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Background: It has not been possible to study the pumping and signaling functions of Na/K-ATPase independently in live
cells.
Results: Both cell-free and cell-based assays indicate that the A420P mutation abolishes the Src regulatory function of
Na/K-ATPase.
Conclusion: A420P mutant has normal pumping but not signaling function.
Significance: Identification of Src regulation-null mutants is crucial for addressing physiological role of Na/K-ATPase.

The �1 Na/K-ATPase possesses both pumping and signaling
functions. However, it has not been possible to study these func-
tions independently in live cells. We have identified a 20-amino
acidpeptide (Ser-415 toGln-434) (NaKtide) from thenucleotide
binding domain of �1 Na/K-ATPase that binds and inhibits Src
in vitro. TheN terminus ofNaKtide adapts a helical structure. In
vitro kinase assays showed that replacement of residues that
contain a bulky side chain in the helical structure of NaKtide by
alanine abolished the inhibitory effect of the peptide on Src.
Similarly, disruption of helical structure by proline replace-
ment, either single or in combination, reduced the inhibitory
potency of NaKtide on Src. To identify mutant �1 that retains
normal pumping function but is defective in Src regulation, we
transfected Na/K-ATPase �1 knockdown PY-17 cells with
expression vectors of wild type ormutant�1 carryingAla to Pro
mutations in the region of NaKtide helical structure and gener-
ated several stable cell lines. We found that expression of either
A416P or A420P or A425Pmutant fully restored the�1 content
and consequently the pumping capacity of cells. However, in
contrast to A416P, either A420P or A425P mutant was incapa-
ble of interacting and regulating cellular Src. Consequently,
expression of these twomutants caused significant inhibition of
ouabain-activated signal transduction and cell growth. Thus we
have identified �1 mutant that has normal pumping function
but is defective in signal transduction.

Na/K-ATPase is a ubiquitously expressed, integral mem-
brane protein transporting Na� and K� across the plasma
membrane by hydrolyzing ATP (1). This pumping function is

essential for eukaryotic cells to maintain ionic homeostasis as
well as to provide transmembrane Na� gradients for the Na�-
dependent transport of nutrients. Recent studies from different
laboratories have revealed that the �1 Na/K-ATPase also has
important signal transduction functions and could act as a
functional receptor for cardiotonic steroids to activate protein
kinase cascades (2–4), which play an important role in renal salt
handling and remodeling of the heart and the kidney under
pathological conditions (5). Using in vitro binding assays, we
have identified two pairs of domain interactions that seem to be
essential for the formation of this functional receptor. One is
between the second cytoplasmic domain (CD2) of Na/K-
ATPase �1 subunit and Src homology 2 (SH2) domain and the
other is between the nucleotide binding domain of �1 subunit
and Src kinase domain. The latter interaction keeps Src in an
inactive state. Binding of cardiotonic steroids such as ouabain
to the Na/K-ATPase disrupts the latter interaction, resulting in
an activation of the pump-associated Src (4). Besides Src, the�1
Na/K-ATPase interacts with many other partners including
phosphoinositide 3-kinase and caveolin-1 and is involved in the
regulation of PI3K/Akt pathway and the formation of caveolae
(6–8).
To further probe the Src-regulatory function of Na/K-

ATPase, we recently mapped the structural determinant of
nucleotide binding domain of the �1 subunit that is involved in
the interaction with the Src kinase domain, which led to the
identification of “NaKtide,” a 20-amino acid peptide located in
the N terminus of the nucleotide binding domain (9). We have
further engineered a cell-permeable NaKtide (pNaKtide). This
peptide is a potent Src inhibitor in the in vitro and acts as a
receptor antagonist by blocking the formation of functional
Na/K-ATPase�Src complex when applied to cultured cells (9).
Moreover, pNaKtide was effective in inducing tumor regres-
sion and inhibiting tumor growth in vivo (10). To understand
the molecular basis of NaKtide-mediated Src regulation, we
made severalmutants ofNaKtide and tested their effects on Src.
These in vitro studies indicate that theN-terminal helical struc-
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ture of NaKtide appears to be important for its interaction with
Src. To further test this hypothesis, we made several �1
mutants and generated stable cell lines expressing these
mutants. Functional studies of these stable cell lines demon-
strate that the A420Pmutant �1 has normal pumping function
but has lost its capacity of Src regulation.

EXPERIMENTAL PROCEDURES

Materials—All the peptides of �95% purity (checked by
reverse phase HPLC) were purchased from HD Biosciences
(China) Co. Ltd. The polyclonal anti-Src (Tyr(P)-418) anti-
body, cell culture media, fetal bovine serum, trypsin, and
Lipofectamine 2000 were purchased from Invitrogen. The
QuikChangemutagenesis kit was obtained from Stratagene (La
Jolla, CA). Image-iT FX signal enhancer, antifade kit, Alexa
Fluor 488-conjugated anti-mouse IgG, and Alexa Fluor 546-
conjugated anti-rabbit IgG antibodies were from Molecular
Probes (Eugene, OR). Anti-Na/K-ATPase �1 polyclonal, anti-
Na/K-ATPase �1 (clone C464.8) antibody, and recombinant
human Src were obtained from Upstate Biotechnology (Lake
Placid, NY). The monoclonal anti-�1 antibody (�6F) was from
the Developmental Studies Hybridoma Bank at the University
of Iowa. Anti-c-Src (B-12) monoclonal antibody, the anti-Cav1
polyclonal antibody, and all the secondary horseradish peroxi-
dase-conjugated antibodies were purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA). Polyclonal rat �1-specific
antibody (anti-NASE) was provided by Dr. Thomas Pressley
(Texas Tech University, Lubbock, TX). Radioactive 86Rb� was
fromPerkinElmer Life Sciences. Protease inhibitormixturewas
purchased from Sigma.
Src Kinase Assay—The activity of NaKtide and its mutant

peptides was measured using in vitro Src kinase assay as
described (9). Briefly, purified Src (4.5 units) was incubated
with different concentrations of peptides in PBS (137mMNaCl,
2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4) for 15
min at 37 °C. Afterward 2.0 mM ATP/Mg2� was added to
induce phosphorylation. The reaction was continued for 10
min at 37 °C and was stopped by the addition of SDS sample
buffer. Afterward, Western blot analysis of Src Tyr(P)-418 was
conducted (9).
Circular Dichroism (CD)—These studies were done as previ-

ously described (11). Briefly, CD measurements were per-
formed at 20 °C using Jasco J-715 and quartz flow cell with a
1-mm path length. Peptides were dissolved in PBS, pH 7.4, at a
concentration of �0.17 mg/ml. Spectra were collected at 50
nm/min using a bandwidth of 1 nm and averaged over 10 scans,
and the base line (PBS only) was subtracted from each spec-
trum. Percent helicity was then calculated by the equation, %
helicity � [�]222/[�]max � 100 (where [�]222 mean residue ellip-
ticity and [�]max is the maximum mean ellipticity).
Computer Modeling—Computer modeling was done using

PyMOL (The PyMOLMolecular Graphics System, Version 1.3,
Schrödinger, LLC).
Site-directed Mutagenesis—The QuikChange mutagenesis

kit was used. We used the vector pRc/CMV-�1 AAC m1 as a
template as described in our prior publication (3). According to
the GenBankTM rat �1 sequence (NM_01254), we created

A416P, A420P, A425P, and A420P/A425P mutant vectors.
These four mutants were verified by DNA sequencing.
Generation of Ala to ProMutant Stable Cell Lines—This was

done as previously described (3). Briefly, PY-17 cells were cul-
tured in 6-well plates and transfected with the four different
mutant vectors. The transfected cells were selected with 3 �M

ouabain for 1week, and the survived ouabain-resistant colonies
were collected and diluted into 96-well plates to isolate a single
colony. Once the colony was expanded into stable cell line, the
expression of mutant rat �1 was verified by rat �1-specific
antibody.
Cell Culture—Cells were cultured in Dulbecco’s modified

Eagle’s medium (DMEM), supplemented with 10% fetal bovine
serum, 100 units/ml penicillin, 100 �g/ml streptomycin, and 1
�g/ml puromycin. When cells were 90–100% confluent, they
were serum-starved overnight and used for experiments unless
otherwise noted.
Immunoblot Analysis—After treatments, cells were washed

by ice-cold PBS and lysed in ice-cold radioimmunoprecipita-
tion buffer (0.25% sodium deoxycholate, 1% Nonidet P-40, 1
mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium
orthovanadate, 1 mM NaF, 150 mM NaCl, 50 mM Tris-HCl, pH
7.4, and 1% protease inhibitor mixture). After the cell lysates
were centrifuged at 16,000 � g for 15 min, the supernatants
were collected andmeasured for the protein content. The same
amount of protein of each sample was loaded, separated by
SDS-PAGE, then transferred to an Optitran membrane and
probed by indicated antibody. ImageJ 1.46 was used for analyz-
ing the data.
Confocal Fluorescence Microscopy—Immunostaining of �1

was done as previously described (10). Briefly, cells were cul-
tured on coverslips in 6-well plates. When cells reached
90–100% confluency, they were serum-starved overnight.
After the indicated treatment, cells were washed twice with
ice-cold PBS, fixed with pre-chilled (�20 °C) methanol for 15
min, and then blocked with PBS containing 1% FBS at room
temperature for 30 min. The blocked cells were incubated with
primary antibody overnight at 4 °C,washed, and incubatedwith
Alexa Fluor-conjugated secondary antibody for 2 h at room
temperature. The stained cells on coverslips were washed,
mounted, and then visualized using a Leica DMIRE2 micro-
scope (Wetzlar, Germany).
[3H]Ouabain Binding—Tomeasure the surface expression of

the endogenous pig Na/K-ATPase, [3H]ouabain binding assay
was performed as described (8). Briefly, cells were cultured in
12-well plates until confluent and serum-starved overnight.
Afterward, the cells were incubated in K�-free Krebs solution
(142.4 mM NaCl, 2.8 mM CaCl2, 0.6 mM NaH2PO4, 1.2 mM

MgSO4, 10 mM glucose, 15 mM Tris (pH 7.4)) for 15 min and
then exposed to 200 nM [3H]ouabain for 30 min at 37 °C. After
incubation, the cells were washed 3 times with ice-cold K� free
Krebs solution, solubilized in 0.1 M NaOH, 0.2% SDS, and
counted in a scintillation counter for [3H]ouabain. Nonspecific
binding was measured in the presence of 1 mM unlabeled oua-
bain and subtracted from total binding. All counts were nor-
malized to protein amount.
Ouabain-sensitive Na/K-ATPase Activity—Cells were col-

lected and homogenized in ice-cold buffer A (150 mM sucrose,
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5 mM HEPES, 4 mM EGTA, 0.8 mM dithiothreitol) and briefly
sonicated. After centrifugation (800 � g for 10 min), the post
nuclear fractionwas further centrifuged (45,000� g for 45min)
to get crudemembrane. The crudemembrane pellet was resus-
pended in buffer A, and the protein content was determined.
The aliquots of protein were treated with alamethicin (0.1
mg/mg of protein) for 10 min at room temperature and then
added to the buffer containing 50 mM Tris (pH 7.4), 1 mM

EGTA, 1 mM MgCl2, 25 mM KCl, 100 mM NaCl, 5 mM NaN3.
After 15min of preincubation at 37 °C, ATP/Mgwas added to a
final concentration of 2 mM to start the reaction. The reaction
was continued for 45 min and stopped by adding 8% ice-cold
trichloroacetic acid. Phosphate generated during the ATP
hydrolysis was measured by BIOMOL GREEN Reagent (Enzo
Life Science). Ouabain-sensitive Na/K-ATPase activities were
calculated as the difference between the presence and absence
of 1 mM ouabain. In certain experiments, the indicated vana-
date or Na� or K� amount was added in the reaction mixture.
Cell Counting Assay—20,000 cells/well were seeded in

12-well plates and cultured in 10% FBSDMEMmedium. At the
indicated time, 3 wells from each cell line were trypsinized, and
the number of viable cells was counted as described (8).
Cell Surface Biotinylation of Na/K-ATPase—Biotinylation of

cell surface protein of thesemutant cell lineswas undertaken by
the protocol previously described (12). Briefly, the full conflu-
ent cells grown in 60-mm dishes were washed 3 times with
ice-cold PBS followed by incubation with 2 ml of NHS-SS-bio-
tin (1.5 mg/ml) in biotinylation buffer (10 mM triethanolamine,
pH 9.0, 150 mM NaCl) for 25 min at 4 °C with very gentle hori-
zontal motion to ensure mixing. The un-reacted biotin was
quenched, and the biotinylated cells were lysed with ice-cold
lysis buffer (1% Triton X-100, 150 mM NaCl, 5 mM EDTA, 50
mM Tris, 1% protease inhibitor mixture, pH 7.5). Equal
amounts of protein (250 �g) were incubated with streptavidin-
agarose beads (150 �l) overnight at 4 °C. The beads-bound
biotinylated protein and total cell lysate (25 �g) were subjected
to Western blot analysis.
Ouabain-sensitive 86Rb� Uptake—Ouabain-sensitive 86Rb�

was measured to estimate the transport function of Na/K-
ATPase as previously described (13). Briefly, cells were cultured
in 12-well plates and serum-starved overnight. When the cells
were �90% confluence, they were washed and incubated in
DMEM with or without 1 mM ouabain for 10 min at 37 °C.
86Rb� (1 �Ci/well) was then added to the cells for 10 min, and
the reactionwas stopped bywashingwith ice-cold 0.1 MMgCl2.
Trichloroacetic acid soluble 86Rb� was counted in a Beckman
scintillation counter. All counts were normalized to protein
amount. In certain experiments, different concentrations of
ouabain were added.
Data Analysis—Data presented are the mean � S.E. of at

least three independent experiments, statistical analysis was
performed using the Student’s t test, and significance was
accepted at p � 0.05.

RESULTS

In Vitro Mutagenesis Analyses of NaKtide—We have shown
that NaKtide binds and inhibits Src (9). Its mode of action is
similar to that of purified �1 Na/K-ATPase in which it inhibits

Tyr-418 phosphorylation without affecting the phosphoryla-
tion of Tyr-529 (4). The deduced structure from crystals of
either the E2P (PDB ID 2ZXE) (14) or high ouabain affinity
(PDB ID 3N23) (15) form indicate that NaKtide may adapt a
helical structure in the N terminus (Thr-417 to Leu-427) fol-
lowed by the C-terminal loop tail (Cys-428–Gln-434) (Fig. 1A).
To test the importance of this helical structure in NaKtide-
mediated Src inhibition, we conducted the following in vitro
mutagenesis studies.
Based on the crystal structure (Fig. 1A), the side chains of

Trp-418, Leu-419, and Arg-423 are solvent-exposed. If the he-
lical structure is involved in the interaction with Src, these side
chainsmay provide the contacting site and be important for Src
inhibitory effect of the peptide. Indeed, replacement of these
three residues with alanine significantly attenuated the inhibi-
tory effect of peptide on Src (Fig. 1B). To further test the impor-
tance of the helical structure, we replaced Ala-420 with proline.
It is known that proline replacement bends the backbone of a
helical structure (16). Ala-420 resides in the middle of the he-
lical structure. Therefore, if the helical structure is important,
A420P mutation would alter the structure and attenuate the
inhibitory effect of NaKtide on Src. When the dose-dependent
effect of A420Pmutant peptide was assessed, we found that the
mutant peptide was about 10 times less effective than that of
NaKtide (Fig. 1, B and C) (9). To further verify the importance
of the helical structure, we also determined the effect of A425P
and A420P/A425P mutant peptides on Src. As depicted in Fig.
1D, whereas A425P had a reduced effect on Src as A420P pep-
tide, A420P/A425P double mutant exhibited no inhibition of
Src.
To assess whether the helix is sufficient for the inhibition of

Src, we synthesized a C-terminal-truncated peptide P3A (Ser-
415 to Arg-430), removing the last four amino acid residues. As
depicted in Fig. 2A, although this peptide showed an inhibitory
effect on Src, both efficacy and potency were reduced. To be
sure that truncation of last four amino acid residues did not
reduce the helicity of the peptide, we measured the circular
dichroism (CD) spectra of NaKtide and peptide P3A. As shown
in Fig. 2B and Table 1, the helicity in PBSwas actually increased
when the C-terminal four amino acid residues were removed.
In short, the above in vitro mutagenesis analyses indicate that
the helical structure as well as the C-terminal tail is important
for the interaction and inhibition of Src by NaKtide.
Generation of StableCell Lines ExpressingAla to ProMutants—

To verify the importance of the helical structure in �1 Na/K-
ATPase-mediated Src regulation, we constructed the following
Ala to Pro mutants based on a rat �1 cDNA expressing vector
we described in our previous publications (3): A416P, A420P,
A425P, and a double mutant (A420P/A425P). Based on the
crystal structure, Ala-416 resides out of the helical structure.
Thus, A416P mutant was selected as a control. To reduce the
interference from endogenous �1 Na/K-ATPase, we rescued
�1 knockdown PY-17 cells with these mutants. PY-17 cells
were derived from pig LLC-PK1 cells, and the expression of
endogenous �1 Na/K-ATPase was reduced �90% by the
expression of�1-specific siRNA (3).Note that these cells do not
express other isoforms of Na/K-ATPase (3). Wild type rat-�1-
rescued PY-17 cells (AAC-19) wemade previously were used as
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a control (3). Like wild type rat �1 (3), ouabain selection of
transfected PY-17 cells resulted in numerous clones for A416P,
A420P, and A425P.
Interestingly, cells transfected with the double mutation

(A420P/A425P) cDNA did not produce any viable clone in the
presence of ouabain. To explore whether the expressed A420P/
A425P double mutant could function as a pump, we conducted
a transient transfection assay, made crude membrane prepara-
tions, and measured ouabain-sensitive ATPase activity. Like
wild type rat �1, transient transfection of PY-17 cells with
A420P/A425P double mutant produced a comparable increase
in ouabain-sensitive ATPase activity as the wild type rat �1
(Table 2). Thus, it is unlikely that the failure of generating viable
clones from A420P/A425P mutant �1 is because of defects in
the pumping capacity of this mutant.
Western blot analyses using rat �1-specific antibody showed

that every viable clone tested expressed rat �1 mutant and
that the expression level of mutant �1 varied among differ-
ent clones (supplemental Fig. 1). After this initial Western
blot screening, we picked clone 4 from A416P-transfected
(named as LL-A416P-4, abbreviated as A416P), clone 20 from
A420P-transfected (named as LL-A420P-20, abbreviated as
A420P), and clone 9 from A425P-transfected (named as
LL-A425P-9, abbreviated as A425P) cells. As depicted in Fig.
3A, the expression of mutant �1 in these cell lines was compa-
rable with that of wild type rat �1 in AAC-19 cells. Because rat

�1-specific antibody was used, no detectable signal of rat �1
was observed in the PY-17 cell lysates, derived from pig LLC-
PK1 cells (Fig. 3A). However, when the blot was analyzed by a
generic �1-specific monoclonal antibody, a weak signal was
detected in samples from PY-17 cells as we previously reported
(3).Moreover, the overall�1 expression level in the rescued cell
lineswas comparablewith each other. This is further verified by
immunostaining of these cell lines. Strong and comparable sig-
nals were detected in the plasma membrane area in all of the
rescued cell lines but not the parental PY-17 cells (Fig. 3B).
Finally, biotinylation analysis indicates that the ratio of biotiny-
lated surface �1 to total �1 in the cell lysates was similar among
AAC-19, A416P mutant, and A420P and A425P cells (Fig. 3C).
Na/K-ATPase Activity in Mutant-rescued Cells—To charac-

terize the pumping function of mutant Na/K-ATPase, we first
checked the expression of �1 subunit. Knockdown of �1 sub-
unit reduced the expression and glycosylation of �1 subunit
(12). As shown in Fig. 3D, all three �1 mutants were able to
rescue the expression and glycosylation of �1 as did wild type
�1. These findings indicate that the expressedmutant�1 is fully
capable of assembling with the �1 subunit into functional
Na/K-ATPase, which is consistent with the findings depicted in
Fig. 3, B and C.
To assess the pumping capability of these mutants, we mea-

sured ouabain-sensitive 86Rb� uptake in these cell lines (Fig.
4A). No difference in pump activity was detected among differ-

FIGURE 1. Structure-function analysis of mutant NaKtide. Panel A, shown is the structure of NaKtide deduced from the crystal structure of Na/K-ATPase (PDB
ID 2ZXE). The structure shows that side chains of Trp-418, Leu-419, and Arg-423 are exposed in the solvent. The green color represents the non-helical part,
whereas the red color indicates the helical part of the peptide. The structure was generated by PyMOL Molecular Graphics System, Version 1.3, Schrödinger, LLC.
Panel B–D, shown is dose-dependent inhibition of Src Tyr-418 phosphorylation by NaKtide mutants. Recombinant Src (4.5 units) was incubated with different
concentrations of peptides for 15 min and then assayed for Src Tyr(P)-418. Mutated residues are represented in bold and underlined. Combined data from at
least four independent experiments are shown. Curve fit analysis was performed with GraphPad Prism 5. *, p � 0.05.
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ent cell lines, indicating that the Ala to Pro mutation made in
this particular area of nucleotide binding domain of �1 subunit
did not cause an apparent defect in pumping function of the
Na/K-ATPase. This notion is further supported by the fact that
the expressed mutants showed the similar sensitivity to vana-
date (Fig. 4B) and ouabain (Fig. 4C).
To further confirm that these mutations do not alter the

Na/K-ATPase pumping properties, we compared the kinetic
properties of A416P and A420P mutants. The crude mem-
branes were prepared from A416P and A420P cells, and
ATPase activity was measured in the presence of different con-

FIGURE 2. Effect of truncation of C terminus of NaKtide on Src inhibition.
Panel A, recombinant Src (4.5 units) was incubated with different concentra-
tions of the peptide P3A for 15 min and then assayed for Tyr(P)-418 Src as
described under “Experimental Procedures.” Combined data from at least
four independent experiments are shown. Curve fit analysis was performed
with GraphPad Prism 5. Panel B, CD spectra of NaKtide and P3A dissolved in
PBS (pH 7.4) were measured as described under “Experimental Procedures.”

TABLE 1
Calculated helicity of peptides in PBS

Peptide % Helicity

NaKtide 8.4
P3A 89.4

TABLE 2
Ouabain-sensitive ATPase activity

Transient transfection
(plasmid) Rat �1 A420P/A425P

Ouabain-sensitive ATPase
activity (%), n �3

100 115.3 � 9.8

FIGURE 3. Expression of Na/K-ATPase. Panel A, total cell lysates from different
cell lines were separated by SDS-PAGE and analyzed by Western blot for the
expression of the rat �1 Na/K-ATPase using polyclonal rat �1-specific antibody
(anti-NASE) and the total �1 using monoclonal anti-�1 antibody (�6F). A repre-
sentative Western blot is shown, and quantitative data (mean � S.E.) of total
�1subunit were calculated from at least three separate experiments. **, p � 0.01
versus AAC-19 cells. Panel B, cells were immunostained with anti-�1 primary and
Alexa Fluor-conjugated secondary antibody as described under “Experimental
Procedures.” Representative image of three separate experiments is shown for
each cell line. Panel C, cells were biotinylated and processed as described under
“Experimental Procedures.” An aliquot of 25 �g of cell lysate (T) and biotinylated
membrane protein (M) from 250 �g of total cell lysates was subjected to SDS-PAGE
and probed with �6F antibody. Representative Western blots are shown, and quan-
titative data are calculated based on at least three independent experiments as rela-
tive ratio of membrane �1 to total �1. Values are the mean � S.E. Panel D, total cell
lysates were analyzed by Western blot using anti-Na/K-ATPase �1 antibody. A repre-
sentative Western blot of at least three independent experiments is shown.
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centrations of Na� and K�. As depicted in Fig. 4, D and E, the
Km values of Na� andK�were comparable betweenA416P and
A420P mutants. These values are similar to those reported in
the literature for �1 Na/K-ATPase (17).

To assess the level of endogenous pig �1 expression in the
mutant-rescued cells, we conducted [3H]ouabain binding ana-
lyses. Because ouabain dissociates from rat�1much faster than
from the endogenous pig �1, this binding assay allows us to
assess the surface expression of endogenous �1 in the presence
of highly expressed rat �1 in the rescued cells. The parental
PY-17 cells were used as control. As depicted in Fig. 4F, expres-
sion of endogenous �1 in either AAC-19 cells or mutant-res-
cued cells was further reduced compared with that in PY-17
cells.

Taken together, the above findings indicate that the expres-
sion of mutants restored total cellular �1 Na/K-ATPase and
consequently the pumping capacity in A416P, A420P, and
A425P cells to the level comparable to that in AAC-19 cells.
Moreover, the level of endogenous �1 in the rescued cells was
lower than that of PY-17 cells, amounts less than 10% that of
total �1 Na/K-ATPase.
The Expressed Mutants Have Different Effects on Caveolin-1

Expression—We showed that knockdown of �1 Na/K-ATPase
increased endocytosis and degradation of caveolin-1 in PY-17
cells. As reported (18), this defect could be rescued by the
expression of rat �1 as shown in Fig. 5. When caveolin-1 was
measured in mutant-rescued cells, we found that expression of
A416P or A420P, was sufficient to restore the expression of

FIGURE 4. Pumping activity in mutant-rescued cells. Panel A, ouabain-sensitive 86Rb� uptake was measured as described under “Experimental Procedures.”
Values are normalized to per protein amount and then calculated as % of AAC-19 cells (mean � S.E.). Panel B, vanadate sensitivity analysis is shown. Crude
membrane fractions were prepared from AAC-19, A416P, A420P, and A425P cells and Na/K-ATPase activity was assayed as described under “Experimental
Procedures” in the presence of different concentrations of vanadate. The data points are shown as the percentage of the Na/K-ATPase activity in the absence
of vanadate (mean � S.E.). Panel C, ouabain dose-response curves are shown. AAC-19, A416P, A420P, and A425P cells were cultured in 12-well plates and
serum-starved overnight. After reaching 100% confluency, cells were pretreated with different concentrations of ouabain as indicated for 10 min and assayed
for 86Rb� uptake. Data are calculated from at least three repeats and shown as % of respective control (mean � S.E.). Curve fit analysis was performed by
GraphPad Prism 5. Panel D, measurement of Na� Km is shown. Crude membrane preparations were made from A416P and A420P cells and measured for the
Na/K-ATPase activity as a function of Na� concentration as described under “Experimental Procedures.” Choline chloride was used to substitute NaCl so that
ionic strength was kept constant. The combined data from at least three repeats were shown, and Km values (mean � S.E.) were calculated using GraphPad
Prism 5. Panel E, measurement of K� Km is shown. Crude membrane preparations were made from A416P and A420P cells and measured for the Na/K-ATPase
activity as a function of K� concentration as described under “Experimental Procedures.” Choline chloride was used to substitute KCl so that ionic strength was
kept constant. The combined data from at least three repeats were shown, and Km values (mean � S.E.) were calculated using GraphPad Prism 5. Panel F,
[3H]ouabain binding was performed as described under “Experimental Procedures.” Cells were incubated with 200 nM ouabain for 30 min and then assayed for
ouabain binding. *, p � 0.05; **, p � 0.01 versus PY-17 cells.
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caveolin-1 similar to that in AAC-19 cells. However, A425P
failed to restore the expression of caveolin-1 (Fig. 5).
Regulation of Src by Mutant �1—To assess whether the Src

regulatory function of �1 Na/K-ATPase was altered in the
mutant-rescued cells, we first determined the basal Src activity
in these cells.Wepreviously reported that knockdownofNa/K-
ATPase increased basal Src activity in PY-17 cells and that res-
cuing the knockdown cells with rat �1 reduced the elevated
basal Src activity in AAC-19 cells (3). This is indeed the case as
shown in Fig. 6 by Western blot analysis of active Src as indi-
cated by Tyr-418 phosphorylation. Interestingly, only the
expression of A416P, but not A420P and A425P mutant,
showed the same effect as wild type �1. The basal Src activity in
both A420P and A425P cells was as high as that in PY-17 cells.
These data suggest that bending the helical structure of intact
�1 subunit, as in NaKtide (Fig. 1), may reduce the capability of
�1 Na/K-ATPase to interact and regulate Src. Taken together,
the above experiments indicate that A416P mutant works like
wild type �1, whereas expression of A420Pmutant restores the
expression of caveolin-1 but fails to inhibit Src. The expression
of A425Pmutant, on the other hand, could not restore either
Src regulation or caveolin-1 expression.
Expression of A420PMutant Inhibits Ouabain-induced Acti-

vation of the Src Pathway—We have shown that ouabain is a
specific agonist of �1 Na/K-ATPase�Src receptor complex (4).
Binding of ouabain to the �1 Na/K-ATPase stimulated the Src
pathway within minutes and increased the expression of �1
Na/K-ATPase in hours (2, 4). Indeed, these changes in response
to ouabain (10 to100 �M) were observed in the control AAC-19
andA416P cells (Fig. 7,A andB). If theA420Pmutant could not
interact with Src as evidenced by the findings in Figs. 1 and 6,
this mutant would not be able to constitute a functional recep-
tor for cardiotonic steroids such as ouabain to activate Src. This
was the case as shown in Fig. 7, A and B. Ouabain was able to
stimulate Src in A416P but not in A420P cells. Furthermore, we
reported that ouabain could increase the expression of �1 in

LLC-PK1 and rat �1-rescued AAC-19 cells (8). It failed to do so
in A420P cells. To seek further evidence that the helical struc-
ture is important for the formation of a functional Na/K-
ATPase�Src complex, we repeated these studies in A425P cells.
As shown in Fig. 7,A and B, A425Pmutant, like A420Pmutant,
lost its ability to allow ouabain to stimulate Src pathway. It is
important to note that AAC-19 cells express ouabain-insensi-
tive rat �1 Na/K-ATPase. Therefore, �M instead of nM concen-
trations of ouabain were used in these experiments (3).
Expression of A420P and A425P Mutants Inhibits Cell

Proliferation—Src-mediated pathways are known to play an
important role in cell proliferation. We have shown that alter-
ation in Na/K-ATPase-mediated Src regulation affects cell
growth (26). However, these previous studies were done in cell
lines where both pumping and signaling functions of Na/K-
ATPase were altered. To further demonstrate a role of �1
Na/K-ATPase-mediated Src regulation in control of cell
growth, we cultured control and mutant cells in full medium
and counted the number of cells at different time points. As
shown in Fig. 8, A416P grew similarly as AAC-19 cells. How-
ever, cell growthwas significantly reduced inA420P andA425P
cells.

DISCUSSION

We report here the identification of �1 mutants that retain
normal pumping activity but fail to interact and regulate Src
and Src-mediated signaling pathways in cell cultures. These
findings reaffirm the importance of the helical structure of
NaKtide in binding and regulating Src. Moreover, we suggest
that the newly identified �1 mutants would allow us to fully
assess the importance of Src-regulatory function of �1 Na/K-
ATPase as well as the CTS3-induced signaling in animal phys-
iology, pathology, and pharmacology.

3 The abbreviation used is: CTS, cardiotonic steroid.

FIGURE 5. Caveolin-1 expression level in the mutant cells. Total cell lysates
from AAC-19, A416P, A420P, and A425P cells were separated by SDS-PAGE
and analyzed by Western blot for caveolin-1. A representative Western blot is
shown, and quantitative data (mean � S.E.) were calculated from at least
three separate experiments. * p � 0.05 versus control AAC-19 cells.

FIGURE 6. Regulation of Src by mutant �1. Total cell lysates from AAC-19,
A420P, and A425P cells were separated by SDS-PAGE and analyzed by West-
ern blot for Tyr(P)-418 (pY418) Src and total Src. Quantitative data are the
mean � S.E. from at least three independent experiments. *, p � 0.05 versus
control AAC-19 cells.
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Identification of the A420P Mutant �1 as a Src Regulation-
null Pump—Based on the crystal structure (20), the NaKtide
sequence can adapt a helical structure at the N terminus fol-

lowed by a C-terminal loop (Fig. 1). Kinase activity assays indi-
cate that replacement of either Ala-420 or Ala-425 by proline
was sufficient to reduce the peptide-induced inhibition of Src
(Fig. 1).Moreover, alanine replacement of residues that contain
a bulky side chain in the helical structure (i.e.Trp-418, Leu-419,
andArg-423) also resulted in a loss of the inhibitory effect of the
peptide on Src. These new findings suggest an important role of
the helical structure and amino acid residue Trp-418, Leu-419,
and Arg-423 in the binding and regulation of Src. Because
pNaKtide acts as an effective antagonist of receptor Na/K-
ATPase�Src complex in vitro and in vivo (9, 10), the new find-
ings provide important structural information for directing the
development of second generation of pNaKtide derivatives.
PY-17 cells were derived from LLC-PK1 cells stably trans-

fected with plasmids expressing �1-specific siRNA (3). The
expression of�1-specific siRNAproduced�90% down-regula-
tion of endogenous �1 and consequently abolished the signal-
ing function of Na/K-ATPase. As such, these cells have been
used by us to study the signaling function of �1 Na/K-ATPase
and the structure/function relationships of the pump in signal
transduction after the cells were rescued by either wild type rat
�1 or �1 mutants (3). The intrinsic limitation of these early
studies is the fact that we could not separate the pumping func-
tion of Na/K-ATPase from its signaling function. For instance,
knockdown of �1 Na/K-ATPase abolished ouabain-induced
activation of protein kinases in PY-17 cells. However, we could
not rule out the influence of reduced transport activity across
the cell membrane and/or the consequent changes in intracel-
lular ion concentrations on protein kinase activity (12). Fur-
thermore, we could not attribute the effects of either endoge-
nous or exogenous ouabain on cellular functions solely to the
changes in protein kinase activity as ouabain also inhibits the
pumping function of Na/K-ATPase. Thus, it would be more
desirable to have a mutant Na/K-ATPase that can pump but
not signal. We believe that A420P mutant �1 is such a mutant
pump. First of all, expression of A420P not only rescued cellular
�1 but also restored the expression and glycosylation of the �1
subunit, indicating that themutant�1 is fully capable of assem-
bling with the �1 subunit into functional pump in the plasma
membrane. This is consistent with the findings presented in
Fig. 3 showing that the mutant �1 was expressed in the plasma
membrane as revealed by both immunostaining and biotinyla-
tion. Functionally, A420Pmutant exhibited comparable pump-
ing activity to that of wild type rat �1 and A416P mutant as
measured by ouabain-sensitive 86Rb� uptake. Moreover, the
expressed mutant showed the same ouabain sensitivity as that
of wild type �1. This is in sharp contrast to many reported
mutants of�1Na/K-ATPase in the literature (21). For example,
the identified mutants defective in E1/E2 transitions exhibit
reduced pump activity and altered ouabain sensitivity (22). Our
recent rescuing studies of I279A and F286A mutants in PY-17
cells confirm these early findings (26). Second, unlike the wild
type�1 orA416Pmutant, expression of A420Pmutant failed to
restore the basal Src activity in the rescued cells. Most impor-
tantly, although ouabain was able to inhibit the pumping func-
tion, it failed to stimulate Src and Src effectors in the rescued
A420P cells (Fig. 6). Third, it is of interest to compare A420P
and A425P mutants. Although both of these mutants showed a

FIGURE 7. Expression of mutant �1 inhibits ouabain-induced signal
transduction. Panel A, confluent cells were treated with different concentra-
tions of ouabain for 10 min and then harvested, and cell lysates were analyzed
by Western blot for Src Tyr(P)-418 (pTyr 418). Panel B, confluent cells were
treated with different concentrations of ouabain for 24 h, then harvested and
analyzed for Na/K-ATPase �1 expression by Western blot. A representative West-
ern blot is shown, and quantitative data are presented as the mean � S.E. of at
least three independent experiments. * p � 0.05 versus 0 mM ouabain.

FIGURE 8. Effects of mutant �1 expression on cell growth. AAC-19, A416P,
A420P, and A425P cells were plated in 12-well plates (20,000 cells/well), cultured
for different times, and then collected and counted. The values are the mean �
S.E. from four independent experiments. **, p � 0.01 versus AAC-19 cells.
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defect in Src regulation, expression of A420P, but not A425P,
was able to, like wild type �1, rescue the expression of caveo-
lin-1. This is important because caveolae play a critical role in
cell signal transduction in general (23, 24), and use of A425P in
the study would further complicate the signaling pathways.
Src is known to play an important role in the regulation of cell

growth (25). The �1 Na/K-ATPase exists in two major confor-
mations, namely E1 and E2. We have found that expression of
�1 Na/K-ATPase mutants that are defective in either E1 or E2
conformational transition alter the dynamic nature of Src reg-
ulation, resulting in cell growth inhibition (26). These early
findings suggest that the �1 Na/K-ATPase is a key regulator of
cellular Src activity and consequently cell growth. However,
because E1 and E2 mutants are also defective in pumping (26),
it is conceivable that changes in cellular pumping activity could
at least be part of altered Src regulation and cell growth. To this
end, the new findings as depicted in Fig. 8 are very important
because they clearly demonstrate that alteration in the Src reg-
ulatory capacity of �1 Na/K-ATPase is sufficient to inhibit cell
growth. Therefore, we believe that the �1 Na/K-ATPase pro-
vides cells a critical ability of dynamic Src regulation.
Uncertainties and Implications—Recent studies have identi-

fied both ouabain andMarinobufagenin (MBG) as endogenous
steroids whose production and secretion are regulated by stim-
uli including angiotensin II and adrenocorticotropic hormone
(27, 28). Although their pathophysiological significance has
been a subject of debate for many years (29), several gene
replacement studies from Lingrel and co-workers (30, 31) have
unequivocally demonstrated an important role of endogenous
CTS in regulation of renalNa� excretion and blood pressure. In
addition, we and others showed that CTS not only induced
hypertension in rats but also caused significant cardiovascular
remodeling independent of their effect on blood pressure (5, 20,
31, 32). Moreover, CTS may play an important role in embry-
onic development (19). However, the question remains of
whether the signaling function of �1 Na/K-ATPase is involved
in the aforementioned physiological and pathological pro-
cesses. To this end,we know that the Src pathway is activated by
high salt intake and by infusion of physiologically relevant
amount of CTS (5). Thus, �1 gene replacement using the newly
identified A420P mutant would allow us to conduct experi-
ments similar to those carried out by Lingrel and co-workers
(30, 31) to assess specifically the Src regulatory function of
Na/K-ATPase in renal salt handling, organ remodeling, and
embryonic development.
Although our new findings suggest that the helical structure

of NaKtide is important for regulating Src and the formation of
receptor Na/K-ATPase�Src complex, more studies are required
to reveal the detailed structural determinants. For example, it
remains to be determined whether mutation of either Trp-418
or Leu-419 or Arg-423 is sufficient for abolishing the inhibitory
effect ofNaKtide on Src. Itwill also be of interest to testwhether
alanine replacement of these residues could produce another
mutant �1 that retains the full pumping capacity but no Src
regulatory function. Finally, we do not know why expression of
the double mutant A420P/A425P �1 failed to produce viable
clones in the presence of ouabain. Transient transfection assays
indicate that the expressed mutant apparently had a normal

ATPase activity as other mutants. However, it is possible that
the double mutation alters ouabain sensitivity or makes the
mutant pump interact with key growth-related pathways other
than Src.
In short, this work taken together with our prior reports

reveals that the �1Na/K-ATPase is an important Src regulator.
Mutations that affect the interaction between the NaKtide
region of �1 subunit and Src appear to have a specific effect on
the �1 Na/K-ATPase-mediated Src regulation without com-
promising the normal pumping function.
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