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Abstract. Fusion of enhanced green fluorescent pro-
tein (EGFP) to the C-terminal of rat Na,K-ATPase
a1-subunit is introduced as a novel procedure for
visualizing trafficking of Na,K-pumps in living COS-
1 renal cells in response to PKA or PKC stimulation.
Stable, functional expression of the fluorescent
chimera (Na,K-EGFP) was achieved in COS-1 cells
using combined puromycin and ouabain selection
procedures. Na,K-pump activities were unchanged
after fusion with EGFP, both in basal and regulated
states. In confocal laser scanning and fluorescence
microscopes, the Na,K-EGFP chimera was distrib-
uted mainly along the plasma membrane of COS
cells. In unstimulated COS cells, Na,K-EGFP was
also present in lysosomes and in vesicles en route
from the endoplasmic reticulum to the plasma
membrane, but it was almost absent from recycling
endosomes labelled with fluorescent transferrin. After
activation of protein kinase A or C, the density of
co-localizing Na,K-EGFP and transferrin vesicles
was increased 3–4-fold, while the ouabain-sensitive
86Rb uptake was reduced by 22%. Simultaneous ac-
tivation of PKA and PKC had additive effects with a
6-fold increase of co-localization and a 38% reduction
of 86Rb uptake. Responses of similar magnitude were
seen after inhibition of protein phosphatase by oka-
daic acid. Reduction of the amount of Na,K-ATPase
in surface plasma membranes through internalization

in recycling endosomes may thus in part explain a
decrease in Na,K-pump activity following protein
kinase activation or protein phosphatase inhibition.
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Introduction

The Na,K-pump maintains Na+ and K+ gradients
that provide the driving force for secondary active
transport processes of other solutes in kidney and
intestine, for propagation of electrical signals, and for
regulation of cell volume. Regulation of the active
Na, K-transport in kidney tubules and other epithe-
lial cells bordering the extracellular phase is also
important for blood pressure control [16]. Knowledge
of the molecular basis for modulation of Na,K-
ATPase activity and for the expression and transport
of the Na,K-pump protein in cells is important for
understanding these essential processes.

The rat renal Na,K-pump consists of the a1-
subunit with 1018 residues and b1-subunit with 304
residues and three N-linked glycosylations [29]. The
a1-subunit can be phosphorylated by protein kinases,
PKA and PKC in vitro [5, 18] and in intact cells [17,
18, 19, 37]. Phosphorylation of serine or threonine in
transfected cells is important for the short-term reg-
ulation of Na,K-ATPase activity or pump rate, but
the consequences of the modification differ, depend-
ing on the assay conditions. Some authors reported
activation [14, 37], while several groups provided
evidence for inactivation [3, 6, 9, 18, 35] of Na,K-
ATPase after stimulation of PKC. Isoforms of PKC
are also of importance, since only the classical PKCs
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(a, bI, c)1 phosphorylate the a subunit of Na,K-ATP-
ase and inhibit enzyme activity [26]. Short-term re-
duction of activity after phosphorylation may involve
changes in poise of the E1-E2 equilibrium [31] and
altered affinity for Na+ [16] or it can be due to in-
ternalization of pump molecules into endosomes [9,
10, 35]. In skeletal muscle, recruitment of a2-Na,K-
ATPase from intracellular vesicles to the plasma
membrane is seen in response to insulin [24, 32] or
exercise [25]. In proximal tubule cells, both PKC- and
PKA-mediated internalization of a1-Na,K-ATPase
in clathrin-coated vesicles and endosomes has been
identified by sucrose gradient centrifugation, flota-
tion gradients, and SDS-PAGE analysis [9]. In OK
cells, immuno-fluorescence studies revealed co-local-
ization of clathrin and Na,K-pump protein following
PKC activation via dopamine treatment [35]. In A6
epithelial cells, PMA (phorbol 12-myristate 13-ace-
tate) stimulation of PKC reduced the Na,K-ATPase
activity through internalization, but this reduction in
basolateral surface area was independent of the
phosphorylation state of Na,K-ATPase [4]. Increased
Na,K-ATPase activity due to recruitment of enzyme
protein from endosomal stores to the plasma mem-
brane was observed in alveolar cells after b-adrener-
gic stimulation or PKA activation, but the effect did
not depend on the phosphorylation state of the PKA
site in Na,K-ATPase [7]. In COS-7 cells, PKA acti-
vation significantly inhibited the intrinsic Na,K-
ATPase activity without altering ouabain binding to
the cell surface [1]. The inhibition may therefore not
be due to internalization of the enzyme from the
plasma membrane.

Direct, real-time visualization of the trafficking
of Na,K-ATPase molecules between the surface
membrane and intracellular vesicles is a valuable tool
for determining whether a distinct internalization
mechanism is involved in changes of Na,K-ATPase
activity following activation of protein kinase A or C.
Coexpression of protein fused with enhanced green
fluorescent protein has been developed as a reliable
and inert probe for visualization of important cellular
processes [20, 34]. Here, a fusion protein consisting of
rat a1 subunit of Na,K-ATPase and enhanced green
fluorescent protein was stably expressed as fully
functional, fluorescent Na,K-pumps in COS-1 cells
using a combination of puromycin- and ouabain-
selection procedures [27]. This ensures homogeneous
fluorescence labeling of the Na,K-EGFP cell popu-
lation, thus avoiding the heterogeneity often observed
after transient expression of EGFP fusion proteins.
The distribution of the chimera in surface membranes
and intracellular vesicles could then be examined in
confocal laser-scanning and fluorescence micro-
scopes. To quantify internalization, red transferrin
was used as a label of the recycling endosomal pool
and the density of internalized green vesicles con-
taining Na,K-EGFP was estimated by counting a

large number of fluorescence images of COS-1 cells
following activation of protein kinase A or C or in-
hibition of protein phosphatase.

Materials and Methods

CELL CULTURE

COS-1 cells were maintained at 37�C in an atmosphere of 5% CO2

and a humidity of 100%. Cells were grown in Dulbecco’s modified

Eagle Medium supplemented with fetal bovine serum (10%), glu-

tamine (2 mM), penicillin (100 units/ml), streptomycin (100 lg/ml)

and amphotericin B (0.25 lg/ml). Cell culture reagents were pur-

chased through GIBCO Life Technologies, Denmark.

CONSTRUCTION OF PLASMID pMC-EGFP

A vector pMC-EGFP, containing enhanced green fluorescent

protein (EGFP) under transcriptional control of a CMV (cyto

megalo virus) promoter was constructed and kindly donated by

Christian Mielke, University of Würzburg, Germany. The plasmid

pMC-2P was used for the construction of bicistronic expression

vectors for mammalian cells [33]. EGFP is expressed together with

the puromycin resistance gene from a single bicistronic transcript.

The EGFP gene is inserted in front of the IRES element, an in-

ternal ribosome entry site from poliovirus [39] that mediates the

translational initiation of the selection marker representing the

second cistron. For insertion of EGFP in front of the IRES, the

open reading frame of EGFP was amplified by PCR from pEGFP-

1 (CLONTECH Laboratories, Germany). PCR primers added re-

striction sites for HindIII, NotI, MluI, Bsu36I, SpeI, and ApaI to

the 5¢ end and an EcoRI site to the 3¢ end, and the fragment was

cloned into the HindIII and EcoRI sites of pMC-2P yielding plas-

mid pMC-EGFP.

CONSTRUCTION OF PLASMID pRat-a1

Full-length rat a1 Na,K-ATPase cDNA was kindly donated by

Jerry Lingrel, University of Cincinatti, USA, and used as template

for PCR amplification of rat a1. Primers were designed to intro-

duce SalI sites up- and downstream of rat a1. The PCR fragment

was inserted as a SalI- rat a1-SalI fragment in the XhoI site of

pcDNAI/Neo (Invitrogen Corporation, UK) resulting in plasmid

pRat-a1. Correct orientation of rat a1 was verified by sequencing.

CONSTRUCTION OF PLASMID pNa,K-EGFP

The pRat-a1 plasmid was used as template for PCR amplification

of rat a1. Primers were designed to introduce a NotI site upstream

of a1 and an ApaI site downstream. The PCR fragment was in-

serted in pMC-EGFP as a NotI-rat a1-ApaI fragment yielding

plasmid pNa,K-EGFP. The nucleotide composition between rat a1
and EGFP introduced a linker region of 7 amino acid residues (gly-

gly-pro-pro-val-ala-thr) in the fusion protein. To obtain puromycin

resistance, transcription of the bicistronic messenger also encoding

Na,K-EGFP is obligatory.

TRANSFECTION OF COS-1 CELLS

Transfection of COS-1 cells with pNa,K-EGFP was performed

with FuGENETM6 reagent (Roche Biochemicals, Denmark) as

previously described [45] at a DNA/lipid ratio of 0.35 lg/ll.
Selection and expansion of positive transfectants was performed

26 B. Kristensen et al.: Trafficking of Na,K-ATPase Fused to EGFP



with 2 lg/ml puromycin for 3 weeks [46]. To select for Na,K-EGFP

functionality, cells resistant to puromycin were further treated with

10 lM ouabain for 3 weeks [27]. Ouabain-resistant colonies were re-

cloned, expanded into stable clones, and subsequently maintained

in 10 lM ouabain. Transfection with pRat-a1 was carried out in a

similar fashion, except for the omission of a puromycin selection

step.

MEMBRANE PREPARATION

COS-1 cells were trypsinated of dishes, pelleted (1.000 · g, 4�C, 5
min) and resuspended in 25 mM imidazole-HCl, 1 mM EDTA, 1

mM EGTA, 10% sucrose, pH 7,5. Membranes were subsequently

prepared as previously described [38].

SDS GELS AND WESTERN BLOTTING

Electrophoresis and western blotting were performed as previously

described [38]. The primary polyclonal antibody (rabbit) was raised

against the large intracellular loop of Na,K-ATPase a1 subunit

(pig). This antibody cross-reacts with a isoforms from multiple

species, including rat Na,K-ATPase. The secondary antibody (pig)

was a polyclonal alkaline phosphatase conjugated anti-rabbit an-

tibody (DAKO, Denmark).

86Rb-UPTAKE ASSAYS

COS-1 cells were trypsinized and resuspended to 500,000 cells/ml at

37�C; 30 min prior to the assay, 100 nM phorbol-12-myristate-13-

acetate (PMA) or 100 lM forskolin + 1 mM 3-isobutyl-1-methyl-

xanthine (IBMX) was added to activate PKC or PKA, or 100 nM

ocadaic acid (OA) to inhibit protein phosphatase PP-1 and PP-2A.

Medium contained either 10 lM ouabain to inhibit the COS-1

endogenous Na,K-pump or 2 mM ouabain to inhibit the expressed

rat a1 wild type or rat a1 Na,K-EGFP pumps. Bumetanide, 50 lM,

was added to inhibit the Na+K+2Cl� cotransporter, since active

K+-transport through this system may also be regulated by protein

kinases [23]. 86RbCl was added to the growth medium (0.5 lCi/ml)

and after 0, 10, and 20 min, aliquots of 1 ml were transferred to

Eppendorf tubes containing 200 ll of silicon oil and cells and media

were separated by an oil centrifugation technique [28]. The oil,

which had a higher density than the suspending medium but lighter

than the suspended cells, consisted of 77% w/w AR 200 oil

(SERVA, Boehringer Ingelheim Bioproducts Partnership, Germa-

ny) and 23% w/w 200 DC 20 oil (Bie & Berntsen, Denmark). Cell

pellets were resuspended in 1200 ll of water and aliquots of 1000 ll
were counted in a gamma counter. Rubidium uptake through wild-

type rat a1 Na,K-pump or Na,K-EGFP-pump were determined as

the counts from cells in medium with 10 lM ouabain minus those in

2 mM ouabain medium. Native COS-1 86Rb uptake was likewise

determined from counts in medium devoid of ouabain minus those

in medium with 10 lM, ouabain. The 86Rb+ fraction of total K+ in

the growth medium was taken into account when calculating po-

tassium uptake.

FLUORESCENCE MICROSCOPY

The day before microscopy, 50,000 cells were plated on chambered

coverglass (NUNC plasticware, Denmark) in 2 ml CO2-indepen-

dent medium (GIBCO Life Technologies, Denmark) enriched with

10% fetal bovine serum and 2 mM glutamine. The medium was

changed 2–4 hours prior to fluorescence microscopy. Microscopy

was done at 37�C with an inverted Leitz DMRBE fluorescence

microscope (Leica Microskopie und Systeme, Wetzlar, Germany).

Images were collected through a video camera (Sony 3CCD) con-

nected to a HP workstation.

LOADING OF CELLS WITH FLUORESCENT TRANSFERRIN

Cells plated on chambered coverglass were loaded with 100 lg/ml

Texas Red-labelled ferro-transferrin [21], (Molecular Probes, Ore-

gon, U.S.A.) in CO2 independent medium for 2 hours. The last 45

minutes of the loading protocol was performed with or without

stimulation of PKA (100 lM forskolin + 1 mM IBMX) or PKC

(100 nM PMA) and inhibition of protein phosphatases (100 nM

okadaic acid). Subsequently, cells were washed twice with medium

and subjected to fluorescence microscopy (excitation, 595 nm;

emission, 615 nm).

LOADING OF CELLS WITH FLUORESCENT DEXTRAN

Cells plated on chambered coverglass were grown in medium (CO2-

independent) with 200 lg/ml cascade blue dextran [36] (Molecular

Probes, Oregon, U.S.A.) for 24 hours, washed twice with medium,

maintained in fresh medium for 2 hours, washed in medium, and

subjected to fluorescence microscopy (excitation, 400 nm; emission,

420 nm).

CONFOCAL LASER SCANNING MICROSCOPY (CLSM)

Cells were plated according to the fluorescence microscopy proce-

dure described above. CLSM was performed with a Leica TCS

confocal laser-scanning microscope using an OS-9 computer for

image collection. The numerical aperture of the objective lens (PL

APO 100 from Leica) was 1.4 and structures in sections with a

thickness of 0.6 lm were discernible. After defining top and bottom

of cells, excitation was performed at 450–490 nm with a suppres-

sion filter of 520 nm. Images of 12 sections were collected. Each

section was scanned 8 times and electronically averaged to reduce

background noise. Vertical step size was approximately 1.2 lm.

Results

EXPRESSION OF Na,K-EGFP IN COS-1 CELLS

The average abundance of rat a1-subunit fused in the
chimera, Na,K-EGFP, in five membrane prepara-
tions was 90 ± 13% of that of the native a1-subunit
in COS-1 cells, as estimated by densitometry of
western blots of membrane preparations (Fig. 1).

Fig. 1. Western blot of membrane proteins. 5 lg of total mem-

brane protein was separated on 8% SDS gels. The epitope for the

primary antibody was located in the large intracellular loop of Na,

K-ATPase. An alkaline phosphatase-conjugated secondary anti-

body was used. Membranes were scanned using a phosphoimager.
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Although COS-1 cells expressing ouabain-resistant
Na,K-EGFP had been maintained in 10 lM ouabain
for 25 generations, the abundance of intrinsic, oua-
bain-sensitive COS-1 Na,K-ATPase remained at
98 ± 5% of that in untransfected COS-1 cells (Fig. 1).

CATION TRANSPORT PROPERTIES OF Na,K-EGFP
IN COS-1 CELLS

The rate of the ouabain-sensitive component of 86Rb
uptake in COS-1 cells expressing Na,K-EGFP was

86% of the rate in cells expressing wild-type rat a1
and 96% of the rate in native COS-1 cells (Table 1).
These rates correspond well to the relative amounts
of a-subunit, as estimated above from western blots
(Fig. 1). The fusion with EGFP did therefore not
suppress the turnover rate of the Na,K-pump in the
conditions of the transport assay.

Activation of PKA or PKC suppressed the Na,
K-pump activity after expression of either the rat
a1-subunit alone or the rat a1-subunit in a chimera
with EGFP. Data in Table 1 show that the average

Table 1. Effects of forskolin, PMA and ocadaic acid on 86Rb uptake

86Rb uptake (nmol K+/106 cells per min)

Native COS-1 rat a1 wild type Na,K-EGFP

Control 4.9 ± 0.4 5.5 ± 0.3 4.7 ± 0.5

F + I 3.8 ± 0.5a 4.0 ± 0.4c 3.7 ± 0.1b

PMA 5.1 ± 0.3 4.3 ± 0.1b 3.6 ± 0.3b

F + I & PMA 4.0 ± 0.3a,e 3.2 ± 0.3c,d,f 2.9 ± 0.1c,d,e

OA 4.1 ± 0.2a,e 4.4 ± 0.3a 3.6 ± 0.3b

Data are estimated by linear regression analysis of 86Rb uptake after incubation of the cells at 37�C for 0, 10 and 20 min. Results are average

values of three experiments ± SD. F + I: 100 lM forskolin and 1 mM IBMX, PMA: 100 nM PMA, OA: 100 nM ocadaic acid. Assays were

performed as described in Materials and Methods. aindicates P<0.05, bindicates P<0.01, and cindicates P<0.001 compared to control

values, dindicates P<0.05 compared to PKA activation, eindicates P<0.05 and findicates P<0.01 compared to PKC activation. ANOVA

was performed on the data and the Student-Newman-Keuls multiple comparisons test was used to estimate the significance of differences

between mean values.

Fig. 2. Low-magnification fluorescence images of

COS-1 cell cultures. (A, C and E) Fluorescence

pictures (excitation, 488 nm; emission, 519 nm).(B,

D and F) Normaski pictures. (A, B) COS-1 cells

expressing Na,K-EGFP. (C, D) COS-1 cells ex-

pressing EGFP alone. (E, F) Wild-type COS-1

cells. Na,K-EGFP was distinctly localized along

the periphery of cells (A), while EGFP alone was

diffusely distributed in cells (C). Untreated COS

cells showed no fluorescence (E). Scale bar = 20

lm.
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reduction of 86Rb+ uptake after activation of PKA
was 27% in COS-1 cells expressing the rat a1-
subunit and 21% in COS-1 cells expressing Na,
K-EGFP. The corresponding figures for PKC were
22% and 23%, respectively. Simultaneous activation
of PKA and PKC had almost additive effects with
reductions of 42% and 38% of the rates of 86Rb+

uptake in COS-1 cells expressing rat a1-subunit and
Na,K-EGFP, respectively. In the presence of 100 nM
ocadaic acid, the inhibitor of protein phosphatases 1
and 2A, the uptake of 86Rb was reduced to levels
similar to those observed after activation of PKA or
PKC, Table 1. Fusion of EGFP to the C-terminus of
rat a1-subunit Na,K-ATPase therefore neither al-
tered the basal Na, K-transport activity nor the
regulatory effects of PKA or PKC on the rat a1
Na,K-pump in COS-1 cells. In contrast to the rat
a1-Na,K-pump, the native COS-1 Na,K-pump was
not inhibited by PKC activation, while PKA or
ocadaic acid reduced 86Rb uptake by 22% or 16%,
respectively.

For the experiments in Table 1, cells were incu-
bated in medium containing 50 lM bumetanide. In
the absence of bumetanide, the PKC-mediated re-
duction in rate of ouabain-sensitive 86Rb+ uptake in
COS cells expressing Na,K-EGFP was larger
(35 ± 4%) than in the presence of bumetanide (23%)
(data not shown). It is known that PKC may activate
the Na,K,2Cl cotransporter activity [23] and this
should be taken into account when comparing the
data in Table 1 with previous results [8]. In unstim-
ulated wild-type COS-1 cells the relative contribu-
tions to 86Rb+ uptake were 60% from the Na,K-
pump, 25% from the Na,K,2Cl cotransporter, and
15% from other pathways (data not shown).

VISUALIZATION OF Na,K-EGFP IN COS-1 CELLS

The fluorescence of the chimera, Na,K-EGFP
(Fig. 2A), was distinctly localized along the periphery
of cells. In contrast, fluorescence was diffusely dis-
tributed throughout the cytoplasm of COS-1 cells
expressing EGFP alone, without Na,K-ATPase a1
subunit (Fig. 2C). Untransfected wild-type COS-1
cells did not exhibit fluorescence (Fig. 2E).

Intracellular details are discernible in the images
of COS-1 cells expressing Na,K-EGFP in Fig. 3. In
addition to the distinct lining along the cell periphery
corresponding to the plasma membrane, an intense

Fig. 3. Typical COS-1 cells expressing Na,K-EGFP. (A, B) Fluo-

rescence pictures of Na,K-EGFP (excitation, 488 nm; emission, 519

nm). (C, D) Normaski pictures. Na,K-EGFP was present at the cell

periphery, in a juxtanuclear compartment and in distinct spots in

the cytoplasm. Scale bar = 5 lm.

Fig. 4. Polarization of COS-1 cells. (A, B) Fluorescence pictures of

Na,K-EGFP in aggregated COS cells with parts of the plasma

membrane in close proximity. (C, D) Normaski pictures. Levels of

fluorescence were much higher at the junctional area than any-

where else along the cell periphery. Scale bar = 10 lm.
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fluorescence of Na,K-EGFP was also visible near the
nuclei, presumably corresponding to the endoplasmic
reticulum (ER) and Golgi complex. Fluorescent spots
in the cytoplasm of cells correspond to vesicles con-
taining Na,K-EGFP. Another interesting aspect is
the distribution of Na,K-pumps in areas of the cells
in close proximity to their neighbors. The images
of untreated COS-1 cells in Fig. 4 show that Na,K-
EGFP was present at much higher local concentra-
tions at the junction area between cells, as compared
to the plasma membrane directly facing the extra-
cellular growth medium. COS cells in culture may
therefore retain the ability to accumulate Na,
K-ATPase in plasma membrane areas engaging in
cell-cell contact. This resembles the distribution of
Na,K-ATPase along basolateral infoldings in kidney
tubular cells [40].

Confocal laser scanning microscopy was per-
formed to further characterize the distribution of
Na,K-EGFP in COS-1 cells. Fig. 5 shows that fluo-
rescence of Na,K-EGFP is seen as a continuous lin-
ing along the plasma membrane, including the
membrane at the plane of attachment with the cover

glass (Fig. 5L). The intensity of fluorescence at the
plane of attachment resembles that in areas of cell-
cell contact described above (Fig. 4). Certain areas of
the plasma membrane had higher local concentra-
tions of Na,K-EGFP than their surroundings (ar-
rows, Fig. 5H). Apart from the plasma membrane,
Na,K-EGFP was again visible at a juxtanuclear in-
tracellular store, probably the ER/Golgi complex
(clearly visible in Fig. 5E–J).

DISTRIBUTION OF Na,K-EGFP ON CYTOPLASMIC

VESICLE COMPARTMENTS

Markers were introduced to localize Na,K-EGFP a1-
subunit to defined vesicle compartments in the cyto-
plasm of COS-1 cells: fluorescent dextran (cascade
blue, MW 10,000) as a lysosomal marker [36] and
fluorescent transferrin (Texas Red) as a marker of
recycling endosomes [21]. For labelling of lysosomes,
cells were incubated with fluorescent dextran over-
night. Subsequent growth of cells in dextran-free
media for 2 hours emptied the endosomal compart-
ment of dextran to leave the labelling exclusively in

Fig. 5. Confocal laser scanning microscopy of a COS-1 cell3 expressing Na,K-EGFP. Images were taken in 1.2-lm vertical steps from (A)

top of cell to (L) plane of attachment. Na,K-EGFP was present everywhere along the periphery of cells as well as in a distinct intracellular

pool. Arrows (in H) indicate regions with particularly high fluorescence. Scale bar = 20 lm.
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the lysosomal compartment. After counting a num-
ber of images (n = 11; method described in legend to
Table 2), the average density of vesicles containing
Cascade Blue dextran was estimated to be 1.7 ± 0.2
per 100 lm2 of cell section area. The density of Na,K-
EGFP vesicles was 1.2 ± 0.2 and that of overlying
blue and green vesicles (see Fig. 6)2 was 0.6 ± 0.1 per
100 lm2. Hence, in nonstimulated COS cells, about
50% of cytoplasmic Na,K-EGFP vesicles were lyso-
somal in nature. A similar estimation of the density of
endosomes in Texas-Red transferrin-loaded COS
cells showed that 9% of Na,K-EGFP vesicles in
control cells were recycling endosomes (Table 2). The
remaining pool of Na,K-EGFP vesicles (41%) could
be involved in the transport of newly synthesized Na,
K-ATPase from the Golgi apparatus to the plasma
membrane. One example is shown in Fig. 7, where
two distinct vesicles are traced en route to fusion with
the plasma membrane.

Fig. 6. Unstimulated COS-1 cell loaded with Cascade Blue dextran

(200 lg/ml). (A) Na,K-EGFP (excitation, 488 nm; emission,

519 nm). (B) Cascade Blue dextran (excitation, 400 nm; emission,

420 nm). (C) Overlays (Adobe Photoshop 6.0) of A and B.

Several vesicles contain both Na,K-EGFP and Cascade Blue

dextran, indicating the presence of Na,K-pump in lysosomes.

The arrow in Fig. 6C points to such a vesicle. Scale bar =

10 lm.

Table 2. Effects of forskolin, PMA and ocadaic acid on the density of vesicles containing Texas Red transferrin, Na,K-EGFP or both

Density (vesicles per 100 lm2 section)

Transferrin Na,K-EGFP Colocalization

Control 2.7 ± 0.4 1.0 ± 0.2 0.09 ± 0.03

F + I 2.5 ± 0.3 1.7 ± 0.2 0.6 ± 0.2b

PMA 2.3 ± 0.2 1.2 ± 0.2 0.4 ± 0.1a

F + I & PMA 2.3 ± 0.2 2.2 ± 0.2b,f 1.1 ± 0.1c,d,g

OA 1.9 ± 0.3 1.6 ± 0.1 0.8 ± 0.1c,f

OA, F + I & PMA 2.3 ± 0.2 2.1 ± 0.3b,e 1.0 ± 0.2c,d,g

For quantification, square grids (5 · 5 lm) were superimposed on fluorescence images of Texas Red transferrin-loaded COS-1 cells

expressing Na,K-EGFP. The number of green (Na,K-EGFP) or red (Texas Red-labeled transferrin) vesicles were counted and the density

was estimated. Colocalization denotes vesicles containing both Na,K-EGFP and transferrin. F + I: 100 lM forskolin and 1 mM IBMX;

PMA: 100 nM PMA; OA: 100 nM ocadaic acid. All results are average values ± SEM (n>12). aindicates P<0.05, bP<0.01, and cP<0.001 as

compared to control values, dindicates P<0.01 as compared to F + I values. eindicates P<0.05, fP<0.01, and gP<0.001 as compared to

PMA values. ANOVA was performed on the data and the Student-Newman-Keuls multiple comparisons test was used to estimate the

significance of differences between mean values.

Fig. 7. A temporal study of a COS-1 cell expressing Na,K-EGFP.

(A) Fluorescence picture of Na,K-EGFP. (B–G) Magnification

of the area defined by white tracing in (A). Pictures were taken at

30-sec intervals at 37�C. Two vesicles (indicated by different styles

of arrows) are seen fusing with the plasma membrane. Scale

bar = 2 lm.
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THE INFLUENCE of PROTEIN PHOSPHORYLATION ON

THE TRAFFICKING OF Na,K-EGFP-LABELLED

VESICLES

After loading with Texas Red transferrin, COS cells
expressing Na,K-EGFP were treated with forskolin
and IBMX to activate PKA, with PMA to activate
PKC, or with ocadaic acid to inhibit protein phos-
phatases. Fluorescence images of Na,K-EGFP vesi-
cles, Texas Red transferrin-labelled vesicles, and
overlays of the two sets of images are shown in Fig. 8
and the estimated vesicle densities are given in Table
2. In control cells, colocalization of vesicles labelled
with Na,K-EGFP and red transferrin was limited to
9% of Na,K-EGFP-labelled vesicles in the cytoplasm.
After stimulation of PKA (Fig. 8B, G, L) or PKC
(Fig. 8C, H, M), the density of overlying vesicles
containing both Na,K-EGFP and red transferrin in-
creased significantly, about 4-fold to 35% or 33% of
the total density of Na,K-EGFP vesicles, respectively
(Table 2). Simultaneous activation of PKA and PKC
(Fig. 8D, I, N) increased the fraction of overlying

vesicles about 6-fold, to 50% of the total density of
Na,K-EGFP vesicles (Table 2). Similarly, after oca-
daic-acid inhibition of protein phosphatases (Fig. 8E,
J, O), the fraction of colocalized vesicles was in-
creased to 48% of the total density of Na,K-EGFP
vesicles (Table 2).

The total density of Na,K-EGFP-containing
vesicles was also increased up to 2-fold, but this effect
was statistically significant only for simultaneous
PKA and PKC activation with or without concomi-
tant inhibition of protein phosphatases (Table 2). In
these experiments, the density of Na,K-EGFP vesi-
cles was increased to 2.1–2.2 vesicles per 100 lm2 as
compared with 1.0 Na,K-EGFP vesicles per 100 lm2

in control cells. In parallel, the fraction of Na,
K-EGFP vesicles overlying vesicles labelled with red
transferrin was increased from 0.09 to 1.0–1.1 (Table
2), suggesting that most of the increment in density is
due to transfer of Na,K-EGFP to the compartment
of recycling endosomes.

The average radius of vesicles containing both
Na,K-EGFP and red transferrin was 0.4 lm, corre-

Fig. 8. COS-1 cells loaded with Texas Red transferrin (100 lg/ml).

(A–E) Na,K-EGFP (excitation, 488 nm; emission 519 nm). (F–J)

Texas Red transferrin (excitation, 595 nm; emission, 615 nm).

(K–O): Overlays (Adobe Photoshop 6.0) of A and F, B and G, C

and H, D and I, and E and J, respectively. In untreated cells (A, F,

K), there was no colocalization of Na,K-EGFP and Texas Red

transferrin (K). After activation of PKA (B, G, L) or PKC (C, H,

M), colocalization was observed (L, M). Simultaneous PKA and

PKC activation (D, I, N) led to a high degree of colocalization (N).

Inhibition of PP-1 and PP-2A (E, J, O) also led to colocalization

(O). Arrows in Fig. 8 L–O indicate vesicles containing both Na,K-

EGFP and Texas Red transferrin. PKA was activated with 100 lM

forskolin and 1 mM IBMX, PKC was activated with 100 nM PMA,

and PP-1 and PP-2A were inhibited with 100 nM okadaic acid.

Scale bar = 10 lm.
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sponding to vesicle areas of 2.0 lm2 (4pr2). In spite of
the large increment in the density of endosomal Na,
K-EGFP vesicles following PKA and PKC activation
(Table 2), the total membrane area of internalized
vesicles forms only about 2% of the surface mem-
brane area. This level of internalization can only ex-
plain the 21–42% inhibition of 86Rb-uptake after
activation of PKA and PKC (Table 1) if the density
of Na,K-pumps is much higher in endosomal vesicle
membranes than in the surface membrane. Elec-
tronmicroscopic observations, indeed, show that re-
ceptor densities can be increased 5–15-fold by
internalization [42]. In basolateral membranes of
kidney cells, the density of Na,K-ATPase is often
high, up to 5000 per lm2, and approaching a maxi-
mum value. Large increments of Na,K-pump densi-
ties in the membranes of endosomal vesicles,
therefore, appear less probable than for the more
disperse receptor units. In addition to internalization,
activation of PKA and PKC may therefore evoke
other mechanisms [16, 31] for reducing the activity of
Na,K-pumps in the cell surface membrane.

Discussion

Functional expression of rat a1 Na,K-EGFP can be
achieved in COS-1 cells using a combination of pu-
romycin- [46] and ouabain-selection procedures [27].
This approach allows direct visualization of the re-
distribution of Na,K-pumps in response to external
stimuli and thus represents a new approach at studies
of the distribution of Na,K-ATPase in living mam-
malian cell lines. The quantitative assays of chimeric
protein expression and active K+ uptake in the
COS-1 cells show that both the basal and the PKA-
or PKC-stimulated Na,K-pump activity was unaf-
fected by the fusion with EGFP.

In basal conditions, the fluorescence of Na,K-
EGFP shows the expected distribution along the
surface membrane of the COS-1 cells and in cyto-
plasmic organelles (Fig. 3). Accumulation is also seen
in plasma membrane areas engaging in cell-cell con-
tact (Fig. 4) as well as in the plane of attachment (Fig.
5), suggesting that Na,K-ATPase in COS cell cultures
have preserved the cytoskeletal associations that are
responsible for the subcellular distribution of Na,K-
ATPase along the basolateral membranes of epithe-
lial cells of kidney nephrons [40].

The COS-1 cells expressing Na,K-EGFP can be
maintained in 10 lM ouabain indefinitely (more than
25 generations), and the ouabain-resistant chimera
maintains active Na+ and K+ transport to cover the
demands in the COS-1 cells, without the evidence for
toxicity seen in other systems [30]. Na,K-EGFP is
therefore a reliable marker of the cellular distribution
and specific localization of functional Na,K-pumps in
living COS-1 cells.

After 25 generations in medium supplemented
with 10 lM ouabain, the amount of endogenous a1
subunit in Na,K-EGFP-expressing COS-1 cells was
still equal to the amount in wild-type COS-1 cells
(Fig. 1). In Na,K-EGFP-expressing COS-1 cells, the
rat a1-EGFP fusion protein was also expressed at this
level, implying that the transfected cells effectively
expressed two-fold as much a-subunit as wild-type
cells. Since the stability and translocation to the
plasma membrane of the a-subunit depends on in-
teraction with the b-subunit [2], the regulation of the
synthesis of the b-subunit in COS-1 cells appears to
be independent of the a-subunit regulation.

In control cells, most vesicles containing Na,K-
EGFP were either lysosomes, as envisioned with
cascade-blue dextran (Fig. 6), or storage- and trans-
port vesicles on their way to the plasma membrane
(Fig. 7). Colocalization of Na,K-EGFP and Texas
Red transferrin was very modest in control cells (Fig.
8K and Table 2), suggesting that under basal condi-
tions, limited amounts of Na,K-ATPase are present
in an endosomal fraction recruitable to the plasma
membrane in COS cells.

Following PKA or PKC stimulation, the fraction
of vesicles containing both Na,K-EGFP and labelled
transferrin was increased (Fig. 8L andM and Table 2)
and it was further increased by simultaneous PKA
and PKC activation (Fig. 8N and Table 2). PKA and
PKC stimulation thus evoke individual mechanisms
in COS-1 cells for internalization of Na,K-EGFP in
early endosomes. This is accompanied by a 21–42%
reduction of active K+(Rb+)-ion uptake (Table 1).
Inhibition of protein phosphatases PP-1 and PP-2A
with ocadaic acid mimicked the effect of simultaneous
forskolin and PMA treatment on colocalization of
Na,K-EGFP and transferrin (Fig. 8O and Table 2).
This supports a regulatory model dependent on ki-
nase- and phosphatase-mediated changes in phos-
phorylation states as opposed to unspecific actions of
forskolin or PMA. Combining double kinase activa-
tion with phosphatase inhibition did not further
increase the level of Na,K-EGFP/transferrin
colocalization compared to phosphatase inhibition
alone (Table 2), suggesting that Na,K-ATPase a1
subunit is continuously being phosphorylated and
dephosphorylated by kinases and phosphatases, re-
spectively. Under basal conditions, activity of protein
phosphatases outweighs that of kinases, but during
activated states (in this report, forskolin or PMA
treatment) the kinase activity plays a more dominant
role compared to phosphatases.

The colocalization of Na,K-EGFP pumps and
fluorescent transferrin in recycling endosomes is
compatible with the demonstration of internalization
of Na,K-ATPase following protein kinase stimula-
tion in previous studies employing different methods.
Internalization was demonstrated by colocalization
of antibodies to clathrin and Na,K-ATPase [35],
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vesicle fractionation by ultra-centrifugation [9, 10] or
ouabain binding and membrane capacitance mea-
surements [4]. In one study on COS-7 cells, ouabain
binding to native Na,K-pumps at the cell surface was
unaltered after PKA stimulated inhibition of K+

(Rb+) uptake [1]. This could be due to the different
assays of internalization or to different mechanisms
of regulation of the native Na,K-ATPase in COS-7
cells as compared to the transfected rat Na,K-
ATPase in COS-1 cells. Alternative mechanisms for
changing Na, K-pump activity are also available, as it
has been shown that protein kinase stimulation can
change the conformational equilibrium [31] to alter
the Vmax and the apparent affinity for Na+ [16, 37].

Previous studies based on the expression of rat a1
Na,K-ATPase in COS cells also reported a decrease
in Na,K-pump activity following PKA or PKC
stimulation [8, 18], in agreement with membrane
fractionation studies on PCT and OK cells [9, 10, 35].
In response to PKC stimulation by dopamine, about
40% of the Na,K-pumps from the plasma membranes
were relocated to endosomal fractions in parallel to a
decrease in pump activity [10, 35]. In our findings, the
ouabain-sensitive uptake of 86Rb in COS cells ex-
pressing Na,K-EGFP was also reduced by PKA and
PKC (Table 1) to the same extent as 86Rb uptake in
COS cells expressing wild-type rat Na,K-ATPase a1
subunit (Table 1). In apparent contrast to this, a
decrease in intracellular Na+ has been reported fol-
lowing PKC activation with PMA in OK cells [37]. It
appears that PKC activation by PMA leads to con-
comitant phosphorylation of Ser11 (the consensus
PKC site in a1 from most species) and Ser18 (a PKC
site unique to the rodent a1 isoform) of rat a1 in OK
cells and that this may elicit recruitment of Na,K-
ATPase to the plasma membrane [14]. On the other
hand, stimulation by dopamine leads to phosphory-
lation only of Ser18 and this may cause endocytosis
of Na,K-ATPase [9, 10, 35]. Although both OK and
COS cells are mammalian kidney cell lines, it is
possible that fundamental differences between the cell
types can account for the different effects of PMA
and dopamine on Na,K-pump activity and distri-
bution.

Based on alignment of the Na,K-ATPase se-
quence with the known structure of the E1-form of
Ca-ATPase, 1EUL [44], it was recently proposed that
the PKA site (Ser938) is sterically inaccessible to the
kinase [43]. In our hands, PKA activation led to in-
ternalization of Na,K-EGFP (Fig. 8L and Table 2) as
well as inhibition of rubidium uptake (Table 1). To
further address the problem, a Ser938fiAla mutation
of rat a1 was constructed and expressed in COS-1
cells. This abolished the inhibitory effect of PKA
activation on rubidium uptake (control: 5.3 ± 0.7
nmol K+/106 cells per min; PKA activation: 5.3 ± 0.6
nmol K+/106 cells per min, n = 3, using methods
described in the legend to Table 1 — data not shown).

It is therefore probable that the observed effects of
PKA on Na,K-ATPase in the present study are
caused by phosphorylation of the al subunit. Exam-
ination of the three-dimensional structure of an E2-
form of Ca-ATPase (1FQU in the Protein Data
Bank) also show altered steric relationships around
the cytoplasmic loop between transmembrane seg-
ments 8 and 9, suggesting that serine-938 of Na,K-
ATPase could be more accessible in the E2-form than
in the E1-form. Another possibility is that phos-
phorylation at this conserved site close to the mem-
brane depends on tethering of PKA to the membrane
phase by targeting proteins [15].

In rat skeletal muscle, translocation of a2-Na,K-
ATPase from an intracellular compartment to the
plasma membrane in response to insulin [24, 32] or
exercise [25] has been shown by membrane fraction-
ing studies [24, 25] and immunoelectron microscopy
[32]. The stimulatory effect of insulin on Na,K-
ATPase a2 is dependent on phosphatidylinositol 3-
kinase (PI 3 kinase) together with downstream pro-
tein phosphatase activation [12].

Interestingly, dopamine-mediated inhibition of
the renal a1 isoform of Na,K-ATPase also depends
on PI 3 kinase, but in conjunction with increased
activity of serine kinases and internalization of Na,
K-ATPase from the plasma membrane [9]. Protein
kinase-mediated phosphorylation thus seems to cause
endocytosis of Na,K-pumps from the plasma mem-
brane, while protein phosphatase-mediated dephos-
phorylation causes exocytosis. Depending on tissue
type and Na,K-ATPase subtype, the basal level of
phosphorylation differs. In kidney cells, the a1 sub-
type is probably modestly phosphorylated, but acti-
vation of kinases increases the phosphorylation level
and internalizes pump molecules. In muscle cells, an
intracellular pool of presumably phosphorylated a2
Na,K-ATPase is present and can be recruited to the
plasma membrane in response to protein phosphatase
activation [12] following insulin treatment [12, 24, 32]
or exercise [25].

It is important to consider the possibility that
fusion of EGFP to the C-terminal of the a-subunit of
Na,K-ATPase can alter the behavior of the pump
protein with respect to cellular trafficking. In the
present study, N-terminal fusion was avoided to
preserve the access of PKC to the phosphorylation
sites at Ser11 and Ser18 of the N-terminus. A recent
paper, however, has shown that fusion of GFP with
the N-terminal of rat a1 Na,K-ATPase does not in-
terfere with dopamine-mediated endocytosis or inhi-
bition of this subunit in OK cells [13]. The C-terminal
fusion was not expected to interfere with PKA
phosphorylation of Ser938 in the cytoplasmic loop
between transmembrane segments 8 and 9 since this
position is 80 residues upstream from the C-terminus.
In other membrane proteins, the position of a fusion
with GFP has had significant effects on intracellular
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trafficking. Comparison of C-terminal and N-termi-
nal fusion of GFP with AQP2 showed that only the
N-terminal fusion recycled normally in response to
vasopressin or forskolin, suggesting that the C-ter-
minal fusion may interfere with a targeting motif that
directs the water channel to a regulated pathway of
exo- or endocytosis in response to cAMP [22]. Both
C- and N-terminal fusion of GFP with GLUT4 ex-
hibited insulin-dependent translocation to the plasma
membrane, but unlike the native GLUT4 protein,
these fusion proteins were not re-internalized fol-
lowing insulin removal [41]. The sorting signal in-
volved in dopamine-mediated endocytosis of Na,K-
ATPase in OK cells is tyrosine 537 of the a1 subunit
[13]. In gastric H,K-ATPase, a tyrosine-based signal
is also important for endocytosis from the luminal
membrane of the parietal cells, but this residue is
located in the b-subunit [11].
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13. Doné, S.C., Leibiger, I.B., Efendiev, R., Katz, A.I., Leibiger,

B., Berggren, P.O., Pedemonte, C.H., Bertorello, A.M. 2002.

Tyrosine 537 within the Na,K-ATPase alpha-subunit is es-

sential for AP-2 binding and clathrin-dependent endocytosis.

J. Biol. Chem. 277:17108–17111

14. Efendiev, R., Bertorello, A.M., Pressley, T.A., Rousselot, M.,

Feraille, E., Pedemonte, C.H. 2000. Simultaneous phosphor-

ylation of Ser11 and Ser18 in the alpha-subunit promotes the

recruitment of Na,K-ATPase molecules to the plasma mem-

brane. Biochemistry 39:9884–9892

15. Feliciello, A., Gottesman, M.E., Avvedimento, E.V. 2001. The

biological functions of A-kinase anchor proteins. J. Mol. Biol.

27:99–114

16. Feraille, E., Doucet, A. 2001. Sodium-potassium-adenosine-

triphosphatase-dependent sodium transport in the kidney:

hormonal control. Physiol. Rev. 81:345–418

17. Feschenko, M.S., 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

18. Fisone, G., Cheng, S.X., Nairn, A.C., Czernik, A.J., Hem-

mings Jr., H.C., Hoog, J.O., Bertorello, A.M., Kaiser, R.,

Bergman, T., Jornvall, H. 1994. Identification of the phos-

phorylation site for cAMP-dependent protein kinase on Na,

K-ATPase and effects of site-directed mutagenesis. J. Biol.

Chem. 269:9368–9373

19. Fisone, G., Snyder, G.L, Fryckstedt, J., Caplan, M.J., Aperia,

A., Greengard, P. 1995. Na,K-ATPase in the choroid plexus.

Regulation by serotonin/protein kinase C pathway. J. Biol.

Chem. 270:2427–2430

20. Gerdes, H.H., Kaether, C. 1996. Green fluorescent protein:

applications in cell biology. FEBS Lett. 389:44–47

21. Ghosh, R.N., Gelman, D.L., Maxfield, F.R. 1994. Quantifi-

cation of low density lipoprotein and transferrin endocytic

sorting in Hep2 cells using confocal microscopy. J. Cell Sci.

107:2177–2189

22. Gustafson, C.E., Levine, S., Katsura, T., McLaughlin, M.,

Aleixo, M.D., Tamarappoo, B.K., Verkman, A.S., Brown, D.

1998. Vasopressin regulated trafficking of a green fluorescent

protein-aquaporin 2 chimera in LLC-PK1 cells. Histochem.

Cell Biol. 110:377–386

B. Kristensen et al.: Trafficking of Na,K-ATPase Fused to EGFP 35



23. Haas, M., Forbush 3rd, B. 2000. The Na-K-Cl cotransporter of

secretory epithelia. Annu. Rev. Physiol. 62:515–534

24. Hundal, H.S., Marette, A., Mitsumoto, Y., Ramlal, T., Blos-

tein, R., Klip, A. 1992. Insulin induces translocation of the

alpha 2 and beta 1 subunits of the Na,K-ATPase from intra-

cellular compartments to the plasma membrane in mammalian

skeletal muscle. J. Biol. Chem. 267:5040–5043

25. Juel, C., Nielsen, J.J., Bangsbo, J. 2000. Exercise-induced

translocation of Na,K pump subunits to the plasma mem-

brane in human skeletal muscle. Am. J. Physiol. 278:R1107–

R1110

26. Kazanietz, M.G., Caloca, M.J., Aizman, O., Nowicki, S. 2001.

Phosphorylation of the catalytic subunit of rat renal Na,K-

ATPase by classical PKC isoforms. Arch. Biochem. Biophys.

388:74–80

27. Kent, R.B., Emanuel, J.R., Ben Neriah, Y., Levenson, R.,

Housman, D.E. 1987. Ouabain resistance conferred by ex-

pression of the cDNA for a murine Na,K-ATPase alpha

subunit. Science 237:901–903

28. Lew, V.L., Brown, A.M. 1979. Detection and Measurement of

Free Ca2+ in Cells. pp. 423–432 Elsevier: Amsterdam, North-

Holland

29. Lingrel, J.B., Orlowski, J., Shull, M.M., Price, E.M. 1990.

Molecular genetics of Na,K-ATPase. Prog. Nucleic Acid Res.

Mol. Biol. 38:37–89

30. Liu, H.S., Jan, M.S., Chou, C.K., Chen, P.H., Ke, N.J. 1999.

Is green fluorescent protein toxic to the living cells? Biochem.

Biophys. Res. Commun. 260:712–717

31. Logvinenko, N.S., Dulubova, I., Fedosova, N., Larsson, S.H.,

Nairn, A.C., Esmann, M., Greengard, P., Aperia, A. 1996.

Phosphorylation by protein kinase C of serine-23 of the alpha-

1 subunit of rat Na,K-ATPase affects its conformational

equilibrium. Proc. Natl. Acad. Sci. USA 93:9132–9137

32. Marette, A., Krischer, J., Lavoie, L., Ackerley, C., Carpentier,

J.L., Klip, A. 1993. Insulin increases the Na,K-ATPase alpha

2-subunit in the surface of rat skeletal muscle: morphological

evidence. Am. J. Physiol. 265:C1716–C1722

33. Mielke, C., Tummler, M., Schubeler, D., von Hoegen, I.,

Hauser, H. 2000. Stabilized, long-term expression of hetero-

dimeric proteins from tricistronic mRNA. Gene 254:1–8

34. Misteli, T., Spector, D.L. 1997. Applications of the green

fluorescent protein in cell biology and biotechnology. Nat.

Biotechnol. 15:961–964

35. Ogimoto, G., Yudowski, G.A., Barker, C.J., Köhler, M.,
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