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ABSTRACT: The isoform-specific region (ISR) is a region of structural heterogeneity among the four isoforms
of the catalytic R-subunit of the Na,K-ATPase and an important structural determinant for isoform-specific
functions. In the present study, we examined the role of a potential dileucine clathrin adaptor recognition
motif [DE]XXXL[LI] embedded within the R1-ISR. To this end, a rat R1 construct where leucine 499 was
replaced by a valine (as found in the R2 isoform sequence) was compared to wild-type rat R1 after stable
expression in opossum kidney cells. Total Na,K-ATPase expression, activity, or in situ 86Rbþ transport was
not affected by the L499V mutation. However, surface Na,K-ATPase expression was nearly doubled. This
increase was associated with a reduced rate of internalization from the cell surface of about 50% after a 4 h
chase and became undetectable if clathrin-coated pit-mediated trafficking was blocked with chlorpromazine.
Further, PKC-induced stimulation of Na,K-ATPase-mediated 86Rbþ uptake was doubled in mutant-
expressing cells, comparable to the chimera containing the intact R2-ISR. Similar results were observed
when the potential motif was disrupted by means of an E495S mutation. These findings suggest that a
dileucine motif embedded within the Na,K-ATPase R1-ISR plays a critical role in the surface expression of
Na,K-ATPase R1 polypeptides at steady state and in the response to PKC activation.

The Na,K-ATPase is critical for maintaining the ionic gradi-
ents across the plasma membranes of animal cells. The primary
contributor to overall catalysis, the R subunit, exists as four
distinct isoforms (1). There are observed kinetic differences
among these isoforms, but the subtlety of these distinctions
makes them an unlikely basis for physiological significance,
especially in humans (2, 3). Instead, it has been suggested that
themajor functional distinction among the isoforms involves two
issues: their regulation by intracellular effectors such as protein
kinase C (PKC)1 (4, 5) and their localization in highly differ-
entiated cells (6).

It could almost go without saying that the molecular basis
underlying the differential response to regulation and targeting
must reside within regions of structural divergence among the
isoforms. Current research has focused on the role of two major
regions of marked structural diversity: the amino-terminal
domain and a 10-residue region near the center of the molecule,
the isoform-specific region (ISR) (Figure 6A,K489-L499 on theR1
polypeptide) (7, 8). Earlier work with chimeras in which the
central ISR of the rat R1- and R2-isoforms were exchanged
suggests that this region plays a key role in the isoform-specific

PKC regulation of pump activity (9). This prompted us to
examine further the ISR sequence in R1 and R2. Alignment of
the sequences revealed that the ISR of R1 contains a potential
dileucine motif [DE]XXXL[LI] (10). Indeed, the pair of leucines
is conserved among all of the known mammalian R1 sequences,
although the presence of an equally conserved proline within the
“polar” central portion of the region deviates somewhat from the
consensus structure. Nevertheless, this motif could serve as a
target for adaptor proteins that mediate membrane transloca-
tion, such as AP-2. The dileucines are disrupted in the ISR of
R2 by substitution with a conserved valine, and we hypothesized
that this motif in R1 could encourage translocation of pump
complexes from the plasmalemma to intracellular vesicles,
presumably via clathrin-coated vesicles and clathrin adaptor
proteins (11, 12). To test this hypothesis, two ISR mutants of
the rat R1 sequence were characterized after heterologous
expression in opossum kidney (OK) cells. The results presented
here show that steady-state Na,K-ATPase cell surface expression
was altered in bothmutants, consistent with altered trafficking of
the R1 protein from the cell membrane. Further, the observed
PKC responses in these mutations were doubled relative to rat
R1, further suggesting a role of the dileucine ISR in PKC-induced
activation.

EXPERIMENTAL PROCEDURES

Expression Vectors, Site-Directed Mutagenesis, and
Heterologous Expression. cDNAs encoding wild-type (WT)
or modified ouabain-resistant rat R1 sequences were prepared as
described (9) in the eukaryotic expression vector pRc/CMV
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(Invitrogen, San Diego, CA). All mutants were created by site-
directed mutagenesis ofWT or yellow fluorescent protein- (YFP-)
tagged rat R1 constructs (QuickChange mutagenesis kit; Strata-
gene, La Jolla, CA), and the structures of the resulting mutant
cDNAs were confirmed by direct sequencing of the altered
regions. Stable heterologous expression was achieved by transfec-
tion of OK cells (CRL-1840; American Type Culture Collection)
and subsequent selection of recipients with 3 μM ouabain, as we
and others have described previously (9, 13, 14). This strategy
takes advantage of the well-known reduced ouabain sensitivity of
rodent Na,K-ATPase R1 polypeptide compared to other species.
Indeed, a concentration of 3 μM ouabain is sufficient to kill
nontransfected OK cells but not cells that express the introduced
rat R1-derived forms. Expression of the expected exogenous
sequences was confirmed by reverse transcription and polymerase
chain reaction (PCR) as described (9, 15).
Active Transport. Na,K-pump-mediated transport was as-

sessed by measuring the ouabain-sensitive uptake of the Kþ

congener, 86Rbþ, as previously described (9). Briefly, the differ-
ence in accumulation of radioisotope over 5 min at 37 �C was
determined in cells exposed to standard culture medium with
3 μM or 1 mM ouabain. The effect of PKC activation was
determined by treating confluent monolayers for 5 min with
DMSOvehicle or the phorbol ester agonist, phorbol 12-myristate
13-acetate (PMA), prior to the addition of radiolabeled Rbþ.
With the exception of one set of experiments (presented inTable 1
and explicitly labeled as such) the intracellular Naþ concentra-
tion in the OK cells was increased with the ionophore monensin
at a concentration of 20 μM.
Enzymatic Activity.The specific activity ofNa,K-ATPase in

whole cell lysates was determined from the hydrolysis of radi-
olabeled ATP as previously described (16). The difference in
inorganic phosphate release from [γ-32P]ATP (100 μCi/mmol) in
the absence and presence of 3 mM ouabain was determined after
a 30 min incubation at 37 �C in buffer containing 130 mMNaCl,
20 mM KCl, 3 mM MgCl2, 3 mM ATP Na+ salt, 25 mM
histidine, 0.20 mM EGTA, and 3 mM NaN3 (pH 7.5 at 25 �C).
Hydrolysis rates were standardized against the amount of protein.
Fluorescence Imaging. Cells were grown on glass coverslips

for 24 h followed by a 24 h period of exposure to cycloheximide
(5 nM) prior to visualization using an inverted confocal argon
and helium/neon laser scanning microscope (DM IRE2; Leica)
equipped with a 63�/1.3 oil objective.
Biotinylation and Western Blotting. Total and surface

protein abundances of the introduced R1 constructs were deter-
mined by electrophoresis and immunoblotting as described
previously (8). Rat-derived R1 was detected with anti-NASE, a
site-directed rabbit polyclonal antibody directed against the
R1-ISR. Although some preparations of this antibody cross-
react with the endogenous opossum subunit, we selected a
preparation in which this cross-reactivity was minimal. In some
experiments, immunoblotting results were confirmed by the use
of 6F, a monoclonal antibody directed against chicken R sub-
unit (7). Equal loading of the samples among the lanes of the gel
was confirmed by probing with a commercial antibody against
actin (Santa Cruz Biotechnology, Santa Cruz, CA).

The amount of introduced R1 expressed at the cell surface was
detected by biotinylation following the recommended procedures
of Gottardi et al. (17). Seventy percent confluent cells grown on
100 mm culture dishes were placed on ice, rinsed twice with
ice-cold saline, and exposed twice to 1.5 mg/mL N-hydroxysulfo-
succinimidobiotin in biotinylationbuffer (10mMtriethanolamine,

2 mM CaCl2, 150 mM NaCl, 250 mM sucrose, pH 9.0) for
25 min at 4 �C. Unreacted biotin was scavenged by a 20 min
exposure to 100 mM glycine buffer at 4 �C, followed by two
additional washes with saline. Cells were then solubilized in lysis
buffer (1% Triton X-100, 150 mMNaCl, 5 mMEDTA, 50 mM
Tris, pH 7.5) for 60 min on ice, and the resulting lysates were
cleared by centrifugation at 14,000g for 10 min at 4 �C. Lysates
were incubated overnight at 4 �C with streptavidin-agarose
beads (Pierce) with end-over-end rotation. The beads were then
washed twice with lysis buffer, twice with high-salt buffer (0.1%
Triton X-100, 500 mM NaCl, 5 mM EDTA, 50 mM Tris, pH
7.5), and twice with no-salt wash buffer (10 mM Tris, pH 7.5).
Bound proteins were eluted with sodium dodecyl sulfate-
containing sample buffer for analysis by electrophoresis and
immunoblotting as described above. To test whether any
changes in surface expression of the introduced mutants were
related to clathrin-mediated membrane recycling of the Na,K-
ATPase, we studied the effect of chlorpromazine (CPZ)
(Vetranal; Sigma), a cationic amphiphilic drug that inhibits
clathrin-mediated membrane recycling by encouraging the
removal of coated pits from the cell surface (18). Based on
previous studies (19, 20), we opted for a treatment that consisted
of a 24-h pretreatment with 5 nM cycloheximide before
exposure to 10 μM CPZ for 30 min followed by 4 h incubation
in culture media. Evaluation of endocytosis of Na,K-ATPase
was accomplished with a pulse-chase strategy. Cells were
serum-starved and treated with 5 nM cycloheximide 24 h prior
to the beginning of the experiment. First, proteins expressed at
the cell surface were biotinylated as described above, quenched
with PBS-glycine buffer, and brought back to normal culture
conditions for 0 or 4 h. The remaining surface-bound biotin was
then cleaved by treatment with tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) reducing agent (100 mM into 50 mM
Tris, pH 7.4) for 30 min at 4 �C as described previously (21).
Na,K-ATPase Structure. The high-resolution structure of

the pig Na,K-ATPase published by Morth et al. (22) was
obtained using the Cn3D software from NCBI’s Entrez retrieval
service. The localization of the ISR on the pig structure was
determined following alignment of the rat (NM012504) and pig
(PDB ID3138E)R1 isoformamino acid sequences obtained from
the NCBI database. For the studies illustrated in Figure 6C,D, a
probable structurewas generated using the SWISS-MODELbest
fit tool and refined using the built-in energy minimization tool.
Gaps and breaks introduced into the sequences were repaired
manually, and the structure was again refined using the energy
minimization tool. The resulting structural models were visua-
lized using PyMOL. Protein surfaces were also generated using
the PyMOL software.

RESULTS

Characterization of R1-L499V. Our initial experiments
focused on an R1 construct in which the first leucine of the
putative dileucine motif (495EPKHLLV501) was replaced with a
valine, as present in the sequence of R2 (492PQSHVLV498)
(Figure 6A). Transfection of the R1-L499V construct into OK
cells and selection as detailed in Experimental Procedures
produced ouabain-resistant colonies, indicating that the mutant
was capable of producing functional Na,K-ATPase. Qualita-
tively, confocal fluorescence microscopy studies of YFP-tagged
WT and the L499V mutant did not show intracellular sites of
accumulation of fluorescence, suggesting that the mutation did
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not result in a major change in the cellular processing and
maturation of the R1 polypeptide (Figure 1). Consistent with
this inference, introduction of the L499V mutation did not
appear to affect quantitatively the total level of R1 subunit
expression, as shown, from immunoblotting of cell lysates
(Figure 2A). Moreover, in situ 86Rbþ uptake (in the presence
or absence of the Naþ ionophore monensin) and ouabain-
sensitive Na,K-ATPase activity in OK cells expressing the R1-
L499V mutant were not significantly different from that in cells
expressing the wild-type rat R1 (Table 1).
Cell Surface Expression of R1-L499V. To test whether

disruption of the potential ISR dileucine motif in the mutant
could affect steady-state surface expression of the Rl polypeptide,
we conducted a series of experiments using cell surface biotinyla-
tion as detailed in Experimental Procedures. As shown in
Figure 2B, immunodetection of the introduced wild-type R1 or
the L499V mutant suggested a roughly 75% elevation in surface
abundance in themutant transfected cells (P<0.05 vsR1). These
results suggest that although the mutation had no effect on
overall Na,K-ATPase expression, it did favor the expression of
enzyme complexes at the plasmalemma. Shifts between the
surface and intracellular sites could be mediated by a clathrin-
dependent mechanism. To determine if the effect of the disrup-
tion of the R1-ISR putative dileucine on basal Na,K-ATPase
surface expression involved coated pits, we compared the effect of
chlorpromazine (CPZ) treatment on surface expression ofR1 and
R1-L499V. As shown in Figure 3A, the surface expression levels
of R1 and R1-L499V were undistinguishable 4 h post-CPZ
treatment. In addition, we verified that total expression
levels of R1 and R1-L499V were still comparable following the

treatment as shown in Figure 3B. Taken together, these results
suggest that the difference we observed in Figure 2B involved
recycling of clathrin-coated pits. To testwhether the disruption of
the dileucine motif may have decreased basal internalization of
the L499V mutant compared to wild-type R1, we compared the
time course of Na,K-ATPase removal from the cell surface using
a combination of cell surface biotinylation and TCEP protection
assay. As shown in Figure 4, the amount of Na,K-ATPases
internalized in 4 h was significantly decreased by 2.6-fold in the
mutant when compared to wild type (P < 0.05).
PKC Regulation of 86Rbþ Uptake in Cells Expressing

R1-L499V.We next determined what effects the changes in the
dileucine motif would have on the response to PKC activation.
As shown in Figure 5, a significant increase of 16 ( 1% in
ouabain-sensitive 86Rbþ uptake was observed following 5 min of
PMA treatment inR1 transfected cells (P<0.01 vs untreatedR1,
paired t-test). After exchange of the original R1-ISR for the R2
sequence, the PMA-induced activation reached 26 ( 4% (P <
0.001 vs untreated R1R2R1, paired t-test) and was significantly
higher than the increase observed for the full-length R1 (P <
0.05), in agreement with our previous report (9). In R1-L499V
transfected cells, the response to PMA treatment reached 26 (
2% (P < 0.001 vs untreated R1-L499V, paired t-test), indis-
tinguishable from the response of OK cells expressing the
R1R2R1 chimera. It therefore appears that replacing L499 by a
V is sufficient to mimic the effect of exchanging the entire ISR
sequence.
ISR and L499V Location on the Na,K-ATPase Struc-

ture. If the central ISR of the R subunit plays a role in
AP/clathrin-mediated shuttling of the Na,K-ATPase complex

FIGURE 1: Fluorescence imaging of YFP-taggedWT (A, B) and L499V (C, D) rat Na,K-ATPase R1 transfected OK cells visualized by confocal
microscopy as described in Experimental Procedures. (A, C) YFP fluorescence. (B, D) Merged picture of transmission microscopy and YFP
fluorescence.
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between the plasmalemma and intracellular compartments, it
must be accessible for interaction with other proteins. We
examined the likely position of the ISR, taking advantage of
the recent high-resolution structure obtained for the Na,
K-ATPase complex from pig kidney (22). Homology modeling
of the rat sequence against this structure suggests that the ISR of
R protrudes into the cytoplasm from the N or “nucleotide-
binding” domain, consistent with earlier models based on the
sarcoplasmic reticulum Ca2þ-ATPase (15) (Figure 6B). At least

theoretically, this places the ISR in an accessible position for
interaction with intracellular partners such as clathrin APs.

Closer inspection of the likely surface of the molecule, how-
ever, suggested amore complex situation (Figure 6C). Leu-499 of
rat R1 appears to be barely exposed to the solvent (panel A of
Figure 6D). The homologous residue of rat R2 (Val-496) is
similarly hidden. If anything, the position of Val-496 is within a
pocket that may be even less accessible than the corresponding
region ofR1 (panel B of Figure 6D). The structural model for the
L499V mutant suggests an intermediate condition. Although the
pocket in which the valine is located appearsmore like that of R1,
its accessibility may be compromised because the smaller side
chain does not penetrate as readily to the surface, leaving a deeper
hole than the wild-type subunit in the same region (panel C of
Figure 6D). Taken together, the results from these structural
analyses suggested that L499 is likely to be buried in the R1
structure (at least in the E2 3P state of the pump cycle). It follows
that the probable location of L499 does not suggest a direct role
in protein-protein interaction such as those controlling mem-
brane trafficking. Its position is not incompatible, however, with
a key role for L499 as part of the overall dileucine motif
[DE]XXXL[LI] in R1-ISR, which remains well exposed (loop
in Figure 6B). To test further the role of the potential motif, we
mutated the glutamate in position 495 (in green on Figure 6B) to
a serine, altering the charge along the surface of this region.
Cell Surface Expression and PKC Response of R1-

E495S. Transfection of the R1-E495S construct into OK cells
produced ouabain-resistant colonies, indicating that the mutant
was functional. The E495S mutation did not affect the total level
of R1-subunit, as shown by immunodetection in cell lysates
(Figure 7A). However, cell surface expression of R1-E495S was
more than twice that observed for the wild-type R1 (P < 0.05),
comparable to the increase observed for the R1-L499V mutant
(Figure 7B). Finally, as shown in Figure 7C, Na,K-ATPase-
mediated 86Rbþ uptake increased by 29 ( 3% in response to
PMA in R1-E495S transfected cells. Again, this increase was
significantly higher than the increase observed for wild-type R1
(P< 0.05) and indistinguishable from the response observed for
R1-L499V or the chimera R1R2R1.

DISCUSSION

The present study provides new supportive evidence for a
regulatory role of one of the two major regions of marked
structural diversity among the four isoforms of theNa,K-ATPase

FIGURE 2: (A) Total abundance of rat R1 and R1-L499V in trans-
fected OK cells. The upper panel depicts typical immunoblots of cell
lysates probed with antibodies specific for R1 and actin. The lower
panel depicts the pooled data relative to R1, represented as means (
SEM (n= 4). Values were compared using bilateral Student’s t-test,
and no significant difference was observed. (B) Surface expression of
rat R1 and R1-L499V in transfected OK cells. The upper panel
depicts a typical immunoblot of biotinylated membrane proteins
recovered by affinity purification with streptavidin. The lower panel
depicts the pooled data relative to R1, represented as means ( SEM
(n=3).Valueswere comparedusing bilateral Student’s t-test. *,P<
0.05 vs R1.

Table 1: Effect of R1-L499V Mutation on Rbþ Transport and Ouabain-

Sensitive ATPase Activitya

OK R1 OK R1-L499V

Rbþ transport

without monensin

7.47 ( 0.38, n = 11 7.52 ( 1.11, n = 14

Rbþ transport

with monensin

9.25 ( 1.14, n = 6 9.15 ( 0.46, n = 7

ouabain-sensitive

ATPase activity

0.42 ( 0.14, n = 5 0.52 ( 0.07, n = 5

aNa,K-ATPase-mediated transport was assayed in the absence or
presence of 20 μM monensin. Uptakes are expressed as nmol of Kþ (mg
of protein)-1 min-1 and are quoted as means ( SEM with the indicated
number of experiments. Ouabain-sensitive ATPase activities are expressed
as μmol of Pi h

-1 (mg of protein)-1 and are quoted as means ( SEM with
the indicated number of experiments. Values obtained forR1 andR1-L499V
were compared using bilateral Student’s t-test and were not found to differ
significantly from one another.
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catalytic subunit: the isoform-specific region (ISR) (Figure 6A,
K489-L499 on the R1 polypeptide). On the basis of the functional
characterization of two mutants where the potential dileucine
recognition motif [DE]XXX[LI] in R1-ISR was disrupted, we
propose that the ISR is involved in (1) trafficking of the R1
protein from the cell membrane under basal conditions and (2)
the change in ion-pumping rate in response to PKC stimulation.
Effect of theMutations at Steady State. The biotinylation

experiments revealed an increased abundance of about 80% for
both mutants in the plasma membrane, relative to the wild-type

rat R1 subunit (Figures 2B and 7B). Despite this increase, we
could not detect differences in total exogenous subunit nor Na,
K-ATPase specific activity in cell lysates. It follows that the
proportion of R1 subunit allocated to the surface must have been

FIGURE 3: Effect of chlorpromazine treatment on surface (A) and
total (B) expression of rat R1 and R1-L499V in transfected OK cells.
Cellswere treatedwith 10μMchlorpromazine for 30min, and surface
or total protein lysates were prepared after 4 h of incubation at 37 �C.
(A) The upper panel depicts a representative immunoblot of bioti-
nylated surfacemembrane proteins recovered by affinity purification
with streptavidin. The lower panel depicts the pooled data relative to
R1, represented asmeans( SEM (n=7). (B) The upper panel shows
representative immunoblots of cell lysates probed with antibodies
specific for R1 and actin. The lower panel depicts the pooled data
relative to R1, represented as means ( SEM (n = 7). Values were
compared using bilateral Student’s t-test, and no significant differ-
ence was observed.

FIGURE 4: Na,K-ATPase endocytosis of wild-type R1 and L499V in
transfected OK cells. The upper panel depicts a typical immunoblot
of biotinylated endocytosed membrane proteins after 0 and 4 h at
37 �C recovered by affinity purification with streptavidin. The lower
panel depicts the pooled data relative to wild-type R1, represented as
means ( SEM (n = 3). Values were compared using bilateral
Student’s t-test. *, P < 0.05 vs the corresponding wild-type R1.

FIGURE 5: Effect of L499V mutation on PMA-dependent activation
of R1 Na,K-ATPase-mediated Rbþ transport. Na,K-ATPase-
mediated transport was assayed in attached cells by measuring the
ouabain-sensitive uptake of theKþ congener, 86Rbþ. PKCactivation
was induced by a 5 min exposure of the cells to 10 μMPMA prior to
the addition of Rbþ and compared to paired control plates of cells
exposed for 5 min to the same amount of vehicle alone (DMSO).
Values are means ( SEM (n = 8-11) of uptake induced by PMA
exposure, expressed in percent of their paired controls (same trans-
fection group, same passage, same day). Values were compared using
one-way ANOVA followed by Tukey’s multiple comparison tests.
NS, nonsignificant. *, P < 0.05 vs wild-type R1.
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larger in cells expressing the L499V mutant, and total exogenous
expressionwas comparable for bothwild-type andmutant forms.

It is probably not surprising that a mutation that alters traffick-
ing in response to kinase activation would also influence basal

FIGURE 6: (A) Position and sequence comparison of the central isoform-specific regions (ISR) in thewild-typeR1 andR2 catalytic subunits of the
Na,K-ATPase from rat. The openbox represents the locationof the ISR.Mutated residues in the constructs used in the present study are shown in
red.The sequence numbers of the boundaryamino acids of theR1- andR2-ISRare indicated. (B)Likelypositionof the central ISR in the structure
of the R1 subunit from the high-resolution structure of pig Na,K-ATPase (22) as deduced from homology modeling against the R1 subunit from
rat. In the structure, the P-domain is depicted in green, theA-domain in blue, and theN-domain in gray. In the gray domain, the residues forming
the ISRare depicted in yellow,E495 is in green,L499 is inblue, andL500 is in red. (C) Putative locationof the dileucinemotif in the structure of the
R1,R2, andR1-L499Vvariant of the subunits fromrat. (D)Leu-499 is identified byblue in themodel forR1 (panelA).Val-496 is identifiedby blue
in the model for R2 (panel B). The substitutent Val-499 is identified by blue in the model for R1-L499V (panel C).
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distribution of the enzyme complex, and the data presented in
Figure 4 indeed suggest that the L499V mutation decreased the
rate of Na,K-ATPase removal from the cell surface. Further-
more, the difference in basal cell surface expression between R1
and the mutant was no longer observed after CPZ treatment
(Figure 3A), suggesting that the underlying mechanism involved
the clathrin-coated pit recycling pathway. Additional unantici-
pated effects of themutationmay be evident when comparing the
observed rates of transport and apparent surface abundance.
Despite the elevated surface expression seen in R1-L499V
transfected cells, their Na,K-ATPase-mediated uptake of
86Rbþ was indistinguishable from that of cells expressing en-

dogenous wild-type subunit (Table 1). Such a discrepancy
suggests that the steady-state catalytic turnover of the L499V-
containing enzyme complexes may have been lower than those
containing wild-type proteins. This could simply reflect a some-
what lower intracellular Naþ concentration (or more rigorously,
its thermodynamic activity) in the mutant-expressing cells. That
this was not the case is demonstrated by the effects on transport
elicited bymonensin. Bothwild-type- and L499V-expressing cells
increased their Na,K-ATPase-mediated transport by about 23%
in the presence of the ionophore, which presumably increased
intracellular Naþ to near saturating concentrations. The similar-
ity in response to monensin implies that the pumps in both cell

FIGURE 7: Effect of theE495Smutationon surface expression andPMA-dependent activationofR1Na,K-ATPase-mediatedRbþ transport. (A)
Total abundance of rat R1 and R1-E495S in transfected OK cells. The upper panel depicts typical immunoblots of cell lysates probed with
antibodies specific for R1 and actin. The lower panel depicts the pooled data relative to R1, represented as means ( SEM (n= 3). Values were
compared using bilateral Student’s t-test, and no significant differencewas observed. (B) Surface expression of ratR1 andR1-E495S in transfected
OK cells. The upper panel depicts a typical immunoblot of biotinylated membrane proteins recovered by affinity purification with streptavidin.
The lower panel depicts the pooled data relative to R1, represented as means ( SEM (n = 3). Values were compared using bilateral Student’s
t-test. *,P<0.05 vsR1. (C)Na,K-ATPase-mediated transport was assayed in attached cells bymeasuring the ouabain-sensitive uptake of theKþ

congener, 86Rbþ. PKCactivationwas induced bya 5min exposureof the cells to 10μMPMAprior to the additionofRbþ and compared topaired
control plates of cells exposed for 5 min to the same amount of vehicle alone (DMSO). Values are means ( SEM (n= 5) of uptake induced by
PMA exposure, expressed in percent of their paired controls (same transfection group, same passage, same day). Values were compared using
bilateral Student’s t-test. *, P < 0.05 vs the corresponding wild-type R1.
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types were operating at comparable points on the concen-
tration-activity curves for intracellular Naþ. Moreover,
the relatively modest increases in transport seen with the
addition of monensin suggest that the concentration of Naþ

inside both cell types was mildly elevated relative to non-
transfected cells. Many cells in culture will respond with an
approximate doubling of Na,K-ATPase-mediated transport
in the presence of monensin, reflecting an intracellular Naþ

concentration near the enzyme’s K1/2. Given that the trans-
fected OK cells used in this study were maintained in a low
dose of ouabain sufficient to inhibit endogenous enzyme,
an elevation in intracellular Naþ would therefore not be
unexpected.
Effect of the Mutations on PKC-Induced Stimulation of

86Rbþ Uptake. Both mutations produced an increase in pump-
mediated transport when OK cells were exposed acutely to
phorbol esters that was roughly twice that seen with the wild-
type subunit (Figures 5 and 7C). This suggests that Leu-499 and
Glu-495 of the R1-ISR contribute to the regulation of the Na,K-
ATPase-mediated ion transport by PKC attributed to this region
in earlier work (9).

Data accumulated by several laboratories indicate that PKC
regulates the cycling of pumps to and from the plasma mem-
brane. For instance, activation of PKC produces clear shifts in
the distribution of the pump that aremediated (at least in part) by
modulation of clathrin-dependent endocytosis (23-25). Further
studies are warranted to determine whether the mutations
characterized here indeed interfere with this process. In favor
of a physiological role of isoform-specific mechanisms in agonist-
mediated regulation, Teixeira et al. (26) found that treatment of
neostriatal neurons with dopamine decreases the amount ofR2 in
the membrane, without altering R1 abundance. Work by
others argues that the second leucine of the dileucine motif is
less critical.Don�e et al. (27), for example, found thatmutations in
Leu-500 in rat R1 were not sufficient to alter PMA-induced
activation. Similarly, studies with other proteins have suggested
that the second leucine is less important in adaptor protein
binding (28). Of course, the current work cannot exclude the
contributions of other regions of the R subunit to membrane
translocation nor does it identify the proteins responsible for
targeting R.

Some proteins that are sorted via dileucine-based motifs are
regulated by direct phosphorylation of a serine within the
motif (29). Indeed, the ISR of rat contains a serine (Ser-494) in
the same position as a serine within the dileucine motif of the
T cell receptor that is targeted by PKC (30). This mechanism
seems unlikely as an explanation for the Na,K-ATPase
because the serine residues of R1 targeted by PKC are located
in the amino terminus. Although this region was not resolved
in the structure proposed by Morth et al. (22), its likely
position within the high-resolution model is well away from
the ISR, minimizing the likelihood of direct interactions
between the two regions.

Taken together, these data suggest that a dileucine motif of the
type [DE]XXXL[LI] in the Na,K-ATPase R1-ISR plays a role
in surface expression of the polypeptide and in the enzyme
response to PKC stimulation. Additional mutations and further
structural modeling may shed some light on the precise under-
lying mechanism, and one can also expect that increased efforts
will be directed toward direct identification of the various
adaptor proteins responsible for the sorting of this important
enzyme complex.
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