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Na/K-ATPase (NKA) activity is dynamically regulated by an
inhibitory interaction with a small transmembrane protein,
phospholemman (PLM). Inhibition is relieved upon PLM phos-
phorylation. Phosphorylation may alter how PLM interacts with
NKA and/or itself, but details of these interactions are
unknown. To address this, we quantified FRET between PLM
and its regulatory target NKA in live cells. Phosphorylation of
PLM was mimicked by mutation S63E (PKC site), S68E (PKA/
PKC site), or S63E/S68E. The dependence of FRET on protein
expression in live cells yielded information about the structure
and binding affinity of the PLM-NKA regulatory complex. PLM
phosphomimetic mutations altered the quaternary structure of
the regulatory complex and reduced the apparent affinity of the
PLM-NKA interaction. The latter effect was likely due to
increased oligomerization of PLM phosphomimetic mutants, as
suggested by PLM-PLM FRET measurements. Distance con-
straints obtained by FRET suggest that phosphomimetic muta-
tions slightly alter the oligomer quaternary conformation. Pho-
ton-counting histogram measurements revealed that the major
PLM oligomeric species is a tetramer. We conclude that phos-
phorylation of PLM increases its oligomerization into tetram-
ers, decreases its binding to NKA, and alters the structures of
both the tetramer and NKA regulatory complex.

The sodium/potassium pump Na/K-ATPase (NKA)? is
essential to establish the sodium/potassium concentration gra-
dient across the plasma membrane (1). Besides being the foun-
dation for the membrane potential, the sodium/potassium gra-
dient created by NKA is the basis for many other cotransport
and exchange processes (2). NKA plays a particularly important
role in cardiac function. Disordered sodium/potassium han-
dling is associated with heart disease (3), and targeting NKA
with inhibitory drugs is one of the oldest, most effective treat-
ments for the inadequate contractility of the failing heart (4).
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NKA is functionally regulated by PKA/PKC-dependent signal-
ing pathways (1-6). These pathways impinge on phospholem-
man (PLM; or FXYD1), a 72-amino acid regulator of NKA in
cardiac tissue (6—9). PLM inhibits NKA activity by reducing its
apparent sodium affinity (8, 9). Tonic inhibition of NKA by
PLM is relieved upon phosphorylation by PKA or PKC (10-13).
Notably, deletion of PLM abolishes the PKA- or PKC-mediated
regulation on NKA (10-13), emphasizing the central role of
this regulatory interaction.

Recently, much progress has been made elucidating the
structural basis for the functional regulation of NKA by PLM.
NMR studies showed that PLM adopts an L-shaped structure
with a single membrane span (14). The N-terminal half of the
protein consists of an extracellular domain containing the sig-
nature Phe-X-Tyr-Asp (FXYD) motif, followed by a transmem-
brane a-helix. Another helical domain on the cytoplasmic side
of the plasma membrane contains the phosphate-accepting res-
idues Ser-63 (PKC site) and Ser-68 (PKA/PKC site) (9, 14). This
positively charged domain appears to associate with the surface
of the bilayer, but phosphorylation may trigger helix reorienta-
tion and thereby tune the interaction of PLM with NKA (14).
Interestingly, PLM also interacts with itself to form oligomers;
in vitro experiments suggest these are tetramers (15, 16).
Although no major phosphorylation-dependent PLM structure
changes were detected in NMR studies (17), we previously
found that FRET from PLM to PLM was increased upon PLM
phosphorylation (18, 19), whereas FRET from NKA to PLM was
reduced (19). These previous FRET studies suggest that phos-
phorylation of PLM affects its binding interactions or the qua-
ternary conformation of the bound complexes. The relative
contributions of changed binding affinity and altered structure
have not yet been dissected from one another.

In a previous study, we demonstrated that phosphomimetic
mutations of phospholamban (PLB) increased its self-binding
affinity and altered the structure of its regulatory complex with
the sarco(endo)plasmic reticulum Ca*>*-ATPase (SERCA) (20).
Although they are localized to different membrane structures
and have different ion selectivity, the PLB/SERCA proteins are
analogous to PLM/NKA. The secondary/tertiary structure and
regulatory function of PLB are similar to those of PLM
(although opposite in orientation). Likewise, SERCA closely
resembles NKA. Possibly the mechanisms of PLM/NKA regu-
lation parallel those of PLB/SERCA regulation. In this study, we
quantify the effect of phosphorylation-mimicking mutations on
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the structure and affinity of PLM regulatory complexes in live
cells.

EXPERIMENTAL PROCEDURES

Constructs—PLM tagged with either cyan fluorescent pro-
tein (PLM-CFP) or YFP (PLM-YFP) at the intracellular C ter-
minus and the CFP-NKAal construct (in which CFP is
attached at the NKA intracellular N terminus) were described
previously (18, 19). For these constructs, we have previously
validated enzymatic function (pump currents), modulation by
pump ligands and kinases, and interaction specificity (18, 19).
These studies indicated the fluorescent protein fusion tag does
not interfere with pump function. The fluorescent proteins
used were monomeric variants containing the A206K mutation
(21). The pseudo-phosphorylation mutants S63E (PKC site),
S68E (PKA/PKC site), and S63E/S68E (both sites) were created
using the QuikChange mutagenesis kit (Stratagene, La Jolla,
CA). Phosphomimetic mutants were compared with the non-
phosphorylatable controls S63A and S68A.

Cell Culture and Transfection—Stable 293 cell lines express-
ing CFP-NKA«1 fusion proteins were cultured in DMEM with
5% fetal bovine serum in 60-mm dishes for 24 h to achieve
~60% confluency. 15 ug of plasmid DNA encoding PLM-YFP
was transfected into the stable CFP-NKA a1 cells using a mam-
malian cell transfection kit (Stratagene) as described previously
(20, 22, 23). AAV-293 cells were transfected with PLM-YFP
plasmid DNA (0.1 ug) or cotransfected with plasmid DNA
encoding PLM-CFP (1 ug) and PLM-YFP (5 ug). 2024 h after
transfection, cells were detached via mild trypsinization and
replated on poly-D-lysine-coated glass bottom culture dishes.
After adhering to the surface for 1 h, the cells in DMEM were
imaged for quantitative FRET or photon-counting histogram
analysis.

Quantitative FRET—Cells were imaged with an inverted
microscope (Nikon TE2000-U) equipped with a metal halide
lamp, an APO 60X/1.49 numerical aperture objective, and a
back-thinned CCD camera (iXon 887, Andor Technology, Bel-
fast, Northern Ireland) as described previously (20, 22, 23).
FRET between CFP- and YFP-labeled proteins was quantified
by progressive acceptor-selective photobleaching of the entire
microscopic field of observation as described previously (20, 22,
23). The progressive photobleaching protocol was as follows:
100-ms acquisition of CFP image and 40-ms acquisition of YFP
image, followed by 10-s exposure to YFP-selective photo-
bleaching (504/12 nm). The FRET efficiency (E) was calculated
for each cell according to the percentile change of CFP intensity
(F) after YFP-selective photobleaching, i.e. E = 1 — (F,,¢ pleach/
F st bleacn)> and the FRET efficiency was plotted cell-by-cell
according to the pre-bleach YFP fluorescence, which was taken
as an index of the relative protein concentration of each cell.
The protein concentration dependence of FRET efficiency was
fit to a hyperbolic curve of the form Y = (FRET, .. )X/ (K, + X),
where Y'is the FRET efficiency observed, and X is the protein
concentration in the cell in arbitrary units. The maximal FRET
(FRET,,.,) represents the intrinsic FRET of the protein com-
plex. K, is the dissociation constant (in arbitrary units) of the
complexes, which measures their apparent binding affinity. K,;
is the dissociation constant of the PLM-PLM oligomer, and K,
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is the apparent dissociation constant of the PLM-NKA regula-
tory complex. For each mutant, values of K, and FRET . were
summarized as a weighted mean (Equation 1), where SE is the
standard error of the hyperbolic fit with respect to that
parameter.

2" (x/SED)

)—( -

> (1/SE?)
i=1

1

The standard error of the weighted mean was calculated
according to Equation 2.

1
> (1/SEY)
i=1

I

SE; = (Eq.2)

The z-score for a standard normal distribution was calculated
for statistical comparisons between mutants according to
Equation 3, where p < 0.05 was considered significant.

JGE)? + (SE)? e

For the regulatory complex, the donor-acceptor separation
distance was calculated according to R = R,((1/FRET,,,) —
1)'/¢ (24). For the PLM oligomer, the average donor-acceptor
separation distance was calculated from FRET, . using a com-
putational model of intra-oligomeric FRET (25) as described
previously (20, 23). This model assumes a ring-shaped arrange-
ment of subunits, which we regard as the most likely geometry
(26). For values of R = R, FRET efficiency is strongly depen-
dent on donor-acceptor separation distance and only weakly
dependent on the number of subunits in the complex (25). The
ratio of donors and acceptors in the oligomer was determined
from the relative intensities of pre-photobleaching YFP emis-
sion and post-photobleaching CFP emission as described pre-
viously (20).

Photon-counting Histogram Analysis—Photon counting of
PLM-YFP in live AAV-293 cells was performed with a confocal
microscope (TCS-SP5, Leica Microsystems) using 512 nm exci-
tation with an argon ion continuous wave laser that was atten-
uated to prevent photobleaching. Fluorescence emission was
collected with a 63X water immersion objective (HCX PL APO,
1.2 numerical aperture) and band-pass filter (535-585 nm).
Detection was performed with an avalanche photodiode
(SPCM-AQRH, PerkinElmer Life Sciences) and a photon-
counting card (ISS Inc.). Photon-counting histograms (PCH)
were generated by ISS Vista software using a time bin width of
100 ws, which was much shorter than the translational diffusion
time of the molecule in the cell. Fluorescence traces were inte-
grated for 100 s for each PCH curve. The excitation beam was
parked at several different subcellular positions for each of
many cells. The average fluorescence intensity at the point of
measurement was taken as an indicator of the protein concen-
tration at that position. PCH curves were fitted with a nonlinear
curve fitting routine using a one- or two-species model (27). A
one-photon three-dimensional Gaussian model was assumed
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for the excitation volume in our experiments. Resolution of
diffusible species was accomplished by global analysis of several
measurements of similar average fluorescence intensity, yield-
ing molecular brightness (€) and the concentration of each spe-
cies (28, 29). Cell autofluorescence was determined to be neg-
ligible for this analysis.

RESULTS

Plasma Membrane Localization of Fluorescent Protein-fused
PLM and NKAal—Fig. 1 (A-C) shows that the fluorescence of
the PLM fusion construct S63A was predominantly localized to
the plasma membrane, with a small amount detectable in inter-
nal membrane structures. All other PLM variants showed the
same localization pattern (data not shown). CFP-NKA«l
fusion proteins stably expressed in HEK293 cells also showed
predominantly plasma membrane localization (Fig. 1D), and in
cells transfected with PLM S63A-YFP (Fig. 1E), the proteins
were highly co-localized (Fig. 1F).

FIGURE 1. Plasma membrane localization of fluorescent protein-fused
PLM and NKA constructsin transfected cells. A-C, images of cell expressing
both PLM-CFP and PLM-YFP. A, PLM-CFP; B, PLM-YFP; C, merged PLM-CFP and
PLM-YFP. D-F, images of cell expressing both CFP-NKAa1 and PLM-YFP.
D, CFP-NKAa1; E, PLM-YFP; F, merged CFP-NKAa1 and PLM-YFP. Nuc.,
nucleus. Scale bar = 5 um. Optical sections of 0.9-um thickness were
obtained at a z-height corresponding to the center of the cell (~10 wm from
the substrate).

TABLE 1
Summary of effects of phosphomimetic mutations of PLM

PLM-NKA Regulatory Complex FRET—To investigate the
effect of pseudo-phosphorylation mutations on the structure
and apparent affinity of the PLM-NKA regulatory complex, we
measured FRET between CFP-NKAal and PLM mutants
labeled with YFP. Consistent with our previous study (18, 19),
the mean FRET (average FRET observed for a large population
of cells) was reduced for phosphomimetic mutants compared
with non-phosphorylatable controls (Table 1). To dissect the
relative contributions of changes in structure and binding affin-
ity, we compared the FRET efficiency measured for each cell
with the pre-bleach YFP fluorescence intensity (an index of
protein concentration). Cell-to-cell variation in expression
resulted in a wide range of protein concentrations. FRET
increased with protein expression level, approaching a maxi-
mum (Fig. 2, A and B). Fitting with a hyperbolayielded FRET, .
and the concentration at which half-maximal FRET was
observed (K,,). The latter is the apparent dissociation constant
and is inversely related to the affinity of PLM-NKA. The mea-
sured values of FRET, . and K}, are summarized in Fig. 2 (C
and D) and Table 1. K, was increased by 75% by phosphomi-
metic mutations of the PKC site (S63E), the PKA/PKC site
(S68E), or both sites (S63E/S68E) compared with the non-phos-
phorylatable mutants (S63A and S68A). This is evident in Fig. 2
(A and B) as a right-shifted dependence of FRET on protein
expression relative to non-phosphorylatable controls. A com-
parison of measured K, values is provided in Fig. 2D. The
results suggest that PLM binding to NKA is reduced by phos-
phomimetic mutations. Notably, FRET, . was decreased by
20% by phosphomimetic mutations (Fig. 2C). The changes in
FRET,,,, are consistent with a conformational change in the
regulatory complex.

PLM Oligomer FRET—To investigate the effect of pseudo-
phosphorylation mutations on the structure and affinity of
the PLM oligomer, we measured FRET between PLM-CFP and
PLM-YFP. Intra-oligomer FRET efficiency increased with pro-
tein concentration as shown in Fig. 3 (4 and B). FRET,, of

Data are means =+ S.E. Distance constraints were calculated from the Forster equation (for PLM-NKA) or a computational model of FRET within a ring-shaped oligomer
(for PLM-PLM FRET). The parameter € is the molecular brightness obtained from a fit of the PCH. a.u,, arbitrary units.

S63A S63E S68A S68E S63E/S68E

PLM-NKA complex
Mean FRET (%) 145+ 1.3 9.3 = 0.8 153+ 1.1 10.5 = 1.2° 9.4 +1.1°
FRET,,,, (%) 199 * 0.6 16.0 + 0.7 199 * 1.0 161 * 1.0° 15.8 + 0.9°
Acceptor mole fraction 0.93 = 0.04 0.90 £ 0.04 0.91 = 0.02 0.91 £0.03 0.93 = 0.05
CFP-YEP separation distance (A) 64.6 = 0.5 68.2 + 0.8* 64.6 = 0.8 68.1 + 1.1° 68.4 + 1.0°
Apparent K, (a.u.) 6.8 =07 12.2 + 1.0 76+ 1.0 132 * 1.5 124 + 1.7
n (set of experiments) 3 3 4 3 3
N (number of cells) 390 313 296 273 439

PLM oligomer
Mean FRET (%) 383+ 17 324 *+0.7¢ 37.7 0.5 34.2 = 0.4° 29.8 = 0.8°
FRET,,.. (%) 50.2 = 2.1 462 + 1.1° 50.6 = 1.6 44.6 = 1.3° 46.4 + 1.4°
Acceptor mole fraction 0.89 * 0.05 0.92 + 0.03 0.93 £ 0.01 0.91 = 0.01 0.94 + 0.01
CEP-YFP separation distance (A) 57.5 = 0.4 59.2 + 0.2 57.9 + 0.3 59.7 = 0.2° 59.4 + 0.3
K, (au.) 104 * 1.5 5.4 *+ 0.6 11.6 £ 0.9 6.4+ 0.6” 6.5+ 0.5”
n (set of experiments) 3 3 8 6 7
N (number of cells) 354 274 479 423 223

PLM oligomer PCH
€, (species 1; counts/bin) 0.22 £ 0.01 0.23 = 0.01 0.23 £0.01 0.23 = 0.01 0.23 = 0.01
€, (species 2; counts/bin) 0.88 = 0.04 0.87 £ 0.04 0.85 = 0.04 0.85 £ 0.04 0.85 = 0.04
Brightness ratio (e,/€,) 4 3.8 3.7 3.7 3.7

“p < 0.05 versus S63A.
b p < 0.05 versus S68A.
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FIGURE 2. Effects of phosphomimetic mutations on PLM-NKA FRET. A, concentration dependence of FRET for S63A (black circles) and S63E (red circles). a.u.,
arbitrary units. B, concentration dependence of FRET for S68A (gray circles), S68E (orange circles), and S63E/S68E (green circles). The concentration dependence
of FRET was well described by a hyperbola of the form FRET = FRET,,,,[protein]/(Ky, + [protein]). C and D, mean FRET,,,, and K, parameters, respectively,
obtained by hyperbolic fitting of data from multiple independent experiments. Values are means = S.E. *, p < 0.05 versus S63A or S68A.
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FIGURE 3. Effects of phosphomlmetlc mutations on PLM-PLM FRET. A, concentration dependence of FRET for S63A (black circles) and S63E (red circles). a.u.,
arbitrary units. B, concentration dependence of FRET for S68A (gray circles), S68E (orange circles), and S63E/S68E (green circles). The concentration dependence
of FRET was well described by a hyperbola of the form FRET = FRET,,.,[protein]/(K,, + [protein]). C and D, mean FRET,,,, and K, parameters, respectively,
obtained by hyperbolic fitting of data from multiple independent experiments. Values are means = S.E. *, p < 0.05 versus S63A or S68A.

PLM phosphomimetic mutants was modestly reduced by 9%
(Fig. 3C). The PLM oligomer dissociation constant (Kj,;) was
reduced by 45% by phosphomimetic mutations as shown in Fig.
3D and Table 1. The data suggest increased PLM oligomeriza-
tion after pseudo-phosphorylation, combined with a small
change in the conformation of the oligomeric complex.

PCH Analysis—To investigate PLM oligomerization at very
low concentrations, we generated PCHs of PLM-YFP expressed
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in live cells. Fig. 44 shows representative histograms of PLM
mutants labeled with YFP. Although these data were obtained
from subcellular regions with similar average fluorescence
intensities, phosphomimetic mutants showed right-shifted his-
tograms (Fig. 44, upper panel). Histograms generated from dim
cells (expressing a low concentration of protein) were well
described by a single-species model with a molecular brightness
of 0.23 counts/bin for all PLM mutants tested (Table 1). Bright
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FIGURE 4. Effects of phosphomimetic mutations on PLM molecular
brightness. A, upper panel, PCH curves recorded from regions with similar
fluorescence intensities in cells expressing mutants of PLM labeled with YFP.
The abscissa is the Photon Counts, or the numbers of photons detected in a
time bin of 100 us. The ordinate is the Frequency, or the fraction of bins with a
particular photon count. The data were well described by a fit for two species
with a 4-fold difference in brightness. Lower panel, the fit residuals, divided by
standard deviation (o), for a one-species fit (closed circles) and a two-species
fit (open circles) (representative S68A data). B, average number of tetramers
detected in the observation volume for a 100-us bin time versus the average
fluorescence intensity of that sample expressed as photon flux (counts/s).
S63A tetramer concentration plots obtained by sampling different cells (black
closed circles) were similar to those obtained by sampling different regions of
the same cell (black open circles). Values are means = S.E.

cells (expressing a higher concentration of protein) gave PCH
curves that were best described by a two-species model. A com-
parison of residuals from one- and two-species fits is provided
in Fig. 4A (lower panel). The second species was characterized
by a 4-fold higher molecular brightness (0.86 counts/bin), con-
sistent with a tetramer (Table 1). Fig. 4B shows the number of
bright species that were detected versus the average fluores-
cence intensity (photon counts/s) in the detection volume. The
number of tetramers increased with fluorescence intensity,
suggesting that tetramerization increases with protein concen-
tration. A similar trend was observed whether measurements
were taken from different cells (Fig. 4B, black closed circles) or
from regions of differential brightness within the same cell
(black open circles). The apparent effect of phosphomimetic
mutations was to reduce the critical concentration at which the
tetrameric species began to be observed.

DISCUSSION

The present observations relating to PLM structure and
affinity provide insight into the mechanism of kinase regulation
of NKA inhibition by PLM. We propose that relief of pump
inhibition is due to a combination of conformational changes
(Fig. 5, A and C) and dynamic shifts in regulatory binding equi-
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Effects of phosphorylation Proposed functional

consequence
PKC/PKA
A — Relief of NKA
h inhibition
PLM+NKA PLM+
PKC/PKA
B > Relief of NKA
G + inhibition
PLM+NKA PLM
PKC/PKA
C ﬁ Stabilization Of
—— tetramer
“compact” tetramer “loose” tetramer
PKC/PKA
kb Depletion of active
D — mo,;omer, .‘{elief of
—

NKA inhibition
PLM monomer PLM tetramer

FIGURE 5. Scheme for regulation of NKA by PLM. Shown are the effects of
phosphorylation of PLM and the likely functional consequences. A, regulatory
complex structure transition away from a compact (inhibited) structure;
B, decreased PLM-NKA binding; C, PLM tetramer transition away from a com-
pact structure; D, increased PLM tetramerization. This study suggests that
unbinding of PLM from NKA (B) is an indirect result of increased PLM oligo-
merization (D).

libria (Fig. 5, B and D). The effects of phosphorylation include
the following: a conformational change in the PLM-NKA reg-
ulatory complex (Fig. 54), decreased binding of PLM to NKA
(Fig. 5B), a conformational change in the PLM tetramer (Fig.
5C), and increased oligomerization of PLM (Fig. 5D).
PLM-NKA«al Structure and Equilibrium—The concentra-
tion dependence of PLM-NKAal FRET provides FRET _  of
the regulatory complex, which is taken to represent the intrin-
sic FRET efficiency of the complex. As far as can be detected by
FRET, CFP-NKA«al and PLM-YFP compose a bimolecular
complex (18). Therefore, the donor-acceptor separation dis-
tance can be obtained from FRET, by the relationship R =
R,((1/FRET,,,,) — 1)"/°(24). Assuming random relative dipolar
orientations (k* = 2/3) and accounting for 4% nonspecific
energy transfer, the measured intrinsic FRET efficiencies cor-
respond to CFP-YFP separation distances of 64.6 A for the non-
phosphorylatable mutants. The phosphomimetic mutants
S63E, S68E, and S63E/S68E had an average donor-acceptor
separation distance of 68.3 A. We conclude that phosphomi-
metic mutations alter the structure of the bound PLM-NKA
complex. This putative structure change is similar in magni-
tude to other conformational changes measured by FRET (30—
32). The structure transition is represented schematically in
Fig. 5A as a change from an inactive (blue) to an active (orange)
PLM-NKA complex. The uncertain disposition of the fluores-
cent protein tags limits quantitative interpretation of FRET
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constraints. However, the large probe separation distances
determined here (~65 A) are compatible with crystal structures
(33) and computational models (14) in which the PLM-binding
site and the NKA N terminus (CFP fusion site) are on opposite
sides of NKA. A similar arrangement has been proposed for the
analogous regulatory complex of SERCA with its conjugate reg-
ulatory partner PLB (34). We have previously determined probe
separation distances of 58 —65 A for the PLB-SERCA complex
(20, 22, 23). Moreover, the magnitude and direction of the dis-
tance change after phosphomimetic mutations were the same
(+4 A) for both regulatory complexes (20). The data under-
score the structural similarity of the respective regulatory com-
plexes and suggest that similar regulatory mechanisms may
govern both pumps.

All PLM phosphomimetic mutants showed saturable bind-
ing to NKAal (Fig. 2, A and B), suggesting that relief of NKA
inhibition with phosphorylation does not require complete dis-
sociation of the regulatory complex. However, the right-shifted
concentration dependence for phosphomimetic mutants (ver-
sus S68A or S63A) indicates a reduced apparent affinity for
NKA (higher Kp,). It is noteworthy that single phosphomi-
metic mutants showed the same magnitude of K, shift and
structure change as the double mutant S63E/S68E, suggesting
that the Ser-63 and Ser-68 phosphorylation sites are redundant.
Both the structure change (decreased FRET, ..) (Fig. 2C) and
apparent affinity change (increased K,,) (Fig. 2D) may contrib-
ute to the regulation of NKA by PLM phosphorylation. The
relative functional prominence of the two mechanisms in vivo is
unknown.

It is important to note that the YFP fluorescence intensity
measurements used as an index of protein concentration (Fig.
2, A and B) include both the monomeric and oligomeric forms
of PLM-YFP. Thus, the PLM-NKA«1 equilibrium may be influ-
enced by changes in the PLM oligomerization equilibrium. To
determine whether the observed increase in K, was a direct
change in the intrinsic affinity of monomeric PLM for NKA
(Fig. 5B) or an indirect result of decreased K, (Fig. 5D), we also
measured FRET between fluorescent probes on different sub-
units of the PLM oligomer.

PLM Oligomer Structure and Equilibrium—Using a compu-
tational model (20) of FRET within a ring-shaped oligomer (25),
we calculated an average probe separation distance of 58 A for
the non-phosphorylatable PLM mutants. This is a rather large
distance, as may be expected from the L-shaped structure of
PLM that was determined by NMR (35). The PLM oligomer
may assume a structure analogous to the PLB pentamer (36,
37), in which the cytoplasmic domains point outward from a
central hub of transmembrane helices. However, the relative
positions of the PLM cytoplasmic domain and the fluorescent
protein chromophore are not known precisely, so we cannot
rule out alternative conformations. The observed decrease in
PLM oligomer FRET, ., after phosphomimetic mutations (Fig.
3C) is consistent with a modest increase in average probe sep-
aration distance from 58 to 60 A. This represents a very small
change in the oligomeric architecture. The results underscore
the value of long-range distance constraints for measuring sub-
tle conformational changes in macromolecules. For simplicity,
the change in the structure with phosphorylation is represented
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schematically in Fig. 5C as shifting away from a “compact” con-
formation, but other structural effects could be envisioned. For
example, phosphorylation may cause increased membrane
association or a change in the dynamics of the PLM cytoplasmic
domain (14). The functional significance of the apparent con-
formational change is unclear because the role of the oligomer
is not proven. One possibility is that the oligomeric species is
a reserve pool, which does not bind or regulate NKA (19).
The role of the putative structure change may be to stabilize the
assembled complex, increasing the oligomer population at the
expense of the inhibitory monomeric species. We found that all
three phosphomimetic mutations favor PLM oligomerization
in the membranes of live cells, increasing binding affinity by
~2-fold (Fig. 3D). As we observed for the regulatory complex
(Fig. 2D), there was no additional effect for the double mutant
compared with single mutations. The data suggest that phos-
phorylation of either site is sufficient for full regulation of PLM
oligomerization. It is noteworthy that the changes in K, (Fig.
3D) and K, (Fig. 2D) are of similar magnitude and opposite
direction (1.8-fold difference) (Table 1). The data suggest that
unbinding of PLM from NKA (Fig. 5B) is not a consequence of
a change in the intrinsic affinity of PLM monomers for the
pump (Kp,) but rather is an indirect effect of increased PLM
oligomerization (Fig. 5D). A similar concerted change in linked
equilibria was observed for PLB-binding interactions (20, 38).
In response to analogous phosphomimetic mutations, PLB K,
and K, showed 2.1- and 1.9-fold changes, respectively (20).
PLB oligomerization interactions are apparently more avid
than those of PLM. This may be why PLB oligomers are visible
by SDS-PAGE, whereas PLM runs as a monomer.

PCH Analysis—Conclusions derived from FRET experi-
ments were supported by the results of complementary PCH
experiments (Fig. 4). A PCH is generated by counting photons
emitted from diffusible fluorescent species as they pass through
the excitation/detection volume of a parked laser beam of a
confocal microscope. This method allows determination of the
molecular brightness (€) and the absolute concentration of the
fluorescent species in the observation volume (28). It is useful
for probing the oligomerization states of proteins in living cells
(27, 29) with submicron spatial resolution. In these experi-
ments, two diffusible species were observed, with an ~4-fold
difference in molecular brightness (Table 1). The data are com-
patible with a mixture of monomers and tetramers. That the
major oligomeric species is a tetramer was previously suggested
by in vitro experiments of another group (15, 16, 26) and is
consistent with our own observation (in FRET experiments)
that the oligomer size is three or more protomers (18). We
found that the concentration of tetramers increased with aver-
age fluorescence intensity (Fig. 4B). These data are analogous to
the FRET efficiency versus concentration binding curves given
in Fig. 3 (A and B), although the PCH technique is applicable to
a much lower concentration range. The effect of phosphomi-
metic mutations was to reduce the threshold concentration at
which the tetrameric species were observed. Notably, differen-
tial oligomerization was observed in different subcellular
regions of the same cell (Fig. 4B, black open circles). The results
mimicked the pattern of concentration-dependent oligomeri-
zation observed by sampling separate cells with different fluo-
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rescence intensity (Fig. 4B, black closed circles). Subcellular
regions with the highest fluorescence intensity had the highest
numbers of tetramers and the highest tetramer/monomer ratio.
Dim regions were dominated by the monomeric species. The
final balance of tetramers and monomers iz vivo must be deter-
mined by the steady-state concentration at the plasma mem-
brane. In this regard, tetramers began to be detected at a fluo-
rescence intensity of 1 X 10> photon counts/s, which
corresponds to an average concentration of ~25 YFP molecules
in the excitation volume. Assuming that the plane of the bilayer
bisects the excitation volume, this suggests a membrane density
of 30 PLM-YFP molecules/um?. Although the concentration of
PLM in vivo is unknown, it is probably similar to the density of
NKA in cardiac myocyte sarcolemma, which has been variously
estimated as 320 (39), 1200 (40), and 2600 (41) pumps/um? We
conclude that oligomerization of PLM occurs at expression lev-
els that are well below the expected in vivo concentration.
Taken together with the observation that PLM-PLM binding
affinity is comparable with the affinity of the PLM-NKA inter-
action (Table 1), the results suggest that PLM oligomerization
does occur in vivo.

Summary—The conclusions of this study are summarized in
Fig. 5. We propose that the major PLM oligomeric species is a
tetramer. After phosphorylation of either Ser-63 or Ser-68, the
PLM tetramer undergoes a structure transition (Fig. 5C),
slightly increasing the separation of the cytoplasmic domains
and enhancing tetramer stability. This increases PLM oligo-
merization (Fig. 5D), which is observed as a reduction in Kp;.
As a consequence of increased PLM oligomerization, the pool
of monomeric PLM is depleted, which indirectly affects appar-
ent K,,. The result is reduced binding of PLM to NKA (Fig. 5B)
and therefore reduced inhibition of NKA by PLM. Phosphory-
lation of PLM also alters the conformation of the PLM-NKA
regulatory complex (Fig. 5A4), increasing the separation of the
PLM cytoplasmic domain and the NKA N terminus by 4 A. Of
these effects, we regard the structural rearrangement of the
regulatory complex (Fig. 54) and the unbinding of PLM from
NKA (Fig. 5B) as most directly relevant to NKA regulation.
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