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Na+-K+-ATPase (NKA) establishes the transmembrane [Na+] gradi-
ent in cells. In heart, phospholemman (PLM) inhibits NKA activity
by reducing its apparent Na+ affinity, an effect that is relieved by
PLM phosphorylation. The NKA crystal structure suggests regions
of PLM–NKA interaction, but the sites important for functional
effects in live cells are not known. We tested wild type (WT) and
CFP–NKA-α1 point mutants (alanine substitution at F956, E960,
L964, and F967) for fluorescence resonance energy transfer (FRET)
with WT–PLM–YFP in HEK293 cells. NKA–PLM FRET was unaltered
with F956A or F967A, reduced with L964A, and nearly abolished
with E960A. Mutating the PLM site (F28A) identified by structural
analysis to interact with E960-NKA also nearly abolished NKA–PLM
FRET. In contrast, NKA–PLM coimmunoprecipitation was only
slightly reduced by E960A–NKA or F28A–PLM mutants, consistent
with an additional interaction site. FRET titrations indicate that the
additional site has higher affinity than that between E960–NKA
and F28–PLM. To test whether the FRET-preventingmutations also
prevent PLM functional effects, we measured NKA-mediated Na+-
transport in intact cells. For WT–NKA, PLM reduced apparent Na+-
affinity of NKA and PLM phosphorylation reversed the effect. In
contrast, for E960A–NKA the apparent Na+-affinity was unaltered
by either PLM or forskolin-induced PLM phosphorylation. We con-
clude that E960 on NKA and F28 on PLM are critical for PLM effects
on both NKA function and NKA–PLM FRET, but also there is at least
one additional site that is critical for tethering PLM to NKA.

Intracellular [Na+] ([Na+]i) is critical for electrical excitability
and coupled transport. In heart, [Na+]i closely regulates in-

tracellular Ca2+, contraction, and rhythmicity via Na+/Ca2+ ex-
change (1, 2). Small changes in [Na+]i can have major effects on
both [Ca2+]i and intracellular pH (via Na+/H+ exchange) (2).
Therefore, [Na+]i regulation is very important for understanding
basic ion homeostatic mechanisms.
There are several Na+ entry pathways, whereas the Na+/K+

pump (NKA) is the main Na+ extrusion pathway (2). NKA is
a ubiquitous transmembrane protein that establishes and main-
tains [Na+] and [K+] gradients across the plasma membrane.
These gradients ensure osmotic balance, resting membrane
potential, and cellular excitability. NKA uses energy derived
from hydrolysis of ATP to extrude three Na+ ions in exchange
for two K+ ions.
Phospholemman (PLM), a 72-amino acid sarcolemmal protein,

is a member of the FXYD protein family, which derives its name
from the conserved Phe-X-Tyr-Asp motif in the proximal extra-
cellular domain. FXYDs are tissue-specific NKA regulators that
bind to and modulate NKA function by affecting the apparent af-
finity for internal Na+ or external K+ (3–5). The [Na+]i for half-
maximal NKA activation (K0.5) in the heart varies with internal and
external ionic conditions and is typically 8–22 mM. This is near the
resting [Na+]i in most cells (6). PLM (FXYD1) is highly expressed
in heart, brain, and skeletal muscle and we previously showed that
PLM associates with and inhibits cardiac NKA, mainly by reducing
the apparent affinity for internal Na+ (7, 8). PLM can be phos-
phorylated on the cytoplasmic domain by protein kinase A (PKA)
at Ser-68 and by protein kinase C (PKC) at Ser-68, Ser-63, and Thr-
69 (9). PLM phosphorylation at either Ser-63 or Ser-68 is sufficient

to relieve NKA inhibition, and it mediates NKA stimulation by
PKA and PKC (7, 8, 10, 11). PLMphosphorylation and consequent
increase in NKA-mediated Na+ extrusion in cardiac myocytes are
an integral part of the sympathetic fight-or-flight response, tem-
pering the rise in both [Na+]i and cellular Ca2+ loading, and per-
haps limiting Ca2+ overload-induced arrhythmias (12).
PLM associates with and modulates both NKA-α1 and NKA-α2

isoforms in a comparable but not identical manner (10). Green
fluorescent protein-tagged NKA (CFP–NKA) and PLM (PLM–

YFP) exhibit robust intermolecular fluorescence resonance energy
transfer (FRET). Similar to the PLM effect on the apparent Na+

affinity, FRET is strongly inhibited by PKA and/or PKC phos-
phorylation of PLM (for both NKA isoforms) (10, 13, 14). Thus,
NKA–PLM FRET may reflect the functional state of NKA reg-
ulation by PLM.
The site(s) responsible for NKA–PLM interaction are un-

known. Cross-linking data (15) and predictions (15–18) based on
the crystal structure of the related sarco/endoplasmic reticulum
Ca2+-ATPase (SERCA) suggest that the transmembrane domain
(TM) of FXYDs could reside in a groove formed by TM2, TM6,
and TM9 of the NKA α-subunit. However, crystal structures of
shark rectal gland NKA with FXYD10 (19) and pig kidney NKA
with FXYD2 (20) show FXYDs in close proximity to NKA TM9
but outside of that groove. X-ray structures clearly show several
NKA TM9 sites (F949, E953, L957, and F960, pig kidney NKA
numbering) within 5–8 Å of the FXYD transmembrane domain.
The corresponding NKA-α1 residues in rat (full transcript num-
bering) and shark (posttranslational cleavage numbering) are
F956, E960, L964, and F967. Mutational analysis and functional
studies suggest that some of these sites may be involved in NKA
interaction with FXYD2 (18, 21), FXYD4 (18), and FXYD7
(18). However, the relative importance of such sites for NKA–

FXYD physical association and functional effects varies among
FXYD proteins (18, 21) and no prior analysis has addressed
PLM (FXYD1), which is also the only mammalian FXYD reg-
ulated by phosphorylation. Here, we combined PLM and NKA
mutational analysis, intermolecular FRET, NKA function meas-
urements in live cells, coimmunoprecipitation, and structural
modeling to identify key corresponding sites in NKA TM9 and
PLM involved in physical association and functional effects. We
found that E960 on NKA and F28 on PLM are critical for both
interaction and functional regulation of NKA by PLM.
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Results
Crystal Structure-Based Screening for NKA–PLM Interaction Sites on
NKA. To create a 3D model of the NKA–PLM complex, we used
Rosetta software (22–24) and the X-ray structure of shark rectal
gland NKA (19) as a template for homology modeling of rat NKA
α-subunit and human NKA β-subunit. The NMR structure of hu-
man PLM (25) was used for homology modeling of dog PLM.
However, this NMR structure, obtained in micellar solutions
without NKA, may be different in the cellular environment, as
suggested by cross-linking between the FXYD10 C terminus and
the NKA A domain (26). Therefore, we omitted the C terminus of
PLM in themodel and focused on the transmembrane region (Figs.
1 A and B and 2A). Putative NKA–PLM interaction sites on NKA
were identified from crystal structures of pig kidney NKA (20) and
shark rectal gland NKA (19), where the transmembrane domain of
FXYD2 and FXYD10, respectively, is close to the outside of TM9
of theNKA α-subunit. Fig. 1A andB shows our NKA–PLMmodel,
with the TM9 sites F956, E960, L964, and F967 facing PLM, as
previously shown by the crystal structures (19, 20). We mutated
these residues, along with the E961 site, on CFP–NKA-α1 and
coexpressed the mutated NKAs with WT–PLM–YFP in HEK293
cells. We used NKA–PLM FRET to screen for mutations that af-
fect NKA–PLM interaction. Fig. 1C shows an example with a clear
increase of CFP (donor) fluorescence after photobleaching YFP

(acceptor). For WT–NKA and WT–PLM, donor fluorescence
(FCFP) increased by 17.9 ± 2% (Fig. 1D). Alanine substitution at
F956, E961, or F967 did not significantly affect FRET (↑FCFP of
14.4 ± 2%, 19.3 ± 2%, and 13.9 ± 1%, respectively). Truncation of
the NKAC terminus (ΔKETYY), thought to be involved in setting
the apparent Na+ affinity (27), also failed to alter FRET (↑FCFP
was 19.2± 3%). However, NKA–PLMFRETwas abolished for the
E960A mutant (↑FCFP = 0.2 ± 4%) and was significantly reduced
for L964A (↑FCFP = 6 ± 1%). We conclude that E960 is crucial for
the NKA–PLM interaction that produces FRET.

F28 on PLM and Its Role for NKA–PLM and PLM–PLM Interaction. Fig.
2A shows a cytosolic view of our NKA structural model, high-
lighting the F28 site on PLM, which is in close proximity to TM9
of NKA (distance between F28 and F967 is ∼6 Å; between F28
and E960, ∼4 Å), in good agreement with crystallographic data.
We next examined whether alanine substitution at F28–PLM also
inhibits NKA–PLM FRET. Known FXYDs have either phenyl-
alanine or cysteine at this position (Fig. 2B, with position 28 in
red). Thus, we tested both F28A and F28C mutations. Fig. 2C
shows that the F28A mutation was sufficient to prevent detectable
FRET upon PLM–YFP photobleach (↑FCFP= 0.2± 4%), whereas
mutating F28 to cysteine did not affect FRET with WT–NKA
(↑FCFP= 18.5± 2% vs. 17.9± 2%). F28C–PLMhas been shown to
cross-link with C145 on TM2 of NKA-α1 (15). Thus, we also tested
the C145A construct, but found that it was retained in the ER,
which prevented further evaluation. PLM is also thought to form
PLM–PLM oligomers (14), however, neither F28A nor F28C
significantly altered the PLM–PLM FRET (Fig. 2D).

Detailed NKA–PLM FRET Analysis. We next explored the PLM–

NKA interaction with more detailed FRET analysis, taking

Fig. 1. E960 site on NKA is critical for NKA–PLM FRET. (A) Structural model
of rat NKA α-subunit (blue), β-subunit (green), and PLM (red). Putative PLM
interaction sites on NKA TM9 are highlighted. (B) Magnified picture of
highlighted area in Fig. 1A showing putative PLM interaction sites on NKA
TM9: F956, E960, E961, L964, and F967. (C) HEK293 cells coexpressing CFP–
NKA-α1 and PLM–YFP before and after photobleaching YFP. FRET was
measured as the increase in donor (CFP) fluorescence upon acceptor pho-
tobleaching. (D) Average FRET (±SEM) between CFP–NKA-α1 and PLM–YFP
with indicated NKA mutations (n below the bars, ***P < 0.0001, statistical
significance vs. WT–NKA using unpaired t test.

Fig. 2. Identification and impact of PLM site F28 (opposing site to the NKA–
E960 site). (A) NKA structural model with PLM site F28 in stick representa-
tion. (B) Transmembrane domain amino acid sequence of FXYDs. F28 is
highlighted in red and is naturally cysteine in three FXYDs. Green letters in-
dicate transmembrane variances. (C) NKA–PLM average FRET (±SEM) in
HEK293 cells coexpressing WT–NKA and either WT–PLM (n = 20), F28A–PLM
(n= 14, P< 0.01), or F28C–PLM (n= 26, P=NS). (D)Mean data of PLM–PLM FRET
(±SEM) in control HEK293 cells coexpressing WT–PLM–CFP with WT–PLM–

YFP (n = 52), F28A–PLM–YFP (n = 34, P =NS) or F28C–PLM–YFP (n = 24, P =NS).
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advantage of variations in YFP-to-CFP expression ratio. Fig. 3A
shows the FRET between CFP–NKA-α1 and PLM–YFP as a
function of YFP:CFP ratio (i.e., the relative PLM:NKA expres-
sion). The points represent FRETefficiency for each cellular region
of interest (n = 587 analysis regions; Fig. S1 and SI Materials and
Methods). This is effectively a titration experiment with FRET ef-
ficiency fit to FRET = (FRETmax)/(1 + K0.5/[PLM]), where [PLM]
is the initial (unbleached) [YFP] in arbitrary units, and FRET is the
observed FRET efficiency (14). FRETmax provides structural in-
formation related to the proximity of CFP to YFP when PLM is
bound to NKA. The half-maximum [YFP] (K0.5) reflects apparent
NKA–PLM affinity (in arbitrary units related to surface [YFP]).
FRET values in Fig. 3A span nearly the full range from 0 to
FRETmax. CFP expression was comparably variable for WT–NKA
(Fig. S2A) as well as forNKAmutants L964A andE960A (Fig. S2B
and C). Fig. 3B shows mean FRET efficiency curves for WT–PLM
with WT–NKA, L964A–NKA, and E960A–NKA. Mean FRETmax
for WT–NKA with WT–PLM was 58 ± 9% and K0.5 was 68.9 ±
20.9. The L964Amutant reduced FRETmax to 38 ± 6% and slightly
increased the apparent NKA–PLM interaction affinity (K0.5 =

56.4 ± 16.2). E960A dramatically reduced FRET efficiency
(FRETmax = 5 ± 1%), but the residual interaction shows high
apparent affinity (K0.5 = 5.1 ± 2.5). Because all NKA constructs
targeted effectively to the membrane (Fig. S3), the lower
FRETmax for L964A and E960A mutants was not caused by
a methodological limitation. Fig. 3C shows mean FRET efficiency
curves for WT–NKA with WT–PLM, F28A–PLM, and F28C–
PLM. The F28A mutation reduced FRETmax from 58 ± 9% to
11 ± 2% and increased the apparent NKA–PLM interaction af-
finity (K0.5= 18.5± 7.5). In contrast, F28Cmutation had nomajor
effect (FRETmax = 51 ± 12%, K0.5 = 62.9 ± 28.5).

Coimmunoprecipitation of NKA with PLM. To determine whether the
drastic reduction in FRET upon perturbation of the E960–F28
interaction is caused by physical dissociation of NKA and PLM, we
performed coimmunoprecipitation (co-IP) experiments. HEK293
cells stably expressing CFP–WT–NKA-α1 or CFP–E960–NKA-α1
were transiently transfected with HA-tagged PLM, either WT
or F28A. Before performing the HA-directed co-IP, some cells
were exposed to 10 μM forskolin (or vehicle) to induce PLM
phosphorylation.
Fig. 4A shows representative co-IP results comparing the

amount of NKA-α1 pulled down with PLM for different mutants in
the presence and absence of forskolin. AGFP antibody was used to
selectively detect CFP-tagged (vs. endogenous) NKA. Fig. 4B
shows mean co-IP data normalized to the amount of PLM pulled
down. Compared with WT, both E960A–NKA and F28A–PLM
significantly reduced the amount of CFP–NKA-α1 pulled down
with PLM. Forskolin pretreatment reduced the co-IP of both WT–
NKA and E960A–NKA with WT–PLM but not with F28A–PLM.
Cells expressing both E960A–NKA and F28A–PLM (±forskolin)
were little different from those expressing only one mutant. Thus,
either mutant seemed capable of maximally interfering with the
interaction, but neither could abolish co-IP, raising the possibility
of a second interaction domain. Based on the crystal structure, we
hypothesized that the FXYD domainmight provide that additional
tether, but deletion of this PLM region (ΔFXYDY) along with
F28A still did not abolish the co-IP (Fig. 4B).

NKA-Mediated Na+ Efflux in HEK293 Cells. Because E960A–NKA
practically abolished FRET with PLM, we tested whether this
correlates with a loss of functional effects of PLM on Na+ trans-
port in cells. Using the fluorescent indicator sodium-binding
benzofuran isophthalate (SBFI) and dual excitation-single emis-
sion fluorescence microscopy (as previously described) (11), we
measured [Na+]i decline in HEK293 cells when NKA was reac-
tivated by restoring normal external K+, after a period of Na+

-loading with K+-free solution (Fig. 5A). A total of 1 μM ouabain
was present, to block endogenous human NKA without inhibiting
rat NKA-α1. The procedure was repeated in the presence of 10
μM forskolin (Fig. 5A). The rate of NKA-mediated Na+ extrusion
(−d[Na+]i/dt) as a function of [Na+]i indicates the apparent NKA
affinity for internal Na+ (7, 10). As expected, WT–PLM reduced
the apparent Na+-affinity (raised K0.5) of WT–NKA and the effect
was completely reversed by forskolin treatment (Fig. 5 B and C).
Vmax was unaltered in any case. However, WT–PLM expression
had no effect on the K0.5 for Na+ of E960A–NKA and forskolin
failed to stimulate pump-mediated Na+ extrusion (Fig. 5D andE).
Thus, E960A mutation ablated the functional PLM- and PKA-
dependent regulation of NKA in HEK293 cells.
We also tested the effects of E961Amutation onNKA function.

This residue is thought to be a component of the third Na+ binding
site (28, 29) but E961A did not alter NKA–PLM FRET (Fig. 1D)
despite targeting well to the membrane (Fig. 6A). PLM expression
greatly decreased the apparent Na+ affinity of E961A–NKA,
however PLM phosphorylation failed to restore the apparent
Na+ affinity (Fig. 6B). Thus, whereas E961 is not required for

Fig. 3. Dependence of FRET between CFP–NKA-α1 and PLM–YFP on the rel-
ative YFP expression in HEK293 cells. FRET was determined as the increase in
donor fluorescence upon acceptor photobleaching. (A) Points represent FRET
efficiency plotted region by region for HEK293 cells coexpressing CFP–WT–NKA
and WT–PLM–YFP (n = 587 analysis regions). YFP fluorescence is an index of
relative [PLM]. (B) FRET efficiency curves from cells coexpressing WT–PLM–YFP
with CFP-tagged WT–NKA, L964A, and E960A, respectively (n = 405,344,322).
(C) FRET efficiency curves from cells expressing CFP–WT–NKA with YFP-tagged
WT–PLM, F28A–PLM, and F28C–PLM, respectively (n = 405,273,301).
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PLM–NKA FRET or PLM’s ability to inhibit NKA function, it is
critical for the acute NKA activation by PLM phosphorylation.

Discussion
Our major findings are that: (i) Interaction between E960–NKA
and F28–PLM sites is critical for both NKA–PLM FRET and the
functional effect of PLM on NKA, but (ii) not for their physical
association. (iii) Other sites may contribute to PLM–NKA in-
teraction (e.g., L964) or the ability of PLM phosphorylation to
stimulate NKA (E961). A PLM–NKA interaction domain other
than E960–NKA/F28–PLM can support the physical association
of PLM with NKA.

E960 and F28 Are Essential for NKA–PLM Interaction. Cross-linking,
structural modeling, and crystallographic studies indicate that
NKA TM9 is important for NKA interaction with FXYD pro-
teins (15–20). However, the exact sites of interaction seem to
vary for different FXYDs. For example, the E960–NKA site is
critical for the effect of FXYD2 and FXYD4, but not FXYD7 on
the NKA apparent affinity for external K+ (18). The present
study is unique in systematically investigating the structural
determinants of PLM interaction with NKA. We found that the
E960A point mutation abolished both the effect of PLM on
NKA apparent affinity for internal Na+ and the NKA–PLM FRET.
Moreover, FRET was also prevented by alanine substitution of

F28–PLM, the site shown by X-ray crystal structures to be within
interaction distance of E960–NKA. Cross-linking experiments
(15) also identified the site equivalent to F28–PLM as important
for the interaction of PLM, FXYD2, and FXYD4 with NKA.
However, in contrast to our findings with PLM, E960A–NKA
mutation does not alter regulation of the pump’s apparent Na+

affinity by FXYD2 and FXYD4 (18). One study (21) suggested
that the structural association of TM9 with FXYD2 TM domain
is not the sole determinant of the FXYD2 effect on the apparent
Na+ affinity. The authors pointed out that long-range modulation
by the extracellular loop between TMs 7 and 8 is also involved
(21). Such fine differences in the FXYD–NKA-α structural in-
teraction may underlie the intrinsic differences in NKA modu-
lation among various FXYDs. We have shown previously that
regulation of the cardiac Na+/K+-ATPase by PLM is an integral
part of the adrenergic fight-or-flight response (12). A loss of NKA
stimulation during sympathetic activation caused by E960A–

NKA, E961A–NKA, or F28A–PLM mutations raises the possi-
bility of human NKA or PLM mutations that could prevent this
important physiological regulation (in addition to the phosphor-
ylation sites themselves). The failure of normal NKA activation in
this setting could cause Na+ and Ca2+ overload and arrhythmias.
Our FRET data suggest that mutation of E960–NKA or F28–

PLM sites causes a structural change but does not, by itself, clarify
whether a complete dissociation of the complex takes place. Our
coimmunoprecipitation study complements the FRET results, by

Fig. 4. Coimmunoprecipitation of HA-tagged PLM and NKA. (A) Represen-
tative immunoblots of the startingmaterial (pre-IP) and the immunoprecipitate
(using an agarose-conjugated HA antibody). Recombinant NKA and PLM were
detected using GFP and PLM antibodies, respectively. Comparable amounts of
PLM were immunoprecipitated for each lane, but variable amounts of NKA
were in co-IP, with or without forskolin preincubation. M, molecular weight
ladder. (B) Mean data (NKA/PLM signal normalized to control) from different
blots (n = 3) show that FRET-abolishing alanine mutations resulted in a re-
duction, but not an abolition of associated CFP–NKA-α1. *P < 0.01, statistical
significance versus control using one-way ANOVA. #P < 0.05, statistical signifi-
cance between pairs (− vs. + forskolin) using Student’s t test.

Fig. 5. Functional measurements of NKA-mediated Na+ efflux in HEK293
cells. (A) Experimental protocol: NKA was first inhibited (K+-free external
solution) causing cellular [Na+]i loading, then NKA was reactivated by 4 mM
K+. One micromole of ouabain was used throughout to inhibit endogenous
human NKA. (B–E) NKA-mediated Na+ extrusion curves and mean K0.5

comparing Na+ extrusion in HEK293 cells expressing WT–NKA (B and C) vs.
E960A–NKA (D and E). Vmax and K0.5 were derived by fitting the curves with
a Hill equation. *P < 0.05. Corresponding n are indicated below bars; error
bars indicate SEM.
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testing whether the detected changes in FRET are paralleled by
complete dissociation of PLM from NKA. Disturbing either or
both participants in the E960–F28 interaction significantly weak-
ened the NKA–PLM association (reduced amount of NKA pulled
down). This fits nicely with our previous results showing dramat-
ically decreased FRET upon PLM phosphorylation, but a smaller
effect on co-IP (13). The present co-IP data show that full disso-
ciation of the complex did not occur, even with E960A and F28A
mutants combined, suggesting that other sites additionally
support NKA–PLM interaction, albeit producing much less FRET
(see below).

Second NKA–PLM Interaction Site. Detailed FRET analysis showed
moderate apparent affinity for the interaction between E960–
NKA and F28–PLM (K0.5∼65).When this interaction andmost of
the FRET was lost by mutating E960 or F28 to Ala, a higher ap-
parent affinity interaction (K0.5 = 5–18) that exhibited weak
FRETmax was unmasked. This suggests that the conformation in
the CFP–YFP region is very different for this interaction. Fig. 7
shows a working model for two interacting sites and is consistent
with the persistence of co-IP with mutants that nearly abolish
FRET. We propose that there is a second NKA–PLM interaction
site nearer to the external surface. In the absence of the mid-TM
interaction, which draws the PLM C terminus closer to NKA, the
CFP–YFP distance is too large to produce FRET.A second higher
apparent affinity site also makes teleological sense, in that this
nonregulatory interaction may keep the proteins close, allowing
rapid functional modulation during acute phosphorylation and
rezipping upon dephosphorylation. Indeed, Fig. 7, Right may also
represent the phosphorylated state of PLM, in which FRET is
drastically reduced but co-IP is still apparent (13, 30).
There is crystallographic evidence for a NKA–PLM interaction

at the extracellular NKA surface where NKA, FXYD domain, and
β-subunit are all in proximity (19). We tested the most obvious
possibility, that the FXYD domain itself might be the second PLM
anchor point, but the FXYDYdeletion coupled with F28A still did
not abolish the co-IP. Similarly, the FXYD domain does not seem
critical for FXYD7–NKA association (31). Cross-linking revealed
that the cytoplasmic domain of FXYD10 interacts with the A
domain of shark NKA-α (26), so this could be another possibility.
Alternatively, the interaction responsible for NKA–PLM physical
association might occur in the TM domain of PLM, as suggested
for FXYD3 and FXYD7 (32, 33).

Other NKA Sites Affecting PLM–NKA Interaction. Of the sites identi-
fied in the recent crystal structures of pig NKA (20), which corre-
spond to F956, E960, L964, and F967 in the rat and our study, only
E960 and L964 significantly impacted NKA–PLM FRET upon
alanine substitution. L964 may play a supporting role in stabilizing
the NKA–PLM interaction. The NKA C terminus truncation

(ΔKETYY) did not reduce NKA–PLM FRET, suggesting that the
C terminus is not critical for the functional NKA–PLM interaction.
This is interesting because this truncation seems to reduce apparent
Na+ affinity (by affecting Na+ binding at the third site) but not the
apparent external K+ affinity (20, 34). Based on functional data in
cardiac myocytes, we previously speculated that PLM association
may influence binding of intracellular Na+ and extracellular K+ to
the common sites. However, PLM phosphorylation may only affect
Na+ binding to the third site, with no effect on the two sites com-
mon to Na+ and K+ (35). This is further supported by our findings
with mutation of the E961 site, which is a component of the third
Na+ binding site. Indeed, the E961 mutation preserved NKA–PLM
FRET and the PLM-induced decrease in NKA apparent Na+ af-
finity, but with E961–NKA, PLM phosphorylation did not produce
the normal reversal of PLM inhibition. These results suggest that
the pair of adjacent glutamates at positions 960 and 961 are central
to the complex regulation of NKA by PLM. If PLM were not as-
sociated with TM9, the E960 would protrude into the lipid, which
would be energetically highly unfavorable for a transmembrane
protein (19). In fact, the E960A mutation may weaken the in-
teraction with PLM, but may also simply make that region more
energetically favorable in the bilayer. This raises another question
regarding whether PLM phosphorylation also moves PLM away
from E960 and what the structural consequence of that might be.
In our constructs, CFP was on the NKAN terminus, which is not

resolved in recent crystal structures, so we cannot predict its exact
position onNKA. There is even evidence that in shark rectal gland,
FXYD10 interacts functionally with the NKA N terminus to
modulate E1–E2 conformational transitions (36). If the CFP on
NKA is very close to the YFP on the C terminus of PLM, then the
high degree of FRET we observe would be expected. Moreover,
the large changes in FRET upon either PLM phosphorylation or
mutation of E960 or F28 suggest that largemovements occur in the
CFP–YFP region, which are related to PLM-dependent functional
NKA regulation.
Lastly, it should be noted that established crystal structures are

for one NKA–FXYD conformation (the E2PK2 state). In our study
with live cells and functional NKA, we were probably sampling the
average behavior of multiple conformations. The interaction of
PLM with NKA might be different for different physiological con-
formations. However, it is reassuring that the E960–NKA and F28–

Fig. 6. Expression and functional role of NKA mutant E961A. (A) E961A
mutant appears localized at the membrane. (B) Functional experiments with
the E961A mutant: Phospholemman reduces the pump’s apparent affinity for
intracellular Na+ (increases K0.5), but PLM phosphorylation does not affect
the function of the E961A–NKA mutant (error bars indicate SEM; n = 4–5).

Fig. 7. Working model of NKA–PLM complex with attached CFP and YFP.
Left shows WT–NKA (blue) and WT–PLM (red). FRET occurs between CFP and
YFP and the complex is held together by two binding regions (gray rec-
tangles): E960–F28 functional interaction region and a second region. Right
shows a different NKA–PLM conformation in the E960A mutant (or F28A
mutant). CFP and YFP are not sufficiently close for appreciable FRET, but the
complex is still held together by a higher apparent affinity interaction region
near the external membrane surface.
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PLM sites that we identified from crystal structures have prominent
functional effects in real cells.

Conclusion
By combining mutational analysis, FRET, functional assays in live
cells, coimmunoprecipitation, and structural modeling, we dem-
onstrated that the corresponding E960–NKA and F28–PLM sites
are critical for NKA–PLMFRET and also for the functional effect
of PLM on NKA. An additional PLM–NKA interaction domain
contributes to the robust physical association of PLM with NKA.

Materials and Methods
Detailed methods are in SI Materials and Methods.

Constructs, Site-Directed Mutagenesis, Cell Culture, and Transfection. CFP–WT–
NKA-α1 and CFP–NKA-α1 mutants with an Ala substitution at F956, E960,
E961, L964, F967, or C145, respectively (rat numbering) or a truncation of the
C terminus (ΔKETYY) were constructed. WT–PLM–YFP was generated and
PLM–YFP residue F28 was mutated to Ala and Cys, respectively. CFP was on
the cytosolic NKA N terminus and YFP on the cytosolic PLM C terminus. CFP–
NKA mutants were stably transfected into HEK293 cells (using 10 μM oua-
bain as selecting agent). Cells were cultured in DMEM with 5% (vol/vol) FBS
and penicillin/streptomycin and transiently transfected with cDNAs of PLM–

YFP using the transfection reagent Lipofectamine 2000.

Average and Detailed FRET Experiments and Coimmunoprecipitation. Fluores-
cence imaging was performed using an inverted microscope andMetaMorph
software. FRET efficiency was measured as the increase in CFP (donor)
fluorescence upon YFP (acceptor) photobleach. YFP was progressively pho-
tobleached as described previously (10, 13). FRET was measured at various
PLM–YFP expression levels, plotting FRET efficiency for single regions of
interest (Fig. S1) as a function of relative YFP expression. Coimmunopreci-
pitation experiments were performed as described previously (7, 10).

[Na+]i and NKA-Mediated Na+ Extrusion Measurements and Statistical Analysis.
NKA-mediated Na+ extrusion was measured as a function of [Na+]i in cells
expressing NKA alone or in combination with WT–PLM. Cells were loaded
for 2 h with the fluorescent indicator SBFI acetoxymethyl ester (SBFI-AM)
and dual excitation-single emission fluorescense microscopy was used. Data
are expressed as means ± SEM. Statistical discriminations used Student’s t
test (paired when appropriate) with P < 0.05 considered significant.
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