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Background: Phospholemman regulates the plasmalemmal sodium pump in excitable tissues such as the heart.
Results: Phospholemman is palmitoylated at two intracellular cysteines, and this reduces ion transport by the sodium pump.
Conclusion: Phospholemman must be palmitoylated to inhibit the sodium pump.
Significance: This is a potentially new way to regulate the sodium pump, an enzyme expressed in most eukaryotic cells.

Phospholemman (PLM), the principal sarcolemmal substrate
for protein kinases A and C in the heart, regulates the cardiac
sodium pump. We investigated post-translational modifica-
tions of PLM additional to phosphorylation in adult rat ventric-
ular myocytes (ARVM). LC-MS/MS of tryptically digested PLM
immunoprecipitated from ARVM identified cysteine 40 as
palmitoylated in some peptides, but no information was
obtained regarding the palmitoylation status of cysteine 42.
PLM palmitoylation was confirmed by immunoprecipitating
PLM from ARVM loaded with [3H]palmitic acid and immuno-
blotting following streptavidin affinity purification fromARVM
lysates subjected to fatty acyl biotin exchange. Mutagenesis
identified both Cys-40 and Cys-42 of PLM as palmitoylated.
Phosphorylation of PLM at serine 68 by PKA in ARVM or tran-
siently transfected HEK cells increased its palmitoylation, but
PKA activation did not increase the palmitoylation of S68A
PLM-YFP in HEK cells. Wild type and unpalmitoylatable PLM-
YFP were all correctly targeted to the cell surface membrane,
but the half-life of unpalmitoylatable PLM was reduced com-
pared with wild type. In cells stably expressing inducible PLM,
PLM expression inhibited the sodium pump, but PLM did not
inhibit the sodium pump when palmitoylation was inhibited.
Hence, palmitoylation of PLM controls its turnover, and palmi-
toylatedPLMinhibitsthesodiumpump.Surprisingly,phosphor-
ylation of PLM enhances its palmitoylation, probably through
the enhanced mobility of the phosphorylated intracellular
domain increasing the accessibility of cysteines for the palmi-
toylating enzyme, with interesting theoretical implications. All
FXYD proteins have conserved intracellular cysteines, so FXYD
protein palmitoylationmay be a universal means to regulate the
sodium pump.

The FXYD family of type 1 membrane proteins (1) regulate
the sodium pump bymodifying its substrate affinities andmax-
imum transport rate (Vmax) (2). In cardiac myocytes, the
sodium pump associates with FXYD1 (phospholemman
(PLM)3) (3, 4), which was first recognized as an abundant phos-
phoprotein in the cardiac sarcolemma (5). Acute regulation of
the cardiac sodium pump by the adrenergic system is through
phosphorylation of PLM (4, 6–10), which is unique in the
FXYD family in having multiple phosphorylation sites on its
intracellular C terminus (6, 11). Unphosphorylated PLM inhib-
its the cardiac sodium pump by reducing its sodium affinity
(8–10, 12) and Vmax (4, 6, 7, 13), and phosphorylation of PLM
by PKA (on serine 68) or PKC (on serines 63 and 68 and threo-
nine 69) relieves this inhibition (8, 9) and in somemodels actu-
ally increases Vmax of the pump (4, 10, 13). Activation of the
cardiac sodium pump via phosphorylation of PLM is necessary
to protect against catecholamine-induced sodium and calcium
overload, which leads to cardiac arrhythmias in vivo (14).
Recent studies have reported that reconstitution of unphos-

phorylated recombinant PLM with the sodium pump complex
activates rather than inhibits the pump (15, 16), possibly
through a modification of intracellular sodium affinity (16).
This raises the possibility that additional post-translational
modifications of PLMmay also control sodium pump activity.
S-Palmitoylation is the reversible covalent post-translational

attachment of the fatty acid palmitic acid to the thiol group of
cysteine, via an acyl-thioester linkage (17). Although the
technology to investigate this particular post-translational
modification has lagged behindmore commonly studiedmod-
ifications, such as protein phosphorylation, protein S-palmi-
toylation is now emerging as an important and common post-
translational modification in a variety of tissues (18). Protein
S-palmitoylation is catalyzed by palmitoyl acyltransferases, is
reversed by protein thioesterases, and occurs dynamically and
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reversibly in a manner analogous to protein phosphorylation
(17). Many different classes of protein have been identified as
targets for palmitoylation, including G-proteins (19, 20), ion
channels (21), transporters (22), receptors (23), and protein
kinases (24, 25). Palmitoylation can alter enzymatic/ion chan-
nel activity, stability, or subcellular localization of the target
protein (18), and this is usually achieved by the recruitment of
the palmitoylated cysteine to the lipid bilayer. As such, palmi-
toylation is largely specific for membrane-associated and inte-
gral membrane proteins (18) and has the potential to induce
substantial changes in protein secondary structure and there-
fore function, through the recruitment of intracellular loops to
the inner surface of the membrane bilayer.
Although the palmitoyl-proteomehas been characterized for

some organelles (26), cells (27), microorganisms (25), and tis-
sues (24), no information is yet available regarding palmitoyla-
tion of cardiac proteins and the role of dynamic protein palmi-
toylation in regulating excitation-contraction coupling and
cardiac output. The palmitoylation prediction algorithm CSS-
Palm 3.0 (28) strongly predicts that human PLM will be palmi-
toylated at cysteines 40 (CSS-Palm score 1.05, high stringency
cut-off 0.31) and 42 (CSS-Palm score 1.27, high stringency cut-
off 0.50), which lie in the intracellular region of PLM just
beyond the transmembrane domain (which terminates at ser-
ine 37). These cysteines are completely conserved across spe-
cies, and cysteine 42 has recently been reported to be glutathio-
nylated during oxidative regulation of the cardiac sodiumpump
(15). The aim of the present investigation was to investigate the
hypothesis that PLM is palmitoylated in cardiac myocytes. We
report that both cysteines in the intracellular domain of PLM
are palmitoylated and that palmitoylation controls both PLM
turnover and sodium pump activity.

EXPERIMENTAL PROCEDURES

Drugs, Antibodies, andChemicals—Antibodies to the PLMN
terminus (raised in chickens) and PLM phosphorylation sites
(raised in sheep) are described elsewhere (4, 6). Anti-phospho-
lamban raised in mice was from Millipore, and anti-caveolin 3
raised in mice was from BD Biosciences. PLM-YFP fusion pro-
teins expressed in human embryonic kidney (HEK) cells were
based on canine PLM cDNA, which our N-terminus-specific
antibody does not recognize; hence, PLM-YFP was routinely
detected using a GFP antibody raised in rabbits from Abcam.
Themonoclonal antibody �6F raised against the sodium pump
�1 subunit by Douglas M. Fambrough was obtained from the
Developmental Studies Hybridoma Bank developed under the
auspices of the NICHD, National Institutes of Health, and
maintained by the University of Iowa. HRP-linked secondary
antibodies were from GE Healthcare (anti-rabbit, anti-mouse)
and Pierce (anti-sheep). Unless indicated otherwise, all
reagents were obtained from Sigma and were of the highest
grade available.
Adult Rat Ventricular Myocytes—Calcium-tolerant adult rat

ventricular myocytes were isolated by retrograde perfusion of
collagenase in the Langendorff mode, as described previously
(6). Myocytes were left to recover for 2 h at 35 °C before exper-
iments, and all drugs were applied at 35 °C.

Gel Electrophoresis and Western Immunoblotting—Proteins
were resolved on 8–15% polyacrylamide gels based on the Tris-
glycine buffer system, largely as described previously (6).
Chemiluminescent images were obtained using the Bio-Rad
ChemiDoc XRS imaging system, and band density was quanti-
fied using the Quantity One software package (Bio-Rad).
Immunoprecipitation—Immunoprecipitation was largely

carried out as described previously (6). PLM was immunopre-
cipitated from adult rat ventricular myocyte lysates using anti-
body C2 (specific for unphosphorylated PLM; kindly provided
byDr. J. Y. Cheung, Thomas JeffersonUniversity) or antibodies
specific for PLM phosphorylated at serine 63 or serine 68. In
experiments to investigate incorporation of [3H]palmitic acid
into PLM, myocytes were incubated with 0.5 mCi of
[3H]palmitic acid (PerkinElmer Life Sciences) in 1 ml of physi-
ological Tyrode’s in the presence of 10 mg/ml fatty acid-free
bovine serum albumin for 4 h at 35 °C. Myocytes were pelleted
and lysed in 2 mg/ml C12E10 (Sigma) in PBS supplemented
with protease (Calbiochem) and phosphatase (Sigma) inhibitor
mixtures, insoluble material was removed by centrifugation at
17,500 � g for 5 min at 4 °C, and PLM was captured overnight
using C2 antibody that had been preimmobilized on protein
A-Sepharose beads (GE Healthcare). After multiple washes in
0.5 mg/ml C12E10 in PBS, immunoprecipitated proteins were
eluted in SDS-PAGE sample buffer, separated by SDS-PAGE,
transferred to PVDFmembranes, and immunoblotted for PLM.
A duplicate membrane was dried, sprayed three times with
En3Hance fluorographic spray, and exposed to light-sensitive
film at�80 °C. YFP-tagged PLM expressed in HEK and FT-293
cells was immunoprecipitated using GFP-Trap (Chromotek)
using identical conditions.
Fatty acyl exchange after immunoprecipitation was carried

out as described elsewhere (29). Briefly, adult rat ventricular
myocytes (ARVM) were lysed in 1% Triton X-100 in PBS sup-
plemented with protease and phosphatase inhibitors and 50
mMN-ethylmaleimide (NEM) to block free cysteines. PLMwas
immunoprecipitated overnight at 4 °C, and after five washes
with 1% Triton X-100 in PBS, immunoprecipitations were split
and treated with 1 M hydroxylamine (pH 7.4) or 1 M Tris (pH
7.4) for 1 h at 4 °C. After washing, beads were exposed to the
sulfhydryl-specific biotinylation reagent biotin polyethyl-
eneoxide iodoacetamide (200 �M) for 30 min at 4 °C and then
washed again. Proteins were separated by SDS-PAGE and
immunoblotted, and biotinylated proteins were detected
with streptavidin-conjugated horseradish peroxidase (GE
Healthcare).
Fatty Acyl Biotin Exchange (FAE) from Cell Lysates—We

adapted a method described for purification of palmitoylated
proteins for proteomic analysis (30). Cells were lysed in 1% SDS
in PBS containing a protease inhibitor mixture (Calbiochem)
and free cysteines alkylated by overnight incubation at 4 °Cwith
25mg/mlNEM. In practice,NEM is not fully soluble in aqueous
buffers at 25mg/ml (0.2M). Cell lysateswere added to tubes into
which 25 mg of NEM had been preweighed; in our hands, this
saturating concentration of NEM was required to ensure com-
plete alkylation of free cysteines prior to FAE. Incomplete cys-
teine alkylation withNEM at this stage resulted in biotinylation
of cysteines in the Tris-treated negative control group (see
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below). Following cysteine alkylation, excess insoluble NEM
and insoluble cellular proteins were pelleted and discarded by
centrifugation at 17,500� g for 5min. Excess soluble NEMwas
removed by chloroformmethanol precipitation of proteins, fol-
lowed by twomethanol washes of the precipitated protein. Pro-
tein pellets were resolubilized in 1% SDS in PBS, and samples
were divided into two; half was treated with hydroxylamine
(200 mM, pH 7.4, from a 1 M stock solution) to cleave thioester
bonds, and half was treated with Tris (200 mM, pH 7.4, from a
1 M stock solution). Lysates were also simultaneously treated
with the pyridyldithiol-activated cysteine-reactive biotinyla-
tion reagent biotin-HPDP (Pierce; 1mM from a 50mM stock) to
biotinylate cysteines revealed by hydroxylamine cleavage of
thioester bonds. Reactions proceeded for 1 h in the dark at
room temperature, afterwhich excess biotinylation reagentwas
removed by chloroformmethanol precipitation of proteins fol-
lowed by two methanol washes of the precipitated protein.
Dried protein pellets were again resolubilized in 1% SDS in PBS,
after which the composition of lysates was adjusted to 1% Tri-
ton X-100, 0.2% SDS in PBS by the addition of 4 volumes of
1.25% Triton X-100. This step was necessary because we found
that capture of biotinylated proteins by streptavidin was ineffi-
cient in the presence of 1% SDS. Proteins insoluble in this
adjusted detergent concentration were removed by centrifuga-
tion, and then biotinylated proteinswere purified using strepta-
vidin-Sepharose beads (GE Healthcare) overnight at 4 °C.
Beads were washed four times with 1% Triton X-100, 0.2% SDS
inPBS the following day, and biotinylated (previously palmitoy-
lated) proteins were eluted in SDS-PAGE sample buffer supple-
mented with 5% (v/v) �-mercaptoethanol by heating at 60 °C
for 10 min.
Site-directedMutagenesis—Plasmids carrying cDNA forwild

type PLM-YFP and the phosphorylation site mutants serine 68
to alanine and serine 68 to glutamate were kindly provided by
Dr Julie Bossuyt (University of California, Davis, CA). Cysteine
to serine mutants of PLM-YFP were generated using the
QuikChange site-directed mutagenesis kit (Agilent Technolo-
gies) using the oligonucleotide primers (Thermo) 5�- CCTGA-
GCAGAAGATCCCGGTGCAAATTCAACCAGC-3� and 5�-
GCTGGTTGAATTTGCACCGGGATCTTCTGCTCAGG-3�
for cysteine 40 to serine, 5�-CCTGAGCAGAAGATGCCGGT-
CCAAATTCAACCAGC-3� and 5�-GCTGGTTGAATTTGG-
ACCGGCATCTTCTGCTCAGG-3� for cysteine 42 to serine,
and 5�-CCTGAGCAGAAGATCCCGGTCCAAATTCAACC-
AGC-3� and 5�-GCTGGTTGAATTTGGACCGGGATCTTC-
TGCTCAGG-3� for cysteines 40 and 42 to serine.
Culture and Transfection of HEK Cells—HEK 293 cells were

cultured in minimal essential medium (Sigma) supplemented
with 10% fetal bovine serum, 50 units/ml penicillin, and 50
�g/ml streptomycin (Invitrogen). Cells were subcultured every
2–3 days at a ratio of 1:4 to 1:6. For transfection studies, cells
were plated in 6-well dishes on day 1, transfected using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
instructions on day 2, and used for experiments on day 3
(18–24 h after transfection).
Biotinylation and Purification of Cell Surface Proteins—Cell

surface proteins were biotinylated by incubating cells with the
membrane-impermeable primary amine-reactive reagent

sulfo-NHS-SS-biotin (Pierce). In order to improve adherence of
HEK 293 and FT-293 cells during the multiple wash steps nec-
essary during biotinylation of cell surface proteins, all cells from
which cell surface fractions were prepared were plated on poly-
L-lysine-coated plasticware. Perhaps surprisingly, we did not
observe a negative impact of poly-L-lysine coating on the bioti-
nylation of primary amines in cell surface proteins.
Cells were washed three times with PBS and then incubated

with 1 mg/ml sulfo-NHS-SS-biotin in PBS for 10 min at 37 °C.
Excess biotinylation reagent was removed by washing three
times with PBS, and then cells were either lysed immediately or
reincubated in complete cell culture medium (for pulse-chase
experiments). Lysis buffer was 1% Triton X-100 in PBS supple-
mented with a protease inhibitor mixture (Calbiochem).
Biotinylated proteins were purified (4 h to overnight at 4 °C)

using streptavidin-Sepharose from protein-normalized cell
lysates from which insoluble material had been removed by
centrifugation at 17,500 � g for 5 min at 4 °C. Following four
washes in 1% Triton X-100 in PBS, cell surface proteins were
eluted in SDS-PAGE sample buffer supplementedwith 5% (v/v)
�-mercaptoethanol by heating at 60 °C for 10 min.
Generation of a Cell Line Stably Expressing Tetracycline-in-

ducible PLM-YFP—The influence of PLM palmitoylation on
ion transport by the sodium pump was assessed in cells stably
expressing PLM-YFP under the control of a hybrid human
CMV immediate early enhancer/promoter intowhich two cop-
ies of the tet operator 2 sequence have been inserted. This con-
fers tetracycline regulation to the promoter; PLM-YFP expres-
sion is induced in these cells following treatment with 1 �g/ml
tetracycline for 48 h.
The Flip-In T-REx system (Invitrogen) was used to generate

FT-293 cells stably expressing tetracycline-inducible PLM-
YFP. This kit was used essentially according to themanufactur-
er’s instructions. Briefly, PLM-YFPwas excised from the vector
pEYFP-N1 at Eco47 III (5� end) and NotI (3� end) restriction
endonuclease sites and inserted into pcDNA5/FRT/TO
between EcoRV and NotI restriction endonuclease sites to cre-
ate the plasmid pcDNA5/FRT/TO/PLM-YFP. This was
cotransfected into FT-293 host cells with pOG44 using Gene-
Juice (Calbiochem). Cells resistant to hygromycin (100 �g/ml;
Source Bioscience) and blasticidin (15 �g/ml; Source Biosci-
ence) were selected, expanded, and tested for tetracycline (1
�g/ml; Fisher)-inducible PLM-YFP expression. Following tet-
racycline treatment, expression of PLM-YFP reached steady
state after 36–48 h, and laser confocal microscopy found that
100% of cells expressed PLM-YFP (not shown).
FT-293 cells were maintained in DMEM supplemented with

10% fetal bovine serum, 50 units/ml penicillin, 50 �g/ml strep-
tomycin, 15 �g/ml blasticidin, and 100 �g/ml hygromycin.
Cells were subcultured every 2–3 days at a ratio of 1:4 to 1:6.
Ouabain-sensitive 86Rb Uptake Measurements—Sodium

pump activity was measured as ouabain-sensitive 86Rb uptake
by FT-293 cells cultured on poly-L-lysine-coated 12-well mul-
tiwell dishes.All 86Rbuptakemeasurementsweremade in com-
plete culture medium in the presence of 100 �M bumetanide
(Sigma) to reduce background uptake of 86Rb by the Na/K/2Cl
cotransporter. Cells were preincubated with bumetanide and
ouabain (100 �M; Sigma) at 37 °C for 5 min before initiating
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86Rb uptake by the addition of 1 �Ci/ml 86Rb per well. Cells
were then incubated for 15min at 37 °C before 86Rb uptake was
stopped by rapidly washing multiwell dishes by successive
immersion in three baths of ice-cold PBS. Cells were lysed in 1%
Triton X-100 in PBS, the 86Rb content of lysates was measured
in a liquid scintillation counter, and the protein content of
lysates wasmeasured using a Bradford assay with bovine serum
albumin as a standard. Preliminary experiments showed linear
ouabain-sensitive and -insensitive 86Rb uptake between 5 and
20min under these conditions (data not shown). Ouabain-sen-
sitive 86Rb uptake (which was typically �90% of total 86Rb
uptake) was expressed as the equivalent potassium transport in
nmol/min/mg of cellular protein.
Statistical Analysis—Quantitative data are presented as

means � S.E. Differences between experimental groups were
analyzed by one-way analysis of variance or Kruskal-Wallis
analysis of variance, followed by post hoc tests. Differences were
considered statistically significant when p was �0.05.

RESULTS

Phospholemman Is Palmitoylated in Adult Rat Ventricular
Myocytes—PLM was immunoprecipitated from three pooled
isolations of ARVM using antibodies specific for unphosphor-
ylated PLM or PLM phosphorylated at serine 63 or serine 68.
Immunoprecipitated proteins were digested with trypsin and
identified using a Thermo Orbitrap mass spectrometer followed
by Mascot searching (not shown). We also generated a coverage
map of PLM using the PLM-derived peptides identified (Fig. 1A).
Although no coverage was obtained around the C-terminal phos-
phorylation sites, peptides corresponding to residues 38–61 of
PLM (IGGLTIAGILFILGILIISKRCR; residues 18–41 in the
mature processed form of the protein, a peptide with two missed
trypsin cleavage sites) were detected, and among these peptides
with a palmitoylated cysteine in position 60 (residue 40 inmature
PLM) were observed. No peptides containing PLM cysteine 42
were detected, meaning no information was obtained regarding
the palmitoylation status of this residue.
In order to confirm that PLM is palmitoylated in ARVM,

myocytes were loaded with [3H]palmitic acid and then lysed,
and PLMwas immunoprecipitated (Fig. 1B). Using autoradiog-
raphy, we observed a 3H-labeled protein migrating at an iden-
tical mass to PLM (15 kDa), confirming that PLM is palmitoy-
lated in ventricular myocytes.
We also confirmed PLM palmitoylation using an alternative

approach. Immunoprecipitated PLMwas treated with hydroxyla-
mine to cleave the thioester bond between cysteine and palmitic
acid, and freed cysteines were biotinylated (Fig. 1C). Biotin was
only incorporated into immunoprecipitated PLM treated with
hydroxylamine, not Tris, again confirming PLM palmitoylation.
Phospholemman is Substoichiometrically Palmitoylated—

We developed a quantitative FAE assay in order to investigate
palmitoylation stoichiometry and dynamic changes in PLM
palmitoylation in ARVM. A simple scheme for this assay is
depicted in Fig. 2A. Briefly, cells were lysed in 1%SDS in PBS, and
free cysteines were blocked with NEM. Samples were split and
incubated with either hydroxylamine or Tris (negative control) in
the presence of biotin-HPDP, which biotinylates cysteine thiols
revealed following hydroxylamine cleavage of the thioester bond

FIGURE 1. PLM is palmitoylated in ARVM. A, PLM was immunoprecipitated
from ARVM using antibodies specific for unphosphorylated (C2) or Ser-63- or
Ser-68-phosphorylated PLM. Immunoprecipitation reactions were separated
on SDS-PAGE, and gels were stained with Coomassie Brilliant Blue. PLM
(marked with an arrow) and co-purifying proteins were identified by LC-MS/
MS, and a coverage map of PLM was generated (numbering refers to the
mature processed form of PLM). The primary sequence of rat PLM is shown.
Residues in boldface type were identified in the coverage map from immu-
noprecipitation C2. Cys-40 (C40) was found palmitoylated in some pep-
tides, but no information was obtained regarding the palmitoylation sta-
tus of Cys-42 (C42). B, ARVM were loaded with [3H]palmitic acid, and PLM
was immunoprecipitated. Immunoprecipitation starting material (lysate),
material not immunoprecipitated (not IP-ed) and immunoprecipitated
material (IP fraction) are shown. A 3H-labeled protein with an apparent
molecular mass of 15 kDa enriched in the immunoprecipitation (autorad,
top) is PLM (immunoblot, bottom). C, PLM was immunoprecipitated with
antibodies specific for unphosphorylated (C2) and serine 68-phosphory-
lated (S68) PLM, and the immunoprecipitated (IP) fraction was subjected
to fatty acyl biotin exchange. PLM was detected by immunoblotting (top)
and using streptavidin-HRP (bottom). Biotinylated PLM was only detected
in immunoprecipitations treated with hydroxylamine (ha), not Tris, con-
firming PLM palmitoylation.
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linking palmitate to cysteine. Biotinylated proteins were purified
bystreptavidinaffinitychromatographyandanalyzedby immuno-
blotting. Fig. 2A shows that PLM is purified using our FAE
method, but that the related protein phospholamban is not.
When applied tomultiple samples of�2mgofARVMsimul-

taneously, our FAE protocol purifies quantitatively identical
amounts of palmitoylated proteins (e.g. purification of the con-
stitutively palmitoylated protein caveolin 3 (31) in Fig. 2B). In
order to assess the stoichiometry with which PLM is palmitoy-
lated, we directly compared caveolin 3 or PLM in the FAE frac-
tions with an equal proportion of the unfractionated myocytes
fromwhich theywere derived (Fig. 2B). According to this direct

comparison, 66 � 3% of caveolin 3 is palmitoylated, whereas
11 � 2% of PLM is palmitoylated. Making the assumption that
our FAE purification is therefore 66% efficient for palmitoy-
lated proteins, we consequently estimate that in unstimulated
ARVM, 16� 2% PLMmolecules contain at least one palmitate.
Phospholemman Is Palmitoylated at both Cysteine 40 and

Cysteine 42—In order to map the site(s) of palmitoylation in
PLM, we expressed cysteine to serine mutants of a PLM-YFP
fusion protein in HEK293 cells: cysteine 40 to serine (C40S),
cysteine 42 to serine C42S, and cysteines 40 and 42 to serine
(C40S/C42S). The subcellular distribution of PLM-YFP and
these point mutants was assessed by confocal microscopy and
using membrane-impermeable biotinylation reagents to purify
surface membrane proteins (Fig. 3A). Wild type and mutant

FIGURE 3. PLM is palmitoylated at both cysteine 40 and cysteine 42.
A, wild type, C40S, C42S, and C40S/C42S PLM-YFP fusion proteins were trans-
fected into HEK cells. Subcellular localization of PLM-YFP was measured using
confocal microscopy (top) and cell-impermeable biotinylation reagents (cell
surface fractions only, immunoblotted as indicated; bottom). Wild type and all
mutant proteins are expressed at the cell surface. B, FAE of wild type and
mutant PLM-YFPs expressed in HEK cells, detected with anti-GFP. Mutants
C40S and C42S both cause a reduction in the amount of PLM purified by FAE;
however, only double mutant C40S/C42S is not purified by FAE, indicating
that both cysteine 40 and cysteine 42 in PLM are palmitoylated (2-BP: 100 �M,
4 h). ha, hydroxylamine.

FIGURE 2. PLM is substoichiometrically palmitoylated in ARVM lysates.
A, FAE schematic (top); dotted lines indicate the points at which samples are
routinely taken to monitor the reaction. A typical purification for duplicate
samples immunoblotted for PLM and phospholamban (negative control) is
shown (bottom, showing the substantial enrichment of PLM in the FAE-hy-
droxylamine (ha) fraction compared with unfractionated lysate). UF, unfrac-
tionated lysates; SM, starting material before streptavidin affinity purification;
UB, material not streptavidin affinity-purified. B, proteins purified by FAE were
analyzed alongside an equal proportion of their unfractionated starting
materials. PLM palmitoylation stoichiometry was estimated by comparison
with the stoichiometrically palmitoylated protein caveolin 3. FAE purifies
11 � 2% of PLM and 66 � 3% of caveolin 3 (n � 9) from the starting material
(filled bars). Using the assumption that caveolin 3 is 100% palmitoylated, this
yields an estimate of 16 � 2% as the palmitoylation stoichiometry of PLM in
ARVM (unfilled bars). Error bars, S.E.
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PLM-YFPs were all correctly targeted to the cell surface mem-
brane. FAE from transfected cell lysates indicated that both
C40S and C42S PLM-YFP are palmitoylated when expressed in
HEK cells but C40S/C42S PLM-YFP is not (Fig. 3B), demon-
strating that both cysteines in PLM are palmitoylated.We con-
firmed this result by expressing the same PLM-YFP constructs
in h9c2 rat embryonic cardiomyoblasts and also found that
WT, C40S, and C42S PLM are palmitoylated, but C40S/C42S
PLM is not (not shown).
Phospholemman Phosphorylation Enhances Palmitoylation—

In general, when proteins are found to be both palmitoylated
and phosphorylated at neighboring sites, researchers find that
these two post-translational modifications oppose each other
(i.e. palmitoylation, through increasing themembrane localiza-
tion of intracellular loops, limits access of protein kinases to
nearby phosphorylation sites, and phosphorylation, by repel-
ling intracellular loops from the intracellular face of the lipid
bilayer, opposes their membrane recruitment and palmitoyla-
tion) (32). Because the phosphorylation sites in PLM lie �25
amino acids from the palmitoylation sites, we investigated the
relationship between phosphorylation and palmitoylation of
PLM in both ARVM and transfected HEK cells. Surprisingly,
PKA activation in ARVM, whether through stimulation of
�-adrenoceptors using isoprenaline (10 or 100 nM for 10min at
35 °C) or adenylate cyclase using forskolin (1 or 10 �M for 10
min at 35 °C) caused a substantial increase in the amount of
PLM purified by FAE (Fig. 4A). In fatty acyl exchange experi-
ments from ARVM, we routinely immunoblot for caveolin 3 as
a loading control to ensure equal efficiency of FAE in all sam-
ples. In the example shown in Fig. 4A, membranes were probed
for caveolin 3 after first probing for PLM. Caveolin 3 is the
upper band (indicated by the arrow), and residual signal corre-
sponding to PLM is seen below.We express the amount of PLM
purified by fatty acyl exchange relative to caveolin 3; 100 nM
isoprenaline and 1 �M and 10 �M forskolin all significantly
enhance PLM palmitoylation in ARVM (Fig. 4A).
We investigated whether activation of PKA was upstream of

the fatty acyl transferase enzyme that palmitoylates PLM or
whether PLM phosphorylation directly enhanced PLM palmi-
toylation by expressing phosphorylation point mutants of
PLM-YFP in HEK cells. PKA phosphorylates serine 68 in PLM,
and we found that although forskolin treatment of HEK cells
transfected with wild type PLM-YFP significantly enhanced
PLM palmitoylation (Fig. 4B), forskolin treatment of HEK cells
expressing serine 68 to alanine (S68A) PLM-YFP failed to
enhance PLMpalmitoylation.We did not find enhanced palmi-

FIGURE 4. Relationship between PLM palmitoylation and phosphoryla-
tion. A, freshly isolated ARVM were treated with the �-adrenergic agonist
isoprenaline (Iso) or the adenylate cyclase activator forskolin (Forsk) to acti-
vate protein kinase A and induce serine 68 phosphorylation of PLM. Palmitoy-
lated proteins were purified by FAE and immunoblotted as shown. Purifica-
tion of PLM relative to caveolin 3 (normalized to PLM purified by FAE from
control cells) was significantly enhanced following PKA activation, suggest-
ing a link between PLM phosphorylation at serine 68 and PLM palmitoylation

(n � 8). B, wild type and S68A and S68E mutants of a PLM-YFP fusion protein
were transfected into HEK cells, and the effect of PKA activation with forskolin
on PLM palmitoylation was investigated. PLM-YFP was detected with anti-
GFP. Forskolin increases purification of PLM-YFP by FAE (normalized to PLM-
YFP purified by FAE from cells transfected with WT PLM-YFP) but is without
effect on purification of PLM-S68A-YFP or PLM-S68E-YFP, indicating that
phosphorylation of Ser-68 on PLM primes PLM for palmitoylation (n � 10).
C, HEK cells transfected with wild type and C40S/C42S PLM-YFP were treated
with forskolin (10 �M) or the phorbol ester PMA (300 nM) for 10 min at 37 °C
and immunoblotted with antibodies phosphospecific for PLM phosphory-
lated at Ser-63, Ser-68, and Thr-69. Palmitoylation-defective PLM is phosphor-
ylated normally in HEK cells. *, p � 0.05; Kruskal-Wallis analysis followed by
Dunn’s multiple comparisons test. ha, hydroxylamine. Error bars, S.E.
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toylation of the serine 68 to glutamate phosphomimeticmutant
of PLM-YFP.
Taken together, these data indicate that phosphorylation of

PLM at serine 68 promotes palmitoylation of PLM. We inves-
tigated whether C40S/C42S PLM-YFP is phosphorylated in a
similar manner to wild type PLM-YFP in HEK cells. We
observed no differences in PKA-induced phosphorylation of
serine 68, PKC-induced phosphorylation of serines 63 and 68
and threonine 69, or basal phosphorylation at all three phos-
phorylation sites (Fig. 4C), suggesting that although phosphor-
ylation of PLM can enhance palmitoylation, a reciprocal rela-
tionship between these post-translational modifications does
not exist.
Palmitoylation Influences the Degradation Rate of

Phospholemman—Palmitoylation is reported to control traf-
ficking of certain proteins through the secretory pathway and to
influence the internalization and/or endosomal recycling rate
of others. Because palmitoylation is not required for passage of
PLM through the secretory pathway (Fig. 3A), we tested the
hypothesis that palmitoylation controls the degradation rate of
PLM.HEK cells transfectedwith either wild type or C40S/C42S
PLM-YFP were briefly incubated with the cell-impermeable,
primary amine-reactive, reducing agent-sensitive reagent
sulfo-NHS-SS-biotin to biotinylate proteins with extracellular
primary amines in a pulse-chase experiment (although there
are no lysines in the extracellular domain of PLM, the N termi-
nus is extracellular and is presumably the site at which this
reagent labels PLM). A typical experiment is presented in Fig. 5.
HEKcells transfectedwith eitherwild type orC40S/C42SPLM-
YFP were lysed immediately or between 30 min and 6 h after
biotinylating cell surface proteins, and biotinylated proteins
were purified by streptavidin affinity chromatography. The rate
of degradation of biotinylatedC40S/C42SPLM-YFP is substan-
tially greater than wild type PLM-YFP and follows first order
kinetics. In the example shown, the half-life of wild type PLM-
YFP is 4.0 h, and the half-life of C40S/C42S PLM-YFP is 1.7 h.
Interestingly, the rate of degradation of the sodium pump �1
subunit was not different in HEK cells transfected with wild
type PLM-YFP compared with unpalmitoylatable PLM.
Phospholemman Palmitoylation Inhibits Ion Transport by

the Sodium Pump—The influence of PLM palmitoylation on
ion transport by the sodium pump was assessed in FT-293 cells
stably expressing tetracycline-inducible PLM-YFP. We
assessed the palmitoylation stoichiometry of PLM-YFP in these
cells using a similar approach to that described in the legend to
Fig. 2B (Fig. 6A). Direct comparison of unfractionated cell
lysates with FAE-hydroxylamine fractions indicates that 29 �
4%of PLM-YFP is purified by FAE. Because FAE is 66% efficient
for palmitoylated proteins (Fig. 2B), we estimate that in FT-293
cells, 45 � 6% of PLM-YFP contains at least one palmitate (Fig.
6A). We inhibited palmitoylation of PLM-YFP by treating with
100�M2-bromopalmitate (2-BP) for 24 h. Fig. 6B indicates that
this causes an �60% reduction in PLM palmitoylation.
Inhibition of PLM palmitoylation was without effect on co-

immunoprecipitation of PLM-YFP with the sodium pump �1
subunit (Fig. 6C). We assessed cell surface expression of PLM-
YFP and the sodium pump �1 subunit in the presence and
absence of 2-BP using amembrane-impermeable protein bioti-

nylation reagent. Fig. 6D shows that induction of PLM expres-
sion is without effect on cell surface localization of the sodium
pump �1 subunit and that cell surface expression of the �1
subunit is also unchanged following treatment with 2-BP in the
presence or absence of PLM-YFP induction. We do routinely

FIGURE 5. Palmitoylation influences the degradation rate of PLM but not
the sodium pump �1 subunit in HEK cells. A, HEK cells transfected with wild
type and C40S/C42S PLM-YFP were briefly incubated with sulfo-NHS-SS-bio-
tin and then incubated for the times indicated (h) before cell lysis. Biotiny-
lated proteins that had not been degraded were purified by streptavidin
affinity chromatography and immunoblotted for PLM-YFP (with anti-GFP)
and sodium pump �1 subunit alongside unfractionated cell lysates. B, the
degradation rate of PLM-YFP follows simple first order kinetics. The natural
log of streptavidin-purified protein plotted against time is linear; the half-life
of the protein was derived from the gradient of the straight line. In the exam-
ple immunoblots shown in A, the half-life of wild type PLM-YFP is 4.0 h, and
the half-life of unpalmitoylatable PLM-YFP is 1.7 h. C, the half-life of biotiny-
lated unpalmitoylatable PLM-YFP is significantly reduced compared with
wild type PLM-YFP, indicating that palmitoylation influences the degradation
rate of PLM (n � 4). There is no difference in the degradation rate of the
sodium pump �1 subunit in the same cells. *, p � 0.05. Error bars, S.E.
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observe a small reduction in cell surface expression of PLM-
YFP following 2-BP treatment, which presumably reflects the
enhanced degradation rate of non-palmitoylated PLM
described in the legend to Fig. 5; however, this does not lead to
a reduction in co-immunoprecipitation of PLM-YFP with the
sodium pump �1 subunit, presumably because the expression
of PLM-YFP driven by the human CMV immediate early
enhancer/promoter exceeds the amount of sodium pump �1
subunit.
Sodium pump activity in the presence and absence of PLM-

YFP and 2-BP was assessed by measuring ouabain-sensitive
86Rb uptake by cells. Induction of PLM expression reduces
sodium pump activity (Fig. 6E), as might be predicted given the
widely reported inhibitory effect of PLM on the sodium pump.
In cells in which PLM is not induced, 2-BP is without effect on
sodium pump activity. However, 2-BP treatment reverses the
inhibition of the sodium pump following PLM induction (Fig.
6E), indicating that the inhibitory effect of PLM on sodium
pump activity requires PLM palmitoylation.

DISCUSSION

In this study, we report that PLM is palmitoylated in adult rat
ventricular myocytes. Site-directed mutagenesis reveals that
palmitoylation occurs at both cysteine 40 and cysteine 42 in the
intracellular domain of PLM. The degradation rate of unpalmi-
toylatablemutant PLM is quicker thanwild type, and palmitoy-
lation also contributes to the regulation of the sodium pump by
PLM; we find that the inhibitory effect of PLM on the sodium
pump is lost following application of a palmitoyl acyltransferase
inhibitor.
Palmitoylation and Regulation of Ion Transport—Recently,

reconstitution of recombinant FXYD1 with the sodium pump
in cardiac myocytes (15) has been reported to increase pump
activity, whereas recombinant PLMenhances the sodium affin-
ity ofHis-tagged sodiumpump��purified fromPichia pastoris
(16). This is in direct contrast to results obtained when PLM is
co-expressedwith the sodiumpump inXenopus oocytes (3) and
cardiacmyocytes (9, 10), when the principal functional effect of
PLM is to reduce the sodium affinity of the pump and therefore
reduce pump activity at physiological sodium concentrations.
The variability in the reported effect of PLM on the sodium
pump has been proposed to be due to variations in PLM phos-
phorylation in different preparations (33). Because palmitoyla-
tion of PLM also regulates sodium pump activity, the current
study describes another variable that must be considered when
investigating the effect of PLM on the sodium pump. Recombi-
nant PLM will not be palmitoylated prior to reconstitution,
whichmay explain why it acutely increases sodiumpump activ-
ity. We measure different palmitoylation stoichiometries for
PLM expressed in ARVM or FT-293 cells, so the extent to
which PLM is palmitoylated clearly varies from model to
model. Because we cannot completely abolish this palmitoyla-

FIGURE 6. Influence of PLM palmitoylation on sodium pump �1 in FT-293
cells stably expressing tetracycline-inducible PLM-YFP. PLM-YFP expres-
sion (detected with anti-GFP) was induced with tetracycline (tet; 1 �g/ml) for
48 h. A, palmitoylation stoichiometry of PLM-YFP. Proteins purified by FAE
were analyzed alongside an equal proportion of their unfractionated starting
materials. FAE purifies 29 � 4% of PLM-YFP (filled bars; n � 7). Using the
assumption that FAE purifies 66% of palmitoylated proteins, the palmitoyla-
tion stoichiometry of PLM-YFP in this cell line is 45 � 6% (unfilled bars).
B, effect of 2-BP (100 �M) treatment for 24 h on PLM-YFP palmitoylation. FAE
indicates an �60% reduction in PLM-YFP palmitoylation (n � 5). C, PLM-YFP
was immunoprecipitated, and samples were immunoblotted as shown.
Palmitoylation does not influence the association of PLM-YFP with the
sodium pump �1 subunit. D, cell surface biotinylation experiments indicate
identical cell surface expression of the sodium pump �1 subunit following
induction of PLM-YFP and a minor effect of 2-BP on the cell surface expression
of PLM-YFP but not the sodium pump �1 subunit. E, sodium pump activity

(ouabain-sensitive 86Rb uptake) measurements following induction of PLM-
YFP expression in the presence and absence of 2-BP (n � 10). PLM-YFP inhib-
its sodium pump activity but not if cells are also treated with 2-BP, indicating
that palmitoylated PLM inhibits the sodium pump but unpalmitoylated PLM
does not. *, p � 0.05; analysis of variance followed by Student-Newman-Keuls
post hoc analysis. ha, hydroxylamine; Error bars, S.E.
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tion by treating with 2-bromopalmitate (higher concentrations
than 100 �M or incubation for longer than 24 h are cytotoxic),
we are currently unable to ascertain whether palmitoylation
switches PLM from a sodium pump activator to inhibitor. In
the experiments presented in Fig. 6E, when 45% of the PLM-
YFPwith the sodiumpump is palmitoylated, the pump is inhib-
ited. When 27% of the PLM-YFP with the pump is palmitoy-
lated (a 60% reduction in the 45%palmitoylation stoichiometry;
Fig. 6B), the pump is not inhibited, but nor is its activity signif-
icantly higher than in the absence of PLM-YFP.
Although we find that co-immunoprecipitation of PLM-YFP

and the sodium pump � subunit is unaffected by treatment of
cells with 2-BP (and is also identical in cells expressingWT and
C40S/C42S PLM-YFP, not shown), this does not rule out the
possibility that palmitoylation may modify the affinity of PLM
for the sodium pump. PLM-YFP expressed in FT-293 cells in
both the presence and absence of 2-BP is a mixed population of
palmitoylated and non-palmitoylated; treatment with 2-BP
merely shifts the balance from the former to the latter. Because
PLM-YFP expression in FT-293 cells is driven by the strong
tetracycline-sensitive CMV promoter, it is reasonable to
assume that in both the presence and absence of 2-BP, palmi-
toylated and non-palmitoylated PLM-YFP are more abundant
than the sodium pump � subunit; the form found associated
with the � subunit will be dictated by their relative affinities for
the � subunit. The fact that we measure a functional effect of
2-BP on pump activity in the presence of PLM strongly argues
that palmitoylation does not have a substantial effect on PLM
affinity for the � subunit. That the affinity of PLM for the �
subunit is governed by region(s) of PLM not affected by palmi-
toylation will be the subject of future investigations.
Position of the Palmitoylation Sites in PLM—Fig. 7A shows

the NMR structure of PLM in SDS micelles (based on Ref. 34)
(PDB code 2JO1). The positions of the palmitoylated cysteines
(which lie within helix 3, immediately after transmembrane
helix 2) and also the amino acids thought to interact with the �
subunit of the sodium pump in helix 2 are highlighted, along
with the phosphorylation site Ser-68 in the intracellular helix
(discussed below).No information is currently available regard-
ing the structure PLM adopts when associated with the sodium
pump � subunit.

PLM is widely reported to modify the sodium affinity of the
sodium pump, and most recently it has been suggested that
associationwith PLMmodifies the third sodiumbinding site on
the � subunit (16). To visualize how PLM palmitoylation may
inhibit the sodium pump, we modeled the NMR-resolved
structure of human PLM (PDB entry 2JO1 (34)) onto the crystal
structure of porcine sodium pump (PDB entry 3B8E (35); Fig.
7B). In our model, PLM residues Gly-20, Ala-24, Phe-28, Gly-
31, and Val-35 are all positioned against the sodium pump �
subunit membrane helix M9 (as predicted by Ref. 36) and
occupy the same positions as their porcine � subunit counter-
parts, indicating that the PLM transmembrane helix (helix 2)
has been positioned correctly. The fact that no sodium pump
crystal structure has yet resolved a significant portion of the
intracellular region of the associated FXYD protein implies sig-
nificant mobility for this region, which may be influenced by
palmitoylation.

FIGURE 7. Molecular models of PLM (green) and the sodium pump � subunit
(red and blue). Amino acid labels are italicized, and PLM helices H1–H4 and
sodium pump � subunit transmembrane domains M1–M10 are in boldface type.
A, NMR structure of PLM, indicating the positions of the palmitoylated cysteines
(C40 and C42) in helix 3 (H3), also highlighting the positions of the amino acids in
the transmembrane helix (helix 2; H2) proposed to interact with the sodium
pump � subunit (36) and the intracellular helix containing the phosphorylation
site Ser-68 (helix 4; H4). The proposed position of the membrane (based on
hydropathy analysis (5)) is indicated by dotted lines. The 16-carbon saturated fatty
acid palmitic acid would probably reach as much as half way across the lipid
bilayer. B, the protein sequences of human PLM (FXYD1; PDB code 2JO1) and
porcine sodium pump � chain (PDB code 3B8E) were aligned with Clustal. The
NMR structure of PLM was superimposed over the crystal structure of sodium
pump � chain using a pairwise structural alignment of C-�s spanning the trans-
membrane helix region only (PLM residues 16–36 and � subunit residues
26–46). Three PLM side chains (Phe-28, Arg-38, and Arg-41) were rotated to
occupy the same positions as those in the � subunit structure. Regions of the �
subunit that may be influenced by palmitoylation of PLM are colored red. C, pro-
posed positions of the sodium binding sites (magenta viewed from the intracel-
lular side), positioned according to Refs. 35, 37–40.
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Our model indicates that PLM helix 3 follows the same tra-
jectory as helix 3 of the � subunit in the porcine sodium pump
and is a kinked continuation of transmembrane helix 2. This
positions PLM helix 3 (containing the palmitoylation sites)
close to the sodium pump � subunit transmembrane helices
M6 and M9 and the M8-M9 loop, leaving Cys-40 and Cys-42
exposed to the cytoplasm.We speculate that, given the propen-
sity of palmitate to insert into the plasmamembrane, palmitoy-
lation will induce movement of PLM helix 3, which may have
knock-on effects on the sodium pump � subunit transmem-
brane helices M6, M8, and M9 (colored red in Fig. 7, B and C).
Although there is currently no crystal structure of the

sodium pump in the sodium-bound E1 state, the locations of
the sodium binding sites have been predicted based on crystal
structures of the sodium pump in the E2 state complexed with
potassium (37, 38) and rubidium (35), homology models with
SERCA (39), and mutagenesis studies identifying critical resi-
dues involved in sodium binding (reviewed in Ref. 40). The two
potassium binding sites are believed to become sodium binding
sites when the pump moves to the E1 state (40). Two positions
have been proposed for the third sodium binding site (Fig. 7C)
(40); Na3a is coordinated by Tyr-771, Thr-807, Gln-923, and
Glu-953 between transmembrane helices M6, M8, and M9,
whereas Na3b occupies a charged channel between M5, M7,
M8, and M10. Both sites may actually become occupied (41).
We speculate that PLM palmitoylation inhibits the sodium
pump either through a modification of the third sodium bind-
ing site Na3a or through a movement of PLM helix 3 (with
potential knock-on effects on the position of PLMhelix 4)mod-
ifying the cytoplasmic mouth of either or both sodium binding
sites. Notably, whatever the structural alteration that underlies
the functional effect of PLM palmitoylation is, it does not
extend to altering the co-immunoprecipitation of PLMwith the
� subunit of the pump, much as has been described when PLM
is phosphorylated (4, 9, 10, 42).Whether palmitoylation at both
cysteines in PLM participates in regulation of the pump or
whether the two palmitoylation sites identified in this study
regulate sodium pump activity and PLM turnover indepen-
dently will be the subject of future investigations.
Relationship between Palmitoylation and Phosphorylation—

The observation that PLM phosphorylated at serine 68 is more
palmitoylated than unphosphorylated PLM (Fig. 1C) and that
phosphorylation of PLM at serine 68 promotes PLM palmitoy-
lation (Fig. 4) is the first example to our knowledge of phospho-
rylation of a protein promoting its palmitoylation. We also
observe reduced palmitoylation of PLM in hearts from trans-
genic mice expressing unphosphorylatable PLM compared
with wild type littermates (data not shown). As discussed, these
post-translational modifications usually oppose each other
because they have opposite effects on the membrane associa-
tion of intracellular regions of proteins (32).However, theNMR
structure of serine 68-phosphorylated PLM (43) indicates that
phosphorylation increases themobility of PLMhelix 4 (Fig. 7A)
without inducing major changes in the overall structure of
PLM. The PLM structure depicted in Fig. 7A indicates that
PLM adopts an L-shaped configuration; helix 4 is the bottom
stroke of the L and lies closely opposed to cysteine 40 of PLM,
which is at the inside corner of the L (contrast to cysteine 42, at

the outside corner of the L). We propose that a phosphor-
ylation-induced increase in the mobility of helix 4 may simply
increase the accessibility of the cysteines to the palmitoyl acyl-
transferase enzyme that palmitoylates PLM. Whether it is cys-
teine 40 or cysteine 42 palmitoylation that is enhanced follow-
ing PLM phosphorylation remains to be seen.
It is noteworthy that the FAE assay that we have developed in

this study, although providing powerful quantitative data
regarding palmitoylation stoichiometries and dynamic changes
in protein palmitoylation, is limited because it cannot distin-
guish singly from doubly palmitoylated PLM. Essentially, this
assay gives a digital output (0 or 1) when the signal is analog (0,
1, or 2), meaning we are probably underestimating the extent of
dynamic changes in palmitoylation in our cells; we cannot iden-
tify transitions from singly to doubly palmitoylated (or doubly
to singly) or differentiate the transition from unpalmitoylated
to singly palmitoylated from the transition from unpalmitoy-
lated to doubly palmitoylated (or back again). Indeed, the
absence of site-specific reagents (e.g.modification site-specific
antibodies) to distinguish palmitoylation states is, in general, an
impediment to research in this field. Because PLMwill be puri-
fied by FAE whether singly or doubly palmitoylated, in ARVM,
1 mol of PLM contains between 0.16 and 0.32 mol of palmitate
(Fig. 2B), whereas in FT-293 cells, 1 mol of PLM contains
between 0.45 and 0.90 mol of palmitate (Fig. 6A).
The observation that PLM palmitoylation is promoted by

PLM phosphorylation raises the possibility that some of the
functions ascribed to PLM phosphorylation (activation of the
sodium pump (4, 7, 9, 10, 42), inhibition of the sodium calcium
exchanger (42, 44, 45), PLM-PLMassembly (42, 45), and release
of PLM from the endoplasmic reticulum (46)) may actually be
due to palmitoylation rather than phosphorylation. In general,
we do not favor this hypothesis because the phosphomimetic
serine 68 to glutamatemutation of PLMdoes not promote PLM
palmitoylation, whereas it does activate the sodium pump (47),
inhibit sodium calcium exchange (47), and promote PLM-PLM
interaction (45). We believe that the relatively small negative
charge brought by substitution of glutamate at serine 68 is
insufficient to mimic what is presumably a steric effect of add-
ing phosphate (which brings a substantially greater negative
charge) in this position on palmitoylation, and this accounts for
the failure of cells expressing S68E PLM-YFP to exhibit
enhanced PLM palmitoylation over wild type (Fig. 4).
The physiological significance of enhanced PLM palmitoyla-

tion following PKA activation in ARVM must be considered.
Because palmitoylation of PLM inhibits the sodium pump, this
would appear to oppose the activation of the pump induced by
PLM phosphorylation at serine 68. (Indeed, this may explain
the substantial sodium pump stimulation induced by a phos-
phorylatedPLMpeptide that did not include the palmitoylation
sites (13)). However, as discussed, we are not yet able to distin-
guish which cysteine in PLM is palmitoylated following adre-
nergic stimulation of ARVM; nor have we distinguished
whether the functions of the two palmitoylation sites are iden-
tical. If, for example, catecholamine-induced palmitoylation of
PLMmerely increases the half-life of PLM without influencing
sodium pump activity, the resulting increase in cell surface
expression of PLMmay simply increase the number of sodium
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pumpunits associatedwith PLM, possibly increasing the ability
of the pump to respond to a subsequent catecholamine chal-
lenge. It is notable that although the turnover of PLM phos-
phorylation is very rapid (6), we must apply palmitoylation
inhibitors to cells for several h before palmitoylation is signifi-
cantly decreased, suggesting that phosphorylation-induced
palmitoylation of phospholemman provides the means by
which a signal can be maintained even following withdrawal of
the original stimulus, in essence, biochemical memory.
Relationship between PLM Palmitoylation and Glu-

tathionylation—The recent report that cysteine 42 of PLM is
glutathionylated in order to relieve inhibition of the sodium
pump by oxidative modification (15) highlights the complexity
of sodium pump regulation by PLM. Palmitoylation and gluta-
thionylation may therefore compete for the same cysteine; the
ability of this cysteine to receive either glutathione or palmitate
will depend on whether it is already modified with the other.
We would predict that glutathionylation of PLM will turn over
more rapidly than palmitoylation (but more slowly than phos-
phorylation), but the precise kinetics of these relationships will
be the subject of future studies. Glutathionylation of PLM cys-
teine 42 is reported to enhance sodium pump activity (15),
whereas we see an inhibition of the pump by palmitoylation.
Hence, PLM may be a pump activator or inhibitor depending
on the state of cysteine 42, which is determined by the phos-
phorylation status of PLM (because this controls palmitoyla-
tion) or redox state of the cell (because this determines
glutathionylation).Oxidant stress itself leads toPLMphosphor-
ylation (48), so the relationship between these post-transla-
tional modifications is certainly complex.
Palmitoylation and Regulation of Protein Turnover—Anota-

ble feature of the increased degradation rate of non-palmitoy-
latable PLM (Fig. 5) and non-palmitoylated PLM (Fig. 6) is that
we see no impact of this on expression of the sodium pump �
subunit in HEK or FT-293 cells. The increased degradation of
unpalmitoylatedPLMmaybe through an increased rate of PLM
endocytosis, increased sorting from the endosomal to lyso-
somal compartment, or decreased recycling to the cell surface
from endosomes; we have not attempted to distinguish these
possibilities. Palmitoylation may also recruit PLM to a surface
membrane microdomain to influence its degradation rate.
However, the lack of impact of changing the PLM degradation
rate on the sodium pump � subunit implies that these proteins
are handled independently during endocytosis/degradation
and provides evidence that the relationship between PLM and
the sodium pump is dynamic (i.e. PLM and the sodium pump �
subunit do not remain associated throughout their lifetime).
Palmitoylation of Other FXYD Family Members—The CSS-

Palm palmitoylation prediction algorithm (28) predicts that all
members of themammalian FXYD family will be palmitoylated
(Table 1). The FXYD family is characterized by conserved cys-
teines immediately after the transmembrane domain; FXYD3,
FXYD4, and FXYD6 have two cysteines equivalent to cysteine
40 and 42 of PLM. FXYD2, FXYD5, and FXYD7 have a single
cysteine analogous to cysteine 42 of PLM (1). Although not all
of these cysteines are predicted to be palmitoylated (Table 1),
every FXYD family member is predicted to be palmitoylated at
at least one site in the intracellular domain.Hence, unlike phos-

phorylation, dynamic palmitoylation of a FXYD protein to reg-
ulate sodium pump activity may apply to all members of the
FXYD family, not just PLM.
Conclusions—PLM is palmitoylated at two cysteines in its

intracellular region. Palmitoylation is promoted by phosphor-
ylation of PLM and contributes to regulation of the sodium
pump by PLM. Palmitoylation of FXYDproteinsmaymodulate
sodium pump activity in a variety of tissues.
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