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Abstract⎯Na,K-ATPase is a transmembrane enzyme that creates a gradient of sodium and potassium, which
is necessary for the viability of animal cells. The activity of Na,K-ATPase depends on the redox status of the
cell, decreasing with oxidative stress and hypoxia. Previously, we have shown that the key role in the redox
sensitivity of Na,K-ATPase is played by the regulatory glutathionylation of cysteine residues of the catalytic
alpha subunit, which leads to the inhibition of the enzyme. In this study, the effect of reducing agents (DTT,
ME, TCEP) on the level of glutathionylation of the alpha subunit of Na,K-ATPase from rabbit kidneys and
the enzyme activity has been evaluated. We have found that the reducing agents partially deglutathionylate
the protein, which leads to its activation. It was impossible to completely remove glutathionylation from the
native rabbit kidney protein. The treatment of a partially denatured protein on the PVDF membrane with
reducing agents (TCEP, NaBH4) also does not lead to the complete deglutathionylation of the protein. The
obtained data indicate that Na,K-ATPase isolated from rabbit kidneys has both regulatory and basal glutathi-
onylation, which appears to play an important role in the redox regulation of the function of Na, K-ATPase
in mammalian tissues.
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INTRODUCTION
Na,K-ATPase is one of the transport proteins that

creates the transmembrane gradient of sodium and
potassium ions necessary for the viability and func-
tioning of animal cells [1]. Functional monomer of
Na,K-ATPase comprises catalytic (α) and regulatory
(β) subunits. The activity of Na,K-ATPase is sensitive
to changes in the redox status of the cell [2–5]. Earlier,
we showed that the key role in redox sensitivity of
Na,K-ATPase is played by glutathionylation of cyste-
ine residues of its α subunit, consisting in the binding
of the intracellular tripeptide glutathione to thiol group of
protein cysteine to form a disulfide bond [6–9]. We
found that increase in the level of glutathionylation of the
α subunit led to inhibition of the enzyme caused by
impaired ATP binding [6]. Particularly, this modification
is observed under conditions of acute hypoxia [6, 7, 9]. In

addition to regulatory glutathionylation, which leads
to inhibition of Na,K-ATPase activity and can be
reversed by reducing agents, we also discovered basal
glutathionylation of the α subunit; in the latter case
glutathione can be removed only from a denatured
protein [7]. Basal glutathionylation and its increase
upon prolonged hypoxia have been demonstrated in
murine fibroblast cell line SC1 [7]. Furthermore, we
found that, in purified samples of Na,K-ATPase iso-
lated from duck salt gland tissue and rabbit kidneys,
the α subunit is partially glutathionylated. Salt glands
and kidneys contain only the α1 isoform of the
enzyme; this is why these tissues are used to isolate
purified Na,K-ATPase in order to study its functions.
Nevertheless, the issue of the effect of glutathionyla-
tion on properties and activity of Na,K-ATPase remains
open. In particular, it is not clear how the decrease in the
level of glutathionylation in the presence of reducing
agents influences activity of Na,K-ATPase of mamma-
lian kidney and whether bound glutathione can be
completely removed from the native protein molecule.

Abbreviations: ME, β-mercaptoethanol; DTT, dithiothreitol;
TCEP, Tris(2-carboxyethyl)phosphine hydrochloride; EDTA,
ethylenediaminetetraacetic acid; PBST, phosphate-buffered
saline supplemented with Tween-20.
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EXPERIMENTAL
Isolation of Na,K-ATPase from rabbit kidney.

Na,K-ATPase from a rabbit kidney was isolated
according to [10], while that of a duck salt gland was
isolated according to the method described in [11]. A
cocktail of protease inhibitors was added to the isola-
tion buffer, along with 5 mM EDTA and 5 μM thior-
phan. The purity of the sample was determined by
polyacrylamide gel electrophoresis (PAGE) according
to Laemmli [12] using 3.5% concentrating and 5–20%
gradient separating gel. After PAGE, the proteins were
stained with Coomassie brilliant blue. The protein
concentration was measured according to Lowry and
coauthors [13].

Na,K-ATPase activity was evaluated by concentra-
tion of inorganic phosphate (Pi) formed upon ATP
hydrolysis according to [14] as we have previously
reported [6]. Protein was added to the reaction mix-
ture containing 130 mM NaCl, 20 mM KCl, 3 mM
MgCl2, 3 mM ATP, and 30 mM imidazole (pH 7.5)
and incubated at 37°C for 5–7 min. In the presence of
1 mM ouabain, a specific inhibitor of Na,K-ATPase,
ATPase activity was absent, which showed the absence
of other ATPases in the sample.

Determination of Na,K-ATPase glutathionylation
level by immunoblotting. Samples for PAGE were pre-
pared in a 4× buffer containing 250 mM Tris-HCl
(pH 6.8), 8% sodium dodecyl sulfate (SDS), 40%
sucrose, and bromophenol blue (without β-mercap-
toethanol, ME). Samples were heated for 30 min at
37°C. PAGE according to Laemmli [12] was per-
formed in 6% concentrating and 10% separating gels.
After PAGE, proteins were transferred from the gel
onto a nitrocellulose membrane, which was then
blocked for 1 h in 5% casein solution in PBST (10 mM
KH2PO4, рН 7.4, 150 mM NaCl, 0.1% Tween-20).
After washing, the membrane was placed into solution
of primary anti-glutathione MAB5310 (Chemicone
Millipore, United States) antibody diluted 1 : 1000 or
anti-α1 subunit of Na,K-ATPase C464-6 (Upstate
Millipore, United States) diluted 1 : 10000 antibody as
previously described [6, 7]. Membranes were incu-
bated in solutions of primary antibodies for 15–17 h at
4°C under constant shaking. Then, they were washed
and incubated for 2 h in a solution of secondary horse-
radish peroxidase-conjugated anti-mouse or anti-rab-
bit IgG antibodies (1 : 3000). Protein complexes with
primary and secondary antibodies were visualized by
enhanced chemoluminescence (ECL) using a Chemi-
Doc MP Bio-Rad molecular imager and the Western
Lightning Plus-ECL (PerkinElmer, United States) and
SuperSignal West Femto Maximum Sensitivity Substrate
(Thermo Fisher Scientific, United States) kits.

Deglutathionylation of microsome samples and
enzyme purified from duck salt gland and rabbit kidney
on a PVDF membrane. Samples of microsomes and
Na,K-ATPase purified from duck salt gland and rabbit
kidney were used. PAGE was performed according to
Laemmli in 6% concentrating and 10% separating
gels. Five micrograms of protein were applied to each
well. After separation, proteins were transferred to a
PVDF membrane and further incubated in 25 mM
TCEP (Tris(2-carboxyethyl)-phosphine hydrochloride),
3% NaBH4, or reducing agent-free buffer (25 mM imid-
azole, 1 mM EDTA, pH 7.5) for 30 min at room tem-
perature.

Deglutathionylation using chemical reagents. Gluta-
thionylated SH groups were reduced by adding 10 mM
DTT, 30 mM ME, or 25 mM TCEP-HCl. The Na,K-
ATPase sample was diluted with buffer (0.25 M sucrose,
1 EDTA, 25 mM Tris-HCl, pH 7.5) to a final concentra-
tion of 0.5 mg/mL and incubated with reducing agents for
30 min at 37°C and the activity was measured. The level of
glutathionylation of Na,K-ATPase α subunit was ana-
lyzed by immunoblotting.

Statistical analysis. The average values ± the stan-
dard deviation (SD) are reported. Group data were
compared using Student’s t-test; differences were con-
sidered significant at p < 0.05.

RESULTS AND DISCUSSION

Incubation with Reducing Agents Leads to Decrease
of the Glutathionylation level of Rabbit Na,K-ATPase

The catalytic subunit of Na,K-ATPase of rabbit
kidney contains glutathionylated cysteine residues
(Fig. 1). To study the effect of reducing agents on glu-
tathionylation level, Na,K-ATPase sample was incu-
bated for 30 min with reducing agents of various redox
potential: standard redox potential of ME, DTT, and
TCEP is –0.26, –0.33, and –0.29 V, respectively.
According to the data obtained here, the compounds,
despite the difference in redox potential value, remove
bound glutathione from Na,K-ATPase α subunit in a
similar manner (Fig. 1). Apparently, failure to remove
residual glutathionylation is due, not to reducing
agents, which are not powerful enough to reduce the
disulfide bond between glutathione and protein, but
some glutathionylated cysteine residues in native pro-
tein being out of reach of the reducing agents. We have
previously observed a similar effect in lysates of
murine SC1 fibroblasts, when after treatment with
TCEP some residual (basal) glutathionylation was
retained and could be removed only upon protein
denaturing [7]. Isolated cavities in the Na,K-ATPase
structure that contain cysteine residues found upon
the exploration of its structure allowed for the pro-
posal that these cysteine residues are subjected to basal
glutathionylation [7]. Therefore, purified protein from
the rabbit kidney also has basally glutathionylated cys-
teine residues that cannot be reduced in a native pro-
tein since they apparently bind glutathione in the
course of folding.
MOLECULAR BIOLOGY  Vol. 52  No. 2  2018
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Fig. 1. Level of glutathionylation Na,K-ATPase α1 sub-
unit upon incubation with reducing agents. Immunoblot-
ting with antibodies against glutathionylated protein
(GSS-α1) and α1-isoform of Na,K-ATPase samples pre-
treated with 10 mM DTT, 30 mM mercaptoethanol (ME),
or 25 mM TCEP for 30 min. Upper panel: immunoblot-
ting results visualized with chemoluminescence. Lower
panel: digital processing of immunoblotting results. Gluta-
thionylation level of untreated Na,K-ATPase (control) was
taken as 100%. The results were normalized over α1 sub-
unit content. Average values of three independent mea-
surements ± SD are reported.
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Fig. 2. Changes in hydrolytic activity of Na,K-ATPase
from rabbit kidney upon incubation with reducing agents.
Protein activity prior to incubation (protein) and after
incubation in the absence of reducing agents (control) or
in the presence of 10 mM DTT, 30 mM ME, or 25 mM
TCEP is expressed in percent to control. Activity in control
sample upon 30 min incubation is considered to be 100%.
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Deglutathionylation Leads to Increase Activity 
of Na,K-ATPase from Rabbit Kidney

In contrast to cell lysates, purified protein samples
allow for the direct evaluation of the effect of glutathi-
onylation on the enzyme activity. To determine how
deglutathionylation affects the activity of Na,K-
ATPase of rabbit kidney, we removed bound glutathi-
one residues nonenzymatically using chemical reduc-
ing agents DTT, ME, and TCEP-HCl. Protein-con-
taining samples were incubated with 10 mM DTT,
30 mM ME, or 25 mM TCEP for 30 min at 37°C in a
buffer (25 mM Tris-HCl, 1 mM EDTA, 250 mM
sucrose, pH 7.5). The change of Na,K-ATPase activity
over time was controlled in samples not treated with
any reducing agent. As such, incubation for the given
time was not found to influence the hydrolytic activity
of the enzyme. Incubation in the presence of ME,
DTT, and TCEP led to increase in hydrolytic activity
of the enzyme by 45, 53, and 62%, respectively (Fig. 2).
The highest increase in the activity of the enzyme was
caused by the strongest reducing agent (TCEP).
Therefore, the activity of Na,K-ATPase isolated from
rabbit kidney was decreased due to the partial glutathi-
onylation of regulatory cysteine residues. It should be
noted that, according to previously published data nei-
ther site-specific substitution of individual cysteine
residues [15], nor the replacement of all cysteine resi-
dues of α subunit with alanine [16] changed consider-
ably the enzyme activity, therefore function of cysteine
residues is not quite clear yet. At the same time, redox-
dependent modification of cysteine residues in α sub-
unit can considerably influence the enzyme activity;
in particular, the glutathionylation of regulatory cyste-
ine residues can cause the complete inactivation of the
enzyme [6]. We assume that one of the major func-
tions of cysteine residues in α subunit is redox-depen-
dent regulation of the enzyme activity.

Treatment with Reducing Agents Does Not Lead 
to Complete Deglutathionylation of Na,K-ATPase

from Rabbit Kidneys

To compare the deglutathionylation of Na,K-
ATPase in rabbit kidney and duck salt gland under the
conditions of partial denaturation, the deglutathio-
nylation of purified and microsomal Na,K-ATPase
from rabbit kidney and duck salt gland transferred
onto a PVDF membrane was performed (Fig. 3).
PVDF membranes with proteins were incubated for
30 min with 25 mM TCEP or a stronger reducing
agent, 3% sodium borohydride (NaBH4, standard
redox potential: –1.24 V). Control membrane was not
treated with reducing agents. Similar to rabbit kidney
Na,K-ATPase, neither purified nor microsomal
Na,K-ATPase from the duck salt gland was degluta-
thionylated completely with these reducing agents
(Fig. 3). TCEP and NaBH4 deglutathionylated puri-
fied Na,K-ATPase to the same level. No differences
MOLECULAR BIOLOGY  Vol. 52  No. 2  2018
between deglutathionylation of purified enzyme of the
salt gland or rabbit kidney was revealed (Fig. 3). At the
same time, microsomal protein is less easily available
for deglutathionylation by TCEP than by a stronger
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Fig. 3. Level of glutathionylation Na,K-ATPase α subunit
in samples of (1) duck salt gland microsomes, (2) duck salt
gland purified enzyme, (3) rabbit kidney microsomes, and
(4) rabbit kidney purified enzyme upon treatment with 3%
NaBH4 or 25 mM TCEP on a PVDF membrane at room
temperature for 30 min. Upper panel: immunoblotting result
visualized with chemoluminescence. Lower panel: immuno-
blotting analysis result. Level of glutathionylation was calcu-
lated as a ratio of signal intensity of glutathionylated α1 subunit
(GSS-α1) to signal intensity of α1-isoform of Na,K-ATPase.
Level of glutathionylation of Na,K-ATPase in untreated cells
(control) was taken to be 100%. Values obtained in three inde-
pendent experiments ± SD are reported.
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low molecular weight reducing agent NaBH4. The dif-
ference is more pronounced in the case of the duck salt
gland protein (Fig. 3). The lower efficiency of enzyme
deglutathionylation within microsomes may be due to
thiol groups being less readily available for reducing
agents.

Based on the data, one can conclude that the α
subunit of Na,K-ATPase isolated from rabbit kidney
contains glutathionylated cysteine residues. The level
of glutathionylation of the residues decreases upon
treatment with reducing agents, leading to an increase
in protein activity. Bound glutathione cannot be com-
pletely removed from native proteins, which indicates
that there is a basal glutathionylation; presumably [7]
occurs in the course of protein folding; and unavail-
able for reducing agents.
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