less prone to irreversible oxidation
(Xie et al., 1995; Xu et al., 1997).

Increase in S-glutathionylation of the o subunit was
triggered by hypoxia associated with mild oxidative stress
and modest ATP depletion in rat heart and SCI cell line
derived from mouse fibroblasts (Petrushanko et al., 2012, 2015;
Yakushev et al., 2012). Inhibition of the Na,K-ATPase and
induction of S-glutathionylation could be mimicked by the
modulation of intracellular redox state by exposure of cells
to glutathione derivatives et-GSH, GSNO, GSSG, or depletion
of the intracellular GSH (Petrushanko et al., 2006, 2015). S-
glutathionylation of the o subunit cannot be sustained under
anoxic conditions. This thiol modification is induced by 0.2% O,
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TABLE 1 | Analysis of flanking amino acids’ composition of selected thiols in the «1 and «2 subunits (rat sequences).

Number Sequence Substitutions Comments
of Cys fragment ol-> o2
206 al NCCKV N->H Asp-> His (neutral to positive in a2)
a2 HCCKV
236 al NIAFF A->C Cys present in a2 and missing in a 1 isoform
a2 NICFF
458 al EVECGS V->L Cys missing in the a2 isoform and present in a 1 Val->Leu (neutral)
a2 ELSECGS C->S
513 al DRCSS S->T Neutral substitutions
a2 DRCST
551 al GFCHL H->Q His->GIn (positive to neutral in a2)
a2 GFCQL
579 al NLCFV N->K Asp->Lys (neutral to positive in a2)
a2 KLCFV
932 a VIOKT V->| Neutral exchange
a2 IICKT

ShkrE

Data shown in the table are obtained as a result of sequence alignment (Clustal O(1.2.1)) for the Na,K-ATPase «1(P06685) and a2 (P06686) subunits’ sequences for rat (Rattus
norvegicus), published in UniProt-Knowledgebase (Swiss-Prot collection of sequences, http://www.uniprot.org/uniprot). Included into the table are the amino acids flanking the cysteine
residues for which the isoform-specific differences (substitution, omission) have been observed. Asterisks stand for the conserved amino acids whereas dots and semicolon indicate

the substitutions. Cysteines are color-coded in blue and the substituted amino acids in yellow.

but less pronounced at 0.05% O, in mouse fibroblast-derived cell
line (Petrushanko et al., 2015).

Basal S-glutationylation of the o subunit

Basal S-glutathionylation of the o subunit of the Na,K-ATPase
is not associated with the changes in the enzyme function.
15 cysteine residues facing the cytosol are accessible for S-
glutathionylation. Treatment of the cell lysates, membrane
fractions or purified active Na,K-ATPase preparations with
reducing agents (e.g., by Dithiotreitol or Tris(2-carboethyl)-
phosphine, TCEP) could not completely remove glutathione
bound to the a subunits thiols (Mitkevich et al, 2016).
Complete de-glutathionylation could only be achieved under
conditions supporting partial denaturation of the protein (8
M urea and 8% SDS). De-glutathionylation of the cysteines
inaccessible for reducing agents in the protein retaining its
native structure was associated with substantial loss of the
enzyme activity due to unfolding. The only chance these Cys
residues shielded from GSSG and reducing agents have to
acquire S-glutathionylation is before the folding was completed
(Figure 2B). This implies that S-glutathionylation of certain
Cys residues is a co-translational rather than post-translational
modification and it may be required for correct protein
folding. Detailed analysis of the X-ray structures of the

porcine al subunit-containing enzyme (PBD codes: 3B8E, 3KDP,
3WGU, 3WGYV, 4HYT) revealed a number of isolated cavities
with unresolved electron density next to the Cys residues
(numbering as in Figure 2B) Cys 206-Cys 244; Cys 454-Cys
458-Cys 459; Cys 700-Cys 369, Cys 601 (Mitkevich et al,
2016).

These regions of relatively high residual electron density that
cannot be explained by the presence of water are sufficient in size
to home glutathione. However, so far no X-ray structures of the
actual catalytic subunit with S-glutathionylated cysteine adduct
was reported. Detection of glutathionylated residues in crystal
structures of proteins is not impossible (Srinivasan et al., 2014),
but much less common that detection of these modifications by
means of mass spectrometry. One of the technical approaches
to use for identification of S-glutathionylated cysteine residues is
tracking for glutathione localisation using analysis of unresolved
density next to the cysteine residues. This approach was used
for identification of glutathione bound to the ABC transporter
Atm1 (Srinivasan et al., 2014). In each cavity of the a subunit
only one Cys residue was reported to be S-glutathionylated (basal
type of S-glutathionylation, Figure 2B, Mitkevich et al., 2016).
These findings imply that Cys454 is located in a cavity and, hence,
cannot be a regulatory thiol as suggested earlier (Petrushanko
et al., 2012). Its basal S-glutathionylation will contribute to the
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protein folding instead. Out of the Cys206-Cys244 couple Cys
206 is capable of basal S-glutathionylation whereas Cys 244
carries a regulatory thiol group. In contrast to regulatory S-
glutathionylation observed within minutes after the drop in O,
availability, increase in basal S-glutathionylation is only observed
after 72 h of hypoxic exposure (Mitkevich et al., 2016). This
kinetics correlate with the onset of de novo protein synthesis
rather than acute alterations in thiol state.

Moreover, as this modification is retained during the life-span
of a protein it represents “redox memory” that reflects the cellular
redox state at the moment of synthesis of this molecule. Thus,
this “redox memory” may represent the process of adaptation to
the alterations in redox state occurring in particular in response
to deoxygenation. The fact that basal S-glutathionylation levels
differ in muscle fibers being higher in oxidative fibers compared
to the glycolytic fiber type suggests that it is likely to be associated
with the metabolic state of the tissue (Juel, 2014).

S-glutathionylation of Beta Subunit

A single reduced thiol group in § subunit of the Na,K-ATPase,
Cys 46 (Figure 2A), is the one that may undergo reversible post-
translational modifications. S-glutathionylation of this cysteine
residue was reported for all three muscle types (skeletal, smooth,
and heart muscles; Figtree et al., 2009; Liu et al., 2013; Juel et al.,
2015). Since interaction of glutathione with Cys 46 results in
down-regulation of the enzyme function this residue is a site of
regulatory S-glutathionylation (Figtree et al., 2009). Inhibitory
effect is achieved due to the weakening of the interaction between
o and B subunits upon S-glutathionylation (Figtree et al., 2009).
S-glutathionylation of B subunit does not inactivate the enzyme
completely (Figtree et al.,, 2009). Unfortunately, the studies in
which S-glutathionylation of the p subunit was detected were not
presenting the information on the degree of S-glutathionylation
of the a subunit, making it impossible to discriminate between
the impacts of these two processes into the enzyme activity
regulation (Liu et al., 2013).

In contrast to the regulatory cysteines of the catalytic o
subunit that are readily interacting with GSSG Cys 46 does
not join reaction of classical thiol disulfide exchange with
GSSG (Petrushanko et al, 2012). This may be attributed to
the localization of this Cys residue. According to the X-ray
structure it is buried within the membrane in E2 2K4Pi
conformation (Ogawa et al, 2009) and is only accessible for
S-glutathionylation in EIATP and EINa(3) conformation (Liu
et al., 2012). Furthermore, Cys 46 may become accessible or S-
glutathionylation upon the loss of association between the o and
p subunits (Garcia et al., 2015). Ouabain stabilizes the enzyme
in E2 conformation and compromises S-glutathionylation of
p subunit (Liu et al, 2012). De-glutathionylation can be
achieved by treatment of the S-glutathionylated enzyme with
Glutaredoxin.

Localization of the regulatory cysteine defines conditions
required for its S-glutathionylation. It only occurs in the
presence of peroxynitrite and hence involves reactions 12
and 13. Physiological and pathophysiological role of this
form of regulatory thiol modification in the heart has been
intensively investigated. Stimulation of O3~ production by

NADPH oxidases, that co-localize and co-immunoprecipitate
with the Na,K-ATPase, induces S-glutathionylation of the f
subunit at Cys46 (Liu et al., 2013). The stimulation of NADPH
oxidases could be triggered by their phosphorylation by PKC
produced upon activation of f1/p2 adrenoceptors or treatment
of the myocardium with angiotensin II. Furthermore, increase
in S-glutathionylation of the B subunit was reported in the
infarcted area in sheep heart (Figtree et al., 2009). Similar effect
was achieved by exposure of cardiomyocytes to the activator
of adenylate cyclase forskolin and the following activation of
PKCe (White et al., 2010) or direct administration of ONOO-
(Figtree et al., 2009). Scavenging of O3~ using superoxide
dismutase on the contrary abolishes S-glutathionylation of the p
subunit. Similar effect may be achieved by the stimulation of sGC
that interfered with phosphorylation and activation of NADPH
oxidases (Chia et al., 2015). Activation of B3 adrenoreceptor is a
physiological stimulus decreasing S-glutathionylation of the Cys
46 (Bundgaard et al., 2010). These differential responses are easily
explained based on the chemistry of S-glutathionylation of thiols.
Deoxygenation is associated with suppression in production of
NO by NOSI and NOS2 as well as in reduction of activity of
NADPH oxidases Kd of which for O is within 2 kPa range. Thus,
decrease in O, levels below this threshold reduces production
of peroxynitrite and decreases S-glutathionylation of Cys 46 in
p subunit. Uncoupling of oxidative phosphorylation and O3~
burst in the mitochondria on the contrary will facilitate GSSG
production in the cytosol and induce S-glutathionylation of
regulatory cysteines within the cytosolic loops of the catalytic o
subunit.

S-glutathionylation of FXYD Subunits

Tissue-specific FXYD proteins associate with Na,K-ATPase of
complex stabilizing it and modulating the enzyme activity
(Geering, 2006). These modulatory subunits also contain 1 or
2 cysteine residues that undergo reversible thiol modifications.
Most of the information on the role of these modifications in
control of Na,K-ATPase function was obtained for the cardiac-
specific FXYD1 subunit also known as phospholemman (PLM).
It contains 2 Cys residues (C1 corresponding to Cys40 and C2
corresponding to Cys42 in human FXYDI1 protein, Figure 2A),
and S-glutathionylation of the C2 was shown to correlate
reciprocally with the availability of glutathionylated form of the
subunit (Bibert et al., 2011). Localization of C2 and mechanisms
of induction of S-glutathionylation of PLM are most likely shared
with the B subunit of the Na,K-ATPase and involve peroxynitrite.
Interaction of PLM with glutathione may be triggered by
forskolin and prevented by exposure to superoxide dismutase.
De-glutathionylation is also catalyzed by glutaredoxinl or
treatment with DTT. Thus, both PLM and B subunits lack
cysteines that are not accessible for de-glutathionylation (redox
memory). Physiological stimuli increasing the level of PLM S-
glutathionylation include angiotensin II and infarction (Bibert
etal., 2011).

The importance of the amino acids flanking the cysteine
residue in control of accessibility of it for S-glutathionylation
was emphasized as the amount of glutathionylated adducts was
compared for several members of FXYD family. C2 cysteines
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were found to be prone to S-glutathionylation in FXYD2 (renal)
and FXYD7 (brain-derived) (Geering, 2006; Bibert et al., 2011).
Phospholemman (PLM, FXYDI) interacts with both catalytic
and regulatory subunits of the Na,K-ATPase. Thus, interaction
between « and p subunits and the enzyme function is affected by
S-glutathionylation of the FXYDI. Furthermore, the reciprocal
regulation of S-glutathionylation of the B and FXYD subunits
suggests that FXYD may reverse the inhibitory action mediated
by binding of glutathione to the regulatory f subunit on the
Na,K-ATPase. It remains unclear if glutathione is transferred
from the Cys46 on to the B subunit to the C2 residue in
reaction of thiol disulfide exchange of the FXYD protein or if S-
glutathionylation of the FXYD protein makes Cys46 inaccessible
for S-glutathionylation.

H>S and the Na,K-ATPase

Hypoxic exposure was shown to cause a rapid increase in H,S
levels in a number of cells including chemoreceptory glomus
cells (Peng et al., 2010; Olson, 2015; Yuan et al., 2015). Direct
interaction of H,S with the Na,K-ATPase has not been reported.
However, exposure of renal tubular epithelial cells to H,S
causes internalization of the Na,K-ATPase in complex with other
proteins. This inhibitory response of the pump is triggered by
sulfhydrolation of cysteines 797 and 798 at the epidermal growth
factor receptos (EGFRs) (Ge et al., 2014).

COORDINATED REGULATION OF
REDOX-SENSITIVE PROTEIN NETWORKS
BY REVERSIBLE THIOL MODIFICATIONS

S-glutathionylation and S-nitrosylation are altering the function
of numerous proteins that form redox sensitive networks
(Sun et al., 2006; Dalle-Donne et al., 2009). Protein clusters
forming these networks are the ones controlling metabolism,
ion transport, cell fate and cycle, adaptation, and others. This
type of free radical-based signaling is of key importance in
responses to hypoxia and reoxygenation mediating acute and
long-term tissue-specific coordination of function of multiple
proteins. S-glutathionylation of the o subunit of the Na,K-
ATPase occurs among with alterations in thiol state of other
proteins. The most obvious protein partners that undergo S-
glutathionylation are the adjacent  and FXYD subunits. Thiol
disulfide exchange in which PLM most likely acquires glutathione
from the Cys 46 subunit of the B subunit is suggested to cause
dissociation of the FXYD subunit of from the Na,K-ATPase
as it does not co-precipitate with the o subunit (Bibert et al.,
2011). As PLM is a regulatory subunit that is shared between the
Na,K-ATPase and the Na/Ca exchanger, it was suggested that S-
glutathionylation as well as its redox-sensitive phosphorylation
of it impacts activity of both transporters (Silverman et al,
2005; Cheung et al., 2007; Zhang et al., 2011). Calcium handling
in the heart is intimately linked to the Na%t levels (Shattock
et al,, 2015) and, hence to the activity of the a2 isozyme of the
Na,K-ATPase that is particularly prone to inhibition by GSSG
(James et al., 1999; Petrushanko et al., 2012). Apart of the Na/Ca
exchanger reversible thiol modifications are known to control

the activity of L-type Ca** channel, RyR2 ryanodine receptors,
SERCA2a Ca?* pump and multiple other ion transporters (Sun
et al., 2006; Bull et al., 2008; Lancel et al., 2009; Donoso et al.,
2011).

These coordinated redox-driven changes in activity of
multiple ion transporters may support cytoprotection and
survival of the cell/tissue/organism or promote death under
hypoxic conditions (see Section Regulation of the Na,K-ATPase
Activity by Cardiotonic Steroids).

OXYGEN-SENSITIVE PHOSPHORYLATION

Regulatory phosphorylation is known to control the activity,
sensitivity to the cardiotonic steroids, and availability of
the Na,K-ATPase on the plasma membrane. Changes in
phosphorylation state of the enzyme were reported in response
to hypoxic challenge and for a long time believed to be the only
mechanism involved in “channel arrest” response of the Na,K-
ATPase in hibernating animals (MacDonald and Storey, 1999;
Ramnanan and Storey, 2006; McMullen and Storey, 2008). At
present “channel arrest” responses seem to be more versatile,
and yet triggered by a single mechanism of regulation, in this
case not only the Na,K-ATPase itself, but also the redox-sensitive
kinases, namely, reversible thiol modifications of regulatory
cysteine residues or action of gasotransmitters. Phosphorylation
sites at the a, f and FXYD subunits are schematically presented
in Figure 3.

Protein Kinase C (PKC)

Hypoxic exposure of alveolar epithelial cells was shown to trigger
actively controlled internalization of the Na,K-ATPase in the
form of clathrin-coated vesicles (Dada et al., 2003). This process
was induced by phosphorylation of the o subunit of the Na,K-
ATPase by at atypical PKC isozyme.

Novel and classical PKC isoforms are also capable to alter
activity of the Na,K-ATPase in various cell types. Classical
(conventional a, B1 and B2, and y isoforms) and novel isoforms
PKC 3, ¢, 1, 6, and p may be activated diacylglycerol (DAG),
phorbol esthers and phosphatidylserine and are sensitive to
the changes in Ca?" in the cell. Atypical PKCt and £ retain
the sensitivity to phosphatidylserine but are Ca?*-insensitive
(Figure 3; Newton, 1995; Parker and Murray-Rust, 2004).

Catalytic core of PKC contains critical cysteine-rich motifs
that are conserved in all PKC isozymes making all proteins of this
class redox-sensitive (Newton, 1995). This motif is duplicated in
classical and novel PKC isoforms, whereas in atypical PKCs only
one repeat is found. Oxidation of these cysteines causes transient
activation of the enzyme but makes it unable to interact with
DAG and phorbol esters making it Ca?"- and DAG-insensitive
(Gopalakrishna and Anderson, 1989). S-glutathionylation of
these regulatory thiols is inactivating o, BI, BIL v, 8, €, and ¢
isoforms of PKC. Formation of glutathionylated adducts occurs
within physiological range of GSH concentrations (0.5-10 mM)
and results in the enzyme inactivation (Ward et al., 1998, 2000;
Chu et al., 2001). In addition, PKC may undergo S-nitrosylation
that was shown to suppress activity of PKCa (Choi et al., 2011).
Depletion of intracellular GSH by exposure to conjugating agent
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diethylmaleimide or inhibition of de novo GSH production by
L-buthionine-S,R-sulfoximine results in reduction in activity
of conventional PKC isoforms (a, I, and BII) by 35-50%,
along activation of the novel isoforms (3 and &) (Domenicotti
et al, 2000). This response of the PKCs to the changes
in redox state will induce endocytosis of the Na,K-ATPase
(Figure 3).

PKC phosphorylates the catalytic al subunit at Serll and
18 (rat sequence) at the N-terminus of the protein that forms
the actuator domain. Ser18 that is considered as a major
phosphorylation site is available for phosphorylation in the
E2 conformation (Feschenko and Sweadner, 1997). In the E1
conformation the N-terminus is translocated approaching the
small cytosolic loop that shields the phosphorylation site from
interaction with the kinase (Feschenko et al., 1997; Segall et al.,
2003). The analogs of Ser18 and Serll are missing in the o2

isoform of the catalytic subunit (compare sequences A24639 for
al and B24639 for o2 subunit in PubMed protein sequence
library http://www.ncbi.nlm.nih.gov) making this isozyme PKC-
insensitive. Phosphorylation efficiency may also vary depending
on the PKC isoform. Conventional isoforms are more efficient
in phosphorylation of the al isoform of the pump isolated from
rat retinal cells than the novel isoforms 8 and ¢ (Kazanietz
et al., 2001). Phosphorylation of the a subunit by PKC may have
stimulatory of inhibitory effects on the Na,K-ATPase depending
on the cell type (Therien and Blostein, 2000). It is suggested
that phosphorylation modulates interaction of the enzyme with
other proteins or trigger its internalization (Feschenko and
Sweadner, 1997). For example, activation of the atypical isoforms
of PKC & triggers internalization of the Na,K-ATPase in alveolar
epithelial cells under hypoxic conditions (Dada and Sznajder,
2003). This effect is initiated by the free radical burst in the
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mitochondria that is followed by the activation by the 5'-
AMP-activated protein kinase (AMPK) that is phosphorylated at
Thr172. The activated AMPK phosphorylates PKCg at Thr410
and its translocation to the plasma membrane (Gusarova et al.,
2009). Upon translocation PKC phosphorylates Na,K-ATPase
at the Serl8 residue in the N-terminus of the al subunit.
Endocytosis of the al-containing isozyme of the ATPase is
precluded by ubiquitination of the lysine residues next to the
Ser18 (Dada et al., 2007; Lecuona et al., 2007). Ubiquitination
makes the enzyme recognizable for the mu2 subunit of the
adaptor protein that binds to the Tyr527 of the al subunit
initiating its endocytosis in clathrin-coated vesicle is initiated
with the following degradation of the Na,K-ATPase (Chen et al,,
2006; Lecuona et al., 2007).

PLM is one more target of phosphorylation by PKCe at Ser36
and Ser 68. Phosphorylation it stimulated by Ca** and is NO-
dependent (Pavlovic et al., 2013). Ischemia was associated with
facilitation of phosphorylation of PLM, its de-attachment from
the ap complex and increase in the Na,K-ATPase hydrolytic
activity in sarcoplasmic membrane fraction (Fuller et al., 2003,
2009).

Protein Kinase G (PKG)

Hypoxia and reoxygenation result in the alterations in NO, CO,
and H,S production (see above). All gasotransmitters are capable
of activation of sGC that in turn triggers activation of cGMP-
dependent protein kinase PKC (PKG) (Therien and Blostein,
2000; Chen et al., 2015). Similar to that for PKC, phosphorylation
by PKG was reported to have diverse effects on the Na,K-ATPase
activity (Therien and Blostein, 2000). It remains unclear if PKG
can directly access the phosphorylation site within the a subunit,
as it could only be phosphorylated in the presence of detergents
in the purified protein preparation (Fotis et al., 1999; Beltowski
et al., 2003). However, treatment of yolk-free homogenates of
Xenopus oocytes with ¢cGMP results in phosphorylation and
activation of the Na,K-ATPase in the absence of detergents
(Fotis et al., 1999). It may reflect the indirect action of PKG
on the ATPase via the suppression of dephosphorylation. Yet
one more report on the activation of the 02/3 isozymes of the
Na,K-ATPase in the central nervous system involves activation
of cGMP-PKG pathway following the stimulation with glutamate
(Munhoz et al., 2005; Scavone et al., 2005). On the other hand,
supplementation of NO donors was shown to inhibit the Na,K-
ATPase in nonpigmented epithelial cells of porcine eyes that is
associated with activation of PKG (Shahidullah and Delamere,
2006). This effect involves PKG-driven activation of src-family
kinases (Shahidullah et al., 2014).

Apart of the alterations in the enzyme activity, stimulation
of the cGMP-PKG pathway may affect binding of cardiotonic
steroids to the Na,K-ATPase. Increases the sensitivity of the
renotubular Na,K-ATPase to marinobufagenin triggered by atrial
natriuretic peptide is mediated by the cGMP-PKG signaling
cascade (Fedorova et al., 2012).

Protein Kinase A (PKA)

Cyclic AMP-sensitive protein kinase (PKA) is a redox-
sensitive enzyme containing regulatory thiols (Brennan et al.,

2006). In the absence of cAMP the enzyme exists in the
inactive tetrameric state and the regulatory Cys199 within the
C subunits is inaccessible for regulatory S-glutathionylation
(Humphries et al., 2002). Binding of glutathione to this cysteine
residue inactivates the kinase and enhances dephosphorylation
(Humphries et al., 2005). Vector of the changes in activity of
PKA in response to deoxygenation is very much dependent
on the cell type and on the activity of G-protein coupled
receptors signaling via cAMP-PKA transduction pathway
(Jiang et al., 2011).

PKA phosphorylates the catalytic a subunit at Ser938 (rat
al sequence) within the cytosolic M8-M9 loop. This loop may
interact with the M10, C-terminus and the third Na™ binding
site. In line with that phosphorylation at Ser938 decreases affinity
of this Na™ binding site to Na™ and thereby suppresses the
enzyme function (Einholm et al., 2016).

In the purified Na,K-ATPase protein preparation this target
is accessible for phosphorylation in the presence of detergent
(Feschenko and Sweadner, 1994; Lutz et al., 1996). In intact COS
cells phosphorylation of the o subunit at Ser943 is triggered
by B-adrenergic stimulation with the following inhibition of
hydrolytic and transport activity of the Na,K-ATPase (Cheng
et al., 1997).

Activation of cAMP-PKA-dependent pathways in NRK-52E
and L6 cell lines may suppress activity of PKC and reduce
phosphorylation of the Na,K-ATPase at the PKC binding sites
(Feschenko et al., 2000). This cross-talk may result from the close
proximity of the PKG binding site to that of PKC (Kruger et al.,
2003).

Along with PKC, PKA may catalyze phosphorylation of PLM
at Ser68 (Fuller et al., 2004, 2009) in response to ischemia or f8
adrenergic stimulation (Despa et al., 2005) causing release of the
inhibitory action of association of the FXYD1 subunit with the
Na,K-ATPase.

REGULATION OF THE NA,K-ATPASE
ACTIVITY BY CARDIOTONIC STEROIDS

Cardenolides and bufadienolides are the two classes of
endogenous cardiotonic steroids that serve as hormones
selectively interacting with Na,K-ATPase. These compounds are
produced by midbrain and adrenocortical cells, and released
into the circulation in sub-micromolar concentrations in
response to various stimuli such as angiotensin II, acetylcholine,
vasopressin, catecholamines, and hypoxic exposure (Bagrov
et al., 2009). Interaction of these very low doses of endogenous
inhibitors with the Na,K-ATPase does not compromise the
transmembrane Na™ gradients, but induces activation of Src
kinase and formation of protein complex in which Src kinase and
Na,K-ATPase associate with epidermal growth factor receptor
(EGRF) and initiate several signaling cascades (Li and Xie, 2009).
Signaling modalities depend on the type of cardiotonic steroid
and its dose (Dvela et al., 2007). At the molecular level these
differences in physiological action of cardenolide ouabain and
bufadienolide marinobufagenin are reflected by the specific
pattern of conformational changes unique for each steroid
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upon binding to the purified Na,K-ATPase enzyme (Klimanova
et al., 2015). Affinity of the Na,K-ATPase to ouabain is maximal
in E2P conformation (in this conformation binding constant
for ouabain exceeds that for marinobufagenin by 17-fold),
whereas marinobufagenin does not discriminate between
the E1 and E2 conformations when binding to the enzyme
(Klimanova et al., 2015).

Notably, substitution of Cys 244 by Ala makes cells ouabain-
intolerant (Shi et al., 2000). This cysteine is a target of regulatory
S-glutathionylation (Petrushanko et al., 2012). Furthermore,
binding of cardiotonic steroids fixes the enzyme in distinct
conformation depending on the type of cardiotonic steroids
(Klimanova et al., 2015). Thus, binding of cardiotonic steroids
may alter susceptibility of cysteine residues to S-glutathionylation
and, vice versa, reversible thiol modifications may possibly alter
sensitivity of the enzyme to cardiotonic steroids. This hypothesis
awaits further investigations.

Local (renal) or systemic reduction in oxygen availability was
shown to trigger release of cardiotonic steroids (bufadienolides or
endogenous ouabain) into the circulation in rodents and humans
(Zhao et al., 1995; Bagrov et al., 1998; De Angelis and Haupert,
1998; Tian et al., 2010). Apart of the induction of cytoprotective
signaling pathway, endocytosis of Na,K-ATPase will support
reduction of ATP consumption by hypoxic tissue (De Angelis
and Haupert, 1998). Protective effect of distinct cardiotonic
steroids (low doses oleandrin for the brain and ouabain or
the heart) was reported for the brain and heart exposed
to ischemia-reperfusion (Pasdois et al., 2007; Van Kanegan
et al,, 2014). Binding of ouabain in low doses to the ATPase
protects from toxicity of other cardiotonic steroids (Nesher
et al.,, 2010). Whereas micormolar doses of cardiotonic steroids
trigger Ca?* overload and promote apoptosis (Winnicka et al.,
2007), nanomolar doses of some of these compounds stimulate
proliferation (Winnicka et al., 2010). This anti-apoptotic action
may be reflect the changes in affinity of the Na,K- ATPase-ouabain
complex to other proteins interacting with the Na,K-ATPase
such as PKC, BAX, and Bcl-2 (Lauf et al., 2015). Release of
them from the enzyme into the cytosol protects the cells from
apoptosis.

On the other hand endogenous ouabain and marinobufagenin
act as powerful vasoconstrictors actively participating in
development of hypertension (Bagrov and Fedorova, 1998),
and have a potential to cause Ca*™ overload secondary to the
inhibition of the Na™ extrusion from hypoxic tissue (Schwinger
et al,, 1999). At the moment, we clearly know too little about
the mechanisms of cytoprotection by cardiotonic steroids to use
them effectively as therapeutic agents avoiding deadly side-effects
(Washam et al., 2015).

THE ROLE OF ACUTE REGULATION OF
THE NA,K-ATPase IN ADAPTATION OR
IRREPARABLE DAMAGE AT LOW O,
LEVELS

As shown above, the capacity of the Na,K-ATPase to sense
and respond to the changes in oxygen availability is immensely

diverse with multiple signaling cascades implicated in fine-tuning
of the enzyme’s activity apart and before terminal ATP depletion
is reached. The choice of signaling mechanism as well as the
resulting vector and amplitude of the change in the Na,K-
ATPase activity depends on the cell type, severity and duration
of hypoxia, and is rather species-specific. Strictly speaking, we
cannot refer to Na,K-ATPase as the “oxygen-sensitive” protein
as all the processes involved in its responding to hypoxia are
mediated by secondary products of O, transformation to either
gaseous messengers or products of O, reduction.

Several types of response to hypoxia include (i) inhibition
by thiol modifications (ii) modulation of the enzyme
function/availability at the membrane due to the changes
in phosphorylation, and (iii) interaction with nanomolar doses
of endogenous cardiotonic steroids.

Diversity of regulatory pathways allows for fine dose-
dependent regulation of the enzyme within minutes after the
alteration in O, availability. Based on the current knowledge
the following scheme of responses may be suggested (Figure 4).
Following gradual deoxygenation NO availability in cells
expressing NOS1 and NOS2 becomes limited whereas O3~
production by NADPH oxidases is maintained while pO,
is above 2-3 kPa (Kyq for NOXes ~ 2 kPa) (Pacher et al,
2007). This is not the case for tissues in which NOS3 isoform
of NO synthase with high affinity for O, prevails (such
as vascular endothelial cells). These conditions most likely
favor S-glutathionylation of B subunit that is associated with
activation of superoxide production by NOXes (White et al,
2009) and a subunits of the Na,K-ATPase due to the gradual
accumulation of GSSG (Petrushanko et al, 2012). Further
decrease in oxygenation to 1-2 kPa supports uncoupling of
electron transfer and triggers mitochondrial O3~ production
and accumulation of H,O, in the cytosol. Oxidation of GSSG
becomes more pronounced and complete inactivation of the
enzyme may be achieved as soon as ATP levels decrease below
50 WM (Petrushanko et al., 2012). Further decrease in O, to
0.2 kPa reduces S-glutathionylation and renders regulatory
thiols within the o subunit oxidized to sulfinic and sulfonic
acid making the enzyme insensitive to the changes in GSSG
and ONOO™ (Petrushanko et al., 2015). Phosphorylation may
support or reduce the probability of complete reversible
inactivation by  S-glutathionylation of the regulatory
cysteines by shifting the equilibrium between the El and
E2 conformation of the enzyme (see Section Oxygen-Sensitive
Phosphorylation).

Survival under hypoxic conditions implies that Na* uptake
particularly high in excitable tissues is balanced with equally
efficient extrusion of Na® by the pump (Hylland et al., 1997;
Nilsson, 2001). Inhibition of the Na,K-ATPase is deadly when
not synchronized with the closing of the cation channels
and cessation of activity of the animal (channel arrest) (Buck
and Hochachka, 1993; Hochachka et al., 1996; Hylland et al.,
1997; Silver et al, 1997; Nilsson, 2001; Ross et al., 2006;
Wilkie et al., 2008; Dave et al., 2009). If the Na,K-ATPase
is suppressed and the channels are not “arrested,” survival is
limited to the time of Na*/K™ gradients dissipation in the
brain and in the heart (Hylland et al, 1996, 1997; Silver
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et al., 1997; Nilsson, 2001). It is tempting to assume that
the alterations in free radical production and reversible thiol
modifications are involved in the simultaneous regulation of
multiple ion transporting systems coupling their activity to
the mitochondrial function and ATP availability. However,
data providing direct support for this hypothesis are currently
missing.

The pilot studies suggest that preservation of redox state in
hypoxic heart is sufficient to maintain the Na,K-ATPase activity
in Spalax mole rate and trout supporting activity of both species
under conditions of critical O, shortage for at least 20 min
(Yakushev et al., 2012). S-nitrosylation of the regulatory cysteine
residues in the a subunit may also prevent S-glutathionylation
and the enzyme inactivation by GSSG in myocardial membranes
(Petrushanko et al., 2012). Whether this is the case for some
or all anoxia-tolerant species (e.g., Hylland et al., 1997; Nilsson,
2001; Ross et al, 2006; Dave et al, 2009), remains to be
clarified.

Maintenance of the transmembrane Na' gradients does
not only support neuronal function and heart contractility.
It also regulates intracellular Ca** by controlling the activity
of Na/Ca exchanger and that of voltage-gated Ca®* channels.
Ca*" transport pathways are by themselves targets regulated by

reversible thiol modifications in hypoxic cells (Lehotsky et al.,
2002; Wang and Zheng, 2010).

Recent data revealed the existence of intimate link between the
activity of the Na,K-ATPase and the gene expression in hypoxic
cells and tissues. Two factors that were recently suggested to
impact the gene expression under hypoxic conditions include
the shift in transmembrane Na/K gradients (Koltsova et al,
2014) and the alteration in HIFla levels upon binding of
the nanomolar concentrations of cardiotonic steroids to their
binding site within the Na,K-ATPase (Zhang et al., 2008; Cao
et al, 2014). Decrease in HIFla in hypoxic cells (1% O,)
in the presence of <50nM ouabain is not caused by its
degradation but rather by a drop in protein synthesis (Zhang
et al., 2008), most likely at the level of translation (Cao et al.,
2014). Alterations of HIFla availability by cardiac glycosides
contributes to the modulation of long-term hypoxic responses
of the organism. For example digoxin treatment prevents
remodeling of pulmonary vasculature underlying development
of hypoxic pulmonary hypertension (Abud et al, 2012). It is
known that signaling cascades initiated by binding of low doses
of cardiotonic steroids to the Na,K-ATPase include modulation
of intracellular Ca?" levels and free radical production as well
as activation of several kinases. Molecular mechanisms linking
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these processes to the regulation of HIFla translation remain
unclear.

AUTHOR CONTRIBUTIONS

AB is the author the general schematics of review, she
contributed to all the sections and assembling of the review.
AM, PH were contributing to the sections Introduction.
Oxygen, and Oxygen Sensing from Evolutionary and Modern
Perspectives, Versatility of oxygen sensing. Multiple Signals-
Multiple Targets—Multiple Responses—Multiple Outcomes,
and Oxygen and Redox-Sensitivity of the Na,K-ATPase. IP
contribution were the sections Oxygen and Redox-Sensitivity of
the Na,K-ATPase, Coordinated Regulation of Redox-Sensitive
Protein Networks by Reversible Thiol, Oxygen-Sensitive
Phosphorylation, and Regulation of the Na,K-ATPase Activity
by Cardiotonic Steroids. All co-authors discussed the topics

REFERENCES

Abramov, A. Y., Scorziello, A., and Duchen, M. R. (2007). Three distinct
mechanisms generate oxygen free radicals in neurons and contribute to cell
death during anoxia and reoxygenation. J. Neurosci. 27, 1129-1138. doi:
10.1523/JNEUROSCI.4468-06.2007

Abud, E. M., Maylor, J., Undem, C., Punjabi, A., Zaiman, A. L., Myers,
A. C, et al. (2012). Digoxin inhibits development of hypoxic pulmonary
hypertension in mice. Proc. Natl. Acad. Sci. U.S.A. 109, 1239-1244. doi:
10.1073/pnas.1120385109

Acker, T., Fandrey, J., and Acker, H. (2006). The good, the bad and the ugly in
oxygen-sensing: ROS, cytochromes and prolyl-hydroxylases. Cardiovasc. Res.
71, 195-207. doi: 10.1016/j.cardiores.2006.04.008

Allen, E. M., and Mieyal, J. J. (2012). Protein-thiol oxidation and cell death:
regulatory role of glutaredoxins. Antioxid. Redox Signal. 17, 1748-1763. doi:
10.1089/ars.2012.4644

Alvarez, B., and Radi, R. (2003). Peroxynitrite reactivity with amino acids and
proteins. Amino Acids 25, 295-311. doi: 10.1007/s00726-003-0018-8

Bachi, A., Dalle-Donne, I., and Scaloni, A. (2013). Redox proteomics: chemical
principles, methodological approaches and biological/biomedical promises.
Chem. Rev. 113, 596-698. doi: 10.1021/cr300073p

Bagrov, A. Y., and Fedorova, O. V. (1998). Effects of two putative endogenous
digitalis-like factors, marinobufagenin and ouabain, on the Na+, K+-
pump in human mesenteric arteries. J. Hypertens. 16, 1953-1958. doi:
10.1097/00004872-199816121-00015

Bagrov, A. Y., Fedorova, O. V., Dmitrieva, R. I, Howald, W. N., Hunter,
A. P., Kuznetsova, E. A., et al. (1998). Characterization of a urinary
bufodienolide Na+,K+-ATPase inhibitor in patients after acute myocardial
infarction.  Hypertension 31, 1097-1103. doi: 10.1161/01.HYP.31.5
.1097

Bagrov, A. Y., Shapiro, J. I, and Fedorova, O. V. (2009). Endogenous cardiotonic
steroids: physiology, pharmacology, and novel therapeutic targets. Pharmacol.
Rev. 61, 9-38. doi: 10.1124/pr.108.000711

Belousov, V. V., Fradkov, A. F., Lukyanov, K. A., Staroverov, D. B., Shakhbazov,
K. S., Terskikh, A. V., et al. (2006). Genetically encoded fluorescent
indicator for intracellular hydrogen peroxide. Nat. Methods 3, 281-286. doi:
10.1038/nmeth866

Beltowski, J., Marciniak, A., Wojcicka, G., and Gorny, D. (2003). Nitric oxide
decreases renal medullary Na*, KT-ATPase activity through cyclic GMP-
protein kinase G dependent mechanism. J. Physiol. Pharmacol. 54, 191-210.

Berrisford, J. M., and Sazanov, L. A. (2009). Structural basis for the
mechanism of respiratory complex I. J. Biol. Chem. 284, 29773-29783. doi:
10.1074/jbc.M109.032144

and writing the review. All of them agree with the final
text.

ACKNOWLEDGMENTS

The review was funded by the grants of Swiss National Science
Foundation IZK0Z3_157269/1 and 310030_124970/1 to AB and
Russian Science Foundation (Grant #14-14-01152) to IP Spanish
Government grants (partially funded by the European Union
FEDER/EDREF) P112/00875 and PI15/00107 and a grant from the
Fundacién Domingo Martinez are supporting AM, PH received
a travel grant from the Instituto de Investigacién Sanitaria
Princesa (to PH), and by COST actions TD0901 (HypoxiaNet)
and CM1001. PH is recipient of a pre-doctoral FPU fellowship
from the Spanish Government and AM is supported by the I3SNS
programme (ISCIII, Spanish Government, partially funded by
FEDER/ERDEF).

Bibert, S., Liu, C. C,, Figtree, G. A., Garcia, A., Hamilton, E. J., Marassi, F. M.,
etal. (2011). FXYD proteins reverse inhibition of the Na+-K+ pump mediated
by glutathionylation of its betal subunit. J. Biol. Chem. 286, 18562-18572. doi:
10.1074/jbc.M110.184101

Blackstone, E., Morrison, M., and Roth, M. B. (2005). H2S induces a suspended
animation-like state in mice. Science 308, 518. doi: 10.1126/science.1l
08581

Blanco, G. (2005). Na,K-ATPase subunit heterogeneity as a mechanism
for tissue-specific ion regulation. Semin. Nephrol. 25, 292-303. doi:
10.1016/j.semnephrol.2005.03.004

Blanco, G., and Mercer, R. W. (1998). Isozymes of the Na-K-ATPase: heterogeneity
in structure, diversity in function. Am. J. Physiol. 275, F633-F650.

Bogdanova, A., Grenacher, B., Nikinmaa, M., and Gassmann, M. (2005). Hypoxic
responses of Na+/K+ ATPase in trout hepatocytes. J. Exp. Biol. 208, 1793-1801.
doi: 10.1242/jeb.01572

Bogdanova, A., Petrushanko, I., Boldyrev, A., and Gassmann, M. (2006). Oxygen-
and Redox-Induced Regulation of the Na/K ATPase. Curr. Enzyme Inhibit. 2,
37-59. doi: 10.2174/157340806775473490

Boveris, A., Cadenas, E., and Stoppani, A. O. (1976). Role of ubiquinone in the
mitochondrial generation of hydrogen peroxide. Biochem. J. 156, 435-444. doi:
10.1042/bj1560435

Brennan, J. P., Bardswell, S. C., Burgoyne, J. R., Fuller, W., Schroder, E., Wait,
R, et al. (2006). Oxidant-induced activation of type I protein kinase A is
mediated by RI subunit interprotein disulfide bond formation. J. Biol. Chem.
281, 21827-21836. doi: 10.1074/jbc.M603952200

Brunelle, J. K., Bell, E. L., Quesada, N. M., Vercauteren, K., Tiranti, V., Zeviani,
M., et al. (2005). Oxygen sensing requires mitochondrial ROS but not
oxidative phosphorylation. Cell Metab. 1, 409-414. doi: 10.1016/j.cmet.2005.
05.002

Buck, L. T., and Hochachka, P. W. (1993). Anoxic suppression of Na(+)-K(+)-
ATPase and constant membrane potential in hepatocytes: support for channel
arrest. Am. J. Physiol. 265, R1020-R1025.

Bull, R., Finkelstein, J. P., Galvez, J., Sanchez, G., Donoso, P., Behrens, M. 1,
et al. (2008). Ischemia enhances activation by Ca2+ and redox modification of
ryanodine receptor channels from rat brain cortex. J. Neurosci. 28, 9463-9472.
doi: 10.1523/JNEUROSCI.2286-08.2008

Bundgaard, H., Liu, C. C., Garcia, A., Hamilton, E. J., Huang, Y., Chia, K. K,,
et al. (2010). beta(3) adrenergic stimulation of the cardiac Na+-K+ pump by
reversal of an inhibitory oxidative modification. Circulation 122, 2699-2708.
doi: 10.1161/CIRCULATIONAHA.110.964619

Cadenas, E., Boveris, A., Ragan, C. I, and Stoppani, A. O. (1977). Production of
superoxide radicals and hydrogen peroxide by NADH-ubiquinone reductase
and ubiquinol-cytochrome ¢ reductase from beef-heart mitochondria.

Frontiers in Physiology | www.frontiersin.org

61

August 2016 | Volume 7 | Article 314


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Bogdanova et al.

Responses of Na,K-ATPase to Hypoxia

Arch.  Biochem. Biophys. 248-257. doi:
0035-2

Cao, J., He, L, Lin, G, Hu, C, Dong, R, Zhang, J., et al. (2014). Cap-
dependent translation initiation factor, eIF4E, is the target for Ouabain-
mediated inhibition of HIF-lalpha. Biochem. Pharmacol. 89, 20-30. doi:
10.1016/j.bcp.2013.12.002

Chandel, N. S., Maltepe, E., Goldwasser, E., Mathieu, C. E., Simon, M. C,,
and Schumacker, P. T. (1998). Mitochondrial reactive oxygen species trigger
hypoxia-induced transcription. Proc. Natl. Acad. Sci. U.S.A. 95, 11715-11720.
doi: 10.1073/pnas.95.20.11715

Chandel, N. S., Mcclintock, D. S., Feliciano, C. E., Wood, T. M., Melendez,
J. A., Rodriguez, A. M., et al. (2000). Reactive oxygen species generated at
mitochondrial complex III stabilize hypoxia-inducible factor-lalpha during
hypoxia: a mechanism of O2 sensing. J. Biol. Chem. 275, 25130-25138. doi:
10.1074/jbc.M001914200

Chen, Y. J, Wang, L, Zhou, G. Y., Yu, X. L, Zhang, Y. H, Hu, N,
et al. (2015). Scutellarin attenuates endothelium-dependent aasodilation
impairment induced by hypoxia reoxygenation, through regulating the PKG
signaling pathway in rat coronary artery. Chin. J. Nat. Med. 13, 264-273. doi:
10.1016/s1875-5364(15)30013-3

Chen, Z., Krmar, R. T., Dada, L., Efendiev, R., Leibiger, I. B., Pedemonte, C.
H., et al. (2006). Phosphorylation of adaptor protein-2 mu2 is essential for
Na+,K+--ATPase endocytosis in response to either G protein-coupled receptor
or reactive oxygen species. Am. J. Respir. Cell Mol. Biol. 35, 127-132. doi:
10.1165/rcmb.2006-00440C

Cheng, X. ], Fisone, G., Aizman, O., Aizman, R., Levenson, R., Greengard, P., et al.
(1997). PKA-mediated phosphorylation and inhibition of Na(+)-K(+)-ATPase
in response to beta-adrenergic hormone. Am. J. Physiol. 273, C893-C901.

Cheung, J. Y., Rothblum, L. I., Moorman, J. R, Tucker, A. L., Song, J., Ahlers, B. A.,
et al. (2007). Regulation of cardiac Na+/Ca2+ exchanger by phospholemman.
Ann. N.Y. Acad. Sci. 1099, 119-134. doi: 10.1196/annals.1387.004

Chia, K. K,, Liu, C. C., Hamilton, E. J., Garcia, A., Fry, N. A,, Hannam, W, et al.
(2015). Stimulation of the cardiac myocyte Na+-K+ pump due to reversal of its
constitutive oxidative inhibition. Am. J. Physiol,. Cell Physiol. 309, C239-C250.
doi: 10.1152/ajpcell.00392.2014

Choi, H., Tostes, R. C., and Webb, R. C. (2011). S-nitrosylation Inhibits protein
kinase C-mediated contraction in mouse aorta. J. Cardiovasc. Pharmacol. 57,
65-71. doi: 10.1097/FJC.0b013e3181fef9cb

Chouchani, E. T., Pell, V. R., Gaude, E., Aksentijevic, D., Sundier, S. Y., Robb, E. L.,
et al. (2014). Ischaemic accumulation of succinate controls reperfusion injury
through mitochondrial ROS. Nature 515, 431-435. doi: 10.1038/nature13909

Chu, F., Ward, N. E, and O’brian, C. A. (2001). Potent inactivation of
representative members of each PKC isozyme subfamily and PKD via
S-thiolation by the tumor-promotion/progression antagonist glutathione
but not by its precursor cysteine. Carcinogenesis 22, 1221-1229. doi:
10.1093/carcin/22.8.1221

Chua, Y. L., Dufour, E.,, Dassa, E. P., Rustin, P., Jacobs, H. T., Taylor, C. T,
etal. (2010). Stabilization of hypoxia-inducible factor-1lalpha protein in hypoxia
occurs independently of mitochondrial reactive oxygen species production. J.
Biol. Chem. 285, 31277-31284. doi: 10.1074/jbc.M110.158485

Cooper, C. E.,, and Brown, G. C. (2008). The inhibition of mitochondrial
cytochrome oxidase by the gases carbon monoxide, nitric oxide, hydrogen
cyanide and hydrogen sulfide: chemical mechanism and physiological
significance. J. Bioenerg. Biomembr. 40, 533-539. doi: 10.1007/s10863-008-
9166-6

Dada, L. A., Chandel, N. S., Ridge, K. M., Pedemonte, C., Bertorello, A. M.,
and Sznajder, J. I. (2003). Hypoxia-induced endocytosis of Na,K-ATPase in
alveolar epithelial cells is mediated by mitochondrial reactive oxygen species
and PKC-zeta. J. Clin. Invest. 111, 1057-1064. doi: 10.1172/JCI16826

Dada, L. A., and Sznajder, J. I. (2003). Mechanisms of pulmonary edema clearance
during acute hypoxemic respiratory failure: role of the Na,K-ATPase. Crit. Care
Med. 31, $248-5252. doi: 10.1097/01.ccm.0000057895.22008.ec

Dada, L. A.,, Welch, L. C., Zhou, G., Ben-Saadon, R., Ciechanover, A., and
Sznajder, J. I. (2007). Phosphorylation and ubiquitination are necessary for
Na,K-ATPase endocytosis during hypoxia. Cell. Signal. 19, 1893-1898. doi:
10.1016/j.cellsig.2007.04.013

Dalle-Donne, I, Milzani, A., Gagliano, N., Colombo, R., Giustarini, D.,
and Rossi, R. (2008).

180, 10.1016/0003-9861(77)9

Molecular mechanisms and potential clinical

significance of S-glutathionylation. Antioxid. Redox Signal. 10, 445-473.
doi: 10.1089/ars.2007.1716

Dalle-Donne, I., Rossi, R., Colombo, G., Giustarini, D., and Milzani, A. (2009).
Protein S-glutathionylation: a regulatory device from bacteria to humans.
Trends Biochem. Sci. 34, 85-96. doi: 10.1016/j.tibs.2008.11.002

Dalle-Donne, 1., Rossi, R., Giustarini, D., Colombo, R., and Milzani, A. (2007).
S-glutathionylation in protein redox regulation. Free Radic. Biol. Med. 43,
883-898. doi: 10.1016/j.freeradbiomed.2007.06.014

Dave, K. R,, Anthony Defazio, R., Raval, A. P., Dashkin, O., Saul, L, Iceman, K. E.,
etal. (2009). Protein kinase C epsilon activation delays neuronal depolarization
during cardiac arrest in the euthermic arctic ground squirrel. J. Neurochem. 110,
1170-1179. doi: 10.1111/§.1471-4159.2009.06196.x

De Angelis, C., and Haupert, G. T. Jr. (1998). Hypoxia triggers release of an
endogenous inhibitor of Na(+)-K(+4)-ATPase from midbrain and adrenal. Am.
J. Physiol. 274, F182-F188.

Despa, S., Bossuyt, J., Han, F., Ginsburg, K. S., Jia, L. G., Kutchai, H., et al.
(2005). Phospholemman-phosphorylation mediates the beta-adrenergic effects
on Na/K pump function in cardiac myocytes. Circ. Res. 97, 252-259. doi:
10.1161/01.RES.0000176532.97731.e5

Devarie-Baez, N. O., Silva Lopez, E. I, and Furdui, C. M. (2016). Biological
chemistry and functionality of protein sulfenic acids and related thiol
modifications. Free Radic. Res. 50, 172-194. doi: 10.3109/10715762.2015.
1090571

Domenicotti, C., Paola, D., Vitali, A., Nitti, M., D’abramo, C., Cottalasso, D., et al.
(2000). Glutathione depletion induces apoptosis of rat hepatocytes through
activation of protein kinase C novel isoforms and dependent increase in AP-1
nuclear binding. Free Radic. Biol. Med. 29, 1280-1290. doi: 10.1016/S0891-
5849(00)00429-9

Donoso, P., Sanchez, G., Bull, R., and Hidalgo, C. (2011). Modulation of cardiac
ryanodine receptor activity by ROS and RNS. Front. Biosci. (Landmark Ed). 16,
553-567. doi: 10.2741/3705

Drose, S., and Brandt, U. (2012). Molecular mechanisms of superoxide production
by the mitochondrial respiratory chain. Adv. Exp. Med. Biol. 748, 145-169. doi:
10.1007/978-1-4614-3573-0_6

Drose, S., Brandt, U., and Wittig, I. (2014). Mitochondrial respiratory chain
complexes as sources and targets of thiol-based redox-regulation. Biochim.
Biophys. Acta 1844, 1344-1354. doi: 10.1016/j.bbapap.2014.02.006

Dvela, M., Rosen, H., Feldmann, T., Nesher, M., and Lichtstein, D. (2007).
Diverse biological responses to different cardiotonic steroids. Pathophysiology
14, 159-166. doi: 10.1016/j.pathophys.2007.09.011

Dweik, R. A. (2005). Nitric oxide, hypoxia, and superoxide: the good, the bad, and
the ugly! Thorax 60, 265-267. doi: 10.1136/thx.2004.038471

Einholm, A. P., Nielsen, H. N., Holm, R., Toustrup-Jensen, M. S., and Vilsen,
B. (2016). Importance of a potential protein kinase A phosphorylation site of
Na*t,K*-ATPase and its interaction network for Na™ binding. J. Biol. Chem.
291, 10934-10947. doi: 10.1074/jbc.M115.701201

Ellis, D. Z., Rabe, J., and Sweadner, K. J. (2003). Global loss of Na,K-ATPase and its
nitric oxide-mediated regulation in a transgenic mouse model of amyotrophic
lateral sclerosis. J. Neurosci. 23, 43-51.

Elrod, J. W., Calvert, J]. W., Morrison, J., Doeller, J. E., Kraus, D. W., Tao, L., et al.
(2007). Hydrogen sulfide attenuates myocardial ischemia-reperfusion injury
by preservation of mitochondrial function. Proc. Natl. Acad. Sci. U.S.A. 104,
15560-15565. doi: 10.1073/pnas.0705891104

Erecinska, M., and Silver, I. A. (2001). Tissue oxygen tension and brain sensitivity
to hypoxia. Respir. Physiol. 128, 263-276. doi: 10.1016/S0034-5687(01)00306-1

Ermakova, Y. G., Bilan, D. S., Matlashov, M. E., Mishina, N. M., Markvicheva,
K. N., Subach, O. M., et al. (2014). Red fluorescent genetically encoded
indicator for intracellular hydrogen peroxide. Nat. Commun. 5, 5222. doi:
10.1038/ncomms6222

Fedorova, O. V., Kashkin, V. A., Zakharova, I. O., Lakatta, E. G., and Bagrov, A.
Y. (2012). Age-associated increase in salt sensitivity is accompanied by a shift
in the atrial natriuretic peptide modulation of the effect of marinobufagenin
on renal and vascular sodium pump. J. Hypertens. 30, 1817-1826. doi:
10.1097/HJH.0b013e328356399b

Fernandez-Aguera, M. C., Gao, L., Gonzalez-Rodriguez, P., Pintado, C. O.,
Arias-Mayenco, I., Garcia-Flores, P., et al. (2015). Oxygen sensing by arterial
chemoreceptors depends on mitochondrial complex I Signaling. Cell Metab.
22, 825-837. doi: 10.1016/j.cmet.2015.09.004

Frontiers in Physiology | www.frontiersin.org

62

August 2016 | Volume 7 | Article 314


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Bogdanova et al.

Responses of Na,K-ATPase to Hypoxia

Feschenko, M. S., Stevenson, E., and Sweadner, K. J. (2000). Interaction of protein
kinase C and cAMP-dependent pathways in the phosphorylation of the Na,K-
ATPase. J. Biol. Chem. 275, 34693-34700. doi: 10.1074/jbc.M005869200

Feschenko, M. S., and Sweadner, K. J. (1994). Conformation-dependent
phosphorylation of Na,K-ATPase by protein kinase A and protein kinase C.
J. Biol. Chem. 269, 30436-30444.

Feschenko, M. S., and Sweadner, K. J. (1997). Phosphorylation of Na,K-ATPase
by protein kinase C at Ser18 occurs in intact cells but does not result in
direct inhibition of ATP hydrolysis. J. Biol. Chem. 272, 17726-17733. doi:
10.1074/jbc.272.28.17726

Feschenko, M. S., Wetzel, R. K., and Sweadner, K. J. (1997). Phosphorylation of
Na,K-ATPase by protein kinases. Sites, susceptibility, and consequences. Ann.
N.Y. Acad. Sci. 834, 479-488. doi: 10.1111/j.1749-6632.1997.tb52306.x

Figtree, G. A., Liu, C. C,, Bibert, S., Hamilton, E. J., Garcia, A., White, C. N, et al.
(2009). Reversible oxidative modification: a key mechanism of Na+-K+ pump
regulation. Circ. Res. 105, 185-193. doi: 10.1161/CIRCRESAHA.109.199547

Fotis, H., Tatjanenko, L. V., and Vasilets, L. A. (1999). Phosphorylation of
the alpha-subunits of the Na+/K+-ATPase from mammalian kidneys and
Xenopus oocytes by cGMP-dependent protein kinase results in stimulation
of ATPase activity. Eur. J. Biochem. 260, 904-910. doi: 10.1046/j.1432-
1327.1999.00237.x

Fridovich, I. (1995). Superoxide radical and superoxide dismutases. Annu. Rev.
Biochem. 64, 97-112. doi: 10.1146/annurev.bi.64.070195.000525

Fuller, W., Eaton, P., Bell, J. R., and Shattock, M. J. (2004). Ischemia-induced
phosphorylation of phospholemman directly activates rat cardiac Na/K-
ATPase. FASEB J. 18, 197-199. doi: 10.1096/1j.03-0213fje

Fuller, W., Howie, J., Mclatchie, L. M., Weber, R. J., Hastie, C. J., Burness, K., et al.
(2009). FEXYD1 phosphorylation in vitro and in adult rat cardiac myocytes:
threonine 69 is a novel substrate for protein kinase C. Am. J. Physiol. Cell
Physiol. 296, C1346-C1355. doi: 10.1152/ajpcell.00523.2008

Fuller, W., Parmar, V., Eaton, P., Bell, J. R., and Shattock, M. J. (2003). Cardiac
ischemia causes inhibition of the Na/K ATPase by a labile cytosolic compound
whose production is linked to oxidant stress. Cardiovasc. Res. 57, 1044-1051.
doi: 10.1016/S0008-6363(02)00810-6

Garcia, A., Eljack, N. D., Sani, M. A., Separovic, F., Rasmussen, H. H., Kopec,
W, et al. (2015). Membrane accessibility of glutathione. Biochim. Biophys. Acta
1848, 2430-2436. doi: 10.1016/j.bbamem.2015.07.016

Ge, S. N, Zhao, M. M., Wu, D. D,, Chen, Y., Wang, Y., Zhu, J. H, et al.
(2014). Hydrogen sulfide targets EGFR Cys797/Cys798 residues to induce
Na(+)/K(+4)-ATPase endocytosis and inhibition in renal tubular epithelial cells
and increase sodium excretion in chronic salt-loaded rats. Antioxid. Redox
Signal. 21, 2061-2082. doi: 10.1089/ars.2013.5304

Geering, K. (2006). FXYD proteins: new regulators of Na-K-ATPase. Am. J. Physiol.
Renal Physiol. 290, F241-F250. doi: 10.1152/ajprenal.00126.2005

Ghafourifar, P., and Sen, C. K. (2007). Mitochondrial nitric oxide synthase. Front.
Biosci. 12,1072-1078. doi: 10.2741/2127

Gopalakrishna, R., and Anderson, W. B. (1989). Ca2+- and phospholipid-
independent activation of protein kinase C by selective oxidative modification
of the regulatory domain. Proc. Natl. Acad. Sci. U.S.A. 86, 6758-6762. doi:
10.1073/pnas.86.17.6758

Gusarova, G. A., Dada, L. A., Kelly, A. M., Brodie, C., Witters, L. A., Chandel, N. S.,
et al. (2009). Alphal-AMP-activated protein kinase regulates hypoxia-induced
Na,K-ATPase endocytosis via direct phosphorylation of protein kinase C zeta.
Mol. Cell. Biol. 29, 3455-3464. doi: 10.1128/MCB.00054-09

Guzy, R. D., Hoyos, B., Robin, E, Chen, H., Liu, L., Mansfield, K. D,
et al. (2005). Mitochondrial complex III is required for hypoxia-induced
ROS production and cellular oxygen sensing. Cell Metab. 1, 401-408. doi:
10.1016/j.cmet.2005.05.001

Guzy, R. D., and Schumacker, P. T. (2006). Oxygen sensing by mitochondria at
complex III: the paradox of increased reactive oxygen species during hypoxia.
Exp. Physiol. 91, 807-819. doi: 10.1113/expphysiol.2006.033506

Hagen, T., Taylor, C. T., Lam, F., and Moncada, S. (2003). Redistribution of
intracellular oxygen in hypoxia by nitric oxide: effect on HIFlalpha. Science
302, 1975-1978. doi: 10.1126/science.1088805

Hanson, G. T., Aggeler, R., Oglesbee, D., Cannon, M., Capaldi, R. A., Tsien, R. Y.,
et al. (2004). Investigating mitochondrial redox potential with redox-sensitive
green fluorescent protein indicators. J. Biol. Chem. 279, 13044-13053. doi:
10.1074/jbc.M 312846200

Hausladen, A., and Fridovich, I. (1996). Measuring nitric oxide and superoxide:
rate constants for aconitase reactivity. Meth. Enzymol. 269, 37-41. doi:
10.1016/S0076-6879(96)69007-7

Heinrich, T. A., Da Silva, R. S., Miranda, K. M., Switzer, C. H., Wink, D. A,,
and Fukuto, J. M. (2013). Biological nitric oxide signalling: chemistry and
terminology. Br. J. Pharmacol. 169, 1417-1429. doi: 10.1111/bph.12217

Hernansanz-Agustin, P., Izquierdo-Alvarez, A., Sanchez-Gomez, F. J., Ramos,
E., Villa-Pina, T. Lamas, S, et al. (2014). Acute hypoxia produces
a superoxide burst in cells. Free Radic. Biol. Med. 71, 146-156. doi:
10.1016/j.freeradbiomed.2014.03.011

Hochachka, P. W., Buck, L. T, Doll, C. J., and Land, S. C. (1996). Unifying theory
of hypoxia tolerance: molecular/metabolic defense and rescue mechanisms
for surviving oxygen lack. Proc. Natl. Acad. Sci. U.S.A. 93, 9493-9498. doi:
10.1073/pnas.93.18.9493

Hochachka, P. W., Rupert, J. L, and Monge, C. (1999). Adaptation and
conservation of physiological systems in the evolution of human hypoxia
tolerance. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 124, 1-17. doi:
10.1016/S1095-6433(99)00079-3

Holland, H. D. (2006). The oxygenation of the atmosphere and oceans. Philos.
Trans. R. Soc. Lond. B. Biol. Sci. 361, 903-915. doi: 10.1098/rstb.2006.1838

Humphries, K. M., Deal, M. S., and Taylor, S. S. (2005). Enhanced
dephosphorylation of cAMP-dependent protein kinase by oxidation and thiol
modification. J. Biol. Chem. 280, 2750-2758. doi: 10.1074/jbc.M410242200

Humphries, K. M., Juliano, C., and Taylor, S. S. (2002). Regulation of cAMP-
dependent protein kinase activity by glutathionylation. J. Biol. Chem. 277,
43505-43511. doi: 10.1074/jbc.M207088200

Hunte, C., Zickermann, V., and Brandt, U. (2010). Functional modules and
structural basis of conformational coupling in mitochondrial complex I. Science
329, 448-451. doi: 10.1126/science.1191046

Hylland, P., Milton, S., Pek, M., Nilsson, G. E., and Lutz, P. L. (1997).
Brain Na+/K4--ATPase activity in two anoxia tolerant vertebrates: crucian
carp and freshwater turtle. Neurosci. Lett. 235, 89-92. doi: 10.1016/S0304-
3940(97)00727-1

Hylland, P., Nilsson, G. E., and Lutz, P. L. (1996). Role of nitric oxide in
the elevation of cerebral blood flow induced by acetylcholine and anoxia in
the turtle. J. Cereb. Blood Flow Metab. 16, 290-295. doi: 10.1097/00004647-
199603000-00014

Izquierdo-Alvarez, A., Ramos, E., Villanueva, J., Hernansanz-Agustin, P.,
Fernandez-Rodriguez, R., Tello, D, et al. (2012). Differential redox proteomics
allows identification of proteins reversibly oxidized at cysteine residues in
endothelial cells in response to acute hypoxia. J. Proteomics 75, 5449-5462. doi:
10.1016/j.jprot.2012.06.035

James, P. F., Grupp, I. L., Grupp, G., Woo, A. L., Askew, G. R,, Croyle, M.
L., et al. (1999). Identification of a specific role for the Na,K-ATPase alpha
2 isoform as a regulator of calcium in the heart. Mol. Cell 3, 555-563. doi:
10.1016/S1097-2765(00)80349-4

Jiang, Y. F., Tsui, K. H., Wang, P. H,, Lin, C. W., Wang, J. Y., Hsu, M. C,
et al. (2011). Hypoxia regulates cell proliferation and steroidogenesis through
protein kinase A signaling in bovine corpus luteum. Anim. Reprod. Sci. 129,
152-161. doi: 10.1016/j.anireprosci.2011.12.004

Juel, C. (2014). Oxidative stress (glutathionylation) and Na,K-ATPase activity in
rat skeletal muscle. PLoS ONE 9:e110514. doi: 10.1371/journal.pone.0110514

Juel, C. (2016). Nitric oxide and Na,K-ATPase activity in rat skeletal muscle. Acta
Physiol. (Oxf). 216, 447-453. doi: 10.1111/apha.12617

Juel, C., Hostrup, M., and Bangsbo, J. (2015). The effect of exercise and beta2-
adrenergic stimulation on glutathionylation and function of the Na,K-ATPase
in human skeletal muscle. Physiol. Rep. 3:e12515. doi: 10.14814/phy2.12515

Kaelin, W. G. Jr., and Ratcliffe, P. J. (2008). Oxygen sensing by metazoans: the
central role of the HIF hydroxylase pathway. Mol. Cell 30, 393-402. doi:
10.1016/j.molcel.2008.04.009

Kai, S., Tanaka, T., Daijo, H., Harada, H., Kishimoto, S., Suzuki, K., et al.
(2012). Hydrogen sulfide inhibits hypoxia- but not anoxia-induced hypoxia-
inducible factor 1 activation in a von hippel-lindau- and mitochondria-
dependent manner. Antioxid. Redox Signal. 16, 203-216. doi: 10.1089/ars.20
11.3882

Kalyanaraman, B. (2013). Teaching the basics of redox biology to medical and
graduate students: oxidants, antioxidants and disease mechanisms. Redox Biol.
1,244-257. doi: 10.1016/j.redox.2013.01.014

Frontiers in Physiology | www.frontiersin.org

63

August 2016 | Volume 7 | Article 314


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Bogdanova et al.

Responses of Na,K-ATPase to Hypoxia

Kazanietz, M. G., Caloca, M. J., Aizman, O., and Nowicki, S. (2001).
Phosphorylation of the catalytic subunit of rat renal Na+4, K+-ATPase
by classical PKC isoforms. Arch. Biochem. Biophys. 388, 74-80. doi:
10.1006/abbi.2000.2264

Klatt, P., and Lamas, S. (2000). Regulation of protein function by S-glutathiolation
in response to oxidative and nitrosative stress. Eur. J. Biochem. 267, 4928-4944.
doi: 10.1046/j.1432-1327.2000.01601.x

Klatt, P., Molina, E. P., De Lacoba, M. G., Padilla, C. A., Martinez-Galesteo,
E., Barcena, J. A, et al. (1999). Redox regulation of c-Jun DNA binding by
reversible S-glutathiolation. FASEB J. 13, 1481-1490.

Klimanova, E. A, Petrushanko, I. Y., Mitkevich, V. A., Anashkina, A. A., Orlov, S.
N., Makarov, A. A, etal. (2015). Binding of ouabain and marinobufagenin leads
to different structural changes in Na,K-ATPase and depends on the enzyme
conformation. FEBS Lett. 589, 2668-2674. doi: 10.1016/j.febslet.2015.08.011

Kohr, M. J., Murphy, E., and Steenbergen, C. (2014). Glyceraldehyde-3-phosphate
dehydrogenase acts as a mitochondrial trans-S-nitrosylase in the heart. PLoS
ONE 9:¢111448. doi: 10.1371/journal.pone.0111448

Koltsova, S. V., Shilov, B., Birulina, J. G., Akimova, O. A., Haloui, M., Kapilevich,
L. V., et al. (2014). Transcriptomic changes triggered by hypoxia: evidence for
HIF-lalpha-independent, [Na+]i/[K+]i-mediated, excitation-transcription
coupling. PLoS ONE 9:e110597. doi: 10.1371/journal.pone.0110597

Korshunov, S. S., Skulachev, V. P., and Starkov, A. A. (1997). High protonic
potential actuates a mechanism of production of reactive oxygen species in
mitochondria. FEBS Lett. 416, 15-18. doi: 10.1016/S0014-5793(97)01159-9

Kruger, A., Mahmmoud, Y. A., and Cornelius, F. (2003). Protein kinase C
phosphorylation directed at novel C-terminal sites in Na,K-ATPase. Ann. N.Y.
Acad. Sci. 986, 541-542. doi: 10.1111/§.1749-6632.2003.tb07247.x

Kurella, E. G., Tyulina, O. V. and Boldyrev, A. A. (1999). Oxidative
resistance of Na/K-ATPase. Cell. Mol. Neurobiol. 19, 133-140. doi:
10.1023/A:1006976810642

Lancel, S., Zhang, J., Evangelista, A., Trucillo, M. P., Tong, X., Siwik, D. A., et al.
(2009). Nitroxyl activates SERCA in cardiac myocytes via glutathiolation of
cysteine 674. Circ. Res. 104, 720-723. doi: 10.1161/CIRCRESAHA.108.188441

Lauf, P. K., Alqahtani, T., Flues, K., Meller, J., and Adragna, N. C. (2015).
Interaction between Na-K-ATPase and Bcl-2 proteins BcIXL and Bak. Am. J.
Physiol. Cell Physiol. 308, C51-C60. doi: 10.1152/ajpcell.00287.2014

Lecuona, E., Trejo, H. E, and Sznajder, J. I. (2007). Regulation of Na,K-
ATPase during acute lung injury. J. Bioenerg. Biomembr. 39, 391-395. doi:
10.1007/510863-007-9102-1

Lehotsky, J., Kaplan, P., Matejovicova, M., Murin, R., Racay, P., and Raeymacekers,
L. (2002). Ion transport systems as targets of free radicals during ischemia
reperfusion injury. Gen. Physiol. Biophys. 21, 31-37.

Lei, K., Townsend, D. M., and Tew, K. D. (2008). Protein cysteine sulfinic acid
reductase (sulfiredoxin) as a regulator of cell proliferation and drug response.
Oncogene 27, 4877-4887. doi: 10.1038/0nc.2008.132

Li, J., Huang, F. L., and Huang, K. P. (2001). Glutathiolation of proteins by
glutathione disulfide S-oxide derived from S-nitrosoglutathione. Modifications
of rat brain neurogranin/RC3 and neuromodulin/GAP-43. J. Biol. Chem. 276,
3098-3105. doi: 10.1074/jbc.M008260200

Li, L., Rose, P., and Moore, P. K. (2011). Hydrogen sulfide and cell signaling. Annu.
Rev. Pharmacol. Toxicol. 51, 169-187. doi: 10.1146/annurev-pharmtox-010510-
100505

Li, Z., and Xie, Z. (2009). The Na/K-ATPase/Src complex and cardiotonic
steroid-activated protein kinase cascades. Pflugers Arch. 457, 635-644. doi:
10.1007/500424-008-0470-0

Liang, M., Tian, J., Liu, L., Pierre, S., Liu, J., Shapiro, J., et al. (2007). Identification
of a pool of non-pumping Na/K-ATPase. J. Biol. Chem. 282, 10585-10593. doi:
10.1074/jbc.M609181200

Liu, C. C,, Garcia, A., Mahmmoud, Y. A., Hamilton, E. J., Galougahi, K. K,,
Fry, N. A,, et al. (2012). Susceptibility of betal Na+-K+ pump subunit to
glutathionylation and oxidative inhibition depends on conformational state of
pump. J. Biol. Chem. 287, 12353-12364. doi: 10.1074/jbc.M112.340893

Liu, C. C., Karimi Galougahi, K., Weisbrod, R. M., Hansen, T., Ravaie, R,
Nunez, A., et al. (2013). Oxidative inhibition of the vascular Na+-K+ pump
via NADPH oxidase-dependent betal-subunit glutathionylation: implications
for angiotensin II-induced vascular dysfunction. Free Radic. Biol. Med. 65,
563-572. doi: 10.1016/j.freeradbiomed.2013.06.040

Lutz, P. L., Nilsson, G. E., and Perez-Pinzon, M. A. (1996). Anoxia tolerant animals
from a neurobiological perspective. Comp. Biochem. Physiol. B. Biochem. Mol.
Biol. 113, 3-13. doi: 10.1016/0305-0491(95)02046-2

MacDonald, J. A., and Storey, K. B. (1999). Regulation of ground squirrel
Na+K+-ATPase activity by reversible phosphorylation during hibernation.
Biochem. Biophys. Res. Commun. 254, 424-429. doi: 10.1006/bbrc.19
98.9960

Madej, E., Folkes, L. K., Wardman, P., Czapski, G., and Goldstein, S. (2008). Thiyl
radicals react with nitric oxide to form S-nitrosothiols with rate constants
near the diffusion-controlled limit. Free Radic. Biol. Med. 44, 2013-2018. doi:
10.1016/j.freeradbiomed.2008.02.015

Mansfield, K. D., Guzy, R. D., Pan, Y., Young, R. M., Cash, T. P., Schumacker, P.
T., etal. (2005). Mitochondrial dysfunction resulting from loss of cytochrome ¢
impairs cellular oxygen sensing and hypoxic HIF-alpha activation. Cell Metab.
1, 393-399. doi: 10.1016/j.cmet.2005.05.003

Marshall, C., Mamary, A. J., Verhoeven, A. J., and Marshall, B. E. (1996).
Pulmonary artery NADPH-oxidase is activated in hypoxic pulmonary
vasoconstriction. Am. J. Respir. Cell Mol. Biol. 15, 633-644. doi:
10.1165/ajrcmb.15.5.8918370

Martinez-Ruiz, A., Araujo, I. M., Izquierdo-Alvarez, A., Hernansanz-Agustin, P.,
Lamas, S., and Serrador, J. M. (2013). Specificity in S-nitrosylation: a short-
range mechanism for NO signaling? Antioxid. Redox Signal. 19, 1220-1235. doi:
10.1089/ars.2012.5066

Martinez-Ruiz, A., Cadenas, S., and Lamas, S. (2011). Nitric oxide signaling:
classical, less classical, and nonclassical mechanisms. Free Radic. Biol. Med. 51,
17-29. doi: 10.1016/j.freeradbiomed.2011.04.010

Martinez-Ruiz, A., and Lamas, S. (2004). S-nitrosylation: a potential new paradigm
in signal transduction. Cardiovasc. Res. 62, 43-52. doi: 10.1016/j.cardiores.2004.
01.013

Martinez-Ruiz, A., and Lamas, S. (2007). Signalling by NO-induced
protein  S-nitrosylation and  S-glutathionylation: convergences and
divergences. Cardiovasc. Res. 75, 220-228. doi: 10.1016/j.cardiores.2007.
03.016

McMullen, D. C., and Storey, K. B. (2008). Suppression of Na-+K+ -ATPase activity
by reversible phosphorylation over the winter in a freeze-tolerant insect. J.
Insect Physiol. 54, 1023-1027. doi: 10.1016/j.jinsphys.2008.04.001

Menon, D., and Board, P. G. (2013). A role for glutathione transferase Omega 1
(GSTOI-1) in the glutathionylation cycle. J. Biol. Chem. 288, 25769-25779. doi:
10.1074/jbc.M113.487785

Mieyal, J. J., Gallogly, M. M., Qanungo, S., Sabens, E. A., and Shelton, M.
D. (2008). Molecular mechanisms and clinical implications of reversible
protein S-glutathionylation. Antioxid. Redox Signal. 10, 1941-1988. doi:
10.1089/ars.2008.2089

Mitchell, P. (1961). Coupling of phosphorylation to electron and hydrogen
transfer by a chemi-osmotic type of mechanism. Nature 191, 144-148. doi:
10.1038/191144a0

Mitchell, P., and Moyle, J. (1967). Chemiosmotic hypothesis of oxidative
phosphorylation. Nature 213, 137-139. doi: 10.1038/213137a0

Mitkevich, V. A., Petrushanko, I., Poluektov, Y. M., Burnasheva, K. M., Lakunina,
V. A,, Anashkina, A. A, et al. (2016). Basal glutathionylation of Na,K-ATPase
alpha-subunit depends on redox status of cells during the enzyme biosynthesis.
Oxid. Med. Cell Longev. 2016:9092328. doi: 10.1155/2016/9092328

Moller, M. N., Li, Q., Lancaster, J. R. Jr., and Denicola, A. (2007). Acceleration
of nitric oxide autoxidation and nitrosation by membranes. [UBMB Life 59,
243-248. doi: 10.1080/15216540701311147

Moreno, L., Moral-Sanz, J., Morales-Cano, D., Barreira, B., Moreno, E., Ferrarini,
A, et al. (2014). Ceramide mediates acute oxygen sensing in vascular tissues.
Antioxid. Redox Signal. 20, 1-14. doi: 10.1089/ars.2012.4752

Munhoz, C. D., Kawamoto, E. M., De Sa Lima, L., Lepsch, L. B., Glezer, L,
Marcourakis, T, et al. (2005). Glutamate modulates sodium-potassium-ATPase
through cyclic GMP and cyclic GMP-dependent protein kinase in rat striatum.
Cell Biochem. Funct. 23, 115-123. doi: 10.1002/cbf.1217

Murphy, M. P. (2009). How mitochondria produce reactive oxygen species.
Biochem. J. 417, 1-13. doi: 10.1042/BJ20081386

Nagy, P. (2013). Kinetics and mechanisms of thiol-disulfide exchange covering
direct substitution and thiol oxidation-mediated pathways. Antioxid. Redox
Signal. 18, 1623-1641. doi: 10.1089/ars.2012.4973

Frontiers in Physiology | www.frontiersin.org

August 2016 | Volume 7 | Article 314


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Bogdanova et al.

Responses of Na,K-ATPase to Hypoxia

Nakamura, T., and Lipton, S. A. (2013). Emerging role of protein-protein
transnitrosylation in cell signaling pathways. Antioxid. Redox Signal. 18,
239-249. doi: 10.1089/ars.2012.4703

Nesher, M., Shpolansky, U., Viola, N., Dvela, M., Buzaglo, N., Cohen Ben-Ami,
H., et al. (2010). Ouabain attenuates cardiotoxicity induced by other cardiac
steroids. Br. J. Pharmacol. 160, 346-354. doi: 10.1111/j.1476-5381.2010.00701.x

Newton, A. C. (1995). Protein kinase C: structure, function, and regulation. J. Biol.
Chem. 270, 28495-28498. doi: 10.1074/jbc.270.48.28495

Nilsson, G. E. (2001). Surviving anoxia with the brain turned on. News Physiol. Sci.
16, 217-221.

Ogawa, H., Shinoda, T., Cornelius, F., and Toyoshima, C. (2009). Crystal
structure of the sodium-potassium pump (Na+,K+-ATPase) with bound
potassium and ouabain. Proc. Natl. Acad. Sci. U.S.A. 106, 13742-13747. doi:
10.1073/pnas.0907054106

Olson, K. R. (2015). Hydrogen sulfide as an oxygen sensor. Antioxid. Redox Signal.
22, 377-397. doi: 10.1089/ars.2014.5930

Pacher, P., Beckman, J. S., and Liaudet, L. (2007). Nitric oxide and peroxynitrite in
health and disease. Physiol. Rev. 87, 315-424. doi: 10.1152/physrev.00029.2006

Parker, P. J., and Murray-Rust, J. (2004). PKC at a glance. J. Cell Sci. 117, 131-132.
doi: 10.1242/jcs.00982

Pasdois, P., Quinlan, C. L. Rissa, A., Tariosse, L. Vinassa, B., Costa, A.
D., et al. (2007). Ouabain protects rat hearts against ischemia-reperfusion
injury via pathway involving src kinase, mitoKATP, and ROS. Am. J.
Physiol. Heart Circ. Physiol. 292, H1470-H1478. doi: 10.1152/ajpheart.00877.
2006

Pavlovic, D., Hall, A. R, Kennington, E. J., Aughton, K., Boguslavskyi,
A., Fuller, W,, et al. (2013). Nitric oxide regulates cardiac intracellular
Na(+) and Ca(2)(+) by modulating Na/K ATPase via PKCepsilon and
phospholemman-dependent mechanism. J. Mol. Cell. Cardiol. 61, 164-171. doi:
10.1016/j.yjmcc.2013.04.013

Peng, Y. J.,, Nanduri, J., Raghuraman, G., Souvannakitti, D., Gadalla, M. M.,
Kumar, G. K,, et al. (2010). H2S mediates O2 sensing in the carotid body.
Proc. Natl. Acad. Sci. U.S.A. 107, 10719-10724. doi: 10.1073/pnas.10058
66107

Petrushanko, I., Bogdanov, N., Bulygina, E., Grenacher, B., Leinsoo, T., Boldyrev,
A., et al. (2006). Na-K-ATPase in rat cerebellar granule cells is redox
sensitive. Am. J. Physiol. Regul. Integr. Comp. Physiol. 290, R916-R925. doi:
10.1152/ajpregu.00038.2005

Petrushanko, I, Simonenko, O. V., Burnysheva, K. M., Klimanova, E. A,
Dergousova, E. A., Mitkevich, V. A, et al. (2015). The ability of cells
to adapt to low-oxygen conditions is associated with glutathioylation of
Na,K-ATPase. Mol. Biol. (Mosk). 49, 153-160. doi: 10.1134/50026893315
010148

Petrushanko, I. Y., Bogdanov, N. B., Lapina, N., Boldyrev, A. A., Gassmann,
M., and Bogdanova, A. Y. (2007). Oxygen-induced Regulation of Na/K
ATPase in cerebellar granule cells. J. Gen. Physiol. 130, 389-398. doi:
10.1085/jgp.200709783

Petrushanko, I. Y., Mitkevich, V. A., Anashkina, A. A., Klimanova, E. A,
Dergousova, E. A., Lopina, O. D., et al. (2014). Critical role of gamma-
phosphate in structural transition of Na,K-ATPase upon ATP binding. Sci. Rep.
4:5165. doi: 10.1038/srep05165

Petrushanko, I. Y., Yakushev, S., Mitkevich, V. A., Kamanina, Y. V., Ziganshin, R.
H., Meng, X,, et al. (2012). S-glutathionylation of the Na,K-ATPase catalytic
alpha subunit is a determinant of the enzyme redox sensitivity. J. Biol. Chem.
287, 32195-32205. doi: 10.1074/jbc.M112.391094

Pineda-Molina, E., Klatt, P., Vazquez, J., Marina, A., Garcia De Lacoba, M., Perez-
Sala, D., et al. (2001). Glutathionylation of the p50 subunit of NF-kappaB: a
mechanism for redox-induced inhibition of DNA binding. Biochemistry 40,
14134-14142. doi: 10.1021/bi01145%90

Pryde, K. R., and Hirst, J. (2011). Superoxide is produced by the reduced flavin
in mitochondrial complex I: a single, unified mechanism that applies during
both forward and reverse electron transfer. J. Biol. Chem. 286, 18056-18065.
doi: 10.1074/jbc.M110.186841

Quintero, M., Colombo, S. L., Godfrey, A., and Moncada, S. (2006). Mitochondria
as signaling organelles in the vascular endothelium. Proc. Natl. Acad. Sci. U.S.A.
103, 5379-5384. doi: 10.1073/pnas.0601026103

Ramnanan, C.J., and Storey, K. B. (2006). Suppression of Na-+/K+-ATPase activity
during estivation in the land snail Otala lactea. J. Exp. Biol. 209, 677-688. doi:
10.1242/jeb.02052

Reinhard, L., Tidow, H., Clausen, M. J., and Nissen, P. (2013). Na(+),K (+)-
ATPase as a docking station: protein-protein complexes of the Na(+),K (4)-
ATPase. Cell. Mol. Life Sci. 70, 205-222. doi: 10.1007/s00018-012-1039-9

Ross, A. P., Christian, S. L., Zhao, H. W. and Drew, K. L. (2006).
Persistent tolerance to oxygen and nutrient deprivation and N-methyl-D-
aspartate in cultured hippocampal slices from hibernating Arctic ground
squirrel. J. Cereb. Blood Flow Metab. 26, 1148-1156. doi: 10.1038/sj.jcbfm.96
00271

Ryter, S. W., Alam, J., and Choi, A. M. (2006). Heme oxygenase-1/carbon
monoxide: from basic science to therapeutic applications. Physiol. Rev. 86,
583-650. doi: 10.1152/physrev.00011.2005

Scavone, C., Munhoz, C. D., Kawamoto, E. M., Glezer, 1., De Sa Lima, L.,
Marcourakis, T, et al. (2005). Age-related changes in cyclic GMP and PKG-
stimulated cerebellar Na,K-ATPase activity. Neurobiol. Aging 26, 907-916. doi:
10.1016/j.neurobiolaging.2004.08.013

Schwinger, R. H., Wang, J., Frank, K., Muller-Ehmsen, J., Brixius, K., Mcdonough,
A. A, etal. (1999). Reduced sodium pump alphal, alpha3, and betal-isoform
protein levels and Na+,K+-ATPase activity but unchanged Na-+-Ca2+
exchanger protein levels in human heart failure. Circulation 99, 2105-2112. doi:
10.1161/01.CIR.99.16.2105

Segall, L., Lane, L. K., and Blostein, R. (2003). Insights into the structural basis
for modulation of E1 <->E2 transitions by cytoplasmic domains of the Na,K-
ATPase alpha subunit. Ann. N.Y. Acad. Sci. 986, 58-62. doi: 10.1111/].1749-
6632.2003.tb07139.x

Shahidullah, M., and Delamere, N. A. (2006). NO donors inhibit Na,K-ATPase
activity by a protein kinase G-dependent mechanism in the nonpigmented
ciliary epithelium of the porcine eye. Br. J. Pharmacol. 148, 871-880. doi:
10.1038/sj.bjp.0706795

Shahidullah, M., Mandal, A., Wei, G., and Delamere, N. A. (2014). Nitric oxide
regulation of Na, K-ATPase activity in ocular ciliary epithelium involves Src
family kinase. J. Cell. Physiol. 229, 343-352. doi: 10.1002/jcp.24454

Shattock, M. J., Ottolia, M., Bers, D. M., Blaustein, M. P., Boguslavskyi, A., Bossuyt,
J., et al. (2015). Na+/Ca2+ exchange and Na+/K+-ATPase in the heart. J.
Physiol. (Lond). 593, 1361-1382. doi: 10.1113/jphysiol.2014.282319

Shi, H. G., Mikhaylova, L., Zichittella, A. E., and Arguello, J. M. (2000). Functional
role of cysteine residues in the (Na,K)-ATPase alpha subunit. Biochim. Biophys.
Acta 1464, 177-187. doi: 10.1016/S0005-2736(99)00245-X

Shiva, S., Sack, M. N., Greer, J. J., Duranski, M., Ringwood, L. A., Burwell, L.,
et al. (2007). Nitrite augments tolerance to ischemia/reperfusion injury via the
modulation of mitochondrial electron transfer. J. Exp. Med. 204, 2089-2102.
doi: 10.1084/jem.20070198

Sies, H. (2015). Oxidative stress: a concept in redox biology and medicine. Redox
Biol. 4, 180-183. doi: 10.1016/j.redox.2015.01.002

Silver, I. A., Deas, J., and Erecinska, M. (1997). Ion homeostasis in brain
cells: differences in intracellular ion responses to energy limitation between
cultured neurons and glial cells. Neuroscience 78, 589-601. doi: 10.1016/S0306-
4522(96)00600-8

Silverman, B., Fuller, W., Eaton, P., Deng, J., Moorman, J. R., Cheung, J. Y.,
et al. (2005). Serine 68 phosphorylation of phospholemman: acute isoform-
specific activation of cardiac Na/K ATPase. Cardiovasc. Res. 65, 93-103. doi:
10.1016/j.cardiores.2004.09.005

Smith, B. C., and Marletta, M. A. (2012). Mechanisms of S-nitrosothiol formation
and selectivity in nitric oxide signaling. Curr. Opin. Chem. Biol. 16, 498-506.
doi: 10.1016/j.cbpa.2012.10.016

Sousa, F. L., Thiergart, T., Landan, G., Nelson-Sathi, S., Pereira, I. A., Allen, J. F.,
et al. (2013). Early bioenergetic evolution. Philos. Trans. R. Soc. Lond,. B,. Biol.
Sci. 368:20130088. doi: 10.1098/rstb.2013.0088

Srinivasan, V., Pierik, A. J., and Lill, R. (2014). Crystal structures of nucleotide-
free and glutathione-bound mitochondrial ABC transporter Atm1. Science 343,
1137-1140. doi: 10.1126/science.1246729

Sun, C., Shi, Z. Z., Zhou, X., Chen, L., and Zhao, X. M. (2013). Prediction of S-
glutathionylation sites based on protein sequences. PLoS ONE 8:¢55512. doi:
10.1371/journal.pone.0055512

Frontiers in Physiology | www.frontiersin.org

August 2016 | Volume 7 | Article 314


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Bogdanova et al.

Responses of Na,K-ATPase to Hypoxia

Sun, J., Steenbergen, C., and Murphy, E. (2006). S-nitrosylation: NO-related
redox signaling to protect against oxidative stress. Antioxid. Redox Signal. 8,
1693-1705. doi: 10.1089/ars.2006.8.1693

Therien, A. G., and Blostein, R. (2000). Mechanisms of sodium pump regulation.
Am. J. Physiol. Cell Physiol. 279, C541-C566.

Thevenod, F., and Friedmann, J. M. (1999). Cadmium-mediated oxidative stress
in kidney proximal tubule cells induces degradation of Na+/K(+)-ATPase
through proteasomal and endo-/lysosomal proteolytic pathways. FASEB J. 13,
1751-1761.

Tian, J., Haller, S., Periyasamy, S., Brewster, P., Zhang, H., Adlakha, S., et al. (2010).
Renal ischemia regulates marinobufagenin release in humans. Hypertension 56,
914-919. doi: 10.1161/HYPERTENSIONAHA.110.155564

Townsend, D. M., Tew, K. D., He, L., King, J. B., and Hanigan, M. H. (2009). Role
of glutathione S-transferase Pi in cisplatin-induced nephrotoxicity. Biomed.
Pharmacother. 63, 79-85. doi: 10.1016/j.biopha.2008.08.004

Toyoshima, C., Kanai, R., and Cornelius, F. (2011). First crystal structures of
Na+,K+-ATPase: new light on the oldest ion pump. Structure 19, 1732-1738.
doi: 10.1016/j.str.2011.10.016

Trumpower, B. L. (1990). The protonmotive Q cycle. Energy transduction by
coupling of proton translocation to electron transfer by the cytochrome bcl
complex. J. Biol. Chem. 265, 11409-11412.

Turrens, J. F. (2003). Mitochondrial formation of reactive oxygen species. J.
Physiol. (Lond). 552, 335-344. doi: 10.1113/jphysiol.2003.049478

Van Kanegan, M. J., He, D. N,, Dunn, D. E,, Yang, P., Newman, R. A., West,
A. E, et al. (2014). BDNF mediates neuroprotection against oxygen-glucose
deprivation by the cardiac glycoside oleandrin. J. Neurosci. 34, 963-968. doi:
10.1523/JNEUROSCI.2700-13.2014

Vinogradov, A. D., and Grivennikova, V. G. (2005). Generation of superoxide-
radical by the NADH:ubiquinone oxidoreductase of heart mitochondria.
Biochem. Mosc. 70, 120-127. doi: 10.1007/s10541-005-0090-7

Vinogradov, A. D., and Grivennikova, V. G. (2016). Oxidation of NADH and ROS
production by respiratory complex 1. Biochim. Biophys. Acta 1857, 863-871.
doi: 10.1016/j.bbabio.2015.11.004

Wang, Y. X,, and Zheng, Y. M. (2010). Role of ROS signaling in differential
hypoxic Ca2+ and contractile responses in pulmonary and systemic
vascular smooth muscle cells. Respir. Physiol. Neurobiol. 174, 192-200. doi:
10.1016/j.resp.2010.08.008

Ward, N. E,, Pierce, D. S., Chung, S. E., Gravitt, K. R,, and O’brian, C. A. (1998).
Irreversible inactivation of protein kinase C by glutathione. J. Biol. Chem. 273,
12558-12566. doi: 10.1074/jbc.273.20.12558

Ward, N. E., Stewart, J. R., Ioannides, C. G., and O’brian, C. A. (2000).
Oxidant-induced S-glutathiolation inactivates protein kinase C-alpha (PKC-
alpha): a potential mechanism of PKC isozyme regulation. Biochemistry 39,
10319-10329. doi: 10.1021/bi000781g

Washam, J. B., Stevens, S. R., Lokhnygina, Y., Halperin, J. L., Breithardt, G.,
Singer, D. E,, et al. (2015). Digoxin use in patients with atrial fibrillation and
adverse cardiovascular outcomes: a retrospective analysis of the Rivaroxaban
Once Daily Oral Direct Factor Xa Inhibition Compared with Vitamin K
Antagonism for Prevention of Stroke and Embolism Trial in Atrial Fibrillation
(ROCKET AF). Lancet 385, 2363-2370. doi: 10.1016/S0140-6736(14)6
1836-5

Westermann, B. (2015). The mitochondria-plasma membrane contact site. Curr.
Opin. Cell Biol. 35, 1-6. doi: 10.1016/j.ceb.2015.03.001

White, C. N., Figtree, G. A,, Liu, C. C,, Garcia, A., Hamilton, E. J., Chia, K. K.,
et al. (2009). Angiotensin II inhibits the Na+-K+ pump via PKC-dependent
activation of NADPH oxidase. Am. J. Physiol. Cell Physiol. 296, C693-C700.
doi: 10.1152/ajpcell.00648.2008

White, C. N., Liu, C. C., Garcia, A., Hamilton, E. J., Chia, K. K., Figtree, G.
A, et al. (2010). Activation of cAMP-dependent signaling induces oxidative
modification of the cardiac Na+-K+ pump and inhibits its activity. J. Biol.
Chem. 285, 13712-13720. doi: 10.1074/jbc.M109.090225

Wilkie, M. P., Pamenter, M. E., Alkabie, S., Carapic, D., Shin, D. S., and Buck,
L. T. (2008). Evidence of anoxia-induced channel arrest in the brain of the
goldfish (Carassius auratus). Comp. Biochem. Physiol. C. Toxicol. Pharmacol.
148, 355-362. doi: 10.1016/j.cbpc.2008.06.004

Winnicka, K., Bielawski, K., Bielawska, A., and Miltyk, W. (2007). Apoptosis-
mediated cytotoxicity of ouabain, digoxin and proscillaridin A in the
estrogen independent MDA-MB-231 breast cancer cells. Arch. Pharm. Res. 30,
1216-1224. doi: 10.1007/BF02980262

Winnicka, K., Bielawski, K., Bielawska, A., and Miltyk, W. (2010). Dual effects of
ouabain, digoxin and proscillaridin A on the regulation of apoptosis in human
fibroblasts. Nat. Prod. Res. 24, 274-285. doi: 10.1080/14786410902991878

Xianyu, M., Petrushanko, I. Y., Klimanova, E. A., Dergousova, E. A., and Lopina,
O. D. (2014). Glutathionylation of the alpha-subunit of Na,K-ATPase from rat
heart by oxidized glutathione inhibits the enzyme. Biochem. Mosc. 79, 158-164.
doi: 10.1134/S0006297914020096

Xie, Z., Jack-Hays, M., Wang, Y., Periyasamy, S. M., Blanco, G., Huang, W.
H., et al. (1995). Different oxidant sensitivities of the alpha 1 and alpha
2 isoforms of Na+/K(+)-ATPase expressed in baculovirus-infected insect
cells. Biochem. Biophys. Res. Commun. 207, 155-159. doi: 10.1006/bbrc.19
95.1166

Xu, K. Y., Zweier, J. L., and Becker, L. C. (1997). Oxygen-free radicals directly attack
the ATP binding site of the cardiac Na+,K(+)-ATPase. Ann. N.Y. Acad. Sci.
834, 680-683. doi: 10.1111/j.1749-6632.1997.tb52349.x

Yakushev, S., Band, M., Tissot Van Patot, M. C., Gassmann, M., Avivi, A,
and Bogdanova, A. (2012). Cross talk between S-nitrosylation and S-
glutathionylation in control of the Na,K-ATPase regulation in hypoxic
heart. Am. J. Physiol. Heart Circ. Physiol. 303, H1332-H1343. doi:
10.1152/ajpheart.00145.2012

Yan, L. J. (2014). Protein redox modification as a cellular defense mechanism
against tissue ischemic injury. Oxid. Med. Cell. Longev. 2014:343154. doi:
10.1155/2014/343154

Yan, Y., Shapiro, A. P., Haller, S., Katragadda, V., Liu, L., Tian, J., et al. (2013).
Involvement of reactive oxygen species in a feed-forward mechanism of Na/K-
ATPase-mediated signaling transduction. J. Biol. Chem. 288, 34249-34258. doi:
10.1074/jbc.M113.461020

Yuan, G., Vasavda, C., Peng, Y. J., Makarenko, V. V., Raghuraman, G., Nanduri,
J., et al. (2015). Protein kinase G-regulated production of H2S governs oxygen
sensing. Sci. Signal 8, ra37. doi: 10.1126/scisignal.2005846

Zhang, H., Qian, D. Z, Tan, Y. S, Lee, K, Gao, P,, Ren, Y. R, et al.
(2008). Digoxin and other cardiac glycosides inhibit HIF-lalpha synthesis
and block tumor growth. Proc. Natl. Acad. Sci. U.S.A. 105, 19579-19586. doi:
10.1073/pnas.0809763105

Zhang, X. Q., Wang, J., Song, J., Ji, A. M., Chan, T. O., and Cheung, J. Y.
(2011). Residues 248-252 and 300-304 of the cardiac Na+/Ca2+ exchanger are
involved in its regulation by phospholemman. Am. J. Physiol. Cell Physiol. 301,
C833-C840. doi: 10.1152/ajpcell.00069.2011

Zhao, N, Lo, L. C,, Berova, N., Nakanishi, K., Tymiak, A. A., Ludens, J. H., et al.
(1995). Na,K-ATPase inhibitors from bovine hypothalamus and human plasma
are different from ouabain: nanogram scale CD structural analysis. Biochemistry
34, 9893-9896. doi: 10.1021/bi00031a010

Zhao, X., Ning, Q., Ai, M., Chai, H., and Yin, M. (2015). PGluS: prediction
of protein S-glutathionylation sites with multiple features and analysis. Mol.
Biosyst. 11, 923-929. doi: 10.1039/C4MB00680A

Zickermann, V., Wirth, C., Nasiri, H., Siegmund, K., Schwalbe, H., Hunte, C.,
et al. (2015). Structural biology. Mechanistic insight from the crystal structure
of mitochondrial complex I. Science 347, 44-49. doi: 10.1126/science.12
59859

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Bogdanova, Petrushanko, Hernansanz-Agustin and Martinez-
Ruiz. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Physiology | www.frontiersin.org

August 2016 | Volume 7 | Article 314


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

1' frontiers
in Physiology

REVIEW
published: 02 August 2016
doi: 10.3389/fphys.2016.00316

OPEN ACCESS

Edited by:
Laura Andrea Dada,
Northwestern University, USA

Reviewed by:

Lillian DeBruin,

Wilfrid Laurier University, Canada
Pablo Martin-Vasallo,

University of La Laguna, Spain

*Correspondence:
Victoria L. Wyckelsma
victoria.wyckelsma@vu.edu.au

Specialty section:

This article was submitted to
Membrane Physiology and Membrane
Biophysics,

a section of the journal

Frontiers in Physiology

Received: 25 April 2016
Accepted: 13 July 2016
Published: 02 August 2016

Citation:

Wyckelsma VL and McKenna MJ
(2016) Effects of Age on
Nat,Kt-ATPase Expression in
Human and Rodent Skeletal Muscle.
Front. Physiol. 7:316.

doi: 10.3389/fohys.2016.00316

®

CrossMark

Effects of Age on Na*,K*-ATPase
Expression in Human and Rodent
Skeletal Muscle

Victoria L. Wyckelsma * and Michael J. McKenna

Clinical Exercise Science Program, Institute of Sport Exercise and Active Living, Victoria University, Melbourne, VIC, Australia

The maintenance of transmembrane Nat and KT concentration gradients and
membrane potential is vital for the production of force in skeletal muscle. In aging
an inability to maintain ion regulation and membrane potential would have adverse
consequences on the capacity for performing repeated muscle contractions, which are
critical for everyday activities and functional independence. This short review focusses
on the effects of aging on one major and vital component affecting muscle Na*
and Kt concentrations, membrane potential and excitability in skeletal muscle, the
Nat K*+-ATPase (Nat,KT-pump, NKA) protein. The review examines the effects of age
on NKA in both human and rodent models and highlights a distant lack of research
in NKA with aging. In rodents, the muscle NKA measured by [*H]ouabain binding site
content, declines with advanced age from peak values in early life. In human skeletal
muscle, however, there appears to be no age effect on [*H]ouabain binding site content in
physically active older adults between 55 and 76 years compared to those aged between
18 and 30 years of age. Analysis of the NKA isoforms reveal differential changes with age
in fiber-types in both rat and humans. The data show considerable disparities, suggesting
different regulation of NKA isoforms between rodents and humans. Finally we review the
importance of physical activity on NKA content in older humans. Findings suggest that
physical activity levels of an individual may have a greater effect on regulating the NKA
content in skeletal muscle rather than aging per se, at least up until 80 years of age.

Keywords: age, Na*K*-pump, single fiber, [H]ouabain

IMPLICATIONS OF IMPAIRED SKELETAL MUSCLE ION
REGULATION IN AGING

A fundamental factor underpinning skeletal muscle contractile function is the maintenance of
membrane excitability, which is heavily dependent on transmembrane sodium (Na™), potassium
(K™), and chloride (Cl™) gradients and conductances via their effects on muscle membrane
potential (Ep,) (Hodgkin and Horowicz, 1959). The intramuscular regulation of these ions is
important in both the development of and preservation against muscle fatigue (Sejersted and
Sjogaard, 2000; McKenna et al., 2008). Therefore, any disturbances in muscle ion regulation with
aging are likely to impact adversely on cellular excitability and the capacity to undertake repeated
muscle contractions, thereby affecting the capability to successfully complete simple daily tasks,
and thus on quality of life. Preservation of muscle mass and function is critical in older individuals,
due their greater risk of falls, and the consequential effects, that include ongoing physical disability,

Frontiers in Physiology | www.frontiersin.org

67 August 2016 | Volume 7 | Article 316


http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://www.frontiersin.org/Physiology/editorialboard
http://dx.doi.org/10.3389/fphys.2016.00316
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2016.00316&domain=pdf&date_stamp=2016-08-02
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:victoria.wyckelsma@vu.edu.au
http://dx.doi.org/10.3389/fphys.2016.00316
http://journal.frontiersin.org/article/10.3389/fphys.2016.00316/abstract
http://loop.frontiersin.org/people/344170/overview
http://loop.frontiersin.org/people/318689/overview

Wyckelsma and McKenna

Aging and Muscle Nat, Kt -ATPase

declines in physical and mental health and in social isolation for
the individual (Stel et al., 2004). This short review focusses on
the effects of aging on one major component of ion regulation
in skeletal muscle, the Na™,K™-ATPase (Nat,K*-pump, NKA)
protein in skeletal muscle, which is vital for the regulation of
transmembrane Na™ and K* concentration gradients, E,, and
excitability in skeletal muscle cells (Clausen, 2003b). This review
does not cover the acute activation and regulation of the NKA,
for this we direct readers to excellent reviews (Clausen, 2003b;
Pirkmajer and Chibalin, 2016).

Nat+,K*-ATPase (NKA) IN SKELETAL
MUSCLE

In healthy young adults, the skeletal muscle NKA content is
typically around 250-350 pmol.g wet weight™! (Clausen, 2013).
Whilst neural tissue contains a higher NKA content per unit
mass, skeletal muscle represents the largest pool of NKA in
the body due to the very large muscle mass; thus a human
weighing 70kg is estimated to have approximately 8.4 pmol
of NKA (Clausen, 2013). The NKA comprises alpha () and
beta (B) subunits, which together constitute a functional aff
heterodimer (Clausen, 2003b; Green, 2004). The NKA a subunit
(~100-112 kDa) contains binding sites for Na*, KT, and Mg?**
ions as well as phosphate and ATP and typically undergoes
both phosphorylation and oxidation (Clausen, 2003b; Lingrel
et al., 2003; McKenna et al., 2006). The p subunit (~35-55 kDa)
is glycosylated and is necessary for the structural maturation
of the a subunit, localisation of the NKA heterodimer to the
sarcolemma and regulation of NKA activity (Cougnon et al,
2002). Each isoform is encoded by separate genes including
four a isoforms (o, op, a3, a4), and three p isoforms (Bi,
B2, PB3) (Blanco and Mercer, 1998). The expression of these
isoforms differs across tissues, which suggests a varying function
and regulation of each isoform (McDonough et al,, 2002). An
additional regulatory (y) subunit associated with NKA activity,
known as the FXYD family of proteins comprising seven
isoforms (Geering, 2005); the predominant FXYD isoform in
skeletal muscle is FXYDI, or phospholemman (Bibert et al.,
2008).

To understand aging effects on NKA in muscle, it is
first important to understand distributions of NKA isoforms
in specific fiber types. In rat skeletal muscle, based on
experiments using isoform-specific antibodies, most studies
reveal that the NKA «; isoform has a similar abundance
in oxidative and glycolytic muscles (Hundal et al, 1993;
Thompson and McDonough, 1996; Ng et al., 2003; Fowles
et al, 2004; Zhang et al, 2006; Kristensen and Juel, 2010;
Ingwersen et al, 2011). Similarly, the o, is abundant in
both oxidative and glycolytic muscles in the rat (Thompson
and McDonough, 1996; Fowles et al, 2004; Kristensen and
Juel, 2010; Ingwersen et al., 2011). In contrast, rat skeletal
muscle exhibits distinct differences in B; and B, expression
between fiber types, with an almost exclusive expression of
B1 in muscles rich in slow twitch fibers, whereas the B, is
more abundant in fast twitch fibers (Hundal et al., 1993;

Thompson and McDonough, 1996; Fowles et al., 2004; Zhang
et al., 2006). The B3 isoform in rat muscle was found to be
similarly abundant in red and white gastrocnemius muscles
(Ng et al., 2003).

In human skeletal muscle, all isoforms except the oy isoform
are expressed (Murphy et al., 2004) and recent studies indicate
that muscle fiber type NKA expression differs considerably from
that in the rat. In human muscle, an initial study found no fiber-
type specific differences abundance for the ay, B, or FXYDI, but
revealed a greater abundance of oy in Type II fibers, with no
measures of the other NKA isoforms (Thomassen et al., 2013).
Two subsequent studies from our group reported no fiber-type
specific abundance in the o, oy, and B; isoforms, but a greater
abundance of the a3 and B, in Type II fibers (Wyckelsma et al.,
2015, 2016). The FXYDI1 protein was not measured in these latter
studies.

The differing abundances of the NKA isoforms between fiber-
types in rat muscle and to a lesser extent in human muscle,
raises the important issue of understanding what the functional
roles of different isoforms are in skeletal muscle. However, our
understanding of the specific functions of the NKA isoforms
within skeletal muscle is incomplete. Several genetically modified
mouse models have been developed to address this, including
mice with either one copy of either the o; (OLIH_) or oy (a;/_)
gene knocked out, leaving the mice with one-half of either the
aj or o isoform compared to wild-type (WT) mice (He et al,
2001), or a skeletal muscle-specific a, gene knock out (ska2=/;
Radzyukevich et al., 2012). The extensor digitorum longus (EDL)

+/

muscles from o’ mice showed reduced muscle force compared

with WT mice, while the OL;_/ " mice had improved force (He
etal., 2001). When a fatigue protocol was implemented the ot;r/ B

mouse EDL muscle fatigued at a faster rate than the 0(?-/ " and
WT (He etal., 2001). It was suggested the improved force in basal
(i.e., non-fatigued) conditions in oc;/ " mice could have been
explained by altered Ca?* handling in these mice (He et al., 2001).
In ska2 ™/~ mice, the resting membrane potential of the EDL was
not different to WT mice (Radzyukevich et al., 2012); however,
the ska2™/~ muscle showed a rapid decline in the maximum
twitch and tetanic forces and fatigued earlier during a treadmill
running test compared to WT mice (Radzyukevich et al., 2012).
These studies now establish, at least in murine skeletal muscle,
that the NKA a; plays an important role in Na*/K™ exchange
and E;, regulation during basal conditions, presumably in a
“house-keeping” role, whilst the oy isoform plays a key role
during muscle contractions. The a3 is the least abundant of the
NKA o isoforms in rat skeletal muscle (Blanco and Mercer, 1998),
but its role in skeletal muscle has not yet been established. The
a3 isoform is the major NKA «a isoform expressed in neurones,
with NKA a3 mutations linked with dystonia-parkinsonism and
alternating hemiplegia of childhood (Heinzen et al., 2014). An
investigation with a3 haplo-insufficiency in mice found that
while they could compete physically with WT mice, they were
slower in cognitive challenges, such as navigating a water maze
(Moseley et al,, 2007). Thus, further research is required to
determine the functional significance of NKA a3 in skeletal
muscle.
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The overall amount of B isoforms present in a muscle is
also important for NKA activity. Muscles expressing NKA o:f
isoforms in a ratio of 1:2 had a higher NKA activity than those
with a 1:1 ratio, with activity measured by the K*-dependent
3-O- methylfluorescein phosphate activity assay (Lavoie et al.,
1997). The alpha-beta heterodimer with a $; isoform has a
higher affinity to Na™ and lower affinity for K™ compared to B,,
independent of the o isoform paired with (Crambert et al., 2000).
Whilst the expression of B; and B, isoforms differs between
muscle fiber types in the rat, the specific roles of the different
isoforms in skeletal muscle NKA regulation contractile have not
yet been defined.

The NKA in muscle is adaptable with disease and physical
activity. In humans, declines in skeletal muscle [*H]ouabain
binding site content have been reported with various diseases
including muscular dystrophy (Desnuelle et al., 1982), McArdles
disease (Haller et al., 1998), and liver cirrhosis (Aagaard et al.,
2002), as well as injury and associated inactivity (Leivseth
and Reikerds, 1994; Perry et al, 2015). In contrast, physical
training increases muscle [*H]ouabain binding site content and
is also typically associated with improved exercise performance
(McKenna et al., 1996; Clausen, 2013). Given this malleability in
muscle NKA and the link with muscular performance, any effects
of age on the NKA are of considerable interest.

AGE ASSOCIATED ALTERATIONS TO NKA
WHOLE MUSCLE CONTENT MEASURED
VIA [BHJOUABAIN BINDING

The widely accepted method for quantification of the total
number of functional NKA in skeletal muscle is through
measurement of the [*H]ouabain binding site content (Clausen,
2003a). The procedure is performed on small pieces of whole
muscle samples (typically between 10 and 20 mg) and is based on
the high affinity binding of cardiac glycosides to the a subunit
of the NKA, with a stoichiometry of 1:1 (Hansen, 1984). By
incubation of muscle samples in tritiated ouabain and counting
of B particles via liquid scintillation, it is possible to quantify
the NKA content in molar units, typically expressed as NKA in
pmol'g wet weight™! (Hansen and Clausen, 1988). In human
skeletal muscle, the standard [*H]ouabain binding assay detects
each of the three o isoforms (Wang et al, 2001) and thus
this is a measure of NKA content; thus in the article these
terms can be read interchangeably. This contrasts rat muscle,
where only the a, isoform is detected at the concentration of
ouabain used, due to its much higher affinity than the other
a isoforms (Hansen, 2001), although this is clearly the most
dominantly expressed of the a isoforms (Hansen, 2001). Thus,
when referring to rat skeletal muscle the [*H]ouabain binding site
content is referred rather than the term NKA content which is
incorrect.

Few studies have investigated age effects on skeletal muscle
[*H]ouabain binding site content. From the limited available
literature, rodent muscle shows a clear age-dependent effect,
although by far the greatest changes are a large upregulation
that early occur early in life. In rats, soleus muscle [*H]ouabain

binding site content increased four-fold from birth up until
1 year of age, which was then followed by a 50-70% decline
over the following 2-20 months (Kjeldsen et al, 1984). In
rats, soleus muscle exhibited a 58% decrease in [*H]ouabain
binding site content from rats aged between 28 and 85
days (Kjeldsen et al., 1982). Mice showed less prominent
changes in muscle [*H]ouabain binding site content than rats.
From the first week of life [*H]ouabain binding site content
increased from around 300 to 800 pmolg wet weight™! by
the 4th week of life, this was followed by a 25% decline
which plateaued over the subsequent 4 weeks (Kjeldsen et al.,
1984).

There are no lifespan time-course studies investigating
chronological changes in human muscle NKA. Several studies
utilizing a cross-sectional design have compared muscle NKA
content in young healthy participants with a mean age of ~24
years vs. older adults with a mean age of ~68 years (Klitgaard
and Clausen, 1989; McKenna et al., 2012; Wyckelsma et al.,
2016). The earliest study reported a non-significant (14% lower)
difference in NKA content in older compared to the younger
adults (Klitgaard and Clausen, 1989). Two recent studies from
our group reported no difference in NKA content between young
and older adults (McKenna et al., 2012; Wyckelsma et al., 2016).
These studies are therefore consistent in finding no significant
difference in [*H]ouabain binding site content between young
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FIGURE 1 | Human skeletal muscle [3H]ouabain binding with aging and
physical activity from studies conducted in the Clausen laboratory
(Aarhus, Denmark). Data from early papers investigating [SH]ouabain binding
in older adults from different studies measured in the same laboratory to
ensure comparisons are made utilizing the same methodology. 1. Indicates
data from (Klitgaard and Clausen, 1989), 2. from (Derup et al., 1988a), and 3.
from (Derup et al., 1988b). Data from 2 to 3 were from healthy control subjects
in studies undertaking comparison against clinical populations. These clinical
population data have not been included in this figure. *Different to 68 years (no
exercise), T different to young (active), p < 0.05.
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and older adults. However, an interesting observation from
another recent study was that NKA content was 26% lower in
older adults aged between 69 and 81 years compared to those
aged from 55 to 68 years (Perry et al., 2013). This suggested
that an age associated reduction in muscle NKA content in
humans might only be apparent at more advanced ages. To
investigate this possible age effect on NKA content further, we
analyzed all of the [*H]ouabain binding site content data in
aging-related research collected in healthy, older participants
in our laboratory over the past 4 years (McKenna et al., 2012;
Perry et al., 2013; Wyckelsma et al., 2016). The first comparison
revealed no difference in NKA content between younger adults
aged 18-30 years (n = 32) compared to those aged from 55 to
76 years (n = 25; 348.3 £ 82.2 vs. 361.8 £ 59.0 pmol.g wet
weight™!, Young vs. Old, respectively, p = 0.53), confirming the
above conclusion (Figure 2). Comparison between adults after
dividing older adults in subgroups based on decades lived, from
18 to 30 (n = 32), 55-59 (n = 3), 60-69 (n = 11), and 70-
76 years of age (n = 11), also revealed no differences with age
(Figure 2). This suggests that the decline in [*H]ouabain binding
reported previously in the oldest age category (Perry et al., 2013)
may be related to their chronic physical activity levels rather than
their age. Older participants in one of the studies reported similar
physical activity levels to the healthy young controls, despite
the intensities of activities likely differing considerably between
the groups (Wyckelsma et al., 2016). This may suggest that
preserving some level of physical activity might be the important
factor in the maintenance of skeletal muscle NKA with age in
humans. Thus, whilst studies in rat and murine muscle suggest
that aging is associated with a moderate decline in [*H]ouabain
binding site content, there is no evidence that this occurs in
human skeletal muscle. However, since we have no analyses of
muscle [*H]ouabain binding in healthy adults greater than 80
years, we cannot exclude the possibility that a decline may occur
beyond this age.

AGE ASSOCIATED ALTERATIONS TO NKA
ISOFORMS

Despite the [*H]ouabain binding site content being the gold
standard for measuring NKA content in human muscle,
this method (using standard concentration of ouabain)
cannot differentiate between the individual o isoforms. Hence
researchers are unable to identify which of the three specific
a isoforms might have changed with a particular intervention,
condition or with aging. Given the possibility of differing roles
and fiber-type specificity of the individual isoforms, it is therefore
necessary to also investigate the isoform abundances in muscle.
This has typically been conducted via western blotting, although
one study utilized immunohistochemistry (IHC) to analyze
differences in NKA isoforms in aged rat muscle (Zhang et al.,
2006). The advantages of IHC are that it allows detection of
the cellular localization of specific isoforms and can provide an
indication of the fiber-type specificity of a protein. However,
disadvantages include the inability to quantify the abundance of
protein and the problem of non-specific binding of antibodies.
Few studies have investigated the impacts of aging on NKA
isoforms in rat muscle, and the use of different ages of rats
and analytical techniques (e.g., western blotting vs. IHC) makes
direct comparisons between studies difficult; it is therefore not
surprising that findings are inconsistent (Sun et al., 1999; Ng
et al., 2003; Zhang et al., 2006). Nonetheless, these studies have
identified that aging in rats is associated with skeletal muscle
NKA isoform changes that comprise an increased oy, either
no change or a decline in oy, an increase or no change in f;,
decreased B, and an increases B3, as summarized in Table 1.
These findings from advanced aged in rodent muscle suggests
there may be more NKA «;f; heterodimers present in aged
skeletal muscle (Sun et al, 1999; Ng et al, 2003). The a;f;
has a higher Na™ affinity in resting muscle (Crambert et al,,
2000), and it has been hypothesized that aged rat muscle may

A

"o 600-

©

g_soo-

~ [ ]

400 « 4 o %

k= *' ce® A

2 300- < R L

e} ° .

[ = .

£ 200 o

<

T 100-

=

",I 0 T T T T T T T 1

“ 0 10 20 30 40 50 60 70 80
Age (years)

group is also shown as a horizontal line.

FIGURE 2 | Muscle [®H]ouabain binding does not change with age in human skeletal muscle. Muscle [3H]ouabain binding site content collated from data
collected on healthy young and healthy older adults from the McKenna research group between 2012 and 2016. (A) Shows the data combined into two discrete age
groups and analyzed by unpaired t-test (p = 0.53). (B) Shows all data plotted into relevant decades of life analyzed by one-way ANOVA (p = 0.30); the mean of each

B

"o 600-

£ 5004 o®

Q.

Sa00] 0% @ Al v

£ - 2 A M

T | A,

£ 900 et S

v

= -

£2001 ¢4

g1oo

3 n=32 n=3 n=11 n=11

I o . . . .

— 18-30 55-59 60-69 70-76
Age (years)

Frontiers in Physiology | www.frontiersin.org

70

August 2016 | Volume 7 | Article 316


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Wyckelsma and McKenna

Aging and Muscle Nat, Kt -ATPase

TABLE 1 | Effects of age on NKA isoform abundances in skeletal muscle.

Ref Species Age N Technique Muscle NKA Isoform
(months/years) (normalization)  Measured
oy o og B+ B2 B3
1 Rat Young 5 Western blot EDL
(6 months) 6 Sol 30>6 18 <6 -
Adult RG 30 > 6,18 18,30 < 6 30 > 6,18 30<6
(18 months) 7 WG 30 > 6,18 18,30 <6 30 > 6,18 30,18< 6,
Old 30 <18
(30 months)
2 Rat Young NR Western blot EDL NS NS NS
(16 months) Sol
Old RG 1 NS NS 1 )
(29 months) WG 0 NS NS 1 T
3 Rat Young 12- IHC RG o 1 1 1 T
(6 months) 15 WG o 1 o 1 1
Old
(30 months)
4 Human Old 66.8 + 6.4 17 Western blot VL - 1 24% - - - -
Young (GAPDH)
239+22 16
5 Human Old69.4 + 3.5 17 Western blot VL - - - - - 1 250%
(Calibration
Curve)
Young 14 VL Type | +71% - - - - 1 96%
255+28 fibers
VL Type - - 147% - 1 85% 1 285%
Il fibers

Reference 1, Sun et al., 1999; 2, Ng et al., 2003, 3, Zhang et al., 2006; 4, McKenna et al., 2012; 5, Wyckelsma et al., 2016.

Age, mean £+ SD. Symbols: |, denotes decrease; -, no change; 1, increase, data in parentheses denotes % difference between groups. 1 * not quantitative but increased compared
to young | * not quantitative but decreased compared to young. NR not reported, NS not significant.

Muscles: EDL, Extensor Digitorum Longus; RG, Red Gastrocnemius; WG, White Gastrocnemius; VL, Vastus Lateralis.

have increased K* and Na% fluxes with aging, due to reduced
amount of caveolin-3 located in the transverse tubular system
of aged mice (Barrientos et al., 2015). This is consistent with
the important housekeeping role of the a; isoform in Nat/K*
exchange. From the above findings and also the reduction of
azP2 in aged isoforms in rat, it seems reasonable to suggest in
aged rats, that the increased abundance of the a;f; isoforms
may be compensatory for these losses. It was also shown in red
gastrocnemius muscle, that o; was less phosphorylated in aged
rats (Zhang and Ng, 2007), although the functional implications
of this are not yet understood.

Research into the NKA isoform abundances with age in
humans is sparse. The initial study by our group investigated
NKA isoform abundance in human vastus lateralis muscle
homogenates and found a 24% decrease in o, and 23% decrease
in B3 isoform abundances in older compared to young adults,
without change in the other NKA isoforms (McKenna et al.,
2012). As there was no difference in [>H]ouabain binding site
content, it was suggested that the decrease in o, abundance
might reflect an increased fiber membrane density due to the
smaller fibers in aged muscle (McKenna et al., 2012). A later
study revealed a decrease with age in the abundance of several

proteins typically used as housekeeping proteins, including
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Vigelso
et al, 2015). The GAPDH protein was used in the above
study to normalize NKA western blots (McKenna et al., 2012).
We therefore re-examined the effects of age on NKA isoform
abundances in muscle homogenates, but normalized against total
protein rather than GAPDH and also introduced a calibration
curve for normalization (Murphy and Lamb, 2013; Wyckelsma
et al., 2016). With this improved method in our subsequent
study, we found no difference in the abundance in the o, in
aged muscle, which was consistent with the lack of difference
in [°*H]ouabain binding site content. We also observed no
differences in other NKA isoforms, apart from a large (~250%)
increase in B3 isoform abundance (Wyckelsma et al, 2016).
This suggests that aging may have quite different effects on
the abundance of NKA isoforms in rat and human skeletal
muscle.

Since human skeletal muscle comprises a mixed muscle
fiber type population, analysis of protein changes in a muscle
homogenate might mask changes with aging that occur in
different muscle fiber types. We therefore also undertook analysis
of NKA isoforms from single fiber segments from biopsies
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obtained from elderly humans (Wyckelsma et al., 2016). This
study firstly showed a lack of fiber-type specificity for any of the
six NKA isoforms, with isoforms similarly abundant in Type I
and II fibers (Wyckelsma et al., 2016). When isoform abundance
was compared between young and older adults in a given fiber
type, a number of differences were identified. Compared to young
adults, the NKA a3 and B, isoforms were both lower by ~47%
and ~85%, respectively, in Type II fibers of the older adults,
whilst there was a ~71% greater abundance of a; in Type I fibers
in aged muscle compared to young. The NKA f3 was greater
in aged muscle in both Type I (~96%) and II (~285%) fibers,
reflective of B3 changes seen in the whole muscle homogenate
(Wyckelsma et al., 2016).

The greater o; and B3 isoforms, and lesser B, isoforms in
aged human single fiber segments, showed some similarities
with rodent studies (see Table 1). However, no age-associated
decreases in the oy or B; have been reported in studies with
humans, contrary to some animal studies (Sun et al., 1999). Direct
comparison between these studies is difficult due to varying
methodological techniques, as well as is the different ages of
mice studied. Previous studies utilized mice aged 29 (Ng et al.,
2003), and 30 months (Sun et al., 1999; Zhang et al., 2006). Since
13.8 days for a rat is approximately equivalent to 1 year for a
human, mice aged 29-30 months would be equivalent to a human
aged 75-80 years (Sengupta, 2013). In human physiological
research it is quite difficult to recruit older participants of quite
advanced age that are in good health, have limited ongoing
pharmacological treatments, as well as are willing to undergo
invasive procedures, such as muscle sampling. Furthermore,
those that do volunteer may already tend to be reasonably active,
which might in itself influence expression of NKA a isoforms
(Perry et al., 2013).

In human muscle, the increase in the abundance of oy
which was commonly seen in rodent has been observed,
but no measures of phosphorylation have been investigated.
Interestingly all studies with rodents report decreased f, in white
and red gastrocnemius muscle (Sun et al., 1999; Ng et al., 2003;
Zhang et al, 2006) and also with humans in Type II fibers
(Wyckelsma et al., 2016). The role of #, is unknown in skeletal
muscle. It is important to explore the role the B, isoform plays
in NKA enzymatic activity and excitability, especially in Type

IT fibers, since Type II fibers undergo a loss of specific force in
aged compared to compared to young adults (Lamboley et al.,
2015). Whilst FXYD1 phosphorylation has been measured in
human muscle (Thomassen et al., 2013, 2016), and increased with
exercise in aged rats (Reis et al., 2005), the effects of aging have
not yet been investigated in aged humans.

CHRONIC REGULATION OF NKA WITH
EXERCISE TRAINING IN THE AGED

In young adults, physical activity is known to upregulate
the NKA content in skeletal muscle (McKenna et al.,, 1996;
Clausen, 2003b), but little is known about training effects on
muscle NKA in the aged. The study by Klitgaard and Clausen
(1989), compared [*H]ouabain binding site content in healthy
but sedentary older and younger adults with three cohorts
of active older adults, who had undertaken 12-17 years of
regular physical training. The active groups participated in either
running, swimming or resistance training and had considerably
greater [*H]ouabain binding site content than the sedentary older
adults (Figure 1). Furthermore, it was found that the resistance
trained older adults had a greater [*H]ouabain site content
compared to untrained young controls (Klitgaard and Clausen,
1989).

In rats, exercise training further increased the a; isoform,
which was already upregulated with age, as measured by western
blotting and appeared to reverse the age associated alterations
of the NKA B3 isoform (Ng et al., 2003) (Table 2). Additional
training adaptations included increases in the o, and f; in rat
EDL, red and white gastrocnemius muscle (Ng et al, 2003).
Another study in aged rats found upregulation of FXYD1 in
EDL, red and white gastrocnemius muscle with exercise training
(Reis et al., 2005) (Table 2). There were also tendencies for
the co-immunoprecipitation of FXYDI to the o; which tended
to decrease with training and the oy tended to increase the
co-immunoprecipitation of FXYD1 with training (Reis et al.,
2005). However, this study was conducted in only 3 rats, which
they suggested may have resulted in a Type II error. The
effects of longitudinal training in older adults is yet to be
published.

TABLE 2 | Comparison of NKA isoform responses to training in aged rat and human.

Ref Species Age N Training Technique Muscle NKA Isoform FXYD1
Measured
oq o o3 B4 B2 B3
1 Rat 29 Months 12-15 13-14 weeks Western blot EDL 1 4 4 - N -
motorized RG 1 4 4 - U
treadmill running WG 4 1 -
2 Rat 29 months 3 13-14 weeks Western blot EDL 4
motorized RG 4
treadmill running WG 1

1, Ng et al., 2003; 2, Reis et al., 2005. Blank space indicated not measured, 1 increased |, decreased — no change.
Muscles: EDL, Extensor Digitorum Longus; RG, Red Gastrocnemius; WG, White Gastrocnemius; VL, Vastus Lateralis.
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PERSPECTIVES

The review highlights the lack of research in aging and
NKA regulation in skeletal muscle, with many aspects of
NKA regulation still required to be explored. It further
demonstrates that changes that might be observed with age
in rodent muscles cannot be anticipated to also occur in
humans and the reasons for this are unclear. This highlights
the importance of conducting studies in human muscle. Such
research is particularly important given the vital role of NKA
in regulation muscle excitability and function. The use of
skeletal muscle knockout mice provide excellent models to
determine function of the specific NKA isoforms in skeletal
muscle. Future research could consider the effects of aging
utilizing these knockout mice to investigate muscle NKA,
contractility and function, and including with o3, and B;_3
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P4-ATPases comprise a family of P-type ATPases that actively transport or flip
phospholipids across cell membranes. This generates and maintains membrane lipid
asymmetry, a property essential for a wide variety of cellular processes such as vesicle
budding and trafficking, cell signaling, blood coagulation, apoptosis, bile and cholesterol
homeostasis, and neuronal cell survival. Some P4-ATPases transport phosphatidylserine
and phosphatidylethanolamine across the plasma membrane or intracellular membranes
whereas other P4-ATPases are specific for phosphatidylcholine. The importance of
P4-ATPases is highlighted by the finding that genetic defects in two P4-ATPases ATP8A2
and ATP8B1 are associated with severe human disorders. Recent studies have provided
insight into how P4-ATPases translocate phospholipids across membranes. P4-ATPases
form a phosphorylated intermediate at the aspartate of the P-type ATPase signature
sequence, and dephosphorylation is activated by the lipid substrate being flipped from
the exoplasmic to the cytoplasmic leaflet similar to the activation of dephosphorylation
of Nat/K+-ATPase by exoplasmic K. How the phospholipid is translocated can be
understood in terms of a peripheral hydrophobic gate pathway between transmembrane
helices M1, M3, M4, and M6. This pathway, which partially overlaps with the suggested
pathway for migration of Ca*t in the opposite direction in the Ca?*-ATPase, is wider
than the latter, thereby accommodating the phospholipid head group. The head group
is propelled along against its concentration gradient with the hydrocarbon chains
projecting out into the lipid phase by movement of an isoleucine located at the position
corresponding to an ion binding glutamate in the Ca®*- and Na*/K*-ATPases. Hence,
the P4-ATPase mechanism is quite similar to the mechanism of these ion pumps,
where the glutamate translocates the ions by moving like a pump rod. The accessory
subunit CDC50 may be located in close association with the exoplasmic entrance of
the suggested pathway, and possibly promotes the binding of the lipid substrate. This
review focuses on properties of mammalian and yeast P4-ATPases for which most
mechanistic insight is available. However, the structure, function and enigmas associated
with mammalian and yeast P4-ATPases most likely extend to P4-ATPases of plants and
other organisms.

Keywords: P-type ATPases, P4-ATPases, ATP8A2, CDC50, flippases, membrane asymmetry, phospholipid
transport
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INTRODUCTION

Non-random distribution of lipids across the lipid bilayer is
a characteristic feature of most eukaryotic cell membranes.
This asymmetrical distribution is most evident in the plasma
membrane where phosphatidylcholine (PC), sphingomyelin,
and glycolipids are enriched on the external or exoplasmic
leaflet of the membranes and phosphatidylserine (PS),
phosphatidylethanolamine (PE), and phosphatidylinositol
(PI) are primarily confined to the cytoplasmic leaflet (Zachowski,
1993; Lenoir et al., 2007). Cholesterol, a major lipid of the plasma
membrane, can move freely between the two leaflets, but is likely
to be more concentrated on the exoplasmic leaflet due to its
affinity for sphingomyelin and glycosphingolipids. Membranes
of other subcellular organelles including the trans-Golgi network
(TGN), secretory vesicles, and endosomes show a similar
asymmetrical distribution of lipids. Membrane lipid asymmetry
plays a crucial role in numerous cellular processes that take
place at the plasma membrane and intracellular membranes
including cell and organelle shape determination and dynamics,
vesicle budding and trafficking, membrane protein regulation,
membrane stability and impermeability, cell signaling, neurite
extension, blood coagulation, apoptosis, fertilization, and bile
and cholesterol homeostasis, among others.

The amphipathic nature of phospholipids impedes their
transverse movement or flip-flop across the hydrophobic
lipid bilayer. The half time for phospholipid flip-flop in
protein-free liposomes typically exceeds several hours. However,
the movement of lipids across biological membranes is
greatly accelerated by membrane proteins generally called
flippases (Pomorski and Menon, 2006). Three families of
proteins, scramblases, ATP-binding cassette (ABC) transporters,
and P4-ATPases, have been implicated in the transverse
movement of lipids across membranes. Scramblases are energy-
independent, bidirectional transporters that dissipate membrane
asymmetry (Williamson, 2015). Ca®"-activated scramblases play
an important role in exposing PS on the surface of cells
to initiate such cellular processes as blood coagulation and
apoptosis. Some scramblases such as the G-protein coupled
receptor rhodopsin are constitutively active thereby randomizing
transmembrane lipid distribution in specialized membranes such
as photoreceptor discs (Menon et al., 2011). ABC transporters
and P4-ATPases use the energy from ATP hydrolysis to transport
specific lipids across membranes against their concentration
gradient, thereby establishing and maintaining lipid asymmetry
in biological membranes (Coleman et al., 2013; Lopez-Marques
et al., 2014). Most ABC transporters translocate lipids from the
cytoplasmic to the exoplasmic leaflet of membranes and are often
called floppases. Some mammalian ABC transporters, however,
can transport phospholipids in the opposite direction (Quazi and
Molday, 2013). P4-ATPases are a subfamily of P-type ATPases
that transport specific phospholipids from the exoplasmic to
the cytoplasmic leaflet of membranes to generate and maintain
membrane lipid asymmetry (Tang et al., 1996; Coleman et al,,
2009; Zhou and Graham, 2009).

A number of excellent reviews have focused on the molecular
properties of lipid flippases and their role in cellular processes

(Sebastian et al., 2012; Coleman et al., 2013; Lopez-Marques et al.,
2013, 2014; Hankins et al.,, 2015; Williamson, 2015; Montigny
et al,, 2016). In this review we discuss recent studies on the lipid
substrate specificity and transport mechanism of P4-ATPases
and their role in cell physiology and disease with emphasis on
mammalian and yeast P4-ATPases. We also present an overview
of recent site-directed mutagenesis and molecular modeling
studies that provide insight into the possible pathways used
by P4-ATPases to translocate phospholipids across membranes.
Finally, we discuss similarities in the structure and transport
mechanisms of P4-ATPase lipid pumps and P2-ATPase ion
pumps.

P-TYPE-ATPases

P-type ATPases constitute a family of membrane proteins that
utilize the energy from ATP hydrolysis to transport ions and
lipids across biological membranes (Palmgren and Nissen, 2011).
These pumps are found in prokaryotes, archaea, and eukaryotes
and are distinguished from other ATP-dependent transporters by
the presence of a conserved aspartic acid residue that undergoes
transient phosphorylation during the ATP cycle (Pedersen and
Carafoli, 1987). On the basis of phylogenetic analysis, P-type
ATPases have been organized into five main classes (P1-P5
ATPases) (Palmgren and Axelsen, 1998). The first three classes
have been further divided into subclasses based on sequence
similarity and ion transport specificity. P1A-ATPases are only
found in some bacteria and transport K*; P1B-ATPases transport
heavy metal ions such as Ag", Zn?*, Cd**, and Cu®"; P2A
ATPases (sarco(endo)plasmic reticulum Ca%t-ATPase (SERCA)
and secretory pathway Ca®t-ATPase (SPCA)) and P2B ATPases
(plasma membrane Ca**-ATPase (PMCA)) transport Ca>* and
Mn?*; P2C-ATPases transport monovalent ions and include
Na™/K*t-ATPases and Ht/K"-ATPases; P2D-ATPases are found
in fungi and transport Na™; P3A-ATPases transport H"; and P3B
ATPases transport Mg?". P4-ATPases are unique in that they
transport or flip phospholipids across membranes. The substrates
for P5-ATPases have yet to be determined, but they are predicted
to play an important role in the endosomal-lysosomal system
and have been implicated in Parkinson’s disease (Schultheis et al.,
2004; Cohen et al., 2013; De La Hera et al., 2013).

P4-ATPases

P4-ATPases are only found in eukaryotes. The human genome
encodes 14 P4-ATPases that are organized into five classes with
each class having multiple members (Table 1, Figure 1A): Class
la (ATP8A1, ATP8A2); Class 1b (ATP8B1, ATP8B2, ATP8B3,
ATP8B4); Class 2 (ATP9A, ATP9B); Class 5 (ATP10A, ATP10B,
ATP10D); and Class 6 (ATP11A, ATP11B, ATP11C) (Paulusma
and Elferink, 2010; Van Der Mark et al., 2013). In contrast, yeast
(Saccharomyces cerevisiae) contains five P4-ATPases (Drs2p,
Neolp, Dnflp, Dnf2p, Dnf3P).

All P4- ATPases consist of a large polypeptide with a molecular
mass of approximately 120 kDa which is composed of four
main domains (Figure 1B). Based on amino acid sequence
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TABLE 1 | Mammalian P4-ATPases.

Class P4-ATPase Complex Substrate Expression Disease/Disorder References
(ce/B)
Class 1a ATP8A1/CDC50A PS >PE Ubiquitous, high in skeletal Defective Levano et al., 2012; Kato et al.,
muscle, thyroid, spinal cord hippocampus-dependent 2013; Lee et al., 2015
learning (mice)
ATP8A2/CDC50A PS > PE High in brain, retina, testis, Cerebellar Ataxia, Mental Coleman et al., 2009, 2014;
spinal cord Retardation and Onat et al., 2012; Zhu et al.,
Disequilibrium Syndrome 2012; Vestergaard et al., 2014
(CAMRQ) (humans)
Neurological degeneration,
spinal, axonal degeneration;
retinal degeneration; hearing
loss (mice)
Class 1b ATP8B1/CDC50A PC (PS?) Ubiquitous, high in small Progressive Familial Bull et al., 1998; Eppens et al.,
ATP8B1/CDC50B intestine, pancreas Intrahepatic Cholestasis 2001; Paulusma et al., 2006;
(PFIC); Benign Recurrent Stapelbroek et al., 2009; Folmer
Intrahepatic Cholestasis et al., 2009b; Takatsu et al., 2014
(BRIC) (human) Intrahepatic
cholestasis, hearing loss,
(mice)
ATP8B2/CDC50A PC Ubiquitous Unknown Takatsu et al., 2014
ATP8B2/CDC50B
ATP8B3/?7? pPS? Testis Abnormal sperm-egg Wang et al., 2004; Gong et al.,
interactions 2009
ATP8B4/CDC50A Unknown Moderate levels throughout Alzheimer disease? Li et al., 2008; Van Der Velden
ATP8B4/CDC50B? brain etal., 2010b
ATP8B5 (FetA) Unknown Testis Defects in sperm Xu et al., 2009
capacitation
Class 2 ATPOA Unknown Ubiquitous, high in brain, Unknown Takatsu et al., 2011; Ansari et al.,
pancreas 2015
ATPOB Unknown Ubiquitous, high in testis Unknown Takatsu et al., 2011
Class 5 ATP10A/CDC50A PC High in brain, pancreas, Obesity, type 2 diabetes, Dhar et al., 2004, 2006; Naito
kidney, lung insulin resistance et al., 2015
ATP10B/CDC50A Unknown Low expression, brain Unknown
ATP10D/CDC50A Unknown High in placenta, low kidney, Obesity; hyperinsulinemia Flamant et al., 2003; Takatsu
undetectable in other major etal, 2011
organs
Class 6 ATP11A/CDC50A PS > PE Ubiquitous, moderate levels Marker for metastasis in Miyoshi et al., 2010; Takatsu
in liver, skeletal muscle, colorectal cancer (human) etal.,, 2014
ovary
ATP11B/CDC50A PS > PE Ubiquitous, high levels in Unknown
kidney, testis, ovary
ATP11C/CDC50A PS > PE Ubiquitous, high liver, Impaired B lymphocyte Siggs et al., 2011b;Takatsu

pancreas, heart

differentiation, cholestasis,
hepatocarcinoma; anemia,
altered erythrocyte shape
(mice)

et al., 2014; Yabas et al., 2014

alignment (Figure 2), P4-ATPases possess three cytoplasmic
domains involved in the ATPase catalytic cycle similar to
Ca?*-ATPase and Na™,K*-ATPase: the nucleotide or N-domain
binds ATP; the phosphorylation or P-domain contains the
aspartic acid (D) residue within the conserved DKTGT motif
that undergoes transient phosphorylation; and the actuator
or A-domain has the DGET (TGES in Ca?T-ATPase and

Na™/K*t-ATPase) motif that facilitates the dephosphorylation of
the phosphorylated intermediate (Lenoir et al., 2009; Coleman
et al., 2012). The membrane or M-domain serves as the pathway
for translocation of lipid substrates across cell membranes and
is predicted to contain 10 transmembrane segments (M1-M10,
Figure 2) analogous to the Ca’"-ATPase and the Nat/KT-
ATPase (Maclennan et al., 1985; Toyoshima et al., 2000; Morth
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et al., 2007). Relatively short segments join the transmembrane
segments on the exoplasmic side of the membrane, whereas
large domains and segments connect some of the transmembrane
segments on the cytoplasmic side (Figures1, 2). Recent
studies suggest that transmembrane segments M1-M6 form the
principal unit for transport of phospholipids across membranes
with M7-M10 playing a supporting role (Baldridge and Graham,
2012; Vestergaard et al, 2014). P4-ATPases also contain
regulatory domains that modulate the transport activity and
targeting domains that participate in the trafficking of the
P4-ATPases to their preferred subcellular membranes. These
domains are present, at least in part, along the cytoplasmic
C-terminal and N-terminal segments of P4-ATPases, but to date
are poorly characterized for mammalian P4-ATPases (Takatsu
etal., 2011; Zhou et al., 2013).

CDC50-ACCESSORY SUBUNIT

P4-ATPases with the exception of ATP9A and ATP9B assemble
with an accessory or B-subunit to form a heteromeric complex,
most likely a heterodimer. The p-subunit belongs to the
CDC50/LEM3 family of evolutionary conserved proteins present
in all eukaryotes (Katoh and Katoh, 2004; Saito et al., 2004). There
are three CDC50 proteins (CDC50A, CDC50B, and CDC50C,
also known as TMEM30A, TMEM30B, and TMEM30C) in
humans and three in yeast (Cdc50p, Lem3p, Crflp). Since there
are more P4-ATPases (a-subunits) than CDC50 proteins (f-
subunits), many P4-ATPases associate with the same CDC50
protein to form the heteromeric complex (Bryde et al., 2010).

The interaction of mammalian P4-ATPases with specific
CDC50 proteins has been studied primarily by heterologous
protein co-expression and co-immunoprecipitation (Paulusma
et al., 2008; Bryde et al., 2010; Van Der Velden et al., 2010b;
Coleman and Molday, 2011; Takatsu et al.,, 2011, 2014; Naito
et al., 2015). These studies indicate that most mammalian P4-
ATPases use CDC50A as their f-subunit. These include ATP8AI,
ATP8A2, ATP11A, ATP11B, ATP11C, ATP10A, ATP10B, and
ATP10D. Several P4-ATPases including ATP8B1, ATP8B2, and
ATP8B4 can associate with either CDC50A or CDC50B. The
physiological consequence of this dual specificity, however,
remains to be determined. CDC50C is predominantly expressed
in testes (Osada et al., 2007), but to date it has not been
shown to associate with any P4-ATPase. Although, heterologous
overexpression provides useful information on the interaction
of P4-ATPases with specific CDC50 proteins, the presence of
such complexes needs to be confirmed in physiologically relevant
cells and tissues. In one study ATP8A2 was found to interact
with CDC50A in photoreceptors in support of heterologous cell
expression and immunoprecipitation studies (Coleman et al.,
2009; Coleman and Molday, 2011).

CDC50 proteins are relatively small membrane glycoproteins
containing approximately 350 amino acids. They consist of two
transmembrane segments joined by a large exoplasmic domain
with two or more N-linked oligosaccharide chains that contribute
to the stability of the protein (Coleman and Molday, 2011;
Garcia-Sanchez et al., 2014; Figure 1B). CDC50 proteins typically

migrate on SDS gels as a broad band with an approximate
molecular mass of 50 kDa due to the highly heterogeneous
nature of the oligosaccharide chains. The exoplasmic domain
also contains four conserved cysteine residues that stabilize
the structure through the formation of two disulfide bonds
(Puts et al., 2012). Relatively, short N-terminal and C-terminal
segments are exposed on the cytoplasmic side of the membrane.

Heterologous expression studies point to the crucial role of
CDC50 in protein folding and formation of a functionally active
P4-ATPase complex (Paulusma et al., 2008; Bryde et al., 2010;
Van Der Velden et al., 2010b; Coleman and Molday, 2011). In the
absence of CDC50 expression, P4-ATPases fail to exit the ER and
are incapable of undergoing phosphorylation or phospholipid-
dependent ATP hydrolysis (Lopez-Marques et al., 2010; Coleman
and Molday, 2011; Puts et al., 2012). Likewise, in the absence of
P4-ATPase expression, CDC50A is retained in the ER of cells.
However, co-expression of P4-ATPases and CDC50 results in a
P4-ATPase-CDC50 complex that can exit the ER and function
as an active phospholipid flippase (Coleman and Molday, 2011).
CDC50 proteins do not play a direct role in the targeting of P4-
ATPases to their preferred subcellular location once they exit the
ER in multicellular organisms (Lopez-Marques et al., 2010).

Several studies suggest that CDC50 proteins participate in
ATP-dependent phospholipid transport. The affinity of yeast
Drs2p for Cdc50p fluctuates during the catalytic reaction
cycle with the highest affinity observed for Drs2p in the
E2P state with a bound phospholipid substrate (Lenoir et al.,
2009). Phosphorylation of Drs2p, ATP8B1, and ATP8B2 are
dependent on interaction with their CDC50 subunit (Lenoir
et al, 2009; Bryde et al, 2010). Studies using mammalian
CDC50A/CDC50B chimeric proteins further indicate that both
the transmembrane and exoplasmic domains of CDC50A are
necessary for the binding CDC50A to ATP8A2 and the formation
of an active complex (Coleman and Molday, 2011). The N-
terminal cytoplasmic domain of CDC50A also modulates the
kinetics of ATP8A2 ATPase activity.

Certain mutations in the transmembrane segments of
ATP8A2 decrease glycosylation of CDC50 without significantly
affecting the functional properties of the complex and seem to
define a groove between M1, M3, and M4 of ATP8A2 as a possible
location of CDC50 interactions (Vestergaard et al., 2015; see later
text in relation to Figure 6). Altogether, the available information
indicates that CDC50 accessory proteins contact P4-ATPases at
multiple sites to promote correct protein folding, exit of the P4-
ATPase complex from the ER, and formation of a functionally
active flippase complex. Hence, CDC50 proteins appear to
play a role reminiscent of the B-subunits of Nat/K*-ATPases
(Puts and Holthuis, 2009). Because E2P is the state, in which
the P4-ATPase is supposed to bind its phospholipid substrate
from the exoplasmic membrane leaflet (see reaction cycle in
Figure 3B), the preferential interaction of the CDC50 protein
with E2P (Lenoir et al.,, 2009) is consistent with participation
of CDC50 in substrate loading analogous to the role of the
B-subunit of Nat/K*-ATPase in K* binding (Shinoda et al,
2009). Nevertheless, CDC50 and the P-subunit of Nat/K*-
ATPase differ with respect to the number of transmembrane
segments (two for CDC50 and only one for the Nat/K*-ATPase

Frontiers in Physiology | www.frontiersin.org

July 2016 | Volume 7 | Article 275


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Andersen et al.

P4-ATPases as Lipid Flippases

Exoplasmic Side

Cytoplasmic Side

FIGURE 1 | Continued

-Class 1a

ATP8B3
ATP8B1
ATP8B2
ATP8B4
ATP10B

ATP10A Class 5
ATP10D

ATP9A
ATP9B

ATP11B
ATP11A Class 6

ATP11C

Class 1b

Class 2

P4-ATPase
(a-subunit)

Frontiers in Physiology | www.frontiersin.org

July 2016 | Volume 7 | Article 275


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Andersen et al. P4-ATPases as Lipid Flippases

FIGURE 1 | Continued

Phylogenetic analysis and membrane topology of P4-ATPases. (A) The sequences of the 14 human P4-ATPases were aligned using the Clustal Omega
multi-sequence alignment program for generation of the phylogenetic tree. Protein sequences are from the following accession numbers: ATP8AT (Q9Y2Q0); ATP8A2
(QONTI2); ATP8B1 (043520); ATP8B2 (P98198); ATP8B3 (060423); ATP8B4 (Q8TF62); ATPIA (075110); ATPIB (043861); ATP10A (060312); ATP10B (094823);
ATP10D (Q9P241); ATP11A (P98196); ATP11B (Q9Y2G3); ATP11C (Q8NB49); (B) The cytoplasmic A (“actuator”), N (nucleotide binding), and P (phosphorylation)
domains of the a-subunit are shown as colored circles. Conserved motifs involved in phosphorylation (DKTGT) and dephosphorylation (DGET) are indicated for the
respective domains. The 10 transmembrane helices of the a-subunit are represented by cylinders (M1 kinked), M1-M2 purple, M3-M4 green, M5-M6 brown, and
M7-M10 gray. The two transmembrane helices of the g-subunit (CDC50 protein) are shown as red cylinders. Glycosylation and disulfide bridges of the exoplasmic
domain of the B-subunit are also indicated. The C-terminal cytoplasmic extension of the a-subunit furthermore contains a regulatory domain shown as cyan cylinder (R
domain).

p-subunit), the phylogenetic origin, and apparently also the a-  Golgi/endosomal recycling system and the plasma membrane,
subunit contact sites (M7 and M10 for the Na™/K*-ATPase; a  but preferentially localize to either the plasma membrane or

groove between M1, M3, and M4 for ATP8A2). Golgi-recycling endosome network depending on the specific
Class 2 P4-ATPases (ATP9A and ATP9B in mammals and  P4-ATPase.
Neolp in yeast) do not appear to use CDC50 proteins as f- The subcellular localization of the Class 2 P4-ATPases, ATP9A

subunits. Both ATP9A and ATPI9B exit the ER and localize ~ and ATP9B, has also been studied by overexpression in Hela
to their respective cell membranes in the absence of CDC50  cells (Takatsu et al.,, 2011). ATP9A localizes to early/recycling
proteins (Takatsu et al., 2011). Neolp is the only yeast P4-  endosomes and the trans-Golgi network (TGN), whereas ATP9B
ATPase that is lethal when its gene is deleted pointing to its  localizes exclusively to the TGN. A chimeric ATP9 protein in
essential role in yeast survival (Prezant et al., 1996; Hua et al., ~ which the N-terminal cytoplasmic region of ATP9A was replaced
2002). Neolp forms a complex with Ysl2p, a guanine nucleotide ~ with the corresponding region of ATP9B localized exclusively
exchange factor for Arllp that functions in vesicle trafficking  to the TGN indicating that a segment within the N-terminal
within the Golgi/endosomal system (Wicky et al., 2004; Barbosa  cytoplasmic region of ATP9 proteins is responsible for subcellular
et al,, 2010). The function of ATP9A and ATPYB is not known localization. ATP9A is highly expressed in neural and pancreatic
and it remains to be determined if these P4-ATPases require an  tissue whereas ATP9B is more ubiquitously expressed. Recently,
accessory subunit or associated protein for activity and whether =~ ATP9A has been reported to be present in human and rat
they transport phospholipids across membranes. pancreatic islets and based on membrane fractionation appears

concentrated in the plasma membrane (Ansari et al, 2015).

ATPIA, like other P4-ATPases may cycle between the TGN and
DISTRIBUTION OF P4-ATPases IN CELLS plasma membrane of cells.

o ' It should be noted, however, that protein overexpression
The subcellular localization of mammalian P4-ATPases has  cap result in abnormal localization in cells. Accordingly, it will

been mostly studied by immunofluorescence .rn.icros.copy and  pe important to examine the distribution of endogenous P4-
transport (?f ﬂuorescent.ly labeled - phospholipids nto cells  ATPases in physiologically relevant tissues and cells. A set of
overexpressing the protein complex. Although, there is some highly specific antibodies to the various P4-ATPases would be

variation possibly due to the cell type used or extent  parficularly valuable to probe their distribution in various cells
of overexpression, in general several P4-ATPases including ;4 tissues.

ATPI11C, ATP11A, ATP10A, ATP10D, ATP8B1, ATP8B2, and

ATP8B4 in association with their B-subunit preferentially localize

to the plasma membrane of cells where they transport speciic ~ PHQOSPHOLIPID SUBSTRATE SPECIFICITY
phospholipids from the extracellular to the cytoplasmic leaflet

(Van Der Velden et al., 2010b; Takatsu et al., 2011, 2014; Naito ~ The substrate specificities for only a few mammalian P4-ATPases
et al, 2015). Of these P4-ATPases, ATP11C has been widely  have been determined at a biochemical level with most being
studied and shown to play a critical role in the internalization  specific for the aminophospholipids, PS and PE (Table 1).
of PS thereby preventing its exposure on cell surfaces (Yabas  Historically, aminophospholipid translocase (APLT) activity was
et al, 2011, 2014; Segawa et al, 2014). The P4-ATPases first found in red blood cells and bovine chromaffin granules
ATP8A1, ATP8A2, ATP10B, and ATP11B are largely confined to (Moriyama and Nelson, 1988; Morrot et al., 1990; Zimmerman
Golgi/recycling endosomal system when overexpressed in culture  and Daleke, 1993; Auland et al., 1994; Tang et al., 1996). The
cells (Coleman and Molday, 2011; Takatsu et al., 2011; Lee et al., ~ membrane protein responsible for this activity was identified as
2015). However, in some studies, several of these P4-ATPases = ATPasell (now known as ATP8A1) (Mouro et al., 1999; Paterson
have been reported to be also present on the plasma membrane of et al., 2006). Expression in insect cells and yeast confirmed
cells (Segawa et al., 2016). ATP8A2 has been shown to transport  the activation of the ATPase activity of ATP8A1 by PS and
fluorescently labeled PS into cells and prevent exposure of PS  more moderate activation by PE (Ding et al., 2000; Paterson
on cell surfaces. ATP8A1 localizes to the plasma membrane et al, 2006; Soupene et al, 2008). More recently, ATP8Al
of erythrocytes (Soupene and Kuypers, 2006). Taken together,  expressed and purified from HEK293 cells and reconstituted
these studies indicate that P4-ATPases can cycle between the into liposomes has been confirmed to flip PS and to a lesser
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FIGURE 2 | Amino acid sequence alignment of P4-ATPases and P-type ion pumps. Sequences of two P4-ATPases, bovine ATP8A2 (UniProt: C7EXK4) and

human ATP8B1 (UniProt: 043520), are shown aligned with sequences of the P2- and P3-ATPases shark Nat /KT -ATPase (UniProt: Q4H132, PDB: 2ZXE), plant

AHA2 HT-ATPase (UniProt: P19456, PDB: 3B8C), and sarco(endo)plasmic reticulum CaZ*-ATPase (SERCA) isoform 1a (UniProt: P04191, PDB: 3B9B). Letter colors
(Continued)
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FIGURE 2 | Continued

sequence alignment (Vestergaard et al., 2014).

denote positively (blue) or negatively (red) charged, polar (green), or hydrophobic (black) residues. Membrane parts of transmembrane helices of SERCA identified in
the crystal structure are indicated by gray shading with helix numbering and indication of exoplasmic loops under the sequence. Arrowheads with residue number
above the bATP8A2 sequence indicate some of the residues that are mentioned in the text or shown in the figures. Arrowheads below the SERCA sequence indicate
residues of SERCA or the Nat/K*-ATPase involved in binding the ions transported by these ATPases. This alignment was based on a previously described multiple

extent PE across membranes (Lee et al., 2015). While ATP8A1
is widely expressed in different mammalian tissues, the second
member of the ATP8A subgroup, ATP8A2, is most highly
expressed in retina, brain, spinal cord, and testes (Coleman
et al., 2009; Cacciagli et al., 2010; Zhu et al., 2012). ATP8A2 has
been purified from retinal photoreceptor cells and transfected
HEK?293 cells for analysis of its ATPase and phospholipid flippase
activity (Coleman et al., 2009, 2012; Coleman and Molday,
2011). Like ATP8A1, ATP8A?2 preferentially transports PS across
membranes, but can also uses PE as a substrate. Functional
complementation experiments further show that ATP8A2 can
rescue defects in ATP8A1-depleted cells indicating that ATP8A1
and ATP8A2 share overlapping functional activities (Lee et al.,
2015).

While the PS substrate specificity of the ATP8A subclass
of P4-ATPases has been confirmed by multiple investigations,
the results with respect to the ATP8B proteins have been less
definitive. ATP8B1 has been implicated in hepatic disorders
such as progressive familial intrahepatic cholestasis (PFIC) and
benign recurrent intrahepatic cholestasis (BRIC) (Bull et al,
1998; Eppens et al., 2001). As a result, it has been one of the most
studied of the mammalian P4-ATPases. Initial evidence based
on increased biliary excretion of PS in ATP8B1 deficient mice,
plasma membrane uptake of fluorescent PS, and higher exposure
of PS on the outer plasma membrane leaflet in the absence of an
active flippase complex implicated ATP8B1 in the flipping of PS
across the plasma membrane (Paulusma et al., 2006, 2008). But
the results presented in a more recent study point toward PC as
being the primary transport substrate of ATP8B1 (Takatsu et al.,
2014). The same study also found that ATP8B1 mediated uptake
of a NBD-labeled PC analog could be negated by concomitant
expression of ABCB4, an ABC transporter that mediates ATP-
dependent transport of phospholipids to the extracellular leaflet
of plasma membranes. The substrate specificity of the other
ATP8B members has not been studied at a biochemical level.
Cell based studies, however, suggest that ATP8B2 like ATP8B1
transports PC (Takatsu et al., 2014). ATP8B3 has been implicated
in the transport of PS, but the substrate specificity for this
flippase requires further study (Wang et al., 2004; Gong et al.,
2009). ATP8BS5 is present in mice but not humans, and has been
implicated in spermatogenesis, but the phospholipid substrate
remains to be determined (Xu et al., 2009).

The structural basis for the reported difference in substrate
specificity between Class 1a and Classlb P4-ATPases has not
been elucidated. Although, the amino acid sequences of the
transmembrane segments of ATP8A2 and ATP8BI only exhibit
33% sequence identity, most of the positively charged residues in
ATP8A?2 that may interact preferentially with the net negatively
charged head group of PS are conserved in ATP8B1 (Figure 2,

Naito et al., 2015). Subtle structural differences of the a subunits,
matching the translocation pathway with the size and hydrogen
bonding pattern, rather than the net charge of the head group,
could be decisive for the substrate specificity, which might also
depend on differences in the interaction of the a-subunit with the
CDC50 protein. It is of note that most of the amino acid residues
with a suggested role in determining the respective PS and PC
specificities of the yeast flippases Drs2p and Dnflp (Baldridge
and Graham, 2012, 2013) are not conserved in the mammalian
P4-ATPases with corresponding substrate specificity (Naito et al.,
2015).

The substrate specificity of ATP11A and ATP11C has also
been investigated (Takatsu et al, 2014). These P4-ATPases,
like ATP8A1 and ATP8A2, flip PS as their primary substrate
confirming earlier results showing that ATP11C is involved
in PS translocation into B-lymphocytes and other immune
cells (Yabas et al,, 2011, 2016; Segawa et al., 2014). Substrate
specificity of ATP10A has recently been reported (Naito et al.,
2015). Exogenously expressed ATP10A localizes to the plasma
membrane in HeLa cells and produces a significant increase in
the uptake of fluorescent NBD-PC, but not other phospholipids.
This internalization of PC was not observed in cells expressing an
ATPase deficient form of ATP10A.

It needs to be pointed out that aside from ATP8A1l and
ATP8A2 reports about the transport substrates of most other
mammalian P4-ATPases are based on the ability of cells
expressing these proteins to ingest fluorescent phospholipid
analogs. This experimental setup is open to the introduction
of some confusion regarding the exact nature of the substrate
specificity of flippases as seen with the yeast plasma membrane
flippases. Greater clarity in this regard is expected to evolve in the
future from biochemical characterization of purified proteins.

P4-ATPases expressed in the yeast, Saccharomyces cerevisiae,
historically have been the most well characterized members of the
P4-ATPase family. Drs2p, one of the first phospholipid flippases
to be identified, localizes to the TGN and endosomes, where it
transports PS and PE from the lumenal to the cytoplasmic leaflet
of membranes. Characterization of Drs2p flippase activity was
initially based on the results of experiments which looked at
the transport of fluorescent (NBD)-labeled PS and PE analogs
across TGN membranes purified from yeast strains expressing
either the wild type or a temperature sensitive Drs2p mutant
(Natarajan et al., 2004). These results were confirmed in direct
flippase assays using purified and reconstituted Drs2p (Zhou
and Graham, 2009). The TGN membrane shows expression
of another P4-ATPase, Dnf3p, which is also involved in
transmembrane transport of PS and PE as determined from the
loss of asymmetric distribution of fluorescent analogs in the
secretory vesicles of dnf3 A cells (Alder-Baerens et al., 2006). Loss

Frontiers in Physiology | www.frontiersin.org

82

July 2016 | Volume 7 | Article 275


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Andersen et al.

P4-ATPases as Lipid Flippases

of both Drs2p and Dnf3p dissipates the asymmetric distribution
of aminophospholipids in the membranes of TGN and secretory
vesicles. Recent mutational analysis has revealed the ability
of Drs2p to distinguish between the mono- and di-acylated
phospholipid substrate molecules (Baldridge et al., 2013). On the
other hand, the two yeast flippases that localize to the plasma
membrane, Dnflp and Dnf2p, have been implicated in the
flipping of PE and PC (Pomorski et al., 2003; Stevens et al., 2008).
Although, the initial study had suggested that these two proteins
might have a role in maintaining the asymmetric distribution of
PS in the plasma membrane, it was subsequently shown that they
are not essential for this function. In fact, the study by Stevens
et al. (2008) found that net internalization of PS increases in
dnfl Adnf2A yeast strain, probably due to the enhanced activity
of other flippases.

REGULATION OF P4-ATPase ACTIVITY

The mechanism of P4-ATPase regulation has been examined
most thoroughly in yeast. The activity of Drs2p is regulated
by multiple mechanisms depending on the particular
endomembrane system. The C-terminal domain of Drs2p
contains a segment of basic amino acids (RMKKQR) that has
sequence homology to a split PH domain (Natarajan et al., 2009).
Drs2p interacts with the phosphatidylinositol-4-phosphate
(PI4P) through this domain and this interaction is required for
PS flippase activity (Natarajan et al., 2009). The PI4P binding
domain in the C-terminal domain of Drs2p overlaps with the
binding site of another regulatory element of flippase activity, the
Arf-GEF protein Gea2p (Chantalat et al., 2004; Natarajan et al.,
2009). As in the case of PI4P, the activity of Drs2p is abolished
in the absence of interactions with Gea2p. The requirement
for binding of these two regulatory molecules for activation of
Drs2p is removed upon cleavage of the C-terminal domain of
the protein (Zhou et al., 2013). It has been proposed that the
C-terminal domain of Drs2p acts as an auto-inhibitory domain
by interfering with the catalytic domains of the protein. Binding
of either PI4P or Gea2p disengages the auto-inhibitory domain
from the catalytic domain resulting in Drs2p flippase activity.
Along with binding to Gea2p at the C-terminal domain, Drs2p
also binds to Arllp at the N-terminal domain. Formation of
this trimeric complex is required for flippase activity and for
recruitment of cargo during vesicle formation at the TGN (Tsai
et al., 2013). While Drs2p interacts with Gea2p at the TGN,
it interacts with the F-box protein Rcylp at an overlapping
domain in early endosomes. This interaction is required for the
recycling of cargo between endosomes and the TGN (Hanamatsu
et al,, 2014). The early endosome to TGN retrieval pathway also
includes the interaction between Drs2p and Arf-GAP protein
Geslp (Sakane et al., 2006). The two different interactions
of Drs2p with Rcyl and Gesl at the early endosomes may
be required for the recruitment of different types of adaptor
molecules during the formation of recycling vesicles destined to
different membranes.

Apart from the binding of regulatory molecules, the
activity of P4-ATPases is also regulated by phosphorylation

and sphingolipid concentration. The activity of yeast plasma
membrane localizing P4-ATPases, Dnflp and Dnf2p, requires
phosphorylation by kinase proteins, Fpkl and Fpk2 (Nakano
et al, 2008). Deletion mutants for both Fpkl and Fpk2
(fpk1Afpk2A) eliminated the plasma membrane uptake of NBD-
labeled phospholipids though the flippases localized normally to
the membrane. The activity of Fpkl and Fpk2 is further regulated
by the kinase, Ypklp. Hence, Ypkl-catalyzed phosphorylation of
Fpk1/2 eliminates the activity of these proteins, and the activity
of Ypkl in turn is inhibited due to the phosphorylation by
Fpk1/2 proteins. The activity of Fpkl/2 proteins is stimulated
by presence of sphingolipids in the membrane. Thus, membrane
sphingolipids positively modulate the flippase activity of Dnflp
and Dnf2p (Roelants et al, 2010). Apart from Ypkl, the
flippase activity of Dnflp and Dnf2p is also negatively controlled
by Gin4p which phosphorylates Fpkl to suppress its activity
(Roelants et al., 2015).

Little is known about the regulation of mammalian P4-
ATPase flippase activity. From limited studies, we know that the
flippase activities of ATP11A and ATP11C are down regulated
by exposure to calcium with an IC50 in the 100-200 M range
(Segawa et al., 2016). The activity of these two P4-ATPases has
also been shown to be suppressed by caspase mediated cleavage.
It is hypothesized that the aminophosopholipid translocation
activity at the plasma membrane is inactivated by this caspase
route during apoptotic exposure of PS (Segawa et al., 2014, 2016).
The effect of other regulatory mechanisms including kinase-
catalyzed phosphorylation, calcium sensor proteins, and lipids
remains to be investigated.

ROLE OF P4-ATPases IN CELL
PHYSIOLOGY

P4-ATPases play a critical role in many cellular processes
associated with the plasma membrane and intracellular
membranes. A key function of P4-ATPases is to establish and
maintain phospholipid asymmetry across membranes. This is
most evident for P4-ATPases that utilize PS and PE as substrates.
These P4-ATPases including ATP11 and ATP8 subclasses ensure
that the extracellular leaflet of the plasma membrane is devoid
of PS since exposure of this phospholipid on cell surfaces is
an “eat me” signal for ingestion by phagocytic cells. PS and PE
specific P4-ATPases also ensure that the cytoplasmic leaflet of
membranes is highly enriched in these aminophospholipids. This
enables cytoskeletal components, adaptor proteins and enzymes
to bind to these membranes where they can function in any of
a variety of processes such as cell signaling pathways, enzyme
regulation, metabolism, vesicle trafficking and cell motility
(Newton and Keranen, 1994; Huang et al., 2011; Lee et al., 2015).
The role of PC specific P4-ATPases is less clear, but the active
transport of PC to the cytoplasmic leaflet may be important
for maintaining the integrity of specialized membranes and/or
recruitment of specific PC binding proteins to the cytoplasmic
surface under defined conditions.

Although, the main function of P4-ATPases is to actively
transport phospholipids across membranes, it is possible that
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some cellular functions of P4-ATPases are ATP-independent
(Van Der Velden et al., 2010a). Other P-type ATPases
including Na™/K* ATPases are known to bind intracellular
and extracellular proteins and hence serve as a scaffold for
protein-protein interactions distinct from their ATP-dependent
ion transport function (Xie and Cai, 2003; Liang et al., 2007;
Molday et al., 2007). ATP-independent functions of P4-ATPases
have not been explored in detail, but it is plausible that some
P4-ATPases may serve as scaffolds for cell signaling or vesicle
trafficking through protein-protein interactions. An overview of
some key cellular functions of some mammalian P4-ATPases is
given below.

PS-ASYMMETRY IN BLOOD CELLS

The erythrocyte plasma membrane has been most extensively
studied and shown to exhibit a high degree of aminophospholipid
asymmetry (Daleke and Huestis, 1989). Early studies showed
that ATP8A1 is present in mature erythrocytes and as a result
this P4-ATPase was thought to be crucial in restricting PS to
the inner leaflet of erythrocytes (Soupene and Kuypers, 2006).
However, PS was not exposed on the surface of erythrocytes of
ATP8A1-deficient mice and the shape of erythrocytes appeared
normal suggesting that increased expression of other P4-ATPases
including ATP8A2 may compensate for the absence of ATP8A1
(Levano et al., 2012). Exposure of PS on the external surface
of hippocampal neurons of ATP8A1 knockout mice, however,
was observed, which correlates with impaired hippocampus-
dependent learning. These studies suggest that some cells
express other P4-ATPases that can compensate for the loss
of ATP8A1 whereas other cells such as hippocampal neurons
require ATP8A1 to maintain PS asymmetry.

Studies of ATP11C-deficient mice have provided strong
evidence for a crucial role of ATP11C in establishing PS
asymmetry in developing erythrocytes (Yabas et al, 2014).
ATP11C-deficient mice were found to display reduced uptake
of fluorescently labeled PS by erythroblasts but not mature
erythrocytes. However, circulating erythrocytes accumulated PS
on their surface, displayed abnormal shape characteristic of
stomatocytosis, and had a shortened lifespan. These studies
indicate that ATP11C is critical in generating and maintaining
PS asymmetry during erythropoiesis, a process that is important
in generating normal mature erythrocytes. The high content
of PS and PE on the cytoplasmic leaflet of erythrocytes
may be important for the interaction of the spectrin-ankyrin
cytoskeletal network with the plasma membrane required
for maintaining the normal shape of erythrocytes whereas
the absence of PS on the exoplasmic leaflet of erythrocytes
is important in maintaining the normal lifespan of these
cells. ATP11C mediated internalization of PS has also been
shown to be crucial for differentiation of B lymphocytes
(Siggs et al., 2011a; Yabas et al., 2011).

PS asymmetry is also important in blood coagulation (Lentz,
2003). In this case retention of PS on the cytoplasmic leaflet of
platelets and other blood cells prevents blood coagulation from
occurring (Lentz, 2003; Lhermusier et al., 2011). This asymmetry

is established by one or more active P4-ATPases and an inactive
scramblase. In a proteomic screen, several P4-ATPases have
been identified in human platelets including ATP8A1, ATP8B2,
ATP11A-C, and ATP9B (Lewandrowski et al., 2009). Whether all
or only selective P4- ATPases contribute to PS asymmetry remains
to be determined. Blood coagulation is initiated when the
bidirectional scramblase TMEMIGF is activated by an increase
in the intracellular Ca?>* concentration leading to PS exposure
on platelet cell surfaces (Suzuki et al., 2010; Lhermusier et al.,
2011; Malvezzi et al, 2013; Brunner et al., 2014). As part
of this process, P4-ATPases may also be inhibited directly or
indirectly by an increase in intracellular Ca?*, although this
remains to be determined. Coagulation factors including Factor
V can bind to the surface exposed PS through their discoidin
domains to initiate the blood coagulation cascade. Loss-of-
function mutations in TMEM16F have been shown to cause Scott
syndrome, a severe bleeding disorder supporting the role of this
scramblase in PS exposure and the blood coagulation process
(Lhermusier et al., 2011).

PS-ASYMMETRY IN APOPTOSIS

Apoptosis is another well-established process involving the
interplay of P4-ATPases and scramblases (Segawa et al., 2014;
Hankins et al., 2015). The exposure of PS on the surface of
cells is an “eat me” signal for phagocytic cells to engulf the
apoptotic cell. Xkr8, a member of the XK family of membrane
proteins, has been implicated as the scramblase that exposes
PS on apoptotic cells for engulfment by macrophages (Suzuki
et al, 2013). ATP11C plays a key role in restricting PS to the
inner leaflet of the plasma membrane of normal cells. Cleavage
of ATP11C at multiple caspase sites can inactivate ATP11C
thereby facilitating apoptosis. Mutations in ATP11C that prevent
caspase cleavage, but retain PS transport activity, do not expose
PS on the surface of cells and these cells are not ingested by
macrophage (Segawa et al., 2014). However, ATP11C is not the
only P4-ATPase which is important in preventing PS exposure
on cell surfaces. In some cells ATP11A with a similar substrate
specificity and plasma membrane localization as ATP11C can
compensate for the loss of ATP11C and prevent exposure of PS
on cell surfaces (Segawa et al., 2016). Like ATP11C, ATP11A has
a number of caspase cleavage sites. These studies suggest that
the activation of the scramblase together with inhibition of P4-
ATPases may be required for exposure of PS on cells as a signal
for apoptosis.

P4-ATPases IMPLICATED IN
INTRACELLULAR VESICLE TRAFFICKING

In addition to playing a role in establishing phospholipid
asymmetry in the plasma membrane, P4-ATPases also play
a crucial role in generating phospholipid asymmetry in
intracellular membranes, a process linked to vesicle trafficking
in cells. Most membrane lipids are synthesized on the
cytoplasmic side of the ER and redistributed symmetrically
across the membrane by scramblases. Vesicles budding from
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the ER fuse with the Golgi complex. Lipid asymmetry is
induced in the TGN through the action of active flippases
and floppases. Most information on the role of P4-ATPases
in vesicle trafficking comes from studies of the yeast P4-
ATPase Drs2p by Graham and colleagues (Sebastian et al,
2012). Drs2p is localized to the TGN where it flips PS and
PE to the cytoplasmic leaflet to generate aminophospholipid
asymmetry (Hua et al., 2002; Natarajan et al., 2004). The flippase
activity of Drs2p is thought to initiate membrane curvature
by increasing PS and PE content on the cytoplasmic leaflet
at the expense of the lumenal leaflet leading to membrane
curvature as initially proposed in the coupled bilayer hypothesis
of Sheetz and Singer (1974) and Xu et al. (2013). Membrane
curvature together with the increase in the negatively-charged
PS recruits Arf-GTPase-activating protein Gesl and clathrin
coat proteins to the cytoplasmic leaflet as part of the vesicular
transport process between the TGN and early endosomes
(Sebastian et al., 2012).

P4-ATPases have also been implicated in vesicle budding and
trafficking in other eukaryotic cells although the mechanism is
poorly understood. ATP8A2 is crucial for axon elongation in
PC12 cells and hippocampal neurons suggesting a role of this P4-
ATPase in vesicle trafficking required for neurite extension (Xu
et al,, 2012). Similarly, ATP8A2 deficient mice show a striking
loss in the length of photoreceptor outer segments suggesting
that a decrease in vesicle trafficking between the inner and outer
segment of these cells occurs in the absence of ATP8A2 (Coleman
et al,, 2014). More recently, Lee et al. have shown that ATP8A1-
catalyzed flipping of PS in recycling endosomes is important in
the recruitment of EHD1 to the cytoplasmic leaflet of recycling
endosomes and membrane fission (Lee et al., 2015). Finally,
ATP8AL1 has been associated with cell migration (Kato et al,
2013).

ROLE OF P4-ATPases IN HUMAN DISEASE

To date, two P4-ATPases, ATP8B1 and ATP8A2, have been
directly associated with human genetic disorders. Mutations in
the ATP8BI are responsible for two related liver diseases, known
as benign recurrent intrahepatic cholestasis type 1 (BRICI)
and the more severe form progressive familial intrahepatic
cholestasis type 1 (PFIC1) (Bull et al., 1998). These early onset
diseases are characterized by impaired bile flow or cholestasis.
Affected individuals can also experience hearing loss and are
more susceptible to pneumonia (Stapelbroek et al.,, 2009; Ray
et al., 2010). ATP8B1 has been localized to the canalicular
membrane where it is thought to function as a phospholipid
flippase to maintain the integrity of the membrane (Folmer
et al., 2009b). This is supported in studies defining the effect
of ATP8B1 knockdown on cultured rat hepatocytes (Cai et al.,
2009). Loss in ATP8BI resulted in normal ABCB4 expression
and localization to the canalicular membrane, but impaired
bile secretion and aberrant microvilli morphology. In Caco-2
cells, loss in ATP8B1 expression also causes significant reduction
in microvilli supporting a role of ATP8BI in maintaining the
apical membrane structure. The effect of missense mutations

associated with PFICI and BRIC1 on the stability of ATP8B1 and
its interaction with CDC50A was studied in transfected CHO
cells (Folmer et al., 2009b). The mutants were found to be less
stable than the wild-type proteins and show a loss or decreased
interaction with CDC50A. Furthermore, the mutants were not
detected on the canalicular membrane of WIF-B cells. The
impaired targeting to the plasma membrane of ATP8B1 caused
by the most frequent ATP8BI disease mutation in European
patients, I661T, was recently shown to be rescued by compounds
known to be efficient correctors of CFTR misfolding in cystic
fibrosis, thus pointing to a possible therapeutic strategy (Van
Der Woerd et al, 2016). The mechanism by which loss in
ATP8BI1 leads to cholestasis is poorly understood, but it has
been proposed that increased PS on the luminal leaflet on
canalicular membranes due to the loss in ATP8BI flippase activity
results in abnormal lipid packing (Folmer et al., 2009a). This
in turn makes the outer leaflet of the canalicular membrane
susceptible to bile salt mediated extraction of cholesterol and
phospholipids resulting in reduced activity of ABCB11, a major
bile salt exporter that has also been linked to PFIC2 (Strautnieks
et al., 1998). The recent studies suggesting that ATP8B1 is a PC
and not a PS flippase, however, leaves this model open to further
investigations. It is possible that deficiency in PC transport to
the inner membrane of canalicular membranes due to mutations
in ATP8BI1 could compromise the stability of the membrane to
bile salts. More studies are needed to further define the role of
ATP8B1 in cholestasis.

Genetic defects in ATP8A2 have been reported in two
families. One individual with mental retardation and hypotonia
had a balanced translocation of chromosomes 10 and 13
which disrupted the coding sequence of the ATPS8A2 gene
(Cacciagli et al., 2010). More recently, a missense mutation
(I376M) was identified as the cause of a rare neurodegenerative
disease known as cerebellar ataxia, mental retardation, and
dysequilibrium syndrome (CAMRQ) in a consanguineous family
from Turkey (Onat et al, 2012). The I376M mutation is
present in a conserved region of the M4 transmembrane
segment of ATP8A2. Biochemical characterization confirmed
that this missense mutation results in the loss in ATP8A2 PS
flippase activity, as further discussed below (Vestergaard et al.,
2014). Two ATP8A2-deficient mouse models, wabbler-lethal (wl)
mouse and ATP8A2 knockout mouse, show similar neurological
abnormalities including body tremors and ataxia resulting from
distal axonal degeneration of the spinal cord (Zhu et al,, 2012;
Coleman et al., 2014). The wl mouse has a deletion in exon
22 of Atp8a2 resulting in the expression of an inactive protein
(Zhu et al., 2012). In addition to these characteristics, ATPSA2
deficient mice exhibit a loss in visual and auditory function
and degeneration of photoreceptor and spiral ganglion cells
(Coleman et al., 2014). These studies indicate that ATP8A2 plays
an essential role in the function and survival of many neuronal
cells, possibly by contributing to vesicle trafficking in axons and
related neurological structures.

More limited information is available on the role of other
P4-ATPases in human diseases (Van Der Mark et al., 2013).
ATPI10A has been implicated in the control of insulin-mediated
glucose uptake in mouse adipose tissue and skeletal muscle
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and is considered as a risk factor for Type 2 diabetes in
African-Americans (Dhar et al, 2004, 2006). ATP11A has
been suggested to be a predictive marker for prognosis of
colorectal cancer (Miyoshi et al., 2010). ATP11C-deficient mice
have been shown to exhibit multiple abnormalities including
loss in B cell development, hyperbilirubinemia, hepatocellular
carcinoma, and anemia (Siggs et al., 2011a,b; Yabas et al., 2011).
It remains to be determined if loss of function mutations
in human ATP11C cause similar disorders. ATP8B4 has been
implicated in Alzheimer’s disease based on its chromosomal
localization and analysis of single-nucleotide polymorphisms
(Li et al., 2008).

STRUCTURAL AND MECHANISTIC
FEATURES OF P4-ATPases

Reaction Cycle of P4-ATPases

The predicted domain structure and topology together with
conserved motifs for phosphorylation and dephosphorylation
(Figures 1, 2) argue in favor of a flippase mechanism related
to the well-known mechanism of the P2-ATPase ion pumps
Ca?*-ATPase and Nat/K*-ATPase. Indeed, like the P2-ATPases
and, presumably, all other P-type ATPases, the P4-ATPases
are phosphorylated in a vanadate-sensitive manner by ATP at
the conserved P-domain aspartate (Ding et al., 2000; Lenoir
et al, 2009; Bryde et al, 2010; Coleman et al, 2012). The
reaction cycle has been examined in some detail for ATP8A2
(Coleman et al, 2012), showing that the phosphoenzyme
exists in E1P and E2P states, and that the dephosphorylation
of E2P is activated by the specific phospholipid substrates
PS and PE, but not by PC (Figure 3A). The latter finding
is reminiscent of the effect of KT binding from the external
side to the NaT/Kt-ATPase (Post et al., 1972). The K%
activation of dephosphorylation is one of the key features
of the coupling mechanism of the Na™/K*-ATPase that
allows KT translocation from the external side to the internal
side of the plasma membrane (Figure3C). The specific
phospholipid substrate apparently acts on the P4-ATPase in
a similar way, promoting dephosphorylation in association
with the translocation of the lipid from the exoplasmic
to the cytoplasmic leaflet of the lipid bilayer (Figure 3B).
Approximately 50-fold higher ATPase activity is observed
for ATP8A2 in lipid vesicles containing 10% PS/90% PC
as compared with 100% PC, where the ATPase activity is
diminutive, and with PE the activation is also substantial
(Coleman et al., 2009, 2012; Coleman and Molday, 2011). Crystal
structures of the P2-ATPase ion pumps Nat/K'-ATPase and
Ca’t-ATPase have shown how the conserved glutamate of
the A-domain TGES motif (in P4-ATPases DGET) is brought
into the correct position for catalyzing the hydrolysis of the
aspartyl phosphoryl bond in the P-domain. This unique event
consists of a 90° rotation of the A-domain in relation to
the E1P-E2P transition followed by an additional, smaller
change of conformation elicited by the binding of the ion
to be transported from the exoplasm toward the cytoplasm
(Toyoshima, 2009; Palmgren and Nissen, 2011). Similar

structural changes are expected to result in dephosphorylation
of P4-ATPases. Accordingly, it was demonstrated for ATP8A2
that mutation of the conserved A-domain glutamate blocks
dephosphorylation (Figure 3A; Coleman et al, 2012). It is
noteworthy that the structural information from the P2-ATPases
shows that the catalytic site at which dephosphorylation
occurs is located some 50 A from the membrane site at
which Kt binds to promote the dephosphorylation. In P4-
ATPases the corresponding distance is likely no less, with the
catalytic site being composed of the cytoplasmic A-, P-, and
N-domains, and the lipid substrate coming from the exoplasmic
leaflet, thus indicating that the signal transduction must take
place through a conformational change reaching over long
distance.

Kinetic Difference between ATP8A2 and

Drs2p

Dephosphorylation of the yeast homolog of ATP8A2, Drs2p,
is also accelerated by PS, but to a lesser extent than the
dephosphorylation of ATP8A2 and only in the simultaneous
presence of phosphatidylinositol-4-phosphate binding to the
C-terminal regulatory domain (Jacquot et al, 2012). This
observation is in accordance with the evidence mentioned
above that Drs2p requires such interaction for PS flippase
activity, thus being autoinhibited by the C-terminus in the
absence of the activator. The C-terminus likely interferes with
the optimal positioning of the A-domain for catalysis of
dephosphorylation (Montigny et al., 2016). However, even in the
presence of phosphatidylinositol-4-phosphate the PS-activated
ATP hydrolysis and dephosphorylation rates of Drs2p are 1-
2 orders of magnitude lower than those of ATP8A2 (Jacquot
et al, 2012). The ATP hydrolysis and dephosphorylation rates
determined for ATP8A2 are comparable to the rates seen
for Ca?T-ATPase and Nat,Kt-ATPase (Coleman et al., 2012).
It has been suggested that the high catalytic turnover rate
of ATP8A2 is needed particularly in the retinal membranes
housing ATP8A2, due to rapid dissipation of lipid asymmetry
by the floppase activity of the retinal protein opsin (Jacquot
et al, 2012). However, ATP8A2 is expressed not only in
the retina, but all over the brain, where it is indispensable,
as evidenced by the CAMRQ syndrome resulting from a
single missense mutation of ATP8A2. Even in the presence
of its known activator Drs2p appears more autoinhibited
than ATP8A2. Worth noting in this connection is the fact
that there is only poor conservation between ATP8A2 and
Drs2p of the C-terminal tail including the putative RMKKQR
phosphatidylinositol-4-phosphate-binding site (Jacquot et al,
2012). More information that possibly can be obtained by
studying the consequences of exchanging their C-termini is
needed to resolve this issue. The coupling between ATP
hydrolysis and lipid flipping should also be considered. The
stoichiometry of PS molecules flipped per ATP molecule
hydrolyzed has not been determined with confidence, one reason
being that the ATPase activity is rather low with the NBD-labeled
PS used for measurement of transport. It is thus an open question
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FIGURE 3 | Dephosphorylation of P4-ATPases and Nat/K*-ATPase is activated by binding of the transported substrate. (A) Experimental data (Coleman
et al., 2012) showing the accelerating effect of addition of phosphatidylserine (PS) on dephosphorylation of ATP8A2 (open circles). No dephosphorylation occurs when
phosphatidylcholine (PC) is added (open triangles). The PS-induced dephosphorylation is blocked by the E198Q mutation replacing the glutamate in the DGET motif
of the A domain with glutamine (filled triangles). (B) Reaction cycle of P4-ATPases proposed on the basis of the finding illustrated in A together with additional analysis
of the conformations of the phosphoenzyme intermediate of ATP8A2 (Coleman et al., 2012). (C) Classic Post-Albers model for the reaction cycle of Nat ,K*-ATPase
(Post et al., 1972) illustrating that the activation of dephosphorylation of the P4-ATPase by PS (coming from the exoplasmic lipid bilayer leaflet) shown in (A,B) is
analogous to the activation of dephosphorylation of Nat,K+-ATPase by Kt (coming from the exoplasmic medium). Na* binding from the cytoplasm is required for
phosphorylation of Nat ,Kt-ATPase, whereas no known ion or other substrate needs to bind to the P4-ATPase to allow phosphorylation (see text for more
explanation).

whether ATP8A2 hydrolyzes more ATP per lipid flipped than  of the P4-ATPase from ATP. This question has been addressed
Drs2p. by examining the effects of various ions including Na™, KT,
Cl~, SO%~, Ca>*, N-methyl-D-glucamine, acetate, and H* on
Phosphorylation of P4-ATPases Does Not the phosphoryl.ation of ATP8A2 from ATB with the.res‘ult that

. . . none of these ions promote phosphorylation at a significantly
Need Trlggerlng by lons Belng higher rate than the others (Coleman et al., 2012). Similar results
Countertransported were obtained for Drs2p in a study that tested in addition to
In the Na* /KT -ATPase and the Ca?*-ATPase, the binding of the  the ions mentioned above, Co*", Zn?*, La**, carbonyl cyanide,
ion being transported from the cytoplasmic to the exoplasmic ~ m-chlorophenylhydrazone, oxalate, and arsenate, in all cases
side triggers the phosphorylation from ATP (Figure 3C). It is  without finding appreciable effects on phosphorylation (Jacquot
therefore relevant to ask whether the analogy between P4-ATPase et al., 2012). Perhaps the most likely candidate for a non-lipid
and P2-ATPase catalytic mechanisms further implies that the  substrate transported by the P4-ATPases toward the exoplasm
binding of another specific substrate transported in the reverse ~ would be HY, but rapid kinetic analysis of the pH dependence
direction of the known lipid substrates, from the cytoplasmic to  of the phosphorylation rate showed no significant variation in
the exoplasmic side, is needed to activate the phosphorylation  the interval from pH 6.5 to pH 9.0, thus indicating that if proton
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binding at a specific site (supposedly followed by transport) really
were required for activation of the phosphorylation reaction,
then the proton affinity of this site would be unusually high
with deprotonation occurring only above pH 9.0 (Coleman et al.,
2012). The conclusion of these studies is therefore that presently
there are no ions known as activators of the phosphorylation of
P4-ATPases except for Mg?T, which is required as catalyst at the
catalytic site as for other P-type ATPases. The apparent affinity for
Mg?* activation of phosphorylation is in the micromolar range
and very similar to that pertaining to Na™/K*-ATPase (Coleman
etal., 2012).

Pathway for Phospholipid Movement
Studied by Mutagenesis and Structural

Modeling

Giant Substrate Problem

While the catalytic mechanism of ATP hydrolysis by P4-ATPases
appears similar to that of the P2-type ATPases, these ion pumps
might be less suitable models for the P4-ATPases when it comes
to understanding the handling of the lipid substrate. The size
of the ions being transported by the P2-ATPases is only 2—
3 A in diameter, allowing occlusion of the ions in a narrow
space between the transmembrane helices M4, M5, M6, and M8
during their passage across the membrane. Phospholipids are
much larger (the hydrocarbon chains are approximately 20 A
long and the head group 5 A), taking up space corresponding
to half the membrane bilayer thickness, and must reorient
during the flipping to keep the hydrophilic head group at
the bilayer surface. The large size of the lipid substrate and
the complex movement it has to undergo make it hard to
imagine a common transport mechanism for ions and lipids.
Solving this enigma, the so-called “giant substrate problem,” is a
most essential challenge of P4-ATPase research. Because flippase
activity is retained following purification and reconstitution of
ATP8A?2 together with its accessory CDC50A subunit in lipid
vesicles (Coleman et al., 2009, 2012; Coleman and Molday, 2011),
there is no doubt that these are the only protein components
required for the movement of the lipid and its coupling with
ATP hydrolysis, thus providing a sound basis for using site-
directed mutagenesis to search for residues interacting with
the lipid substrate during the flipping. Mutational effects on
the apparent affinity for the lipid substrate can be assessed
from the PS or PE concentration dependences of the ATPase
activity and/or the dephosphorylation step. PS or PE is added
at various concentrations to the ATP8A2-CDC50A complex
maintained solubilized in detergent and PC. This procedure first
pinpointed the lysine K873 as critical for the interaction with
the lipid substrate (Coleman et al., 2009; Coleman and Molday,
2011; Coleman et al,, 2012). The K873A and K873E mutants
showed conspicuous reductions of the apparent affinity for PS in
ATPase activity studies as well as in studies of the PS-activated
dephosphorylation, whereas a more moderate reduction was
seen for K873R, thus indicating a role of the positive charge
of the side chain, which might be to interact with a negative
charge of the phospholipid head group. Because the binding
of PE was disturbed as well by the mutation, the suggested

interaction would implicate the phosphate part of the head
group common to both lipids (Coleman et al., 2012). K873 is
located in the M5 transmembrane helix at exactly the position
corresponding to a serine in Na® /K™ -ATPase that is a key residue
in the coordination of K* during the transport (Blostein et al.,
1997; Pedersen et al.,, 1998; Shinoda et al., 2009). Moreover,
significant effects were observed for mutation of the adjacent
N874, which corresponds to an asparagine that participates in
the coordination of K* in Na*/K*-ATPase and Ca?" in the
Ca?"-ATPase (Coleman et al., 2012), see the sequence alignment
in Figure 2. Thus, the similarity between the P4-ATPase and
the P2-ATPases clearly reaches beyond the mechanism of ATP
hydrolysis, managed by the cytoplasmic domains, to the events
taking place in the membranous part of the protein.

Would it really be feasible that the giant phospholipid
substrate is translocated through a pathway in the protein that
involves occlusion between the transmembrane helices M4, M5,
M6, and M8 similar to the occlusion of ions being translocated
by the Nat/K*-ATPase and the Ca>"-ATPase? After all, this
possibility might not be totally unrealistic, because the crystal
structure of another related P-type ATPase ion pump, the plant
HT-ATPase AHA2 (P3-ATPase), unlike the crystal structures of
the Nat/K*-ATPase and the Ca**-ATPase, shows the presence
of a large central cavity containing water (Pedersen et al,
2007). The existence of this cavity is possibly the consequence
of the absence in the H*-ATPase transmembrane helices of
most of the negatively charged residues that in Na™/K*-ATPase
and Ca’"-ATPase cross-link the helices through the binding
of the transported cations. These carboxylic acid residues are
also absent in the P4-ATPases, being replaced by hydrophobic
residues in several cases (Figure 2). Hence, as long as structural
details of P4-ATPases in the membrane region remain unknown,
the option of a central cavity that might accommodate a
lipid temporarily during the flipping needs to be taken into
consideration. This hypothesis has also been referred to as a
“canonical binding site” (Baldridge and Graham, 2013), because
the lipid being flipped would be located similarly to the occluded
ions in the “classic” ion pumps.

Possible Peripheral Pathway

The alternative, and at the moment perhaps most realistic,
transport model is one in which a peripheral pathway in the
protein allows for flipping of the phospholipid in such a way
that only the polar head group interacts directly with the protein.
This would allow the hydrocarbon tail to slide through the
hydrocarbon layer of the lipid bilayer surrounding the protein,
sometimes referred to as the “credit card model” because the
interaction of the protein exclusively with the head group is
comparable to a credit card payment terminal, which touches
only the magnet stripe or chip of the card. The relevance of such
a peripheral pathway type of model is underscored by the recent
publication of the crystal structure of a scramblase, TMEM16
(Brunner et al., 2014). The scramblase equilibrates PS and PE
phospholipids between the two bilayer leaflets and contains at its
lipid bilayer exposed surface an 8-11 A wide crevice spanning
the entire membrane. This crevice is formed by transmembrane
helices and is twisted like a spiral staircase with one side exposed
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FIGURE 4 | Structural model of ATP8A2 in EoP and E, states revealing the hydrophobic gate pathway. The model was constructed on the basis of the
alignment of ATP8A2 with SERCA1a shown in Figure 2 and the crystal structures of SERCA1a in EoP and E» states supplemented with refinement of the membrane
domain by molecular dynamics simulation, opening up a groove between M1, M2, M4, and M6 (Vestergaard et al., 2014). In all panels, the cytoplasmic side is up.
(A,B) Refined models of EoP and E, states are shown in cartoon with helices M1-M2 in purple, M3-M4 in green, M5-M6 in brown, and M7-M10 as molecular
isosurface representation in gray. Selected hydrophobic side chains including 1364 are shown in licorice representation with carbons in orange for hydrophobic
residues and in yellow for N359, nitrogen in blue, and oxygen in red. Water molecules in groove are red transparent spheres in the EoP model and cyan in the Eo
(Continued)
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FIGURE 4 | Continued

model. (C) Metadynamics simulations were used to steer a phosphatidylserine molecule into the groove of the E; model. (D) Visualization of credit card transport
hypothesis. E, model in surface representation embedded in the phospholipid membrane, where brown spheres indicate phosphate parts of the phospholipid head
groups and hydrocarbon chains are shown in white (PC) or blue (PS) licorice representation. The hydrophilic head group of a PS molecule is being moved upwards
along the groove, partly solvated by water molecules (oxygen red, hydrogen white). The blue hydrocarbon chains of the lipid project into the membrane lipid phase.

to the membrane. Its surface is strongly hydrophilic, thus being
able to accommodate the head group of the phospholipid being
flipped, with the hydrocarbon tail extending into the surrounding
lipid bilayer in accordance with the “credit card model.”

Non-canonical Peripheral Pathway Model

A clue to where in the P4-ATPase structure a peripheral pathway
might be located was first obtained in studies of the yeast
P4-ATPases Dnflp and Drs2p (Baldridge and Graham, 2012,
2013). The different lipid substrate specificities of these flippases
(PC and PS, respectively) allowed identification of amino acid
residues with a role in defining the substrate specificity by
examining chimeras and point mutants in which residues had
been exchanged between Dnflp and Drs2p. Critical residues were
pinpointed in the membrane region, particularly a M3 asparagine
(N550 of Dnflp corresponding to N302 in bovine ATP8A2) and
a M4 phenylalanine/tyrosine (Y618 of Dnflp corresponding to
L367 in bovine ATP8A2), as well as in M1 near its exoplasmic
end. Supposedly residues contributing to define the selectivity
for PC versus PS would be near a pathway for translocation of
the phospholipid head group, and the locations of the pinpointed
residues are not consistent with a central, canonical binding site.
Consideration of a structural model of Dnflp based on the crystal
structure of the Ca>*-ATPase in the E1 state led to the conclusion
that these residues face the surrounding lipid phase in accordance
with a peripheral translocation pathway involving mainly M1,
M3, and M4, which was denoted as the “non-canonical pathway”
(Baldridge and Graham, 2012, 2013).

Hydrophobic Gate Peripheral Pathway Model

More recently, a slightly different location of a putative
peripheral pathway was suggested by structural modeling
prompted by mutagenesis results for other residues in M4,
particularly the isoleucine in the middle of M4 (Vestergaard
et al, 2014). This isoleucine is part of the PISL motif
(Figure 2), which is conserved among P4-ATPases. Significantly,
the isoleucine is located exactly at the position corresponding
to the glutamate in the corresponding PEGL motif of the
Ca’*-ATPase and the Na'/K'-ATPase. Like P4-ATPases,
P3-ATPases such as the AHA2 mentioned above have either
isoleucine or valine at the corresponding position (Figure 2). On
the basis of mutagenesis work in combination with structural
information from crystallization, the glutamate present in the
Na®/K*-ATPase and the Ca*"-ATPase is known to be a key
element in the transport mechanism. It works as a gating residue
at the ion binding pocket and furthermore directly binds and
moves the ions undergoing transport, being alternately exposed
toward the two sides of the membrane during the pump cycle.
Hence, in these P2-ATPase ion pumps M4 moves vertically

like a pump rod, allowing delivery to the exoplasm of Na*t or
Ca%" bound at the M4 glutamate from the cytoplasmic side, or
delivery to the cytoplasm of K¥/H™ bound at the same glutamate
from the exoplasmic side (Vilsen and Andersen, 1998; Olesen
et al., 2007; Toyoshima, 2009). It was therefore intriguing to
learn that a missense mutation replacing this isoleucine (1376
in human ATP8A2) with methionine had been identified as the
first (and so far only) disease-causing mutation in ATP8A2,
giving rise to CAMRQ (Onat et al, 2012). When expressed
in mammalian cell culture the equivalent mutation in bovine
ATP8A2, 1364M, disrupted flipping of fluorescent NBD-labeled
PS and reduced ATPase activity to very low levels, although wild
type-like expression levels were retained. Analyses of the lipid
substrate concentration dependence of the overall and partial
reactions of the enzyme cycle in ATP8A2 mutants with various
replacements of this isoleucine led to the conclusion that during
the lipid flipping the PS head group passes near 1364, and 1364
is critical to the release of the lipid into the cytosolic leaflet
(Vestergaard et al., 2014).

To examine the exact role of 1364, in the absence of a
crystal structure of a P4-ATPase, homology-based models of
ATP8A2 were built for E2P and E2 (the two states that interact
with the lipid substrate, cf. Figure 3B), starting from a multiple
sequence alignment and the high-resolution crystal structures
of the Ca?"-ATPase in these conformations. The models were
subsequently refined by molecular dynamics simulation, which
relaxed the original ATP8A2 homology model structures to
structures where a groove between the M1, M2, M4, and
M6 transmembrane helices had opened to a wider state, thus
suggesting that this region, now deviating significantly from
that of the P2-ATPase ion pumps, might be directly involved
in lipid transport by the P4-ATPases (Vestergaard et al,
2014). Substantial amounts of water entered the groove during
the molecular dynamics refinement, gathering in two distinct
pockets placed in the exoplasmic and cytoplasmic ends of the
groove, separated by a cluster of hydrophobic residues that
included 1364 (Figures 4A,B). This hydrated groove has a size
appropriate for accommodation of the PS head group and is
located rather peripherally in the protein, thus allowing the
hydrocarbon tail of the lipid to project out into the surrounding
membrane bilayer lipid during the flipping (Figures 4C,D),
exactly as proposed for the scramblase TMEM16 described above.
In the P4-ATPase, the phospholipid head group in the groove
would be solvated by the water in the groove, thereby aiding
the movement of the head group. An important feature of
the ATP8A2 E2P and E2 structural models is moreover that
1364 moves during the transition between these states, thereby
apparently functioning as a “hydrophobic gate” propelling the
water in the groove with the solvated phospholipid head
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group toward the cytoplasmic side against the concentration
gradient.

Mutational analysis further implicated adjacent hydrophobic
residues including 1115 (of M2) as part of the gate (Vestergaard
et al., 2014). The polar residue N359 (of M4) appears to
be involved in the recognition of the lipid substrate entering
the groove from the exoplasmic side (Figures 4A,B, 5).
These findings suggest a plausible phospholipid translocation
mechanism that is both distinct from and related to the well-
characterized P2-ATPase ion transport mechanisms. In lipid
pumps as well as ion pumps, M4 plays a central role as the
pump rod generating the movement. In fact, the less wide
groove present between M1, M2, M4, and M6 in the Ca?*-
ATPase also seems to contain water and has been proposed to
be the pathway taken by Ca?* migrating from the cytoplasmic
side to the Ca®* occlusion pocket (Musgaard et al., 2012),
thus overlapping partially with the hydrophobic gate pathway
proposed for ATP8A2 (Vestergaard et al., 2014). In a recent
review (Montigny et al,, 2016) it was furthermore pointed
out that the most conserved of the two Ca’* binding sites
found in Ca?t-ATPases is the one involving the glutamate
in M4 corresponding to 1364 of ATP8A2, denoted site II in
SERCA, implying that Ca?*-ATPases like PMCA and SPCA
that only transport one Ca** in each cycle do not possess a
site corresponding to site I of SERCA, and therefore do not
use residues in M5 and M8 for Ca’" binding. Hence, the
hydrophobic gate pathway must be very similar to the transport
pathway used by the one-site Ca?"-ATPases and possibly also
other P-type ATPases pumping a single ion per cycle (Montigny
et al,, 2016). As previously alluded to in discussing the relation
between P2- and P4-ATPases (Lenoir et al., 2007; Baldridge et al.,
2013), the Ca?*-ATPase E2 crystal structure shows the presence
of a phospholipid molecule approximately corresponding to
the cytoplasmic exit of the hydrophobic gate pathway (top of
Figure 5). In the P4-ATPases, this primordial phospholipid-
binding site might have evolved into a site playing a role in the
lipid transport. Worth mentioning in relation to the conservation
of the structure and basic mechanism between P2- and P4-
ATPases is also the proline adjacent to the isoleucine in the PISL
motif (Figure 2). This proline is conserved in all P-type ATPases,
and in ATP8A2 the P363A mutation abrogated expression of the
protein in HEK cells, suggesting that the local unwinding of the
M4 helix near PISL caused by the presence of the proline is crucial
to proper folding and processing of the protein (Vestergaard
etal., 2014).

Merge of Structural Models Resulting from ATP8A2
and Yeast Flippase Studies of the Lipid Transport
Pathway

The structural locations of the various proposed P4-ATPase
lipid translocation pathways are summarized in Figure 6:
the peripheral pathway associated with the hydrophobic gate
(between M1, M2, M4, and M6; Vestergaard et al, 2014);
the central pathway implying occlusion of the lipid between
M4, M5, M6, and M8 similar to the occlusion of ions in
the two-sites Ca?*-ATPases and the Na',K"-ATPase; and the
non-canonical pathway between M1, M3, and M4 (Baldridge

and Graham, 2012, 2013). It is of note that in the structural
model of Vestergaard et al. (2014), the M4 residue L367,
which is equivalent to Y618 shown to be important for
lipid head group selectivity in yeast Dnflp (Baldridge and
Graham, 2012, 2013), points toward the hydrophobic gate
pathway, being located one helix turn above 1364 (Figure 5).
Likewise, the M2 residues A119 and E123 at positions equivalent
to yeast Dnfl residues T254 and D258 shown to couple
with the M4 Y618 to confer lipid head group selectivity
(Baldridge et al, 2013), seem in the structural model of
Vestergaard et al. (2014) to be associated with the cytoplasmic
exit of the hydrophobic gate pathway (Figure5). On the
other hand, N302, equivalent to the asparagine N550 also
pinpointed as critical for head group selectivity in the yeast
flippase studies (Baldridge and Graham, 2013), is too distant

FIGURE 5 | Proposed hydrophobic gate pathway in side view with
indication of residues that might play a role in the recognition and
translocation of the phospholipid. The E2 structural model of the ATP8A2
membrane domain (Vestergaard et al., 2014) is visualized with the cytoplasmic
side up. Selected residues, some of which are mentioned in the text, are
shown in licorice representation with carbons in orange for hydrophobic
residues and in yellow for polar/charged residues. Water molecules in the
groove are shown as cyan transparent spheres. 1364 and 1115 are key residues
in the hydrophobic gate. N359 is important for the affinity for the lipid substrate
(Vestergaard et al., 2014). Q95, Q96, A119, E123, N302, and L367 are located
at positions corresponding to the yeast Dnf1 flippase residues G230, A231,
T254, D258, N550, and Y618, which have been shown to be crucial to the
specific lipid selectivity of this flippase (Baldridge and Graham, 2012, 2013).
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Central (canonical)

Non-canonical
peripheral pathway =—™——
or CDC50 position?

/

M1 M2 Hydrophobic gate
peripheral pathway

FIGURE 6 | Overview of the locations of three proposed phospholipid transport pathways and possible location of CDC50. The refined membrane
domain of the E2 structural model of ATP8A2 (Vestergaard et al., 2014) is visualized as viewed from the cytoplasmic side. Helices M1-M2 are shown in purple,
M3-M4 in green, M5-M®6 in brown, and M7-M10 in gray. Selected residues mentioned in the text are shown in licorice representation with carbons in orange for
hydrophobic residues and in yellow for polar/charged residues. Recent evidence suggests a location of the CDC50 protein corresponding to the non-canonical
peripheral pathway (Vestergaard et al., 2015).

from the hydrophobic gate pathway to be directly involved  hydrophobic gate pathway. It is, however, not clear why residues
(Figures 5, 6). near the cytoplasmic exit of the putative translocation pathway
It is clear that in addition to the hydrophobic gate, residueson  should be as critical for the lipid substrate recognition as the
its cytoplasmic side pointing toward the proposed translocation  residues at the inlet. One possibility is that residues near the exit
pathway contribute to determining the affinity for the lipid  form bonds (note in Figure 5 that K122 and E371 are very close,
substrate. The yeast flippase studies have furthermore identified ~ probably forming a salt bridge) required to position the helices
two residues near the exoplasmic end of M1 that are important  correctly for entry and recognition of the lipid substrate at the
for lipid substrate recognition (Baldridge and Graham, 2013). At other end of the groove.
the equivalent positions of ATP8A2 are Q95 and Q96 shown in
Figure 5. These residues might be associated with the exoplasmic ~ Role of the M5 Lysine
entrance to the hydrophobic gate pathway. The separation of the  In light of the proposal of the hydrophobic gate pathway one
residues critical to lipid substrate recognition in two clusters, one  might wonder about the role of the more centrally placed critical
near the exoplasm and the other near the cytoplasm, observed in  lysine K873 of transmembrane helix M5 discussed above. In
the yeast flippase studies, led to the view that there are two gates,  our refined models, K873 is situated on the opposite side of
an entry gate, and an exit gate (Baldridge and Graham, 2013). M4 with respect to the hydrophobic cluster including 1364 and
In fact the studies of ATP8A2 indicate that there are residues  does not point into the suggested transport pathway (Figure 6).
critical to the interaction with the lipid substrate all along the K873 is closely surrounded by polar residues with which it
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may form hydrogen bonds, including N905 located at the
position corresponding to an ion binding asparagine/aspartate
of Ca?*-ATPase and Na*/K*-ATPase (Figure 2), and this part
of the models was most stable during refinement. K873 might
therefore acts as a stabilizer of the central part of the structure,
aiding the correct placement of the dynamic regions including
M4 and the hydrophobic gate.

Structural Location of the CDC50 Protein

The “dark horse” in the modeling studies, so far not taken
properly into consideration, is the CDC50 protein (the (-
subunit). Recently, screening of 141 point mutations of the
ATP8A2 catalytic subunit pinpointed six mutations that
indirectly affect the glycosylation of the CDCS50 protein,
suggesting the possibility of a defect in the structural interaction
between the two subunits of the complex (Vestergaard
et al, 2015). Interestingly, in our structural model four of
the six residues implicated are situated above each other
almost along a line at the periphery of the ATP8A2 protein,
pointing toward the putative location of the non-canonical
pathway, between M1, M3, and M4 (Figure 6). Hence, one
or both transmembrane helices of CDC50 might actually
be located corresponding to the non-canonical pathway,
which would place the CDC50 exoplasmic domain in
close proximity to the putative exoplasmic entrance of the
hydrophobic gate pathway, thereby enabling CDC50 to
directly promote substrate binding in the hydrophobic gate
pathway.

CONCLUSIONS AND FUTURE
PERSPECTIVES

Cell-based and biochemical studies from a number of research
groups have convincingly shown that P4-ATPases actively flip
phospholipids from the exoplasmic to the cytoplasmic leaflet
of the plasma membrane and intracellular membranes. Like
yeast P4-ATPases, some members of the mammalian P4-ATPase
family actively transport the PS and PE to generate and maintain
lipid asymmetry, whereas other members appear to be specific
for PC. Cell culture and animal studies in which specific
P4-ATPases are overexpressed or knocked down support the
importance of these mammalian P4-ATPases in generating and
maintaining lipid asymmetry for such key cellular processes
as vesicle budding and trafficking, cell migration, neurite
extension and cell survival. Although, significant progress has
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Na/K-ATPase signaling has been implicated in different physiological and
pathophysiological conditions. Accumulating evidence indicates that oxidative stress not
only regulates the Na/K-ATPase enzymatic activity, but also regulates its signaling and
other functions. While cardiotonic steroids (CTS)-induced increase in reactive oxygen
species (ROS) generation is an intermediate step in CTS-mediated Na/K-ATPase
signaling, increase in ROS alone also stimulates Na/K-ATPase signaling. Based on
literature and our observations, we hypothesize that ROS have biphasic effects on
Na/K-ATPase signaling, transcellular sodium transport, and urinary sodium excretion.
Oxidative modulation, in particular site specific carbonylation of the Na/K-ATPase a1
subunit, is a critical step in proximal tubular Na/K-ATPase signaling and decreased
transcellular sodium transport leading to increases in urinary sodium excretion. However,
once this system is overstimulated, the signaling, and associated changes in sodium
excretion are blunted. This review aims to evaluate ROS-mediated carbonylation of the
Na/K-ATPase, and its potential role in the regulation of pump signaling and sodium
reabsorption in the renal proximal tubule (RPT).

Keywords: Na/K-ATPase, ROS, protein carbonylation, signaling

Accumulating evidence suggests that excessive dietary salt intake may play a role in the
pathogenesis of hypertension, with more pronounced effects seen in salt-sensitive patients
(Calhoun et al., 2008). Consequently, modest restriction of dietary salt and diuretic therapy are
often recommended for treatment of resistant hypertension, particularly within the salt-sensitive
sub-group (He and MacGregor, 2004; Calhoun et al., 2008). Long-term blood pressure (BP)
regulation is highly associated with renal sodium handling (Guyton, 1991). Recent studies observe
the CTS-activated Na/K-ATPase signaling pathway to contribute to RPT sodium handling and salt
sensitivity (Buckalew, 2005; Meneton et al., 2005; Schoner and Scheiner-Bobis, 2007, 2008; Bagrov
and Shapiro, 2008; Fedorova et al., 2010; Liu and Xie, 2010). Various intercellular and extracellular
functions are regulated by the signaling function of the Na/K-ATPase. Discussion of Na/K-ATPase
signaling and the downstream physiological and pathophysiological implications can be found in
several references (Bertorello and Sznajder, 2005; Buckalew, 2005; Aperia, 2007; Liu and Shapiro,
2007; Schoner and Scheiner-Bobis, 2007, 2008; Bagrov and Shapiro, 2008; Bagrov et al., 2009;
Blaustein et al., 2009; Li and Xie, 2009; Fedorova et al., 2010; Liu and Xie, 2010). Based on our recent
observations, we focus on the effect of oxidative (carbonylation) modification of Na/K-ATPase and
sodium handling in RPTs.
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PROTEIN CARBONYLATION AND CELL
SIGNALING

Biologically, electron reduction of oxygen (O;) leads to
generation of ROS including superoxide (O, ), hydrogen
peroxide (H,0O3), and hydroxyl radical (HO’). ROS is able
to oxidize various types of biological molecules including
proteins, lipids, and DNA, leading to their functional changes.
Through Fenton’s reaction, H,O, (generated by O or via other
mechanisms) is reduced to HO’ by coupling oxidation of reduced
ferrous ion (Fe?T) to ferric ion (Fe**). This metal-catalyzed
oxidation (MCO) process oxidizes proteins by introducing
carbonyl groups (such as aldehydes, ketones, or lactams) into
the side chains of certain amino acids (such as proline,
arginine, lysine and threonine; Stadtman and Berlett, 1991;
Stadtman and Levine, 2000; Nystrom, 2005). Unlike this direct
(primary) carbonylation, indirect (secondary) carbonylation on
lysine, cysteine, and histidine can occur by reactive carbonyl
compounds generated from other types of oxidation, such as
lipid and carbohydrate oxidation via Michael addition reactions
and formation of Schiff bases. Protein carbonylation is a well-
recognized marker of oxidative stress because of its stability, its
effect on protein functions, and its link to various biological and
pathological conditions. Oxidative stress has been implicated in
the aging process, various conditions like ischemia-reperfusion
and hyperoxia, and various human diseases like Alzheimer’s
disease, chronic lung disease, chronic renal failure, diabetes, and
sepsis (Stadtman and Levine, 2000; Dalle-Donne et al., 2003,
2006a,b). Since the Fenton reaction involves the conversion of
H,0; to HO®, any specie of ROS with H,O; as an intermediate
and/or end product may stimulate the reaction. In biological
systems, H,O is one of the most common end products of most
ROS generating systems.

Oxidative modification of protein, reversible and irreversible,
dynamically regulates protein structure, function, and trafficking,
as well as cellular signaling and function (Go and Jones, 2013).
Direct protein carbonylation is very stable and “chemically”
irreversible (Stadtman and Berlett, 1991; Nystrom, 2005). Recent
studies from the Suzuki laboratory have demonstrated the
role of the carbonylation/decarbonylation process in ROS
signal transduction in which thiol groups were responsible
for decarbonylation via enzymatic processes, likely through
thioredoxin reductase (Wong et al., 2008, 2010, 2012, 2013).

CTS, THE NA/K-ATPASE, AND RENAL
SODIUM HANDLING

CTS, also known as endogenous digitalis-like substances, include
plant-derived glycosides and vertebrate-derived aglycones
(Schoner and Scheiner-Bobis, 2007, 2008). Although, the
production and secretion of endogenous CTS are not completely
understood, they appear to be regulated by angiotensin II and
adrenocorticotropic hormone (Hamlyn et al, 1991; Laredo
et al., 1997; Schoner and Scheiner-Bobis, 2007; Bagrov et al.,
2009). CTS are present in measurable amounts under normal
physiological conditions, and are elevated under a number of

pathological states. Different species of endogenous CTS show
variations in kinetics and tissue action in response to salt loading
in both animal models and in human hypertensive patients
(Haddy and Pamnani, 1998; Fedorova et al., 2005; Manunta et al.,
2006; Schoner and Scheiner-Bobis, 2007, 2008).

The Na/K-ATPase belongs to the P-type ATPase family and
consists of two non-covalently linked o and p subunits. Several
a and P isoforms, expressed in a tissue-specific manner, have
been identified and functionally characterized (Sweadner, 1989;
Blanco and Mercer, 1998; Kaplan, 2002; Sanchez et al., 2006).
The al subunit contains multiple structural motifs that interact
with soluble, membrane and structural proteins (Jordan et al.,
1995; Beggah and Geering, 1997; Feschenko et al., 1997; Zhang
et al., 1998, 2006a; Yudowski et al., 2000; Lee et al., 2001; Xie and
Cai, 2003; Barwe et al., 2005; Song et al., 2006; Tian et al., 2006).
Binding to these proteins not only regulates the ion pumping
function of the enzyme, but it also conveys signal transducing
functions to the Na/K-ATPase (Xie and Cai, 2003; Kaplan, 2005;
Kaunitz, 2006; Schoner and Scheiner-Bobis, 2007; Li and Xie,
2009).

It has been hypothesized for years that increases in
endogenous CTS enhance natriuresis and diuresis by direct
inhibition of renal tubular Na/K-ATPase, leading to reduced
renal reabsorption of filtered sodium (Blaustein, 1977; Haddy
et al, 1979; de Wardener and Clarkson, 1985). The first
unequivocal demonstration of ouabain-like substance in human
plasma was reported 25 years ago (Hamlyn et al,, 1991). In
vivo experiments suggest the essential role of endogenous CTS
in modulating renal sodium excretion and BP with different
approaches. First, administration of some (e.g., ouabain) but
not all CTS induces natriuresis (Foulkes et al., 1992; Yates
and McDougall, 1995). Second, in transgenic mice expressing
ouabain-sensitive Na/K-ATPase al subunit, both acute salt load
and ouabain infusion augment natriuretic responses, which may
be inhibited by administration of an anti-digoxin antibody
fragment (Dostanic-Larson et al.,, 2005; Loreaux et al., 2008).
Third, immune-neutralization of endogenous CTS prevents CTS
mediated natriuretic and vasoconstrictor effects (Fedorova et al.,
2001, 2002; Bagrov and Shapiro, 2008; Nesher et al., 2009).
Fourth, administration of the ouabain-antagonist, rostafuroxin
(previously PST 2238) not only prevents ouabain induced Na/K-
ATPase signaling, but also prevents ouabain-induced increase in
BP (Ferrandi et al., 2004). Finally, in humans, high salt intake
increases circulating endogenous CTS (Manunta et al., 2006;
Anderson et al., 2008; Bagrov and Shapiro, 2008). Increased CTS
excretion is directly linked to enhanced RPT-mediated fractional
Na-+ excretion, but inversely related to age and to age-dependent
increase in salt-sensitivity (Anderson et al., 2008).

THE NA/K-ATPASE SIGNALING AND SALT
SENSITIVITY

Although historical focus has largely been on the direct
inhibition of the Na/K-ATPase ion-exchange activity and sodium
reabsorption in RPTs by CTS, this does not appear to be
the predominant mechanism for several reasons. In contrast,
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the newly appreciated signaling function of Na/K-ATPase has
been widely confirmed and provides a realistic, mechanistic
framework that we will discuss further. We have observed that
the renal Na/K-ATPase and its signaling play a key role in
regulating renal sodium handling (Liu et al., 2002, 2004, 2005,
2011; Periyasamy et al., 2005; Oweis et al., 2006; Cai et al., 2008;
Yan et al., 2013).

Decreases in basolateral Na/K-ATPase activity alone do not
appear sufficient to decrease net sodium reabsorption across
the renal tubular epithelium. In porcine RPT LLC-PKI cells,
ouabain activates the Na/K-ATPase signaling pathways and
consequently redistributes the basolateral Na/K-ATPase and
the apical sodium/hydrogen exchanger isoform 3 (NHE3) in
a coordinated manner; this leads to symmetrical reduction of
cell surface Na/K-ATPase and NHE3 expression, and ultimately
decreases net transcellular sodium transport (Liu et al., 2002,
2004, 2005; Oweis et al., 2006; Cai et al., 2008; Figure 1). In this
experimental model, the concentrations of ouabain used in vitro
were chosen to mimic the concentrations of CTS seen in vivo
with salt loading. No significant acute change in intracellular Na*
concentration was observed (Cai et al., 2008), further suggesting
the coordination of the downregulation of both apical and
basolateral sodium transporters. This Na/K-ATPase signaling
mediated regulation of renal tubular epithelial ion transporters
was additionally confirmed in in vivo studies (Periyasamy et al.,
2005; Liu et al., 2011).

The Dahl salt-resistant (R) and salt-sensitive (S) strains
were developed from Sprague Dawley rat strain by selective
breeding, depending on the resistance or susceptibility to the
hypertensive effects of high dietary sodium (Dahl et al., 1962).
In these strains, sodium handling within the RPT is an essential
determinant of their different BP responses (Dahl et al., 1974;
Rapp, 1982; Rapp and Dene, 1985; Mokry and Cuppen, 2008).
At the cost of elevated systolic BP, Dahl S rats rid excess
sodium primarily via pressure-natriuresis. In contrast, Dahl R
rats counterbalance salt loading via significant reduction of renal
sodium reabsorption without increasing BP. In vivo studies
indicate that impaired RPT Na/K-ATPase signaling appears to be
causative of experimental Dahl salt-sensitivity (Liu et al., 2011).
Specifically, in Dahl R rats (Jr strain), a high salt diet (2% NaCl
for 7 days) and exposure to ouabain activates RPT Na/K-ATPase
signaling and stimulates coordinated redistribution of Na/K-
ATPase and NHE3, resulting with increases in renal sodium
excretion. However, this does not occur in age- and gender-
matched Dahl S rats (Jr strain; Liu et al, 2011). At present,
we do not have a simple explanation for this occurrence. First,
the al subunit is essentially the only a isoform expressed in
RPTs (Blanco and Mercer, 1998; Summa et al., 2004) and genes
coding al subunit and NHE3 (in rat chromosomes 1 and 2,
respectively) are not located in identified and proposed BP
quantitative trait loci (Joe, 2006). Second, there is no difference
in al gene (Atplal) coding (Mokry and Cuppen, 2008), al
ouabain-sensitivity (Nishi et al., 1993), and al expression (Liu
et al., 2011) between these two strains. Third, acute salt-loading
increases circulating CTS (ouabain and MBG) in both S and
R rats (Fedorova et al., 2000). These observations suggest that
there must be resistance to CTS signaling in the Dahl S rat, a

phenomenon that we only partially understand and will discuss
further below.

ROS AND THE NA/K-ATPASE SIGNALING

It is well established that an increase in oxidative stress occurs
in many forms of experimental hypertension (Kitiyakara et al.,
2003; Touyz, 2004; Wilcox, 2005; Vaziri and Rodriguez-Iturbe,
2006; Welch, 2006). We and others have observed that a high
salt diet stimulates endogenous CTS release and ROS generation
within the RPT (Moe et al, 1991; Yang et al, 2008; Panico
et al., 2009; McDonough, 2010; Banday and Lokhandwala,
2011; Liu et al., 2011). The increases in ROS (Meng et al.,
2002; Kitiyakara et al., 2003; Taylor et al, 2006) regulate
physiological processes including renal tubular ion transport,
fluid reabsorption, and sodium excretion (Moe et al., 1991; Zhang
et al,, 2002; Garvin and Ortiz, 2003; Han et al,, 2005; Yang
et al., 2008; Panico et al., 2009; Wang et al., 2009; Banday and
Lokhandwala, 2011; Liu et al.,, 2011; Schreck and O’Connor,
2011). In particular, increases in ROS regulate the activity and
cellular distribution of the basolateral Na/K-ATPase as well as the
apical NHE3 and sodium/glucose cotransporter, at least under
normal circumstances (Moe et al., 1991; Fisher et al., 2001; Silva
and Soares-da-Silva, 2007; Yang et al., 2007, 2008; Panico et al.,
2009; Crajoinas et al.,, 2010; Johns et al., 2010; Liu et al., 2011).
In our in vitro studies with LLC-PK1 cells, we have observed
that ouabain stimulates generation of ROS which is critical in
CTS-mediated Na/K-ATPase signaling, transporter trafficking,
and #2Nat flux (Yan et al., 2013). Pre-treatment with higher
doses, but not a low dose, of anti-oxidant N-acetyl-L-cysteine
(NACQ) attenuated the effect of ouabain on c-Src activation and
transcellular 22Na™ flux, suggesting a role of basal physiological
redox status in the initiation of ouabain induced Na/K-ATPase
signaling. This is analogous to the observation that the Na/K-
ATPase activity is redox-sensitive with an “optimal redox
potential range” (Petrushanko et al., 2006). While CT'S stimulates
ROS generation and Na/K-ATPase signaling in different in
vitro and in vivo models (Xie et al., 1999; Liu et al., 2000,
2006; Tian et al., 2003; Kennedy et al., 2006a,b; Elkareh et al.,
2007), glucose oxidase-induced H,O; alone also stimulates
Na/K-ATPase signaling, promotes Na/K-ATPase endocytosis,
and inhibits active transcellular ?>Na* transport (Liu et al,
2006; Yan et al., 2013). The phenomenon of redox-sensitivity
of the Na/K-ATPase has been demonstrated within many
animal species, tissues, and cell types. Oxidative modification
can affect Na/K-ATPase activity through different mechanisms.
For example, S-glutathionylation is the formation of a mixed
disulphide (cysteine-S-S-glutathione) between cysteine-SH with
glutathione-SH or thiol-disulfide exchange. S-glutathionylation
of cysteine residue(s) of the Na/K-ATPase o subunit can
block the intracellular ATP-binding site, leading to inhibition
of its enzymatic activity (Petrushanko et al., 2012). Ouabain-
induced S-glutathionylation of cysteine of the Na/K-ATPase
B1 subunit, a process affected by Na/K-ATPase conformational
poise (Liu et al., 2012), reduces al/B1 association and enzymatic
activity by stabilizing the enzyme in an E2-prone conformation
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FIGURE 1 | Schematic illustration of CTS and ROS mediated sodium handling in RPT and its relation to salt sensitivity. CTS induced intracellular ROS
generation and extracellularly generated ROS stimulates Na/K-ATPase/c-Src signaling, protein carbonylation, and transporter redistribution. Pretreatment with NAC
blocks this process. ROS1, CTS induced intracellular ROS generation through Na/K-ATPase signaling; ROS2, extracellular ROS generated by glucose oxidase or
other stimuli. Please also see Figure 2. RPT, renal proximal tubule; NAC, N-acetyl-L-cysteine.
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(Figtree et al., 2009). Oxidants and oxidative modification of
the Na/K-ATPase can lead to functional changes (Kim and
Akera, 1987; Xie et al, 1990; Huang et al, 1992; Mense
et al, 1997; Thevenod and Friedmann, 1999; Zhang et al,
2002; Ellis et al., 2003; Bogdanova et al, 2006; Liu et al,
2006; Reifenberger et al., 2008; Blaustein et al., 2009; Figtree
et al, 2009; White et al, 2009; Bibert et al., 2011; Figtree
et al., 2012; Petrushanko et al., 2012; Soares-da-Silva, 2012) and
formation of Na/K-ATPase oligomeric structure (Dobrota et al.,
1999). As partner of Na/K-ATPase signaling, tyrosine kinase
¢-Src and lipid rafts (including caveolae structural component
caveolins) are also redox-sensitive and critical in redox signaling
platform formation (Seshiah et al., 2002; Zuo et al., 2005; Touyz,
2006; Zhang et al,, 2006b; Han et al., 2008). This suggests a

redox-sensitive Na/K-ATPase signaling and its possible role in
ROS regulation.

Both ouabain and glucose oxidase-induced H202 stimulate
Na/K-ATPase signaling and neutralization of the increase in ROS
attenuated ouabain-induced effects (Xie et al., 1999; Liu et al.,
2000, 2006; Tian et al., 2003; Kennedy et al., 2006a; Elkareh et al.,
2007; Yan et al., 2013; Wang et al., 2014). We further observed
that both ouabain and glucose oxidase-induced H202 stimulate
direct protein carbonylation of Pro222 and Thr224 residues of
the Na/K-ATPase al subunit (al carbonylation) in LLC-PK1
cells (Yan et al., 2013). The Pro222 and Thr224 are located
in peptide 211 VDNSSLTGESEPQTR225 [UniProtKB/Swiss-Prot
No P05024 (AT1A1_PIG)]. While the al subunit is highly
conserved amongst human, pig, rat, and mouse (the homology
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is over 98.5%), the identified peptide is 100% identical amongst
these four species (Table1). This peptide is located in the
actuator (A) domain of al subunit, and Pro222/Thr224 are
highly exposed and facing the nucleotide binding (N) domain of
the a1l subunit. Upon ouabain binding, Na/K-ATPase undergoes
conformational changes, in which the A domain is rotated to
the N domain. Structure-function analysis indicates that these
conformational changes may affect binding of the al subunit
to signaling molecules such as c-Src and PI3K (Yatime et al,
2011). In addition, the peptide also contains the TGES motif
that is the anchor of A domain rotation (Yatime et al., 2011).
In immunoprecipitated al subunit, both ouabain and glucose
oxidase do not induce formation of advanced glycation end
products (AGEs) adducts. Like ouabain, glucose oxidase is
able to activate Na/K-ATPase signaling, leading to reduction of
transcellular??Na™ transport.

Recent studies suggest that, in biological systems, protein
carbonylation is reversible (decarbonylation) and may function
as regulatory mechanism of cell signaling (Wong et al,
2008, 2010, 2012, 2013). We also observed a decarbonylation
mechanism, which apparently reverses the carbonylation of the
Na/K-ATPase al subunit induced by CTS (Yan et al., 2013).
Removal of ouabain from the culture medium clearly reverses
ouabain-mediated carbonylation; inhibition of de novo protein
synthesis as well as degradation pathways through lysosome
and proteasome does not affect this decarbonylation, which
is still poorly understood. It is possible that carbonylation

modification might stabilize the Na/K-ATPase in a certain
conformational status favoring ouabain binding to the Na/K-
ATPase al subunit and ouabain-Na/K-ATPase signaling, as seen
in S-glutathionylation of cysteine residue(s) of the Na/K-ATPase
(Figtree et al., 2009; Petrushanko et al., 2012). Nevertheless,
the underlying mechanism might be physiologically significant
since the carbonylation/decarbonylation process could be an
important regulator of the RPT Na/K-ATPase signaling and
sodium handling.

OXIDATIVE (CARBONYLATION)
MODIFICATION AND SALT SENSITIVITY, A
HYPOTHESIS

Based on our data and literatures, we propose that carbonylation
modification of RPT Na/K-ATPase al subunit has biphasic
effects. (1) Physiological and controllable al carbonylation
stimulates Na/K-ATPase signaling and sodium excretion,
rendering salt resistance (Figure2A) whereas (2) prolonged
exposure to oxidant stress leads to overstimulated ol
carbonylation and desensitized Na/K-ATPase signaling, effecting
salt sensitivity (Figure 2B). First, Dahl S rats show considerably
higher basal levels of oxidative stress than R rats, and high
salt diets increase renal oxidative stresses that contribute to
salt-sensitive hypertension (Meng et al., 2002; Kitiyakara et al,,
2003; Taylor et al., 2006). Second, while high salt diets increase

TABLE 1 | Partial alignment of «1 subunit of human, pig, rat, and mouse.
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circulating CTS, we have observed that a high salt diet (HS,
2% NaCl for 7 days) stimulates the Na/K-ATPase signaling
in isolated RPTs from Dahl R but not S rats (i.e., impaired
Na/K-ATPase signaling in S rats; Liu et al, 2011). Third, in
RPT LLC-PK1 cells, CTS- and H,O,-mediated redox-sensitive
Na/K-ATPase signaling and al carbonylation is involved
in this signaling process, in a feed-forwarding mechanism
(Yan et al,, 2013). Fourth, high but not low concentration of
NAC is able to prevent al carbonylation and Na/K-ATPase
signaling (Yan et al., 2013). Even though it is still not clear of
the carbonylation/decarbonylation process, it is reasonable to
postulate that prolonged excessive al carbonylation (by CTS
and/or other factors) might overcome the decarbonylation
capacity, leading to desensitization or termination of the
Na/K-ATPase signaling function. This is reminiscent of the
observations in clinical trials using antioxidant supplements. The
beneficial effect of antioxidant supplements is controversial and
not seen in most clinical trials with administration of antioxidant
supplements (reviewed in Touyz, 2004; Munzel et al.,, 2010).
Low doses of antioxidant supplementation may be ineffective,
but high doses may be even dangerous since excess antioxidants
might become pro-oxidants if they cannot promptly be reduced
in the anti-oxidant chain (Huang et al., 2006). It appears that the
balance of the redox status, within a physiological range, may be
critical in order to maintain beneficial ROS signaling.

PERSPECTIVE

The Na/K-ATPase has recently emerged as a therapeutic target
(Aperia, 2007; Yatime et al, 2009). A clearer understanding
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ATP1A2 Mutations in Migraine:
Seeing through the Facets of an lon
Pump onto the Neurobiology of
Disease

Thomas Friedrich *, Neslihan N. Tavraz and Cornelia Junghans

Department of Physical Chemistry/Bioenergetics, Institute of Chemistry, Technical University of Berlin, Berlin, Germany

Mutations in four genes have been identified in familial hemiplegic migraine (FHM), from
which CACNATA (FHM type 1) and SCN71A (FHM type 3) code for neuronal voltage-gated
calcium or sodium channels, respectively, while ATP1A2 (FHM type 2) encodes the oo
isoform of the Na™ ,K+-ATPase’s catalytic subunit, thus classifying FHM primarily as an
ion channel/ion transporter pathology. FHM type 4 is attributed to mutations in the PRRT2
gene, which encodes a proline-rich transmembrane protein of as yet unknown function.
The Na™,K*T-ATPase maintains the physiological gradients for Na®™ and K* ions and
is, therefore, critical for the activity of ion channels and transporters involved neuronal
excitability, neurotransmitter uptake or Ca®*t signaling. Strikingly diverse functional
abnormalities have been identified for disease-linked ATP1A2 mutations which frequently
lead to changes in the enzyme’s voltage-dependent properties, kinetics, or apparent
cation affinities, but some mutations are truly deleterious for enzyme function and
thus cause full haploinsufficiency. Here, we summarize structural and functional data
about the Nat,KT-ATPase available to date and an overview is provided about the
particular properties of the a» isoform that explain its physiological relevance in electrically
excitable tissues. In addition, current concepts about the neurobiology of migraine,
the correlations between primary brain dysfunction and mechanisms of headache
pain generation are described, together with insights gained recently from modeling
approaches in computational neuroscience. Then, a survey is given about ATP1A2
mutations implicated in migraine cases as documented in the literature with focus
on mutations that were described to completely destroy enzyme function, or lead
to misfolded or mistargeted protein in particular model cell lines. We also discuss
whether or not there are correlations between these most severe mutational effects
and clinical phenotypes. Finally, perspectives for future research on the implications of
Nat K*-ATPase mutations in human pathologies are presented.

Keywords: familial hemiplegic migraine, Nat,K+-ATPase, human ATP1A2, neuronal hyperexcitability, protein
expression, protein stability, protein targeting, structure-function studies
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Nat,K*-ATPase IN FAMILIAL HEMIPLEGIC
MIGRAINE AND OTHER INHERITED
DISEASES

Migraine is a particularly disabling pathology with a high cost for
human society. The “Atlas of Headache Disorders and Resources
in the World 2011” issued by the WHO reported that about 10%
of the world’s population suffer from migraine, with three times
more women affected than men, causing 190 million days lost
from work every year in Europe alone, which ranks migraine in
the fourth place among neurological disorders with an estimated
annual cost of about 116 billion Euros.

Migraine frequently appears with perceptional or
somatosensory disturbances, which are called “aura” symptoms.
These can include alterations in the field of vision (scotoma),
flashes, strange smells or sounds, but also tingling, numbness
or partial paresis. Familial Hemiplegic Migraine (FHM) is an
autosomal dominantly inherited form of migraine with aura
(MA, as opposed to migraine without aura, MO), in which the
accompanying aura symptom of the typical half-sided headache
is transient motor weakness (hemiparesis) that is frequently
accompanied by other cortical symptoms. Four FHM types
have been identified by human geneticists, from which FHM
typel (FHM1) and type 3 (FHM3) affect the genes coding
for the neuronal voltage-gated P/Q-type calcium channel’s
a-subunit (CACNAIA) (Ophoff et al,, 1996) or the neuronal
voltage-gated sodium channel’s a-subunit (SCN1A) (Dichgans
et al,, 2005), respectively. FHM type 2 (FHM2) is caused by
mutations in the ATPIA2 gene (De Fusco et al., 2003), which
encodes the isoform 2 of the human Nat,K*-ATPase’s large
catalytic a-subunit, which in the adult central nervous system
(CNS) is mainly expressed in astrocytes. Recently, a fourth FHM
gene, PRRT2, has been identified (Riant et al, 2012), which
encodes a proline-rich transmembrane protein of still unknown
function. The PPTR2 protein was suggested to interact with
the synaptosomal-associated protein 25 (SNAP-25), a t-SNARE
protein, which accounts for the specificity and execution of
synaptic vesicle fusion with the plasma membrane (Rizo and
Siidhof, 2002).

Hemiplegic migraine and MA/MO also occur as a
comorbidity in proximal renal tubular acidosis (pRTA) patients
carrying certain homozygous mutations in the SLC4A4 gene
(encoding the Na®™-HCOj; cotransporter NBCel), in which
mutations in the other known FHM-related genes were ruled
out (Suzuki et al., 2010). The NBCelB splice variant is expressed
in several tissues including brain, and its transport activity
in astrocytes is thought to modulate neuronal excitability by
regulating local pH (Chesler, 2003) suggesting that also defective
pH regulation in the brain may be a susceptibility factor in
hemiplegic and other types of migraine.

The Nat,Kt-ATPase belongs to the large family of P-
type ATPases (Axelsen and Palmgren, 1998). The minimal
unit is composed of a large catalytic a-subunit (~1020
amino acids, see Section Functional Insights Gained from
Structural Studies) and a smaller, ancillary B-subunit (~300
amino acids, one transmembrane domain (TM) with a heavily
glycosylated ectodomain). The B-subunit is a mandatory feature

of K*-countertransporting Pyc-type ATPases, which assists in
proper folding, assembly and targeting of the holoenzyme (Jaunin
et al.,, 1993), and modulates cation affinities (Crambert et al,,
2000). According to molecular modeling studies, the particular
p-isoform serves in tuning the pump depending on its individual
tilt angle (Hilbers et al., 2016) by differentially stabilizing
the E;P(3Na™) state. There is a still unresolved controversy
about the existence of higher oligomeric states (see Donnet
et al., 2001; Clarke, 2009; Shattock et al., 2015; and references
therein), which, if true, would allow for speculations about
possible dominant-negative effects in the heterozygous state of
affected patients. Based on earlier biochemical evidence (Forbush
et al, 1978), a third, auxiliary y-subunit was identified (66
amino acids, one TM) (Mercer et al.,, 1993), which belongs to
the class of FXYD-domain containing ion transport regulator
proteins (Sweadner and Rael, 2000) and is now classified as
FXYD2. The FXYD family, named after the invariant amino
acid motif FXYD, comprises seven members in humans (FXYD1,
or phospholemman; FXYD2, or Nat,K*-ATPase y-subunit;
FXYD3, or Mat-8; FXYD4, or corticosteroid hormone-induced
factor, CHIF; FXYD5, or “related to ion channel”, RIC, also
termed dysadherin; FXYD6, or phosphohippolin; FXYD?7), from
which all but FXYD6 were shown to associate with Na®™,K*-
ATPase o/p-complexes and exerted distinct effects on pump
function (see reviews by Garty and Karlish, 2006; Geering,
2006). Since the various FXYD isoforms have different tissue
distribution and functional effects, with prominent expression
in electrically excitable or fluid- and solute-transporting tissues,
these proteins act as tissue-specific modulators of Na™ K-
ATPase in order to fine-tune its kinetic properties according
to the tissue’s requirements or physiological state. In the brain,
FXYDI, -6, and -7 are the most abundant isoforms (Garty and
Karlish, 2006).

Four «-isoforms exist in humans, from which o; is
ubiquitously expressed and therefore the most indispensable
isoform for cellular ion homeostasis, volume regulation,
excitability etc. The ay-isoform (ATP1A2) is particularly high
expressed in skeletal muscle (SM), but also heart and vascular
smooth muscle (VSM) express it. In the adult central nervous
system (CNS), oy is mainly found in astrocytes, whereas o3
(ATP1A3) is neuronal-specific, and a4 has only been found
in testis (spermatozoa) (see Blanco et al., 1999; Larsen et al.,
2014; Shattock et al., 2015 and references therein). Two other
types of human inherited diseases have been linked to o-
subunit isoforms. Mutations in the ATPIA3 gene cause Rapid
Dystonia Parkinsonism (RDP, DYT12) (de Carvalho Aguiar
et al.,, 2004), as well as Alternating Hemiplegia of Childhood
(AHC) (Heinzen et al., 2012). While the ATP1A1 gene for the
ubiquitously expressed a;-isoform is regarded as a susceptibility
locus in human essential hypertension (Glorioso et al., 2001),
congenital mutations in the gene have not been described
so far. However, somatic ATPIA]l mutations were detected
in aldosterone-producing adenomas (APA) and secondary
hypertension (Azizan et al., 2013; Beuschlein et al, 2013).
Functional studies of the ATP1A1 mutants showed loss of pump
activity, strongly reduced K™ affinity and augmented inward
proton leak currents (see next section) at physiological potentials
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and concentrations of Nat and KT (Azizan et al, 2013).
Furthermore, abnormal depolarization was observed in primary
adrenal adenoma cells (Beuschlein et al., 2013), which was
suggested to be the consequence of enhanced inflow of protons
rather than being caused by reduced Na*,K™ pumping (Azizan
et al.,, 2013). This may indirectly lead to enhanced Ca?" signaling
and, consequently, enhanced aldosterone output (Beuschlein
et al., 2013). Another syndrome, renal hypomagnesemia type 2
(HOMG?2), an autosomal dominant pathology with isolated renal
magnesium loss, is linked to mutations in the y-subunit’s FXYD2
gene. Evidence has accumulated that FXYD2 mutations cause
misrouting of the Na*,KT-ATPase, which would lead to loss of
plasma membrane protein in the kidney (Meij et al., 2000).

At least indirectly associated with Na® ,K*-ATPase is Long
QT Syndrome type 4 (LQT4), a type of cardiac arrythmia with
a prolonged QT-phase in electrocardiograms (Lu and Kass,
2010) that frequently causes cardiac fibrillation and sudden
death. Unlike other LQT types, LQT4 does not relate to genes
of cardiac ion channels, but affects the ANK2 gene encoding
ankyrin-B. Ankyrin-B serves as a scaffold protein responsible for
proper targeting of Nat,K*-ATPase, the Nat,Ca?*-exchanger
and the InsP3 receptor to T-tubules/sarcoplasmic reticulum
microdomains in cardiac muscle cells (Mohler et al., 2005). Thus,
not only molecular function, but also cellular processing must be
considered in the neurobiology of disease.

FHM2 cases frequently share comorbidity with other
neurological disorders, such as seizures, AHC and even epilepsy
(Supplementary Table 1). This overlap is intriguing, since all
these phenomena are linked to deficient regulation of the cortical
excitatory/inhibitory balance (Pietrobon and Moskowitz, 2013).
Most of the aura symptoms are caused by the phenomenon
of Cortical Spreading Depression (CSD) (Ledo, 1944) or CSD-
like events that are characterized by a spreading front of
excitation, which is followed by a long-lasting depression
(Moskowitz et al., 2004). Whereas CSD spreads slowly over the
neocortex, epilepsy is characterized by rapidly circulating waves
of neuronal hyperexcitation. This pathophysiological overlap
raises the question, which parameters determine the evolution of
such a highly non-linear excitable system as the neocortex into
one or the other hyperexcitation pattern (Ullah et al., 2015).

Nat,K+*-ATPase: FUNCTION AND
STRUCTURE

Functional Properties of the
Nat,K*-ATPase

The Na®,KT-ATPase is an electrogenic, primary active
transporter protein, which energizes the membrane of all
animal cells with the characteristic electrochemical gradients for
Na™ and K" ions. These gradients are pivotal for the activity of
secondary active transporters such as the Na®,Ca?*-exchanger
(NCX), neurotransmitter uptake transporters or voltage-gated
Na® and Kt channels involved in electrical excitability. The
mechanism of function is generally expressed in the form of
the Post-Albers scheme (Albers, 1967; Post et al., 1972), as
shown in Figure 1. In each reaction cycle, the Nat,K*-ATPase
transports three Na™ ions out of and two K™ ions into the cell

upon hydrolysis of one ATP molecule. The enzyme undergoes
cyclic interconversions between two principal conformations, E;
and E, and phosphorylated intermediates thereof, E,P and E,P,
in which a phosphate group from ATP is covalently attached to a
critical aspartate residue within the SDKTGTLT motif (see next
section about structural details). Upon binding of three Na™ ions
from the intracellular side in the ATP-bound E; conformation,
the phosphorylated intermediate with three occluded Na™ ions,
E;P(3Na"), is formed. This is followed by a conformational
change to the E;P(3Na™) conformation, from which Na™ ions
are extracellularly released. Because of the increased affinity for
K" in this configuration, two KT ions bind subsequently from
the extracellular side, which triggers dephosphorylation and
occlusion of two Kt ions in the E;(2K™) state. After another
conformational change to E;(2K'), the KT ions dissociate
into the cytoplasm, a process that is speeded up by ATP
binding.

Also included in Figure 1 are inhibitors of the Na™ pump.
Ouabain (or g-strophanthin) belongs to the family of cardiotonic
steroids, from which digitalis (g-strophantidin) from the red
foxglove Purpurea officinalis was in medicinal use against
dropsy and cardiac insufficiency for centuries (Withering, 1785).
Ouabain is used to isolate Na™ ,KT-ATPase functional activity
in cells or tissue preparations and was a prerequisite for
the identification of the “sodium- and potassium-transporting
adenoside triphosphatase” by Chemistry Nobel Prize awardee
Jens Christian Skou (Skou, 1957). The compound arrests the
Na®™ pump with high affinity (with ICso or Kp values in
the range of tens of nM for human Na®™ K*-ATPase a;-,
oz-, or az-subunits in complex with human B;-subunit, (see
Katz et al, 2010; Weigand et al, 2014a) and references
therein) by binding from the extracellular side to the E,P
conformation, and this interaction competes with extracellular
K" binding. In contrast, (ortho-)vanadate (VO ) blocks the
pump from the intracellular side with nanomolar affinity. With
its similarity to the phosphate (POZ_) anion and its trigonal
bipyramidal structure, it serves as a transition state analog for
the hydrolytic dephosphorylation of the phosphointermediate.
Vanadate arrests the Na™ pump in the E;P(3Nat) form (Glynn,
1985). Oligomycin, a macrolide antibiotic from Streptomyces,
also inhibits the Na*,K*-ATPase (Glynn, 1985) by promoting
the occlusion of Nat ions in the E; P form, and decreases the rate
of Na™ release from the phosphoenzyme, thereby inhibiting the
E;P— E,P interconversion (Glynn, 1985; Skou, 1990).

The sequential translocation of Na®™ and K* ions
requires strict cation specificity of the phosphorylation and
dephosphorylation reactions, mutual changes of the apparent
affinities for Na™ and K™ and alternating access of the cation
binding sites to the extra- and intracellular medium. Active
transport by an ion pump also requires the operation of two
“occlusion gates” (indicated by a blue and red bar in Figure 1)
shielding the bound cations from the extra- or intracellular
medium, which must never be open simultaneously (Gadsby,
2009). According to the 3Na*/2K* stoichiometry, the Nat,K™-
ATPase produces an outward movement of one positive charge
per cycle and generates a pump current. The major electrogenic
event has been shown to take place during extracellular release
(or reverse binding) of Nat (Fendler et al., 1985; Gadsby et al.,
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FIGURE 1 | The Post-Albers reaction mechanism of the Nat,K+-ATPase. See text for details.

1985; Nakao and Gadsby, 1986; Gadsby and Nakao, 1989;
Rakowski et al., 1991; Rakowski, 1993; Wuddel and Apell, 1995)
within a sequence of coupled partial reactions, which is underlaid
in yellow in Figure 1. Electrogenicity arises from passage of Na™
ions through a narrow, high-field “access channel” to/from
the extracellular space (Liuger, 1979; Gadsby et al, 1993;
Hilgemann, 1994; Sagar and Rakowski, 1994; Rakowski et al.,
1997; Holmgren et al., 2000; Holmgren and Rakowski, 2006).
This term, combined with the notion of its “fractional depth”, is
frequently used to denote that an ion passes a certain fraction of
the transmembrane electric field in order to reach or exit from its
binding site. In the same way as the existence of a positive slope of
the stationary current-voltage (I-V) curve in the negative voltage
range indicates electrogenic extracellular Na™ release (or reverse
binding) (Nakao and Gadsby, 1989), the negative slope in the I-V
curve at positive voltages (Rakowski et al., 1991) suggests that
also K™ ions bind within an extracellular access channel, albeit of
smaller fractional depth (see Section Electrophysiological Assays:
The Two-Electrode Voltage Clamp for more details). There
might well be other steps in the catalytic cycle, which contribute
to the total electrogenicity of the Na™ pump, such as intracellular
Na™ binding, as shown by Pintschovius et al. (1999) as well as
Apell and Karlish (2001).

Electrophysiology has elucidated another functional detail
of the Na™,KT-ATPase, namely the ouabain-sensitive “leak

currents”, which were first observed at negative voltages in the
absence of extracellular Na* and K¥, and are augmented by
extracellular acidification. Initially reported by Rakowski et al.
(1991) and later investigated in more detail by Efthymiadis et al.
(1993), Wang and Horisberger (1995), Rettinger (1996) and Li
et al. (2006), this property has for a long time been merely
recognized as a footnote in Na™ pump research, until structural
and functional evidence highlighted the critical role of protons in
the transport cycle, as indicated by mutations that interfere with a
C-terminal pathway for protons (see Section Functional Insights
Gained from Structural Studies) to access the cation binding
pocket (Morth et al., 2007; Poulsen et al., 2010). Recently, it was
demonstrated that the proton leak inward current is a property
inherent to Na™,K*-ATPase that also flows at physiological K*
and Na' concentrations and membrane potentials (Mitchell
et al, 2014; Vedovato and Gadsby, 2014), even in native
cells, i.e, in the presence of the pump’s normal regulatory
subunit phospholemman, which is prevalent in cardiac tissue
(Mitchell et al., 2014). Vedovato and Gadsby concluded that
inward proton leak exploits the reversibility of a subset of
conformational changes associated with extracellular Na* release
from the phosphorylated enzyme. Although such a back-step of
phosphorylated Na™,K*-ATPase that enables proton import is
not required for completion of the 3Nat/2K™ transport cycle,
it readily occurs during Na™,K* transport when external K™
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ion binding and occlusion are retarded, and it occurs more
frequently when the probability for extracellular proton access
is increased by acidification (Vedovato and Gadsby, 2014). The
protons presumably pass through the Na™ -selective binding site
III (which may be in fact two sites, see Section Functional Insights
Gained from Structural Studies) via the carboxylates of Glu-958
to Asp-930 via the intervening hydroxyl of Tyr-775 (ATP1A2
numbering), which is distinct from the principal pathway of the
Na® and K" ions passing through binding site II. From the
simultaneous occurrence of Na™,K* exchange and HT import
during the same conformational cycle of a single molecule,
the Na™ ,K*-ATPase classifies as a hybrid transporter, although
the physiological or pathophysiological significance of pump-
mediated proton inflow still has to be clarified (Vedovato and
Gadsby, 2014). By performing experiments over an expanded
range of extracellular pH (pH,) values and meticulous ion
competition assays, Mitchell et al. delineated a previously
unrecognized inhibitory action of extracellular protons on the
leak current, which occurs in addition to the pH,-induced leak
stimulation (Mitchell et al., 2014). Based on the strong voltage
dependence of the pH,-induced leak stimulation, these authors
concluded that protons leak through the site responsible for
strong Na,- and voltage-dependent inhibition of pump current,
which must be site III, in agreement with (Vedovato and Gadsby,
2014). The pHy-dependent inhibition of the leak, although
profoundly enhanced by decreasing pH,, was nevertheless only
weakly voltage-dependent, similar to the inhibition by NaJ or
extracellular K* binding, suggesting that inhibition of the leak
current by external cations (HT, Na™ or KT) requires binding to
sites I and II that are not responsible for the Na*,K™-ATPase’s
voltage dependence (Mitchell et al., 2014).

The inward current was found to be augmented by mutations
at the Na™,KT-ATPase’s C-terminus (Yaragatupalli et al., 2009;
Meier et al., 2010; Poulsen et al., 2010; Vedovato and Gadsby,
2010; Paulsen et al., 2012), and sometimes further enhanced
with increasing extracellular [Na™], which conforms with an
earlier proposal that Nat ions might flow along what has been
referred to as the Na™,KT-ATPase “leak” pathway, a process
that is promoted by extracellular protons (Vasilyev et al., 2004).
The studied C-terminal mutations frequently correlate with
drastic decreases in the apparent affinity for extracellular and
intracellular Na™ (Toustrup-Jensen et al., 2009, 2014), because
C-terminal mutations interfere with Na™ binding site I1I.

Whether or not Na™, K™ pump-mediated proton uptake plays
a physiological or pathological role is still unclear. Vedovato
and Gadsby pointed out, that already at physiological pH,,
and even more so at decreased pH, in a pathophysiological
situation, the Na™,K™ pump will import one or several protons
downhill in each ATPase transport cycle. Thus, proton inward
leak might significantly accompany Na™, Kt pumping at the
normal negative resting potentials of neurons as well as
cardiac and skeletal muscle cells, if extracytoplasmic pH became
sufficiently low, as e.g., during vigorous muscle exercise, or in
cardiac or cerebral ischemia, since Na®™,K*-ATPase densities
in muscle, nerve, and heart can be very high (>1000 wm?). Tt
is also conceivable that the known limitation of H*-ATPase-
mediated acidification of early endosomes by endocytosed
Na™,Kt-ATPase might be the direct consequence of Nat,K*

pump-mediated flow of protons from the endosome lumen to
the cytoplasm (Vedovato and Gadsby, 2014). The importance
of cortical pH regulation is underlined by the involvement
of certain homozygous mutations in the NBCel Na®™-HCO;
cotransporter, which is expressed in astrocytes, in pRTA patients
that additionally suffer from hemiplegic migraine (Suzuki
et al, 2010). Glial cell depolarization usually results from
elevated extracellular [K™], which causes glial cell acid secretion
via inward electrogenic Na™-HCOJ cotransport, resulting in
depolarization-induced alkalosis (DIA) in the cytoplasm of glial
cells (Chesler, 2003). The extracellular acidosis that occurs
simultaneously to DIA makes the surrounding neuronal cells
less excitable because excitatory NMDA receptors are blocked
by protons (Suzuki et al., 2010). Therefore, extracellular acidosis
suppresses neuronal excitability, and the reduction of DIA
due to enhanced proton inward transport by mutant glial
Na™,KT-ATPase could also create a positive feedback loop of
increased neuronal activity leading to further NMDA-mediated
neuronal hyperactivity, depolarization of brain cells, and CSD
(Suzuki et al., 2010). Although increased proton leak has only
been reported for the R937P mutation in ATP1A2 (Poulsen
et al, 2010), this may not be an isolated observation, since
no other ATP1A?2 allele has so far been scrutinized for altered
proton leak.

Functional Insights Gained from Structural
Studies

For the Na™,K*-ATPase, high-resolution structures of different
reaction cycle intermediates are available, which provided an
atomic-level understanding of active cation transport coupled to
enzymatic catalysis. Structures include the Rb™-occluded E,P-
like conformation [Rb;r]ETMgF?f (Morth et al., 2007), which
was further refined in the E,-2K™P; (also stabilized by MgFif)
structure that revealed the full arrangement of the B-subunit
(Shinoda et al., 2009), the low-affinity ouabain- and 2K*-bound
E-2K*-P; (also stabilized by MgF3~) structure (Ogawa et al.,
2009), the high-affinity ouabain-bound E,P-like state with Mg?*
bound to the cation binding pocket (Ogawa et al., 2009), the Na™ -
bound E;-(AlF,)-ADP-3Na* structure (stabilized with AlF,)
of an intermediate preceding the Na™-occluded E;P(3Na™)
state (Kanai et al, 2013), and a comparable [Na;]ElP—ADP
state in complex with AlF,, with Nat saturation stabilized
by oligomycin (Nyblom et al, 2013). These structural data,
together with the wealth of intermediate structures determined
for the related SERCA Ca’*-ATPase from sarcoendoplasmic
reticulum (Olesen et al., 2007), provide a comprehensive
concept of the catalytic mechanism carried out by the
Na™ pump.

Figure 2 shows the arrangement of the a-, p- and y-
subunit of the Na™ ,KT-ATPase in the 2Rb*-bound E,P-like
conformation (Morth et al., 2007). Several distinct domains
can be distinguished on the a-subunit, with 10 TM segments
forming the TM domain harboring the coordination sites for
cations and the central TM5 helix, which extends into the
central P (phosphorylation) domain. The P domain harbors
the P-type ATPase consensus motif >’*SDKTGTLT*? with the
intermediately phosphorylated Asp-374 (all numbering refers to
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human ATP1A2), which is surrounded by the ®>MVTGD®!¢ and
7BDG(V/M)ND’Y7 motifs and the critical Lys-605. Nucleotide
binding occurs in the N domain, and the A (actuator) domain
serves as an anchor for the movement of the N domain by
performing a hinge-like movement during the conformational
cycle to bring the conserved 27TGES?2° motif into close
proximity with $2MVTGD®!® to expedite dephosphorylation.
Movement of the A domain also entails a piston-like movement
of TM helices 1 and 2. The crystal structures also highlighted
a particularly crucial arrangement of the enzyme’s C-terminal
sequence '"PWVEKETYY!9°, The first part of this motif
assumes an a-helical structure accommodated between the TM
of the B-subunit and the TM7 and TM10 helices, and the two
terminal tyrosines project into a binding pocket between TM7,
TMS8, and TM5, with the terminal Tyr-1020 interacting with Lys-
770 on TM5 and Arg-937 in the loop connecting TM8 and TM9
(Morth et al., 2007). Deletion of the terminal KETYY sequence
resulted in a 26-fold reduction of Na™ affinity, reminiscent of
the effect of mutations of putative Nat coordinating residues.
This has prompted investigations of the functional importance
of C-terminal residues by studying deletions, mutations of
the terminal tyrosines, or C-terminal extensions. These studies
showed that alterations in the C-terminal sequence entail drastic
decreases in Na' affinity and enhance the propensity of the
mutant pumps to permit inward proton leak (Yaragatupalli et al.,
2009; Meier et al., 2010; Poulsen et al., 2010; Vedovato and
Gadsby, 2010, 2014; Paulsen et al., 2012). This has given rise to the
concept that the C-terminal pathway occupied by the terminal
tyrosines defines a mandatory access route for intracellular
protons to the Na™ binding site I1I to bring about stoichiometric
3Na™/2K* transport, in which Arg-937 and Asp-923 play a
critical role (Poulsen et al., 2010).

From the two “common” cation binding sites, site I is made
up from five oxygen atoms (from Thr-776 main chain, and from
Ser-779, Asn-780 (all TM5), and Asp-808 (TM6) side chains), and
one water molecule, whereas site II is coordinated by the main
chain carbonyls of Val-327, Ala-328, and Val-330 (all TM4) and
the side chain oxygens of Asn-780, Glu-783 (TM5) and Asp-808
(TMS6), and possibly Glu-332 (TM4) (Shinoda et al., 2009). Of
note, the TM5 helix is unwound at Asn-780 to create sufficient
space for cation coordination. The unwinding is due to Pro-782;
both amino acids reside in the highly conserved 77*SNIPE’®?
motif. In the two E;-P-ADP-3Na™ -like structures, the geometry
for Na™ coordination at the two “common” sites is essentially the
same, with similar TM5 helix unwinding. Regarding the location
of Na™ binding site III, the structure by Kanai et al. (2013)
identified two slightly different locations in the two protomers of
the crystallographic unit, and the study by Nyblom et al. (2013)
had to resolve a similar ambiguity by proposing two sites, IIla
and IIIb, from which site IIla is surrounded by Glu-958, Tyr-
775, and Thr-811, and site IIIb adjacent to Thr-778, GIn-858,
GIn-927, and Asp-930, with a sufficiently clear electron density to
identify ITIb as primary Na™ binding site III. Mutational analysis
and electrophysiology suggested that site IlIa is a transient Na™
binding site during extracellular Na™ release. The latter was
also inferred from proton leak currents of mutant enzymes (see
below), which showed that site IIla mutations (Y775F, Q958A)
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FIGURE 2 | Structure of the Nat,K+-ATPase (PDB code 3B8E; Morth
et al., 2007) and location of migraine-associated ATP1A2 mutations.
The domains of the cytoplasmic part are A (actuator; light orange), N
(nucleotide binding; orange) and P (phosphorylation; pink) domain,
transmembrane helices are depicted in gray, except for the about 70 A—Iong
central TM5 helix (orange). The B- and y-subunits are shown in magenta and
blue, respectively, two RbT ions in the cation binding pocket are shown as
purple spheres. Amino acids mutated in migraine cases as listed in
Supplementary Table 1 are shown in stick representation. More than 80% of
mutations fall into four clusters, one around the catalytic P domain, one in a
central region between P and TM domain, one within the extracellularly-facing
part of the TM domain, and one around the enzyme’s C-terminus.

permitted leak currents in the absence of extracellular Na® but
with Na™ closing the leak, whereas site IIIb mutations (D930E
and Q858N) permitted leak currents with and without Na™. This
gave rise to the concept that protonation of Asp-930 is associated
with voltage-dependent release of Na™ from site I1Ib via site Illa
to the extracellular space. The proton leak current can occur
under conditions when either no Na™ ions are bound or when
only the two common sites are occupied by Na™ ions (Nyblom
etal., 2013), or, as later shown, by protons (Mitchell et al., 2014).
Then, site IIla is accessible to an extracellular proton, which
upon application of negative voltage can move via site IIIb to
the cytoplasm, thus making site IIIa accessible for an extracellular
proton again, which eventually leads to a sustained inward proton
leak current. This notion was corroborated and refined by two
comprehensive electrophysiological studies (Mitchell et al., 2014;
Vedovato and Gadsby, 2014).
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THE HEADACHE OF ATP1A2 MUTATIONS:
NEUROBIOLOGY OF MIGRAINE

How can Nat,KT-ATPase dysfunction be linked to migraine?
In the case of CACNAIA and SCNIA mutations, functional
disturbances are typically gain-of-function effects, and mutated
channels, e.g., exhibit an abnormal residual activity in the
inactivated state, which leads to prolonged cation influx into
neurons, thus causing, inter alia, depolarization and lowering of
the activation threshold. Whether ATP1A2 mutations in FHM2
classify as gain- or loss-of-function phenomena is not that clear-
cut. While many mutations abolish or largely reduce Nat,K*
pumping implying loss-of-function, others are characterized by
subtle changes in voltage dependence (Supplementary Table 1).
In these cases, a shift of the pump currents I-V curve may
entail loss-of-function in a particular voltage range, but gain-
of-function in another. From the viewpoint of Nat,K*-ATPase
cation transport, a first clue is obtained from the fact that
hyperkalemia is a known CSD and migraine trigger. Since the
transporter in neurons or astrocytes removes extracellular K+,
dysfunction of the pump can lead to elevated extracellular K
levels, which cause depolarization and reduce the activation
threshold. But also Na™ extrusion by the enzyme is critical, since,
e.g., the activity of secondary active transporters depends on
the Nat gradient across the membrane. First, the Nat,Ca?*-
exchanger (NCX1) utilizes Na™ import for the extrusion of Ca®™,
and failure to efficiently remove cytosolic Ca>* during neuronal
activity leads to Ca?* accumulation in intracellular stores, from
which it is then more heavily released during an action potential,
and again, hyperexcitability is the outcome. Second, excitatory
neurotransmitter uptake transporters (EAATs) also couple to
the Na*t gradient, and failure to remove neurotransmitters such
as glutamate from the synaptic cleft again results in sustained
hyperexcitability (see Figure 3).

It is generally accepted that cortical spreading depression
(CSD) is the neurophysiological correlate of migraine aura
(Pietrobon and Striessnig, 2003). Therefore, neurobiologists
split up the question concerning the pathogenic mechanism of
migraine into two parts: (1) What is the relation of ATP1A2
mutations to CSD, and (2), what are the links between CSD and
cortical pain perception? Although the existence of a “migraine
generator” in the brainstem has not been completely ruled out
(Pietrobon and Moskowitz, 2013), there is currently no doubt,
that CSD plays a central role in the pathophysiology of migraine.

From ATP1A2 Mutations to CSD:
The Glutamatergic Hypothesis

From clinical studies, it is known that neurophysiological
abnormalities in sensory information processing (which are
most intense 12-24h before a migraine attack during the
premonitory phase, but disappear a few hours before or
during the attack) change in intensity in temporal relation
to the migraine episode. This suggests that some intrinsic
mechanism in the brains of migraineurs progressively increases
the dysfunction in central information processing and the
susceptibility to a migraine trigger. These mechanisms may lead

to the premonitory symptoms and, above a certain threshold
of cortical dysfunction in response to migraine triggers, may
eventually ignite CSD. Depending on the study, the cortex
of migraineurs is hyperexcitable as a consequence of either
enhanced excitation or reduced inhibition, or is hypoexcitable,
or has a lower preactivation level. Thus, also here, rather than
merely hypo- or hyperexcitability, defective regulation of cortical
excitability and the consequently reduced ability to maintain the
cortical excitatory/inhibitory (E/I) balance appears to underlie
abnormal sensory processing (Pietrobon and Moskowitz, 2013,
2014).

The analysis of experimental CSD in FHM knockin mouse
models suggests that CSD is a key migraine trigger, since both
FHM1 and FHM2 knockin mice showed a lower electrical
stimulation threshold for CSD induction and faster CSD
propagation (van den Maagdenberg et al, 2004, 2010; Leo
et al,, 2011). In FHM1 knockin mice carrying the mild R192Q
mutation or the severe S218L mutation in CACNAIA, the
strength of CSD facilitation as well as the severity of the
subsequent neurological motor deficits and the propensity of
CSD to propagate into subcortical structures correlated with the
strength of the gain-of-function of the CACNAIA channel and
the severity of the clinical phenotype (van den Maagdenberg
et al, 2004, 2010). Interestingly, the velocity of propagation
and the frequency of CSDs elicited by local application of
high [KT] were larger in female than in male FHM1 mouse
mutants, in correspondence with the higher migraine prevalence
of females (Eikermann-Haerter et al., 2009). However, such
gender differences were not found in FHM2 knockin mice
carrying the (heterozygous) W887R mutation in ATP1A2 (Leo
et al., 2011). More importantly, the analysis of cortical synaptic
transmission in FHM1 knockin mice revealed differential effects
of FHMI1 mutations at excitatory and inhibitory synapses:
Excitatory synaptic transmission on cortical pyramidal cells was
enhanced as a consequence of increased action potential-evoked
Ca’" influx and increased glutamate release, and enhanced
short-term synaptic depression during trains of action potentials
was observed. In contrast, inhibitory neurotransmission at
cortical fast spiking interneuron synapses was not altered in
FHM1 knockin mice, although being initiated by P/Q-type
Ca’*t channels as well (Tottene et al., 2009). Although these
considerations were restricted to specific cortical subcircuits,
the differential effect of FHM1 mutations on excitatory and
inhibitory neurotransmission may produce hyperexcitation in
certain brain conditions, but may leave the excitatory/inhibitory
balance intact in others, consistent with the episodic nature
of the disease (Pietrobon and Moskowitz, 2013). The gain-of-
function of glutamate release at synapses of cortical pyramidal
cells can explain the facilitation of experimental CSD in FHM1
knockin mice, which supports a model of CSD initiation, in
which CACNA1A-dependent release of glutamate from cortical
pyramidal cell synapses and activation of NMDA receptors
play a key role in the positive feedback cycle that ignites
CSD (Pietrobon and Moskowitz, 2013). It was suggested that
excessive NMDA receptor-mediated glutamatergic transmission
following impaired clearance of glutamate by astrocytic processes
surrounding glutamatergic synapses (the “tripartite synapse” see
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AHC/RDP
ATP1A3

astrocyte

FIGURE 3 | ATP1A2 and ATP1A3 in the tripartite synapse (Perea et al., 2009). Most glutamatergic synapses are in contact with astrocytic processes, which
express a high density of excitatory amino acid transporters (EAATs, e.g., GLT1, GLAST), which are crucial for the synaptic glutamate (Glu) clearance. In astrocytes,
glutamate is converted to glutamine by glutamine synthetase as part of glutamate recycling. lon channels involved in electrical excitation are indicated by the
respective cations, Nat, K*, and Ca?*t. Abbreviations: GLAST (EAATH), glutamate/aspartate transporter; GLT1 (EAAT2), glutamate transporter; GLNT, glutamine
transporter; GIUR, (metabotropic) glutamate receptor; NKA2/3, Nat, K+ -ATPase as-ag-subunit; NMDA, ionotropic glutamate receptor; NCX, Nat,Ca2+-exchanger;

GlIn, glutamine.

Figure 3), where the a; Na™, K™ -ATPase is functionally coupled
to glutamate transporters (Cholet et al., 2002; Rose et al., 2009),
may underlie the enhanced CSD susceptibility in the FHM2
mouse model (Leo et al, 2011). This has given rise to the
“glutamatergic” hypothesis. In the nervous system, the Na™,K*-
ATPase ay-isoform is expressed primarily in neurons during
embryonic development and at birth, but almost exclusively in
astrocytes in the adult (Moseley et al., 2003). Whereas neurons
express ;- and az-subunits (with distinctly different subcellular
localization pattern, Juhaszova and Blaustein, 1997), astrocytes
express op- and a,-subunits, and studies on primary cultured
rat astrocytes suggest, that the contribution of o, to extracellular
K™ clearance is about 30% of total Na*,K™-ATPase activity
(Larsen et al,, 2014). However, a; and oy are differentially
distributed in astrocytes. Whereas «; is evenly present at the
plasma membrane, o, rather shows a reticular distribution, like
the Na™,Ca?*-exchanger NCX1, where it may play an important
role in Ca?* signaling (Juhaszova and Blaustein, 1997; see Section
ATP1A2 and Ca?* Signaling), and it was found to be heavily

present in glial leaflets surrounding dendritic spines and axo-
dendritic synapses, where it colocalizes with GLAST and GLT-1
glutamate transporters (Cholet et al., 2002). This functional link
to glutamate transporters in astrocytic processes surrounding
glutamatergic synapses suggests specific roles in the regulation of
glutamate clearance (Pietrobon, 2007; Pietrobon and Moskowitz,
2013). However, ATP1A2 could have a crucial role in extracellular
K™ clearance by astrocytes (Larsen et al., 2014), similar to VSM
(DiFranco et al., 2015) and cardiomyocytes (Stanley et al., 2015).
Due to the stronger voltage-dependent inhibition of a; pumps
(which is even augmented for the glial a,/f, subunit composition
compared to a;/B; pumps) and the lower extracellular K™
affinity, oy pumps are essentially inactive at the normal, negative
resting potential and at normal extracellular [K*], whereas it will
be fully activated during cell depolarization and elevated K™ This
provides a substantial reserve pumping activity for K+ clearance
during strong cortical activity (Larsen et al., 2014). Yet, although
ATP1A?2 is a key player in KT clearance, this aspect has been
considered less important for the pathophysiology of migraine
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because the duration of the CSD was not prolonged in the
FHM2 mouse model (Leo et al., 2011). These findings collectively
suggest that ATP1A2 mutations in migraine primarily cause
a disorder of glutamatergic neurotransmission with defective
regulation of the E/I balance in the brain (Pietrobon and
Moskowitz, 2013).

From CSD to Trigeminovascular
Nociception: The Neuroinflammatory
Hypothesis

CSD can be triggered by local elevations of extracellular [K™]
as a consequence of the hyperactivity of neuronal circuits in
the cerebral cortex. Of note, CSD is a slowly propagating wave
of strong neuronal and glial depolarization accompanied by
depression of electroencephalographic (EEG) activity and by a
large increase in extracellular [K™] (Pietrobon and Striessnig,
2003). To explain pain generation, the so-called vascular
theory prevailed in the past, which proposed that abnormal
dilation of meningeal and/or extracranial arteries causes pain,
since these are the only cerebral structures endowed with
primary pain receptors. However, clinical and experimental
evidence rendered this hypothesis implausible, since vasodilation
is neither necessary nor sufficient to cause migraine pain
(Pietrobon and Striessnig, 2003). It currently emerges that the
migraine headache depends on the activation and sensitization
of trigeminal nociceptors that innervate the meninges and their
large blood vessels. Mediators of noxious pain, such as protons,
nitric oxide, arachidonic acid, and serotonin, besides glutamate
and other neurotransmitters, are released during CSD. The
neuroinflammatory hypothesis suggests that these substances
may activate trigeminal nociceptors innervating blood vessels
in the pia mater, and, via axon collaterals, dural trigeminal
afferents and/or may slowly access the meningeal afferents after
disruption of the blood-brain barrier, thus eventually activating
central trigeminovascular neurons in the trigeminocervical
complex. Activation of the meningeal afferents leads to release
of proinflammatory vasoactive neuropeptides, e.g., the calcitonin
gene-related peptide (CGRP). These processes may promote
“sterile” neurogenic inflammation in the dura mater and sustain
the activation or sensitization of the trigeminovascular afferents
(Pietrobon and Striessnig, 2003).

ATP1A2 and Ca?* Signaling

The concerted action between Nat ,KT-ATPase and NCX1
is particularly important, since ay- and osz-isoforms (but
not o) were found to co-immunoprecipitate with NCX1 in
rat brain membrane preparations. This, together with co-
localization studies by immunocytochemistry suggested that
plasma membrane microdomains containing NCX1 and Na*t
pumps with o- or az-subunits in neurons and astrocytes form
Ca’*t signaling complexes with plasma membrane-subjacent
“junctional” endoplasmic reticulum (JER) microdomains
containing ryanodine receptors and sarco/endoplasmic
reticulum Ca®t-ATPase (Lencesova et al., 2004), as found
previously for the junctional sarcoplasmic reticulum (jSR)
microdomains in VSM cells as well as astrocytes (Juhaszova

and Blaustein, 1997). In line with this notion, it was shown on
primary cultured astrocytes from wild-type o, (+/+), knockout
az(—/—), and ay(4/—) heterozygous mouse fetuses that graded
loss of ATP1A2 activity successively increases Ca’" signaling
(Golovina et al.,, 2003). The typical volume of such a jS/ER or
“PLasmERosome” (Blaustein and Golovina, 2001) compartment
is sub-femtoliter in size, in which 1000 ions already account for
micromolar concentrations. As a consequence, a 50% loss in
Na™ pump activity may indeed be a matter of concern already
on short time scales.

Beyond the Glutamatergic Hypothesis: Cell

Volume as a Control Parameter?

One aspect attracting the attention of neurophysiologists is the
importance of cell volume changes that inevitably accompany
the massive changes in ion concentrations during seizures,
spreading depression, or anoxic depolarization. During CSD,
extracellular [KT] increases to 30-60 mM, but extracellular
[Nat] and [Cl7] decrease to 50-70mM (Pietrobon and
Moskowitz, 2014). The concomitant massive uptake of Na™ and
Cl™ by the Na™,KT,2CI™ transporter (NKCC1) of astrocytes
and simultaneous water uptake through aquaporins leads to
astrocyte swelling (Larsen et al., 2014). In this respect, it is
interesting to note that CSD can be optically monitored in
cortical preparations by measuring the so-called intrinsic optical
signal (IOS), a neuroimaging technique that measures cortical
reflectance changes with high temporal and spatial resolution.
The parameters, which the IOS is sensitive to, are changes in
light scattering, blood volume, oxy-/deoxyhemoglobin balance
and cytochrome oxidation (Ba et al., 2002). Light scattering
(monitored at 850 nm) is particularly sensitive to cell volume
changes, and this signal component coincides with the electrical
signal of the spreading wavefront. New modeling tools and
concepts in computational neuroscience have recently identified
cell volume as a critical control parameter that separates CSD
from seizures as well as other types of spreading depolarization
(Wei et al, 2014; Ullah et al, 2015). These approaches use
stunningly sophisticated models of neuronal excitability based
on a Hodgkin-Huxley-type framework of differential equations
that includes the activity of Na*,K* ion pumps (Cressman
et al,, 2009; Ullah et al., 2009), conservation of particles and
charge, and accounts for the energy required to restore ionic
gradients (Dahlem et al., 2013; Ullah et al., 2015). According
to Larsen et al. (2014), K*-induced swelling of astrocytes
is mediated by NKCC1, but NKCC1 does not contribute to
extracellular KT clearance, an activity exclusively spared for
ay-containing Nat,KT-ATPase. Moreover, these authors found
indications that glial Na™,KT-ATPase acts to dampen cell
swelling during clearance of stimulus induced [K*]. So the
action of glial Na™,Kt-ATPase could be four-fold: (1) direct
astrocytic K™ buffering and clearance, (2) glutamate clearance
(indirect via glutamate transporters), (3) osmolyte transport
to dampen cell swelling, and (4) direct repolarizing activity
due to electrogenic charge transport. Given the emphasis that
computational neuroscientists currently place on cell volume as
a control parameter discriminating between seizures and CSD
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(Ullah et al., 2015), it will be rewarding to study the relation
between Na™ pump dysfunction and cell volume regulation in
the CNS more closely by experiment and theory.

Computational neuroscientists outlined that the premonitory
symptoms of a migraine attack, such as the abnormal responses
to food, stress, or light, instead of mistaking them as trigger
factors themselves, should rather be considered as indicators of
a systemic transition at a culminating point that follows some
universal pattern, which is determined by dynamic network
biomarkers (DNBs) (Dahlem et al., 2013, 2014). In contrast to
traditional biomarkers (e.g., biochemical substances) that are
statically enhanced or increased in the pathological state, DNBs
are dynamical features of biological networks (also substances or,
in general, signals), which, though highly fluctuating, are strongly
correlated only during the premonitory phase. Such DNBs
characterizing the premonitory period are known for lung injury
disease, liver and lymphoma cancer, but still need to be identified
for migraine. However, their identification could help to develop
strategies for early therapeutic intervention. A new scientific
discipline, translational computational neuroscience, which still
needs to be inaugurated by close interactions between clinicians,
experimentalists and theoreticians, may fuse dynamical systems
theory with control theory in order to drive innovations in
therapeutic brain stimulation to treat neurological diseases based
on theoretical concepts (Dahlem et al., 2013).

THE WEAL AND WOE OF HAVING
Nat,K*-ATPase «2-SUBUNITS IN CERTAIN
TISSUES

What is the advantage of having different Nat,K*-ATPase a-
isoforms expressed in a tissue-specific manner, and which other
pathophysiological effects could be expected in the case of
az-subunit haploinsufficiency besides the migraine phenotype?
Whereas the a;-isoform is ubiquitously expressed and most
indispensable for the organism, the a,-isoform is expressed
mainly in heart, skeletal, and vascular smooth muscle, brain,
lung, and adipocytes. The az-isoform occurs mainly in neurons
and ovaries, as well as in developing hearts of rat and in adult
human heart and in white blood cells, and a4 is found in
sperm, where it is required for sperm motility (see Lingrel,
2010, and references therein). The possibility to coassemble
with three p-isoforms and up to seven FXYD proteins adds up
further complexity. The tissue and subcellular distribution of the
ap-isoform, in particular its selective expression in electrically
excitable cells, or the cells that surround them, or in VSM suggests
that a, could also modulate excitability and contractility in heart
and skeletal muscle as well as in the vasculature (Radzyukevich
et al., 2004). The functional properties that distinguish ;- from
a1 -containing Nat pumps define the importance of this isoform
in muscle (DiFranco et al, 2015; Stanley et al, 2015) and
astrocytes (see Section From ATP1A2 Mutations to CSD: The
Glutamatergic Hypothesis). Stanley et al. showed recently that
the unusually steep voltage dependence of ion transport of o;-
containing Nat pumps in the range of physiological potentials,
which is even exacerbated by assembly with f,, provides a strong

reservoir of pumping activity during the cardiac action potential,
while keeping it inactive at normal resting potentials. In addition,
as earlier found by Han et al. (2009), it was demonstrated
that oy pumps in cardiomyocytes (Stanley et al., 2015) and
skeletal muscle (DiFranco et al, 2015) have reduced affinity
for extracellular K*, allowing them to be readily stimulated
by physiological rises in KI occurring under exercise. The
distinct (cardiomyocytes) and almost exclusive (skeletal muscle)
localization of the a,-isoform to T-tubules (see DiFranco et al.,
2015; Stanley et al., 2015, and references therein), which are
highly diffusion-restricted spaces where KI' may rise to tens of
millimolar during muscle activity (DiFranco et al., 2015), further
supports the notion that a, provides a safety net for K} clearance
and Na™ extrusion that is only recruited on request.

Should cardiac, skeletal muscle or vasculature deficits
accompany the phenotype of ATP1A2 haploinsufficiency? In
the heart, the low (about 10-15%) overall proportion of the
ap-isoform and the presence of potentially compensating o
in T-tubules may alleviate loss of a, activity. Results from
transgenic animals seem to depend on the knockout strategy.
James et al. investigated a global germline deletion of one copy of
ay (heterozygous a,(+/—) knockout mice) and observed cardiac
hypercontractility as a result of increased Ca?* transients during
the contractile cycle, in accordance with the proposed role of
oy in cardiac inotropy (James et al., 1999). Later, Rindler et al.
generated mice with tissue-targeted knockout of a; that resulted
in more than 90% loss of ay exclusively in the cardiovascular
system (Rindler et al., 2011) or in the heart (Rindler et al., 2013).
These authors found cardiac and vascular contractility unaltered.
Similar contrasting results were obtained regarding the effects
of oy knockouts in the vasculature, in which the ratio of oy
to oy is 30%/70% (Shelly et al.,, 2004). Whereas heterozygous
a2 (+/—) knockout mice had elevated systolic blood pressure,
increased myogenic tone and arterial contractility (Shelly et al.,
2004; Rindler et al., 2011), the cardiovascular knockout model
showed normal basal blood pressure and vascular contractility
suggesting that expression of o, in cardiac myocytes and vascular
smooth muscle is not involved in the regulation of basal blood
pressure. Possibly, a, in another cell type might be responsible
for the hypertension observed in global a(+4/—) mice (Rindler
et al.,, 2011). In rare cases, vascular abnormalities coincide with
hemiplegic migraine, such as pulmonary arterial hypertension
(Montani et al., 2013) and reversible cerebral vasoconstriction
(Hermann et al., 2013).

The situation should definitely be different in skeletal muscle,
in which a; comprises nearly 90% of total a-subunit content
(He et al., 2001) and is almost exclusively present in T-tubules
(DiFranco et al., 2015). However, the a,-isoform does not set
resting ion gradients (He et al., 2001) or the resting potential
(Radzyukevich et al., 2004, 2013) in skeletal muscle, the canonical
roles of the Nat,K*-ATPase in most other cell types, due to
its profound voltage-dependent inhibition at the about —90 mV
resting potential in skeletal muscle and its lower KT affinity
compared to ;. In accordance, the oy -isoform localized to the
surface sarcolemma provides up to 75% of the basal Na*,K™
transport needed to stabilize ion gradients and membrane
potential at rest. However, o; operates at the upper edge of

Frontiers in Physiology | www.frontiersin.org

June 2016 | Volume 7 | Article 239


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Friedrich et al.

ATP1A2 Mutations and Neurobiology of Migraine

its regulatory range for activation by K*, and the tremendous
transport capacity of o, pumps needs to be recruited during
exercise. Skeletal muscle also differs from other excitable tissues
because its resting potential is set by CIC chloride channels
(Pedersen et al., 2016), as illustrated by the hyperexcitability of
skeletal muscle in myotonia congenita, a muscle disease resulting
from loss-of-function mutations in the CIC-1 gene (Koch et al,,
1992). Also for skeletal muscle effects, studies on transgenic
mice are not fully conclusive. Whereas increased isometric force,
hypercontractility and increased fatique was observed in isolated
skeletal muscle from heterozygous ay(+/—) mice (He et al,
2001), the az(+/—) animals themselves did not fatique faster than
wild-type animals (Moseley et al., 2007). Increased fatique was
observed in skeletal muscle-targeted o,(4/—) knockout animals
and muscle preparations derived thereof (Radzyukevich et al.,
2013). Of note, a 2.5-fold upregulation of «; was observed
in these skeletal muscle ay(—/—) knockout animals, and even
some presence of a; in T-tubules was observed suggesting that
some partial compensation by a; could take place (Radzyukevich
et al,, 2013). Since the largest effects were observed in the severe
skeletal muscle knockout system but not in the global o, (+/—)
heterozygotes, it seems plausible that the vast capacity of a,
to cope with tremendous physiological load increases during
physical exercise may keep sufficient reserve at hand that 50% loss
in o may not entail an additional skeletal muscle phenotype in
FHM?2.

METHODS FOR EXPERIMENTAL
ASSESSMENT OF Nat,K*-ATPase
FUNCTION

Ouabain Survival Assays

For the investigation of functional consequences of FHM?2
mutations, the so-called ouabain survival assays on HeLa cells are
most frequently applied (Bassi et al., 2004; de Vries et al., 2007).
The mutations are introduced into an ouabain-resistant ATP1A2
backbone carrying the Q116R/N127D double mutation in the
TM1-2 loop, which produces ICsy values in the 100 micromolar
range (Price and Lingrel, 1988). HeLa cells are either transiently
or stably transfected and put under micromolar ouabain stress,
which is sufficient to block the endogenous Na™ pumps, so that
only cells expressing an ATP1A2 mutant construct with sufficient
residual activity can survive. The heterozygous state of patients
can be mimicked by co-transfecting equal amounts of wild-
type and mutant ATP12A2 DNA in order to address possible
dominant-negative effects (De Fusco et al., 2003). The cell line
for transfection should be carefully chosen as highlighted by the
differences observed from ouabain survival assays on COS7 and
HeLa cells for the W887R mutation (De Fusco et al., 2003; Leo
et al., 2011). Whereas the mutant protein did not confer cell
survival in both cell lines, (De Fusco et al., 2003) reported normal
cellular distribution and plasma membrane expression in COS7
cells, but (Leo et al., 2011) found drastically reduced protein level
and a mainly intracellular distribution in HeLa cells suggesting
that COS7 cells might be prone to saturation artifacts, a common
threat in transient transfection studies.

Biochemical Assays

Molecular function can be addressed by biochemical assays,
which requires recombinant protein production in appropriate
expression hosts such as stably transfected mammalian cells
(Toustrup-Jensen et al., 2014), or insect cells (e.g., Sf9 derived
from the fall armyworm Spodoptera frugiperda, Weigand et al,,
2014Db). Yeast cells (Pichia pastoris) have also been used (Cohen
etal., 2005), but this host has not yet been employed for the study
of FHM2 mutations. Subsequently, the whole set of biochemical
techniques can be performed (see Glynn, 1985; Kaplan, 2002,
for reviews), such as the “classical” ATPase (Skou, 1957) or
phosphorylation assays, in which also the effects of different Na™*
and KT concentrations, the steady-state phosphoenzyme level,
conformational preference, ouabain binding and sensitivity,
and vanadate sensitivity can be determined. The maximum
phosphorylation levels obtained in the presence of oligomycin
are used to measure the concentration of active enzyme sites,
which, together with ATP hydrolysis rates, are used to determine
the maximum turnover number (Glynn, 1985; Vilsen, 1995), thus
yielding a thorough characterization of enzymatic properties.

Electrophysiological Assays:
The Two-Electrode Voltage Clamp

The cation transport function of the Na*,K™-ATPase as such can
only be investigated in intact cells, which maintain the extra-
/intracellular sidedness of substrate access and allow for the
application of a membrane (or more general: electrochemical)
potential load on cation transport. Na*,K™ transport and the
most significant properties relating to the electrogenicity of
the Na™ pump are determined by electrophysiology, mostly by
applying the two-electrode voltage clamp technique on oocytes
from the frog Xenopus laevis (Stihmer and Parekh, 1995). This
technique allows one to study the dependence of Nat,K*™ pump
currents on extracellular [K*], [Na™], ouabain and voltage, so
that the complex interplay between Na™ and K™ at the externally
facing cation binding sites can be analyzed.

Typical Nat,K* pump currents, as can be recorded with
the two-electrode voltage clamp on Xenopus laevis oocytes, are
shown in Figure 4A together with the voltage and extracellular
[K*] dependence (Figure4B), from which Kgs5(K™) values
for half-maximal pump current stimulation can be determined
(Figure 4C), which symbolize the voltage dependence of the
enzyme’s apparent affinity for extracellular K*.

In the absence of extracellular K™ and at high extracellular
[Na™], the enzyme is restricted to the partial reaction sequence
underlaid in yellow in Figure1l that accounts for ouabain-
sensitive “transient” currents in response to voltage pulses
(Figure 5A). Extracellular release of Na™ ions occurs in three
distinct steps, from which only the deocclusion and release
of the first Na® ion is major electrogenic (Holmgren et al.,
2000). This step is rate-limited by the preceding (presumably
non-electrogenic) E;P—E,P conformational change and cation
deocclusion, which gives rise to the startling observation that the
forward rate constant for Na™ release is not voltage-dependent
(see the flat progression of rate constants in Figure 5B at positive
voltages). However, in the reverse direction, the reverse binding
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FIGURE 4 | Stationary Nat/K* pump currents of the Nat,K+-ATPase (human ATP1A2) from two-electrode voltage clamp experiments on X. laevis
oocytes. (A) Pump currents in response to different extracellular [K*] at —30mV holding potential, (B) I-V curves for different [K*]eyt at high [Na®]ext (100mM). (C)
Ko 5(K*ext) values from fits of a Hill function to the [K*] dependent pump current amplitudes at different potentials from (B).

of Na™ ions from the extracellular side induced by negative
voltage pulses occurs with a strongly voltage-dependent rate
constant (see the steeply rising rate constants in Figure 5B at
negative voltages). Following release of the first Nat ion, the
high-field access channel to the other Na™ occlusion sites is
restructured such that the exit of the remaining two Na* ions
contributes only little to the overall electrogenicity. In terms of
the “access channel” model, positive voltage pulses drive Na™
ions extracellularly out of the access channel resulting in ouabain-
sensitive “transient” currents with positive polarity. Conversely,
negative voltage pulses promote the reverse binding of Na™ ions
to the binding sites in E,P and induce negative transient currents
(Figure 5A). Due to the electrogenicity of reverse binding of
extracellular Na™, the occupancy of the Nat binding sites is
controlled by [Na™], and voltage. The amount of charge moved
in response to a certain voltage step Q(V) follows a characteristic,
sigmoidal, Boltzmann-type function (see Figure 5C):

Qmax - Qmin

14+ e—%(V—Vo.s)

Q(V) = Qmin + (1)

which is used to fit the experimentally obtained Q(V) curves.
Here, Qumin and Qmax are the saturation values of Q(V), F is
the Faraday constant, R the molar gas constant, T the absolute
temperature in K, V the membrane voltage, and z; the slope
factor or equivalent charge. This distribution is centered at a half-
maximal voltage (Vo s), at which 50% of Nat binding sites of
the pump molecules are occupied. Since the Na™ uptake/release
steps are kinetically coupled to the E;P<— E,P conformational
transition, 50% of the enzyme molecules are in E;P and 50%
are in E;P at this stage. Thus, the Vj5 value at a given [Na™],
is a characteristic parameter for each Nat,K*-ATPase isozyme
(or mutant), and since V5 shifts with the extracellular [Na¥t],
changes in V5 induced by mutations indicate changes in the
apparent affinity for Na(')". Positive shifts of Vi 5 indicate an
increased apparent Na™ affinity and vice versa.

The equivalent charge z; indicates the electrogenicity of the
Na™ transport step, i.e., which fraction of the transmembrane

field is “sensed” by a unitary charge moved or, conversely, which
fraction of a charge encounters the full transmembrane field
during an elementary charge-moving event.

Of late, the ouabain-sensitive leak currents are investigated
by electrophysiology as well, since mutations interfering with a
C-terminal access pathway for protons drastically affect cation
affinities (Morth et al., 2007; Poulsen et al., 2010). Thus, especially
C-terminal mutations identified in FHM2 and AHC have been
scrutinized for suspicious leak current activity (Poulsen et al.,
2010; Li et al., 2015). As an example, the leak currents of the Na™
pump that occur upon deletion of the two C-terminal tyrosines of
the a-subunit are shown in Figure 6. Figure 6A shows ouabain-
sensitive transient currents of the ATP1A2-AYY mutant in the
absence of extracellular KT and [Nat], = 100 mM (Meier et al.,
2010). Compared to the transient currents of the WT enzyme
(Figure 5A), the “ON” transient currents of the mutant do not
decay to zero at negative voltages, but a steady inward current
results, which is augmented with increasing [Na™], (Figure 6B).
This phenomenon was also observed by Yaragatupalli et al.
(2009), Poulsen et al. (2010) and Vedovato and Gadsby (2010).

ATP1A2 MUTATIONS CORRELATED WITH
CLINICAL MIGRAINE CASES

To date, about 81 ATPIA2 mutations have been reported in
migraine-correlated neurological disease cases in the literature.
A complete list is provided in Supplementary Table 1 together
with information about the diagnosed diseases, the location of
the mutated residues within the structure of the Na™,K*-ATPase
(see Figure 2) and, if available, a brief summary of functional
consequences of the mutations. The vast majority (about 60)
of the mutations were classified as FHM. Moreover, about
25 mutations were diagnosed in sporadic cases of hemiplegic
migraine, SHM, (with overlap in the case of G815R, R908Q,
P979L, which were identified in different unrelated pedigrees or
individuals) showing that mutations in the ATP1A2 gene locus
substantially account for de novo mutations causing hemiplegic
migraine. About 10% of ATPIA2 mutations were identified
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FIGURE 5 | Properties of ouabain-sensitive transient currents of the Na*,K*-ATPase. (A) Transient currents evoked by pulses from —30mV to voltages
between +60 and —140 mV in —40 mV decrements measured on human ATP1A2 in two-electrode voltage clamp experiments on X. laevis oocytes (“ON” currents),
and from pulses back to —30mV (“OFF” pulses). (B) Reciprocal time constants from fits of a single exponential function to the current traces in (A). (C) Q(V)
distribution from the improper integrals of the transient current signals (“OFF” pulses) from (A) with the parameters obtained from fits of a Boltzmann-type function to
the data. The Q(V) distribution from “ON” transient currents would be obtained by multiplying the above curve with (—1).
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in migraine with or without aura (MA/MO) indicating that
the gene might also be a susceptibility locus for common
forms of migraine (Todt et al., 2005). An overlap with epilepsy
or seizures has been noted in about 15% of cases. Of note,
two ATP1A2 mutations were identified in patients with AHC,
such as the I589T mutation reported in an atypical case of
AHC (Al-Bulushi et al., 2014), and T378M, which was found
in two families, either correlated with FHM (Bassi et al,
2004) or with AHC (Swoboda et al., 2004). Other pathologies
associated with ATP1A2 mutations were sensorineural hearing
loss (V191M, Oh et al, 2015), basilar migraine (R548H,
Ambrosini et al.,, 2005), benign familial infantile convulsions
(BFIC; R689Q), Vanmolkot et al., 2003), generalized epilepsy with
febrile seizures (GEFS+; G874S, Costa et al., 2014), pulmonary
arterial hypertension (S940L, Montani et al., 2013) and reversible
cerebral vasoconstriction (P979L Hermann et al., 2013).

Within the Na™,K*-ATPase crystal structure, more than 80%
of mutations fall into four spatially distinct clusters, one around

the catalytic P domain, one in a central region between P and
TM domain, one within the extracellular-facing part of the TM
domain, and one around the enzymes C-terminus (Figure 2),
which are all regions of critical importance for function. About
75% of the reported ATP1A2 mutations have been scrutinized
for function at different levels of experimental sophistication
(Supplementary Table 1).

Functional Studies: Mildly and Severely
Deleterious ATP1A2 Mutations

Among the ATP1A2 mutations studied so far, some stand out
because only mild consequences were observed (Supplementary
Table 1). These include mutations at the enzyme’s N-terminus,
Y9N (SHM) and R51H (MO), which behaved similar to WT
in biochemical studies on Sf9 cell membrane preparations
(Swarts et al., 2013). A clue for the physiological consequences
can be inferred from Song et al. (2006), who showed that
ATP1A2 and ATP1A3 share an N-terminal targeting sequence
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within amino acids 1-90, which is apparently responsible for
localization to jS/ER compartments in primary cultured mouse
astrocytes. It remains to be clarified whether the N-terminal
mutations of ATP1A2 interfere with targeting in order to decide
whether or not these mutations are rare missense variants
without pathogenic effects. The same accounts for E174K (MO),
which was inconspicious in electrophysiological experiments on
Xenopus oocytes and showed only mildly reduced activity in Sf9
cell preparations (Todt et al., 2005; Swarts et al., 2013), although
the mutation inverts the charge of a highly conserved residue
in the A domain, which might form a salt bridge with Lys-
432 in the N domain important for inter-domain interactions.
Very similar observations were reported for the E902K (FHM)
mutation, which showed electrophysiological properties like the
WT enzyme (Spiller and Friedrich, 2014), but reduced ATPase
activity and ouabain binding in Sf9 cell membrane preparations
(Swarts et al., 2013). Also for KI1003E (SHM-+seizures) and
R1007W (FHM), only mild consequences were reported from
electrophysiology on Xenopus oocytes (Pisano et al., 2013; Spiller
and Friedrich, 2014), despite the charge inverting/neutralizing
effect.

At the other end of the functional spectrum, mutations
that lead to a premature stop codon, a frame shift or
a deletion/insertion are expected to cause severe functional
disruptions. These include K95del (FHM & epilepsy), F305del
(SHM), R834X (FHM), del(K935-S940)insI (FHM), S966fs
(FHM), 1944del (SHM-+focal seizures), and Y1009X (SHM),
which all classify as familial or de novo mutations causing
hemiplegic migraine, frequently with severe accompanying
symptoms and, as far as functional studies are available, lead
to complete loss of function and/or loss of plasma membrane
targeting.

The remaining mutations, which entail loss or drastic
reduction of activity, are depicted in Figure 7. These mutations
mostly locate to the P domain and the extracellular TM domain
cluster, with only a few others in the N domain (T415M, C515Y,
R548H) and two in the central cluster (L764P, R937P). Mutation
G301R (identified in two FHM kindreds) showed slightly reduced
plasma membrane expression but no pumping activity in the
Xenopus oocyte system, indicating reduced protein stability and
complete loss-of-function (Tavraz et al., 2009). In HeLa cells,
however, the mutant showed strongly reduced cell viability in
ouabain survival assays, no plasma membrane expression and no
protein detectable in Western blots (Santoro et al., 2011). The
structure-destabilizing and functional disruption effect can be
attributed to the insertion of a bulky, charged side chain within
the center of the block of TM helices close to one of the common
cation binding sites.

T376M (FHM) and T378N (FHM, AHC) affect two threonines
in the 33SDKTGTLT?® motif around the intermediately
phosphorylated Asp-374. Although the mutant proteins were
expressed similar to the WT enzyme in Xenopus oocytes (T376M,
Tavraz et al., 2008) and HeLa cells (T378N, Bassi et al., 2004),
no pump activity or cell survival was observed. T415M (FHM)
and C515Y (MA) affect two highly conserved residues at the
periphery of the N domain, for which effects on function are
difficult to infer. Nevertheless, the T415M mutant did not confer
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FIGURE 7 | Location of ATP1A2 mutations with most severe
consequences on function. Mutated amino acids, for which functional
consequences are described in the text, are shown in stick representation.
Mutant P979L was shown to be fully functional in the Xenopus oocyte system,
whereas temperature-dependent effects on protein stability and plasma
membrane targeting were observed in mammalian cells (Tavraz et al., 2008,
2009).

cell viability in ouabain survival assays despite normal protein
level (Vanmolkot et al., 2007), and the C515Y mutation entailed
strongly reduced pump currents and ATPase activity in Xenopus
oocytes (Todt et al., 2005). Inter-domain interactions are also a
critical concern for the R584H (basilar migraine/MA) and R548C
(FHM) mutations, since Arg-548 likely forms a salt bridge with
Glu-221 that stabilizes the interaction between the A and N
domains in the E,P conformation, but probably forms another
salt bridge to the B-phosphate of ATP. Although ATP affinity
was not changed for mutant enzymes prepared from Sf9 cells,
strongly reduced ATPase activities were observed (Swarts et al.,
2013) indicating that the structure-coordinating effect of the salt
bridge might be critical.
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Mutations R593W and V628M were both identified in FHM
and showed strongly reduced cell viability in ouabain survival
assays with normal protein level (Vanmolkot et al., 2006a), and
R593W exhibited strongly reduced ATPase activity and reduced
phosphoenzyme level in COS-1 cell membranes (Schack et al.,
2012). Arg-593 is located at the border of the P domain, directly
after two prolines that form the hinge between the P and N
domains. The residue is within hydrogen bonding distance of
the backbone carbonyls of Gly-377 and Thr-378, which are
located in the same loop as Asp-374 and Thr-376 indicating
that the steric clash resulting from insertion of the tryptophan
might disturb phosphorylation (Vanmolkot et al., 2006a; Schack
et al,, 2012). Val-628 resides in the P domain and is located
at the border of the short, conserved P3 helix that together
with the seven-stranded parallel P-sheet forms the typical
Rossmann fold implicated in nucleotide binding suggesting an
impact on catalytic activity (Schack et al., 2012). The G615R
mutation, which was identified in FHM with particularly severe
accompanying symptoms and in a patient with SHM, affects the
glycine in the critical ®'>MVTGD®!® structure motif in the P
domain, which rationalizes that the mutation has been found to
be deleterious for cell viability (Vanmolkot et al., 2006b).

The M731T mutation was functionally assessed by several
groups (Capendeguy and Horisberger, 2004; Segall et al., 2005;
Schack et al., 2012), with the most stringent study carried out on
the human ATP1A2 enzyme (Schack et al., 2012), whereas the
other two studied rat ATP1A2 (Segall et al., 2005) or ATP1A1
from Bufo marinus (Capendeguy and Horisberger, 2004). All
studies converged on the notion of strongly reduced ATPase
activity or loss of pump function. For efficient phosphorylation,
the loop between B-sheet 6 and helix P7 of the Rossmann fold, in
which Met-731 is located, has to be strained upon Mg?* binding.
Thus, the role of Met-731 may be to reduce the mobility of this
loop to ensure the strain. Met-731 is also flanked by Arg-593 (see
above), and the mutation might prevent proper bending of the P
domain (Schack et al., 2012).

Mutations L764P and W887R were identified in the first report
on FHM2 (De Fusco et al., 2003). L764P inserts a structure-
breaking proline into the central helix TM5, which connects the
phosphorylation site to the cation-binding pocket. The P786L
(SHM) mutation also affects a residue on the extracellularly-
oriented part of the TM5 helix. In accordance with the critical
role of TM5, all studies investigating the effects of the TM5
mutations showed severe or complete loss of catalytic activity
(Koenderink et al., 2005; Swarts et al., 2013) or cell survival (De
Fusco et al., 2003; de Vries et al., 2007). The 72°P79657%° (FHM)
mutation, which affects a proline within the conserved PLPL turn
connecting TM5 and TMS6, also did not support cell survival
(Castro et al., 2008) or ATPase activity in Sf9 cell membranes
(Weigand et al., 2014b).

The W887R mutant also did not confer cell survival (De
Fusco et al., 2003), showed no pump currents (Capendeguy and
Horisberger, 2004; Koenderink et al., 2005) and strongly reduced
Rb™ uptake, despite normal plasma membrane expression in
Xenopus oocytes (Koenderink et al., 2005). From the structure,
it is difficult to rationalize a loss of functional activity by this
mutation. Trp-887 is located within the TM7-8 loop important

for interaction with the B-subunit, but is not directly involved
(Nyblom et al., 2013). If the interaction with the B-subunit were
disrupted, a defect in membrane insertion and protein folding
accompanying biosynthesis in the ER could be expected, with
consequently reduced plasma membrane targeting, but this was
not observed in the expression systems studied. Furthermore, the
defective ouabain binding of the W887R mutant (Koenderink
et al., 2005) is puzzling since Trp-887 was not implicated in
ouabain binding. However, it was found in a mouse model for
FHM2 that the mutant ATP1A2 protein was hardly detectable
in the brain of homozygous ATP1A2(W887R/W887R) mutants
and strongly reduced in ATP1A2(4-/W887R) heterozygous
mutants (Leo et al, 2011). In transfected HeLa cells,
these authors also found profound protein loss, likely as
the consequence of endoplasmic reticulum retention and
subsequent proteasomal degradation. This finding contrasts
with observations from the aforementioned study on transfected
COS7 cells (De Fusco et al., 2003) indicating that it is important
to avoid saturation effects in cell line used for transfection
(Leo et al., 2011).

Mutation G855R (FHM-+febrile seizures) did not confer
cell survival (de Vries et al, 2009) or pump currents in the
Xenopus oocyte system (Spiller and Friedrich, 2014), which in the
latter system coincided with strongly reduced plasma membrane
protein level. Gly-855 resides within TM7, a helix forming
multiple contacts to the TM of the B-subunit (Nyblom et al,
2013), but Gly-855 is not directly involved in helix-helix contacts.
However, due to the close packing of the helices, the introduction
of a bulky side chain can indirectly affect the interaction with
the B-subunit, which appears likely since the defective plasma
membrane expression suggests improper folding and premature
degradation.

Mutation R937P (FHM) did not show pump currents or
Rb* uptake in an initial study on Xenopus oocytes (Tavraz
et al., 2008), and no ATPase activity in Sf9 cell membranes
(Weigand et al., 2014b). However, based on the knowledge about
the involvement of Arg-937 in coordinating the a-subunit’s C-
terminus, its link to Na™ binding site III and the reported effects
on Na™ affinity (Toustrup-Jensen et al., 2009), it could be shown
by electrophysiology that the mutation caused enhanced proton
“leak” currents and a drastic negative shift of the Q(V) curve from
transient currents (Poulsen et al., 2010), in line with a drastically
reduced apparent affinity for extracellular Na™. In effect, the
R937P mutant still retains some essential properties of the Na™
pump, albeit with severely changed voltage dependence and
enhanced proton leak, but the properties of the mutant’s Na™,
K™ pump currents have still to be elucidated. R937P is so far the
only FHM2 mutation that shows increased proton leak currents.
Work by the Artigas and Gadsby labs showed that pump-
mediated proton current is an intrinsic property of Na™ K*-
ATPase (Mitchell et al., 2014; Vedovato and Gadsby, 2014) at
physiological K and Na™ concentrations and resting potentials
suggesting that this “hybrid” transporter function may well have
been exploited by nature for some physiological purpose. It still
remains to be established whether Na™,KT-ATPase-mediated
proton uptake plays any physiological or pathological role (see
Section Functional Properties of the Na*,K*-ATPase).
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Mutation P979L Entails
Temperature-Dependent Protein Instability
and Mistargeting

P979L is a particularly interesting mutation, which was reported
to cause FHM2 in one of the earliest accounts on the genetic
background of the disease (Jurkat-Rott et al., 2004), and, later,
also in a case of SHM (Hermann et al., 2013). Comorbidities were
serious, since the first report listed particularly severe attacks
accompanied by recurrent coma and tonic-clonic seizures,
whereas the SHM patient suffered from prolonged aura phase
and severe reversible cerebral vasoconstriction. Within the crystal
structure, Pro-979 is located within the TM9-10 loop and the
protein backbone kink induced by the proline may be important
for protein folding. However, when assayed by electrophysiology
in Xenopus oocytes, all functional parameters were identical
to those of the WT enzyme, with normal total and plasma
membrane protein levels (Tavraz et al., 2008). However, in
surface biotinylation assays on transfected HEK293FT cells, it
was later found that the amount of P979L protein was strongly
reduced, when the cells were incubated at 37°C, but not upon
cell incubation at 28°C (Tavraz et al.,, 2009). This discrepancy
highlights the influence of the model cell system used. Xenopus
oocytes are kept at 18-20°C, a temperature range, which is
advantageous for protein folding, whereas mammalian cells are
grown at 37°C, where protein instability might lead to misfolding
and degradation. The situation is reminiscent of observations
on the epithelial CFTR CI~ channel mutated in cystic fibrosis
(CF). The most common CF mutation, the AF508 deletion, leads
to rapid degradation of the protein before exiting the ER in
mammalian cells (kept at 37°C), while the mutant protein could
be functionally expressed in Xenopus oocytes. It could be shown
that this effect is temperature-sensitive since protein degradation
can be rescued at permissive temperature (Denning et al., 1992).

SUMMARY AND PERSPECTIVES

The detailed atomic-scale understanding of ion transport
and catalysis of the Na® ,KT-ATPase provided by the wealth
of structural data together with the multi-modal efforts of
numerous experimentalists have provided a rather stringent
concept of the effects of migraine-associated ATP1A2 mutations
on molecular function. While the spectrum of functional
disruptions matches the complexity of the Na™ pump’s inner
workings and the enzymes even more complex integration
into cellular signaling networks, the notion emerges that loss
or change of any kind of functional parameter, including the
seemingly subtle changes in voltage dependence could be of
pathophysiological relevance. This is because for any of these
alterations, pathophysiological conditions are conceivable that
render these changes critical for controlling the excitability
of electrically excitable tissues. Two seemingly self-evident but
oversimplifying conclusions should be avoided: First, changes in
Na™ pump function brought about by disease-related mutations
do not converge on a simple loss-of-function concept. While
this is certainly true for mutations abolishing Na*,K* pumping,
a change in voltage dependence may entail loss-of-function

in a particular voltage range, but gain-of-function in another.
Furthermore, given the controversy about whether proton leak
currents are part of the Na™ pump’s physiological spectrum
of functions, both, reduced proton leaks (loss-of-function, as
discussed for the E815K mutation in ATP1A3 in AHC) as well as
increased proton leaks (gain-of-function, as discussed for somatic
ATP1A1 mutations in APA) could be causative for one or the
other pathophysiological state. Second, the CSD phenomenon
is not simply the consequence of either cortical hypo- or
hyperexcitability. Rather, it emerges that the reduced ability to
dynamically maintain the cortical excitatory/inhibitory balance
and the failure to prevent excessive increases in cortical excitation
mechanistically explain the abnormal sensory processing in
migraineurs.

While it is commonly accepted that functional changes in
FHM-related genes including those in ATP1A2 converge on CSD
as the neurophysiological correlate of migraine aura, the link
to the most disabling condition of the disease, the throbbing
migraine pain, is still a matter of debate. Currently, the view
emerges that CSD can cause sustained activation of meningeal
nociceptors and central trigeminovascular neurons to initiate
the headache mechanisms in a process termed sterile meningeal
inflammation. Moreover, the physiological control parameters
discriminating between the propagation speeds of rapid (epileptic
seizures) or slow (CSD) waves of cortical hyperexcitation need
to be investigated in more detail to identify critical network
parameters for or by in silico modeling of excitable biological
matter. In this context, knowing the parameters of dysfunction
of mutated ion pumps and channels of the CNS may help
to identify the elements that count. The remarkable progress
achieved by computational neuroscientists who have just recently
put forward the idea that cell volume regulation is critical
for determining whether an excitable tissue may evolve into
seizures or spreading depression, provides novel hypotheses to
be tested by experiment. This should encourage synergistic,
cross-disciplinary collaborations between researchers studying
excitable matter on the clinical, in vivo, in vitro, and in silico level.

In order to classify an ATP1A2 mutation as causative for
a disease, at least the simplest test should be performed, an
ouabain survival assay in mammalian cells. For the assessment
of enzyme catalysis, biochemical studies on protein preparations
from mammalian cell lines or Sf9 cells provide exhaustive tools
of characterization. However, elucidation of the most essential
physiological function, electrogenic Na*, K™ transport, requires
dedicated electrophysiological assays on intact cells. For this
purpose, the Xenopus oocyte expression system is a versatile tool,
since it permits electrophysiology as well as cation uptake assays,
and some means of fundamental protein biochemistry. Whereas
electrophysiology on oocytes is indispensible for researchers
interested in understanding Na™ pump function in molecular
detail, the Xenopus system is less physiological when it comes to
effects on protein expression, stability or targeting, as the example
of the P979L mutant and others noted in this work have shown.
Thus, as a rule of thumb, the observed functional consequences
should ideally be cross-checked in at least two different cell
systems in order to avoid both false-positive and false-negative
conclusions.
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