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ABSTRACT The cardiac sarco/endoplasmic reticulum calcium ATPase (SERCA) establishes the intracellular calcium gradient
across the sarcoplasmic reticulum membrane. It has been proposed that SERCA forms homooligomers that increase the cat-
alytic rate of calcium transport. We investigated SERCA dimerization in rabbit left ventricular myocytes using a photoactivatable
cross-linker. Western blotting of cross-linked SERCA revealed higher-molecular-weight species consistent with SERCA oligo-
merization. Fluorescence resonance energy transfer measurements in cells transiently transfected with fluorescently labeled
SERCAZ2a revealed that SERCA readily forms homodimers. These dimers formed in the absence or presence of the SERCA
regulatory partner, phospholamban (PLB) and were unaltered by PLB phosphorylation or changes in calcium or ATP. Fluores-
cence lifetime data are compatible with a model in which PLB interacts with a SERCA homodimer in a stoichiometry of 1:2.
Together, these results suggest that SERCA forms constitutive homodimers in live cells and that dimer formation is not modu-

lated by SERCA conformational poise, PLB binding, or PLB phosphorylation.

INTRODUCTION

Sarco/endoplasmic reticulum calcium ATPase (SERCA) is
an ion-motive ATPase that couples the hydrolysis of ATP
with calcium transport from the cytosol into the endo-
plasmic reticulum. In the heart, the cardiac isoform
SERCAZ2a is critical for cardiomyocyte relaxation and re-
loading sarcoplasmic reticulum (SR) calcium stores for sub-
sequent contractions. Cardiac calcium transport activity is
regulated by a 52-amino-acid membrane protein, phospho-
lamban (PLB), which inhibits SERCA by reducing the
apparent affinity of the pump for calcium. SERCA inhibi-
tion is relieved when PLB is phosphorylated by protein
kinase A or calcium-calmodulin kinase II (1-3). As the
main calcium-handling pathway during relaxation of myo-
cytes, SERCA plays a key role in cardiomyocyte function
and presents a valuable target for therapies aimed at treating
heart failure (HF). Alterations to SERCA expression and
regulation by PLB are associated with HF, underscoring
its importance in cardiac function (4,5). Moreover, overex-
pression of SERCA in various animal models has been
shown to improve cardiac function and survival (6-8),
creating interest in targeting calcium handling for treatment
of heart disease. However, a recent clinical trial utilizing
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SERCA overexpression in patients with HF did not improve
clinical outcome, so alternative approaches to improving
cardiac calcium handling are needed. Development of
such future therapies will require a better understanding of
SERCA function and regulation.

Multiple studies since the 1970s have provided evidence
for the assembly of skeletal isoform SERCA1a in homooli-
gomeric complexes (9—12). The functional significance of
this was unclear, but early studies suggested SERCA-
SERCA interactions altered SERCA responsiveness to Mg
(12) or ATP (9). Some recent functional studies correlated
oligomerization/aggregation with decreased SERCA cata-
Iytic activity (13—15). However, other data suggest that
SERCA oligomerization may be a mechanism for increased
transport activity after relief of inhibition by adrenergic
stimulation. In particular, saturation transfer electron para-
magnetic resonance experiments indicated that phos-
phorylation of PLB reduced the rotational mobility of
SERCAZ2a, consistent with SERCA homooligomerization
(16). This interpretation is also supported by kinetic mea-
surements of calcium transport that indicated that SERCA2a
dimerizes in the presence of phosphorylated PLB (17).
Significantly, the kinetic data suggested conformational
coupling of SERCA protomers into a single functional
unit. In this model, energetically unfavorable structural tran-
sitions of one SERCA protomer are assisted by coupling
them to energetically favorable conformational changes of
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the other protomer. Thus, by reducing the barrier of the slow
step, the overall rate of calcium transport is increased. Other
studies also support the hypothesis that oligomerization
enhances SERCA catalytic activity. Chen et al. showed
that dilution of active wild-type SERCA2a with inactivated
SERCAZ2a reduced ATPase activity by more than would
be expected from the molar ratio of wild-type to inactive
species (18). An analogous experiment was performed
by Chamberlain et al. (19), who demonstrated that
irradiation of SERCA2a produced a nonlinear reduction of
activity. The shape of this irradiation curve was suggestive
of a functional dimer. Together, these studies suggest that
the activity of the SERCA oligomer is greater than the
sum of its parts.

In this study, we directly tested this theory of SERCA func-
tional oligomerization that was developed from in vitro
observations. We used photoactivatable cross-linking to
determine whether the cardiac isoform SERCAZ2a is oligo-
meric in cardiac myocytes. Then, using spectroscopic ap-
proaches, we quantified the stoichiometry of the putative
oligomer and investigated whether oligomerization was
regulated by mechanisms known to be important determi-
nants of SERCA activity. Specifically, we sought to deter-
mine whether the presence of PLB or PLB phosphorylation
alter SERCA-SERCA physical coupling. That is, does PLB
control the functional coupling of the putative dimer complex
by altering SERCA-SERCA binding affinity or are physical
and functional coupling distinct facets? We report detection
of dimeric SERCA in the membranes of living cells,
including native SERCA2a in cardiac myocytes. The data
suggest that SERCA-SERCA dimers are a constitutive
feature that is not altered by SERCA conformation or PLB
phosphorylation.

MATERIALS AND METHODS
Molecular biology and cell culture

Enhanced green fluorescent protein (GFP) or mCerulean (Cer) was fused
to the N-terminus of canine SERCA2a as described previously (20,21).
Enhanced yellow fluorescent protein (YFP) was fused to the N-terminus,
between amino acids 508 and 509, or to the C-terminus of canine SERCA2a
(22). We have previously demonstrated that attachment of the fluorescent
proteins at these sites does not interfere with the activity of SERCA
(22,23). Canine PLB mutants were designed by mutating the serine at
position 16 to alanine (S16A; nonphosphorylatable) or glutamate (S16E;
phosphomimetic). We used as positive controls two fluorescence resonance
energy transfer (FRET) standard constructs in which Cer is fused to Venus
fluorescent protein with a 32-amino-acid linker (C32V) or a Cer fused be-
tween two Venus fluorescent proteins with linker sizes of five amino acids
(VCV) (24,25). All plasmids were validated by nucleotide sequencing.
AAV-293 cells (Agilent Technologies, Santa Clara, CA) were transiently
transfected with the MBS mammalian transfection kit (Stratagene, San
Diego, CA) as previously described (21). After 24 h, transfected cells
were trypsinized for 1 min and applied to glass-bottom multichambered
slides (Matek, FPVHQ, Watsonville, CA) coated with poly-D-lysine.
Cells were allowed to adhere for 2 h before microscopy experiments
were carried out.

Cardiac Calcium ATPase Dimer

Photoactivatable cross-linking

Left ventricular cardiomyocytes were isolated from adult New Zealand
white rabbits as previously described (26). All animal protocols
were approved by the Loyola University Institutional Animal Care
and Use Committee. Myocytes were permeabilized for 2 min with
100 pg/mL saponin (Sigma-Aldrich, St. Louis, MO) in a potassium-
free relaxing solution containing 100 mM NaCl, 5 mM MgCl,, 2 mM
EGTA, 10 mM imidazole, 4 mM ATP, complete protease inhibitor
cocktail (Santa Cruz Biotechnology, Dallas, TX), and 50 mM
tris(2-carboxyethyl)phosphine at pH 7.0. The permeabilized myocytes
were centrifuged for 5 min at 500 G at 4°C. The supernatant was
removed and replaced with potassium-free relaxing solution containing
the photoactivatable cross-linker benzophenone-4-maleimide (BPM)
(Sigma-Aldrich), which contains a sulfhydryl-specific group and a
photoactivatable group. The pellet was resuspended and incubated for
10 min at room temperature. The suspension was then placed on ice
and irradiated for 20 min by a long-wave ultraviolet lamp set at
365 nm (UVP, Upland, CA). A 2x cell lysis solution (300 mM NaCL,
100 mM Tris, and 2% SDS, pH 8.0) was added in equal volume to the
suspension in preparation for Western blotting.

Coimmunoprecipitation

AAV-293 cells were transiently transfected for 24 h with GFP-SERCA2a
and cMyc-SERCA?2a at a molar plasmid ratio of 1:1. The cells were resus-
pended in cell lysis buffer containing: 150 mM NaCl, 50 mM Tris, 1%
Nonidet-P40, and EDTA-free protease inhibitor cocktail (Santa Cruz
Biotechnology) at pH 8.0. The lysed product was placed on a shaker for
20 min at 4°C followed by centrifugation at 13,000 x g for 10 min. The su-
pernatant was incubated overnight with mouse anti-cMyc antibody (cat. no.
631206, Clontech Laboratories, Mountain View, CA) or nonspecific mouse
IgG antibody cat. no. 15381, Sigma-Aldrich). The resulting solution was
incubated with protein G Dynabeads (Life Technologies, Carlsbad, CA)
for 1 h at room temperature and then washed four times with cell lysis
buffer. The bound protein was eluted for 10 min at 55°C in 1% SDS with
B-mercaptoethanol. Sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) and Western blotting were performed as described
below.

Western blotting

Samples were separated on a 4—15% polyacrylamide gradient gel (Bio-Rad,
Hercules, CA) and transferred to polyvinylidene difluoride membrane. The
membrane was blocked in milk followed by overnight incubation of the
primary antibody rabbit anti-GFP (1:2000; Life Technologies), mouse
anti-SERCA2 (1:2000, cat. no. ab2817, AbCam, Cambridge, United
Kingdom), or mouse anti-cMyc (1:2000; cat. no. 631206, Clontech Labora-
tories). Blots were incubated with anti-mouse or anti-rabbit secondary an-
tibodies conjugated to horseradish peroxidase for 2 h at room temperature
(1:20,000 dilution). The blots were developed using an electrochemilumi-
nescence substrate (Perkin Elmer, Waltham, MA) and imaged using a
ChemiDoc XRS+ (Bio-Rad).

Photon counting histogram analysis-

AAV-293 cells transiently transfected with GFP-SERCA?2a were subjected
to cross-linking with 300 uM BPM followed by SDS-PAGE, as described
above. The SERCA2 immunoreactive bands were excised from the poly-
acrylamide gel and soaked in phosphate-buffered saline (PBS) for 3 h at
room temperature. Photon counting was performed on a Nikon Eclipse Ti
inverted microscope (Nikon Instruments, Melville, NY) equipped with
a 60x water immersion objective (NA 1.2). GFP was excited using a
20 MHz supercontinuum laser (Fianium Ltd) and a 482/18 nm bandpass
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filter (Semrock Inc). The fluorescence emission was passed through a
dual band bandpass filter (523/610) and dichroic filter in the microscope
(488/561 nm) and a 50 pm confocal pinhole. The emission was then
directed through a 525/50 nm bandpass filter to an avalanche photodiode
(Micro Photon Devices) using a dichroic beamsplitter (565 nm, Chroma).
Photon counting was performed with a PicoHarp 300 time-correlated
single-photon counting module (PicoQuant Photonics, West Springfield,
MA). Fluorescence correlation spectroscopy was used to determine the con-
centration of GFP-SERCA of the gel eluants and the samples were diluted
to compare equal concentrations of the eluted species in the subsequent
photon-counting histogram (PCH) analysis. Histograms were generated us-
ing 2 ms bin width in SymPhoTime 64 software (PicoQuant Photonics) and
exported to Globals Software for Spectroscopy and Images (Laboratory
for Fluorescence Dynamics, University of California, Irvine, CA) for
PCH analysis. PCH molecular brightness analysis was performed using a
three-dimensional Gaussian-Lorentzian model with one- or two-species
minimization.

Time-correlated single-photon counting

Fluorescence lifetime measurements were obtained from AAV-293 cells ex-
pressing GFP-SERCA alone or GFP-SERCA with mCherry-PLB using the
experimental setup described above. The level of expression of fluorescently
labeled proteins in each cell was determined by using a 500-mm-focal-length
planoconvex lens in a flip mount to defocus the excitation beam (560/14 nm)
of the supercontinuum laser to excite the entire cell. The emitted fluorescence
of mCherry-PLB was detected using a 640/50 nm bandpass filter and a CCD
camera (CoolSNAP K4, Photometrics, Tucson, AZ). After each image was
obtained, the lens was removed from the path and time-correlated single-
photon counting was performed using single-point excitation and confocal
detection using the avalanche photodiode. The magic angle condition was
not used in these experiments because the supercontinuum excitation laser
is not polarized. Moreover, it is not recommended that a high-numerical-
aperture lens be combined with a polarizer under magic angle conditions,
because this can create or exacerbate polarization effects (27,28). We noted
that the decay of the donor-only sample was monoexponential, suggesting
that additional lifetimes in the presence of the acceptor were not due to po-
larization artifacts and could be attributed to FRET. Fluorescence decays
obtained from each cell were analyzed independently by tail fitting with
a one- or two-component exponential decay from 3.5 ns using the
SymPhoTime 64 software. The amplitude parameter was constrained by a
lower limit of zero. The tau parameter was compared to the average fluores-
cence intensity of mCherry-PLB for each cell measured with the charge-cou-
pleld device camera to determine the dependence of fluorescence lifetime on
protein expression. Two-component analysis of GFP-SERCA fluorescence
decays was performed by fixing one lifetime to the donor-only tau to limit
the number of floating parameters. Distance measurements were calculated
from the relationshipR = Ro(E~' = 1)V, where Ry is the Forster distance for
the GFP/mCherry pair (5.31 nm) and E is the average FRET value from
the lifetime measurements, assuming a random orientation factor K> =2/3).

Acceptor sensitization FRET and cell scoring

Sensitized donor/acceptor emission FRET was performed as previously
described (29). Each cell that expressed both Cer and YFP was plotted as
the percent FRET over the range of expressed protein concentration, as
determined by the fluorescence intensity of the yellow fluorescent protein
(YFP) channel (expressed in arbitrary units). To demonstrate specificity
of FRET, we performed competition of the SERCA-SERCA complex using
unlabeled SERCA protein. Just as “cold” unlabeled protein can be used to
compete for “hot” labeled protein in a conventional radioisotope binding
assay, specific FRET is decreased by competition, allowing quantification
of the remainder as nonspecific FRET.
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Progressive acceptor photobleaching

Acceptor photobleaching was performed as previously described
(24). Briefly, AAV-293 cells transfected with Cer-SERCA and YFP-
SERCA in a 1:5 molar plasmid ratio. Cells were placed on an inverted
microscope (Nikon Instruments) equipped with a 60x 1.49 NA oil
objective CCD camera (iXon 887, Andor Technology, Belfast, United
Kingdom), Lumen 200 metal halide lamp (Prior, Rockland, MA), and
cyan fluorescent protein (CFP)/YFP emission and excitation filters
(Semrock, Rochester, NY). A field of cells was selected and imaged
every 10 s for 500 s. YFP was selectively photobleached by exposure
to YFP excitation between each image. The photobleaching power at
the sample was ~1.59 nW/um?®The change in average fluorescence in-
tensity of each cell was calculated after subtraction of background
fluorescence.

RESULTS

Photoactivatable cross-linking of SERCA yields
high-molecular-weight species consistent with a
dimer complex

Other studies have shown that SERCA is capable of forming
homooligomers in reconstituted lipid bilayers. To determine
whether SERCA is oligomeric in the biosynthetic mem-
branes of ventricular cells, we treated isolated cardiac left
ventricular myocytes with saponin and performed photoac-
tivatable cross-linking with BPM. Western blots of the
cross-linked material were probed with a SERCA?2 primary
antibody, revealing a single band at ~99 kDa (Fig. 1 A,
Band 1), in keeping with the molecular weight of a SERCA
monomer. Increasing concentrations of BPM caused a
decrease in the relative amount of the SERCA monomer
(Fig. 1 B) and yielded a new prominent band at 230 kDa
(Fig. 1 A, Band 2). At the highest BPM concentrations
(>100 uM) (Fig. 1 D), we observed a third band at
315 kDa (Fig. 1 A, Band 3). The relative amount of
the SERCA monomer increased with preincubation of
increasing amounts of the detergent n-dodecylphosphocho-
line (Fig. 1, E and F). It was noteworthy that high-mo-
lecular-weight species were still produced even after
solubilization with up to 1% n-dodecylphosphocholine, sug-
gesting that some oligomeric interactions were preserved in
detergent before the addition of cross-linker. Previous
studies have suggested that phosphorylation of PLB at
serine 16 may play an essential role in SERCA homodimer
formation (18,30). However, we did not observe a signifi-
cant change in cross-linking after treatment of myocytes
with 50 nM of the §-adrenergic agonist isoproterenol (iso)
(Fig. 1 G). The data suggest that PLB phosphorylation did
not alter BPM cross-linking of SERCA.

To rule out the possibility that the high-molecular-weight
species is solely due to a single SERCA protomer becoming
cross-linked to one of its other (non-SERCA) binding part-
ners (31,32), we performed cross-linking of GFP-SERCA
expressed in AAV-293 cells. The non-cross-linked control
sample produced a band consistent with GFP-SERCA
monomer, with a molecular weight of 135 kDa (note the



Cardiac Calcium ATPase Dimer

B C
IB: SERCA2 00t o, . 301
z ? S — .
S W W|Bandz = Os0f aji P
250 » W WBand2 B X 0 o 820_ (L/%"(\L I
150 @ ® 60 \ = % |
100={u - e (a1 S S 40 o.l <3S
xr = N-o £ 210; b/
0 0.01 041 1 10 100 300 1000 W 9 o o ows e
1M BPM = n e p—o !
0 00101 1 10 1001000 0 00101 1 10 1001000
BPM (uM) BPM (uM)
D E F 50,
o
ASO S l 9] < 401 o/
< 2 z 2o
RS ! 250— , S
2 X 204 l ' S W 30,
= w 150— g @
O
g 100—] 4 | < S20
g 219 75— o2 ]
& d G o10p
uw s e %DPC 0.005 0.01 0.05 0.1 0.5 1 RS
(C ——0——0 sl
= QR—R 9 = . . . 04 T : : .
0 00101 1 10 1001000 0.00 0.25 0.50 0.75 1.00
BPM (uM) DPC (%)
G p +50 mM i H 10450 1
T |so_ == m / |so+ . 0 i% High MW
01V % 10" R & 2832 £ 35 cpsm WB: Myc Dj-mo kD
BPM - + + + - + + + g_ ) ‘{;f%
Sap _+ _+* _+ + 4+ 4+ 4+ 4 o 1074 %8 .
o i . WB: GFP| 'l e 100 kD
T 107 ] o o 9
I Low MW RefRe 5 o 3
150 T 10*] € = 2338 + 76\ P& g0,0 = a 3
100 E cpsm \Q’:oﬁ ®o 3 <
Mo wmEme - 210k ——— — \ wo® o
0 10 20 30 40 50
Photon Counts
FIGURE 1 Oligomerization of SERCA probed with cross-linking and co-immunoprecipitation (co-IP). (A) Western blot analysis of rabbit LV myocytes.

Increasing concentrations of BPM decreased the amount of monomeric SERCA (Band 1) and gave rise to two additional bands (Bands 2 and 3). (B-D)
Quantification of Bands 1-3 relative to total SERCA. Values are the mean *= SD from three independent blots. (E) Preincubation with the detergent n-do-
decylphosphocholine in 300 uM BPM increased the relative amount of monomeric SERCA (Band 1). (F) Quantification of (E). (G) Pretreatment of myocytes
with 50 nM isoproterenol (iso) did not appreciably alter the SERCA electrophoretic pattern. (H) PCH analysis of GFP-SERCA isolated from low-molecular-
weight (black) and high-molecular-weight (red) fractions revealed an increased molecular brightness (¢) for the high-molecular-weight species (fits shown in
gray). Molecular brightness values are the mean * SD from N = 3 individual gel slices (unpaired #-test, p < 0.001). () Co-IP of GFP-SERCA with Myc-

SERCA. To see this figure in color, go online.

decreased mobility of the monomer due to the GFP tag).
The cross-linked sample produced this band plus a second
band at 301 kDa, a mobility that is compatible with the ex-
pected molecular weight of two GFP-SERCA molecules.
The two SDS-PAGE bands were excised and eluted in
PBS, and diluted to equal concentrations (as quantified by
fluorescence correlation spectroscopy). PCH brightness
analysis revealed that the 135 kDa section of the gel-con-
taining monomeric GFP-SERCA had an average molecular
brightness of 2338 * 76 counts/s/molecule (cpsm), whereas
the higher-molecular-weight species (301 kDa) had an
increased molecular brightness of 2832 =+ 35 cpsm
(mean = SD) (Fig. 1 H). (The deviation of the fit from
the data on the right side of the distribution is expected; it
is a consequence of a low concentration of fluorophores
(33)). We noted that the brightness was not increased by a

factor of twofold as would be expected for a dimer. Many
factors may contribute to the apparently decreased bright-
ness of the cross-linked species. 1) BPM cross-linking
may covalently modify some GFP and decrease or eliminate
its fluorescence. 2) Ultraviolet exposure (for BPM activa-
tion) photobleaches some GFP molecules. 3) Competition
from endogenous SERCA creates some complexes where
only a single SERCA has a GFP tag. 4) Background fluores-
cence adds to the apparent molecular brightness of both the
high- and low-molecular-weight samples. 5) SDS detergent
presumably denatures a large number of the GFP molecules.
All of these factors are expected to reduce the apparent dif-
ference between the low- and the high-molecular-weight
bands. As a consequence of these uncontrolled influences,
it is not possible to perform the customary quantitative
PCH analysis to determine stoichiometry of the bound
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complex (34). Instead, we interpret the results as a qualita-
tive indication of increased molecular brightness of the
high-molecular-weight species. We consider this supporting
experiment to be compatible with our principal hypoth-
esis that SERCA protomers can form homooligomeric
complexes.

As an alternative approach, we investigated the inter-
action of SERCA protomers by coimmunoprecipitation
of GFP-SERCA with cMyc-SERCA. Immunoprecipitation
with anti-cMyc pulled down GFP-SERCA (Fig. 1 I). A con-
trol IgG antibody did not pull down either cMyc- or
GFP-labeled SERCA.

SERCA forms oligomers in the absence or
presence of PLB, regardless of PLB serine 16
phosphorylation

To investigate the quaternary structure and regulation of
SERCA homooligomerization, we transiently transfected
AAV-293 cells with Cer-SERCA and YFP-SERCA. As
diagrammed in Fig. 2 A, FRET was measured from Cer-
SERCA to SERCA labeled with YFP at the N-terminus
(N), inserted before residue 509 (509), or fused to the C-ter-
minus (C) of SERCA (PDB: 4KYT) (35). We observed
FRET for all labeled positions (Fig. 2 B) and selected the
N-terminal labeling strategy for a more detailed analysis
of the SERCA-SERCA interaction. Fig. 2 C shows the
FRET values obtained from individual cells (dark gray)
plotted as a function of whole-cell average fluorescence
intensity, taken as an index of protein concentration. We
used cotransfection of Cer-SERCA and untethered YFP as
a negative control (light gray). (This control yielded a
nonzero FRET value, but we regard this as the trivial conse-
quence of the difficulty in fully correcting for background,
bleed-through, and direct acceptor excitation over such a
wide range of expression levels. For experiments where
the precise value of FRET is important, we performed
acceptor photobleaching or fluorescence-lifetime FRET
quantification. Nonspecific FRET was quantified below.)
For clarity, the cell-by-cell FRET measurements were
pooled and the values are superimposed in Fig. 2 C with er-
ror bars representing the mean * SE. FRET efficiency
increased with increasing protein concentration, and this
relationship was well described by a hyperbolic fit (black
line), yielding two important parameters, the apparent disso-
ciation constant (Ky) and maximum FRET (FRET,,,,).
These two parameters are quantified as indices of the
Cer-YFP separation distance and the complex binding
affinity, respectively. Neither parameter was significantly
different in the absence or presence of PLB (Fig. 2 D).
Activation of the protein kinase A pathway by application
of 100 uM forskolin (activator of adenylate cyclase) did
not alter FRET,,,x or Ky, even with blockade of phospha-
tase activity with 100 uM 3-isobutyl-1-methylxanthine
(Fig. 2 D, +PLB+F+I). Mutations to PLB at serine 16 to
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mimic (S16E) or prevent (S16A) phosphorylation also had
no effect on these two parameters. Thus, the data presented
here are not consistent with previous studies indicating
that PLB serine 16 phosphorylation alters SERCA homo-
oligomerization. To investigate whether oligomerization
is affected by SERCA conformational poise (36), we
measured FRET in cells permeabilized with saponin and
bathed in solutions of defined composition. We did not
observe any significant changes to FRET,,,x or K4 when cal-
cium and ATP were removed or when calcium (2 mM) and/
or ATP (4 mM) were present (Fig. 2 D). These results sug-
gest that SERCA conformational poise does not alter the
oligomeric structure or affinity.

To determine whether the measured FRET was due to
specific protein-protein interactions or nonspecific protein
crowding in the membrane we measured the decrease in
SERCA-SERCA FRET with competition by unlabeled
SERCA (Fig. 2 E). Increasing unlabeled SERCA progres-
sively decreased FRET,,.x (Fig. 2 F, black data points).
This reduction in FRET,,,x was well described by a hyper-
bolic fit (red), consistent with simple competition of unla-
beled SERCA for the fluorescently labeled SERCA
protomers in the oligomeric complex. The data suggest
that the FRET observed here is due to a specific interaction
between SERCA molecules. The residual FRET taken from
the asymptote of the hyperbolic fit was 3.5%. As previously
described (24), we take this value as an estimate of nonspe-
cific FRET, that is, the fraction of FRET that arises from do-
nors and acceptors that are in close proximity in the bilayer
but not physically bound to one another. Notably, using PLB
as a competitor did not alter the measured SERCA-SERCA
FRET at any ratio tested (Fig. 2 F, blue data points), consis-
tent with the experiment shown in Fig. 2 D. We conclude
that the presence or absence of PLB did not alter the consti-
tutive oligomerization of SERCA under the experimental
conditions in this study.

This competition experiment was also useful for approx-
imating the density of FRET acceptors using the relationship
described by Fung and Stryer (37). For a probe with an
~50 A Forster distance, 3.5% nonspecific FRET between
unbound donor and acceptors would arise from a lipid/
acceptor ratio in the range of 2000:1 to 4000:1. Signifi-
cantly, native SR protein expression levels are on the order
of 750:1 lipid/protein ratio (38,39), which is three- to five-
fold more concentrated than the levels achieved in this
study. Thus, we conclude that native SERCA in muscle is
mostly oligomeric.

SERCA forms homodimers

The rationale of the experiments depicted in Fig. 1, A-G,
was to demonstrate that SERCA oligomers exist natively
in intact membranes of living cardiac myocytes. To achieve
this, we used a panspecific cross-linking methodology that
does not require engineering specific cross-linkable residues
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FRET data in the absence (—PLB) or presence (+PLBwr) of PLB. Application of 100 uM forskolin and 100 uM 3-isobutyl-1-methylxanthine (+PLB+F+I)
did not alter the apparent affinity of the dimer, nor was it altered by coexpression with nonphosphorylatable (+PLB-S16A) or phosphomimetic (+PLB-S16E)
PLB mutants. Alterations to calcium (2 mM) or ATP (4 mM) did not elicit any changes. Values are the mean = SE of N = 3 fits (there were no statistically
significant differences between groups by one-way ANOVA). (E) Sensitized emission FRET from Cer-SERCA and YFP-SERCA was reduced by coexpres-
sion of nonfluorescent SERCA (data pooled and fit as in (C)). Values reflect the molar ratio of competitor to YFP-SERCA. (F) FRET,,,.x was decreased by
competition with nonfluorescent SERCA (black), but not by PLB (blue). The hyperbolic fit is shown in red. (G) Progressive acceptor photobleaching of YFP-
SERCA (black) resulted in increased Cer-SERCA fluorescence (blue), indicating FRET. Values are the mean = SE for N = 28 cells total from three inde-
pendent experiments. (H) The relationship of donor/acceptor fluorescence intensities during the process of photobleaching for a construct comprising one
acceptor and one donor (C32V, black) and a construct comprising two acceptors and one donor (VCV, red). Values are the mean = SD for N = 12 cells. Lines
connect the first and last data points. (/) Photobleaching of the SERCA homooligomer resulted in a linear increase in Cer intensity with decreasing YFP
intensity (black), suggesting a homodimer. No FRET was observed for nonfusion control. To see this figure in color, go online.

into the proteins. However, because the photoaffinity label
also cross-links other bound proteins (e.g,. PLB, or
Hax1, or PP1, etc.), it is difficult to determine the stoi-
chiometry from electrophoretic mobility. Thus, the unre-
solved question of regulatory complex stoichiometry was
pursued using complementary spectroscopic approaches.
We performed progressive acceptor photobleaching with
AAV-293 cells transiently expressing Cer-SERCA and

YFP-SERCA. Fig. 2 G shows the progressive decrease in
YFP-SERCA emission (black) with selective photobleach-
ing with a concomitant increase in Cer-SERCA emission
(blue). The stoichiometry of the donor-acceptor complex
is reflected in a comparison of the donor and fluorescence
intensities (40). As an example, Fig. 2 H shows that Cer
fluorescence (plotted on the ordinate) increases linearly
with the decrease in Venus acceptor fluorescence (plotted
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on the abscissa) for a control construct (C32V) with a
1:1 donor/acceptor stoichiometry. In contrast, a construct
comprising a donor tethered to two acceptors (VCV) dis-
played significant curvature, since FRET persists after abla-
tion of a single acceptor, and donor brightness only fully
increases late in the photobleaching process when the last
acceptors are photobleached. We have observed similar cur-
vature with FRET between PLB protomers in a pentameric
complex (24). Fig. 2 I shows a linear Cer-versus-YFP rela-
tionship for the SERCA homooligomer. The data are consis-
tent with a single acceptor in the oligomeric complex,
suggesting that SERCA forms homodimers. This relation-
ship was linear over a wide range of protein concentrations.
Untethered YFP control showed no increase in Cer intensity
(Fig. 2 I, red).

SERCA homodimers interact with a single PLB
protomer

We have previously used acceptor photobleaching to quan-
tify Cer-SERCA to YFP-PLB regulatory complex. We
observed a linear donor/acceptor relationship consistent
with a single YFP-PLB acceptor in the complex, but this
assay cannot rule out the possibility of multiple Cer-SERCA
donors in the complex. To test this directly, one could swap
the fluorophores and see whether the reciprocal experiment
also shows a linear relationship. However, this was imprac-
tical for this system, as PLB forms avid homopentamers.
Consequently, most donor-labeled PLB donors would not
participate in FRET, complicating the analysis. As an alter-
native we probed the stoichiometry of the SERCA-PLB
complex with fluorescence-lifetime analysis, which can
resolve subpopulations of donors with differential FRET ef-
ficiencies. Fig. 3 A depicts the FRET strategy, with a GFP
donor fused to the N-terminus of SERCA and an mCherry
acceptor fused to the N-terminus of PLB. The crystal
structure of the regulatory complex did not reveal the PLB
cytoplasmic domain (35), so the actual position of the
PLB N-terminus and fluorescent protein tag are unknown.
Fig. 3 B shows the fluorescence decay of GFP-SERCA in
the absence (black) or presence (red) of mCherry-PLB.
The decrease in the GFP fluorescence lifetime in the
presence of mCherry-PLB is consistent with FRET from
GFP to mCherry. Decays were obtained from 99 cells and
analyzed by fitting to a single-component exponential
decay. The fluorescence lifetime (1) of GFP-SERCA alone
was 2.56 = 0.02 ns. The fluorescence lifetime (mpa) of
GFP-SERCA decreased with increasing mCherry-PLB pro-
tein expression to a minimum value (Fig. 3 C). FRET was
quantified according to the relationship FRET = 100 x
(1 — 7mpa/mp). Fig. 3 D shows that FRET increased with
acceptor expression in a hyperbolic relationship to a
maximum of 22.2% FRET (Fig. 3 D), a value that is in
harmony with previous steady-state FRET measurements
(20,29). However, we observed that the single-component
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exponential-decay goodness of fit (reduced x?) became pro-
gressively worse as the level of protein expression increased
(Fig. 3 E, black), suggesting that a single-species model
was a poor description of the complex at higher protein-
expression levels. Reduced x* was significantly improved
by a two-component exponential model, which was a
good description of the data over a wide range of concentra-
tions (Fig. 3 E, red). Fit residuals for one- and two-compo-
nent models show that the GFP-SERCA/mCherry-PLB
samples are well described by the two-component model
(Fig. 3 F). Interestingly, the two-component exponential
fit yielded a long lifetime () of 2.48 * 0.09 ns that was
very similar to the “donor-alone” lifetime and a short life-
time (7g) that averaged 1.37 % 0.09 ns. The data are consis-
tent with the existence of a subpopulation of high FRET
donors (75) and another subpopulation of non-FRET donors
(tp). Fig. 3 G is a cell-by-cell measurement of the short-life-
time component, revealing an apparent FRET efficiency of
46.3 = 3.9% that did not change with protein expression
level. This average FRET value corresponds to an apparent
probe separation distance of 54 A. Interestingly, the esti-
mate of SERCA-PLB FRET efficiency presented here is
approximately twice the value we previously determined
using sensitized emission FRET measurements (20,29).
Those previous steady-state measurements (which measure
average FRET without distinguishing subpopulations of
donors) yielded distance estimates ranging from 4 to 10 A
longer than the time-resolved quantification presented
here. The significance of this discrepancy between the
two methods is discussed below. We also performed fluo-
rescence-lifetime measurements of SERCA bound to a
nonphosphorylatable PLB mutant, S16A, and obtained
44.6% FRET, which was similar to the wild-type value.
Measurements with PLB-S16E gave a FRET value of
32.6% FRET. This decrease compared to nonphosphorylat-
able PLB is consistent with previous acceptor-sensitization
FRET measurements (41).

Two-component fitting of GFP-SERCA decays also re-
vealed the relative proportion of the high- and low-FRET
populations. As expected, the percentage of donors with
short lifetimes (high FRET) increased with protein expres-
sion at the expense of the long-lifetime (non-FRET) species.
Significantly, the percentage of high-FRET donors ap-
proached but did not exceed 50% of the total (Fig. 3 H).
Thus, the numbers of high-FRET and non-FRET donors
converged to approximately equal-size populations. This
phenomenon may be explained by a model in which a single
SERCA protomer undergoes FRET with PLB, whereas a
second bound SERCA protomer does not (Fig. 3 I).

DISCUSSION

Diverse experimental approaches have provided evidence
for SERCA homooligomerization (10,19). Previous studies
have provided various estimates of the stoichiometry of the
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FIGURE 3 Fluorescence-lifetime FRET analysis of the SERCA-PLB regulatory complex. (A) Labeling strategy for FRET from GFP-SERCA (gray) to
mCherry-PLB (red). (B) Representative fluorescence decay of GFP-SERCA shortened by coexpression of mCherry-PLB, indicating FRET. Exponential
tail fitting is shown in gray. (C) A single-component exponential fit of the fluorescence lifetime shows a decrease in 7 with increasing protein expression.
The hyperbolic model is in red. (D) FRET (calculated from the data in (C)) increased with protein expression. The hyperbolic model is in red. (E) Reduced-yx>
values for one-component fits worsened as protein expression increased. The reduced x? value was improved by a two-component fit. Linear fits appear as
lines. (F) Residual plots of (B) from one- or two-component exponential decay fitting of the GFP-SERCA alone (black) or in the presence of mCherry-PLB
(red). (G) The short-lifetime values from two-component exponential decays were consistent across a large range of protein expression levels. The linear fit is
shown in red. (H) The relative contributions (amplitude) of the short and long lifetimes. (/) A model of the SERCA-SERCA-PLB regulatory complex in
which one of the donor-labeled SERCA protomers (dotted outline) is too distant to participate in FRET with PLB. To see this figure in color, go online.

SERCA oligomeric complex, with evidence supporting di-
mers (17,18,42,43), trimers (44), or higher-order oligomers
(13,14,45). The results presented here are consistent with a
SERCA homodimer, as we observe a linear increase in
donor fluorescence with the progressive photobleaching of
the acceptor (Fig. 2 [). This linear relationship was pre-
served even at the highest levels of protein expression,
suggesting that the dimer does not proceed to higher-
order oligomerization. The functional significance of the
SERCA-SERCA interaction is not clear. Detergent-solubi-
lized SERCALla is still catalytically active (11), suggesting
that dimerization is not obligatory for function. However,
several key functional studies suggested that SERCA dimer
activity is greater than the sum of two monomers (18,19).
Although in vitro studies have suggested that SERCA

coupling is regulated by PLB phosphorylation (16,17), we
did not observe a change in either the structure or the bind-
ing affinity of the homodimer in response to PLB binding or
PLB phosphorylation or Ca binding (Fig. 2 D). It is possible
that SERCA is always physically coupled, but PLB phos-
phorylation engages functional coupling of the protomers.
This hypothesis is compatible with reports that indicate
that phosphorylated PLB increases SERCA V,,.x (46-48)
(though other groups did not observe a V.« change
(49-51)). Importantly, PLB-dependent functional coupling
implies that phosphorylated PLB stays bound to SERCA
throughout the calcium transport cycle, a concept that is
supported by many studies (29,38,52) but not all (53,54).
Our lab has previously reported spectroscopic evidence for
a particularly compact and ordered conformation of SERCA
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when bound to phosphorylated PLB and Ca (23). This
conformation may be the structural signature of functionally
coupled SERCA dimers.

In this study, we investigated the regulatory complex
in detail using fluorescence lifetime analysis to quantify
FRET from SERCA to PLB. We observed that there are al-
ways donors that do not participate in FRET, even at the
highest protein concentrations where binding interactions
appear to approach saturation. One may consider several
possible interpretations of this result. There may simply
be a fraction of SERCA that is inaccessible to PLB. We
did not observe any mislocalization of SERCA fluores-
cence, which was 100% colocalized with PLB, so any
such sequestration of SERCA would have to be in mem-
brane microdomains that are below the resolution limit of
fluorescence microscopy. However, it seems implausible
that the proportion of inaccessible SERCA would decrease
with increasing protein expression down to a minimum of
almost exactly 50% of total SERCA (Fig. 3 H). A second
alternative hypothesis is that only SERCA molecules with
the appropriate conformational poise can interact with
PLB (55). Again, it seems surprising that this proportion
of pumps in the accessible state would titrate to 50%. More-
over, we have previously shown that Ca only modestly alters
the PLB-SERCA binding affinity (29), suggesting that PLB
can bind to SERCA without regard to conformational poise.
Therefore, we interpret the data presented here as indicative
of a model in which the SERCA dimer interacts with PLB
such that only one of the two donors in the complex may
perform FRET with the acceptor on PLB. Several structural
schemes could satisfy this; one simple arrangement is
diagrammed in Fig. 3 I, where a dimer of SERCA protomers
interacts with a single PLB. The leftmost donor (Fig. 3 I, G),
which is bound to the left/front SERCA protomer (dotted
outline), is >100 A away from the mCherry (R), too far to
participate in FRET. The donor bound to the right SERCA
protomer is 54 A from the mCherry, supporting robust
FRET. Thus, no matter how much increasing protein expres-
sion drives the equilibrium toward the bound complex, the
population of donors participating in FRET can never
exceed 50% of the total. Thus, the maximal FRET measured
by steady-state methods (Fig. 2, C and D) (20,24) is half of
that quantified from the short-lifetime component (7s) of a
FRET donor fluorescence decay (Fig. 3 G). In addition to
the tail-fit fluorescence lifetime analysis presented here,
we performed reconvolution fitting with an inferred instru-
ment-response function. In our implementation, this anal-
ysis gave a reduced-x* value of 2.4 * 0.9, significantly
worse than tail fits that gave reduced-y? values of ~1
(Fig. 3 E). The x2 value for reconvolution could be
improved by adding a third species to the model, but in
our hands, this produced spurious results, such as negative
amplitudes and implausible lifetimes (e.g., 170 ps) for the
third species. Nevertheless, we did a side-by-side compari-
son of two-species reconvolution and two-species tail-fit
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analyses and obtained qualitatively similar results: cells
with low protein expression had a dominant low-FRET
(long-lifetime) population, whereas the highest-expressing
cells had a balanced mix of high-FRET and low-FRET com-
ponents. The data are consistent with our hypotheses that
there are two GFP-SERCA donors in the regulatory com-
plex, one that participates in FRET with mCherry-PLB,
and one that is too far away.

The functional implication of a single PLB regulating a
pair of SERCAs is unclear, however one may speculate
that this stoichiometry would make PLB relatively more
potent in modulating transport activity. In particular, esti-
mates of the in vivo expression ratio of PLB to SERCA
range from 1:5 to 4:1 (56,57), and a substantial portion
(~80% (58)) of the PLB is pentameric and therefore inacces-
sible to SERCA. Regulation of two SERCA pumps by a
single PLB would explain this apparent regulatory-protein
expression mismatch. The stoichiometry may also account
for the greater cooperativity of Ca-ATPase activity in car-
diac muscle compared to skeletal muscle lacking PLB. If
PLB engages functional coupling of the two SERCA mole-
cules, the number of Ca-binding sites per transport unit is
effectively increased. Indeed, some superinhibitory PLB
mutants can deliver Hill coefficients that exceed 2 (59).
Finally, these results have implications for human disease,
particularly heart failure, in which SERCA activity is
decreased as a result of changes in SERCA/PLB ratios,
SERCA expression levels (60), or changes in SERCA spe-
cific activity (61,62). These results suggest that deviation
from optimal protein expression level or damage to a frac-
tion of the SERCA population may yield a larger-than-
expected functional deficit as a consequence of altered
conformational coupling.

CONCLUSIONS

Our data support a model of a quaternary regulatory com-
plex consisting of a single PLB bound to a pair of SERCA
protomers. We observe SERCA2a dimers in the absence/
presence of PLB and the dimers do not require PLB phos-
phorylation to assemble. Moreover, cross-linking experi-
ments suggest that SERCA2a readily forms dimers in the
native environment of the sarcoplasmic reticulum mem-
brane of the cardiac muscle cell. Overall, we conclude
that SERCA dimers are always physically coupled, but we
speculate that they become functionally coupled only after
PLB phosphorylation.
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