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Abstract

To investigate regulation of SERCAla and SERCAZ2a calcium pump isoforms by phospholamban
(PLB), the proteins were fused to fluorescent protein tags and their interactions were quantified by
fluorescence resonance energy transfer (FRET) in live cells. For both SERCAla or SERCA2a,
FRET to PLB increased with increasing protein expression level to a maximum value
corresponding to a probe separation distance of 64 angstroms. The data indicate the respective
regulatory complexes assume the same overall quaternary conformation. However, FRET
measurements also revealed that PLB has a 50% higher apparent affinity for SERCA1a relative to
SERCAZ2a. The results suggest that despite structural similarities of the respective regulatory
complexes, there is preferential binding of PLB to SERCAla over SERCAZ2a. This apparent
selectivity may have implications for biochemical studies in which SERCA1la is used as a
substitute for SERCAZ2a. It may also be an important strategic consideration for therapeutic
overexpression of SERCA isoforms in cardiac muscle.
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Introduction

In cardiac muscle cells, the ion-motive ATPase SERCA2a sequesters calcium (Ca) by
transporting it across the membrane of the sarcoplasmic reticulum (SR). The rate of uptake
of Ca from the cytoplasm largely determines the rate of muscle relaxation during the
diastolic phase of the cardiac cycle. In addition, the amount of Ca sequestered in the SR
affects the size of subsequent Ca release events. Thus, SERCAZ2a activity is an important
determinant of both cardiac relaxation (lusitropy) and contraction (inotropy). SERCA’s
central role in cardiac function is underscored by its association with heart disease. Impaired
cardiac Ca handling is correlated with heart failure 1, so SERCA is considered a valuable
target for therapeutic intervention 2. SERCA2a is dynamically regulated by a small
membrane protein phospholamban (PLB)3, which inhibits pump activity by decreasing its
apparent affinity for Ca. SERCA2a and PLB are also expressed in slow skeletal muscle
fibers but they are mostly excluded from fast skeletal (type 1) fibers. These fast fibers
predominantly express kinetically faster calcium pump SERCAla, without phospholamban
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4. Nevertheless, SERCA1a is capable of functional regulation by PLB °, and because of its
ready availability from fast skeletal muscle preparations it is often used as a substitute for
SERCA2a in tests of PLB regulatory function 6. Exogenous SERCA1a has also been used to
supplement SERCAZ2a in order to improve dysfunctional cardiac calcium uptake in heart
failure 7> 8. Under these conditions, both SERCA1la and (endogenous) SERCA2a are
available for binding and functional regulation by PLB.

In the present study we quantify the relative affinities of SERCAla and SERCA2a for PLB
in order to determine how different SERCA isoforms might compete for available PLB. We
have previously used fluorescence resonance energy transfer (FRET) microscopy to measure
relative dissociation constants of PLB-PLB binding (Kd1) and PLB-SERCA binding (Kd2)
in live AAV-293 cells 910, This strategy is applied here to quantify and compare
dissociation constants for PLB-SERCAla (Kd2-1a) and PLB-SERCAZ2a (Kd2-2a). FRET
also provides a measure of donor-acceptor probe separation distance in the PLB-SERCA
regulatory complex 910, The results give insight into the relative conformations and binding
affinity of the SERCAla and SERCAZ2a regulatory complexes.

TIRF imaging of live AAV-293 cells co-expressing mCerulean (Cer)-SERCAla/YFP-PLB
or Cer-SERCA2a/YFP-PLB showed cyan fluorescence distributed in a reticulated pattern
consistent with the expected ER localization of SERCA (Fig. 1A, D). No difference in the
subcellular localization of SERCAla and SERCA2a was observed. As previously shown,
YFP-PLB was localized predominantly in the ER, with an additional fraction visible in the
plasma membrane 11 (Fig. 1B, E). Colocalization of YFP-PLB and Cer-SERCA1a or Cer-
SERCAZ?2a is shown in Fig. 1C, F.

Progressive photobleaching of YFP-PLB fluorescence resulted in increased fluorescence of
Cer-SERCAIla (Fig. 2A) or Cer-SERCAZ2a (Fig. 2B), indicating FRET from Cer-SERCA
isoforms to YFP-PLB. The inverse relationship between YFP-PLB and Cer-SERCA1la or
Cer-SERCAZ2a was highly linear (Fig. 2C,D), consistent with a heterodimeric regulatory
complex °. This is in contrast to the highly nonlinear donor/acceptor relationships previously
observed for PLB 9 and phospholemman 12 homooligomers. which are consistent with
oligomers with 3 or more subunits. The linear regression y-intercept (Fig. 2C,D) also
provides a measure of average FRET for SERCAla (27%) and SERCAZ2a (22%). It is not
clear from this simple measurement whether the observed difference is due to different
conformations of PLB-SERCA regulatory complex or different amounts of that complex
(i.e. differential binding affinities). To dissect these independent factors we surveyed large
populations of cells expressing fluorescently-tagged proteins and compared each cell’s
FRET efficiency with its YFP-PLB fluorescence intensity, an index of protein expression
10, For SERCA1a (Fig. 2E, black points) and SERCA2a (Fig. 2E, red points) FRET
efficiency increased with increasing protein expression, a relationship that can be
approximated by a hyperbolic fit of the form y = (FRETn5x) % /(Kd2+x). The parameter
FRET max is the maximal FRET, taken to represent the intrinsic FRET of the bound
complex, and Kd2 represents the protein concentration at which half-maximal FRET is
achieved (dissociation constant), in arbitrary units. These data are pooled and averaged in
Fig. 2F to aid comparison of SERCAla-PLB and SERCA2a-PLB FRET concentration
dependence. Multiple independent experiments were performed to assess the dependence of
FRET on protein concentration, each using a population of >200 cells. Mean FRET 54 and
Kd2 values are summarized in Fig. 2G,H and Table 1. The mean SERCAla FRET a4 Value
was 28.5 % 0.9 %, which is similar to previous results % 19; SERCA2a FRET 5 Was 27.9 +
0.7 %. The measured FRET 5« Values were not significantly different (Fig. 2G). Notably,
the apparent Kd2 (Fig. 2H) for SERCA2a-PLB was 50% higher than for SERCAla-PLB (p
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< 0.01), suggesting PLB has a higher affinity for SERCA1a than to its native regulatory
target SERCAZ2a.

Discussion

The FRETyax Values obtained for SERCAla and SERCA2a correspond to a Cer-YFP probe
separation distance of 64.3 + 0.5 A and 64.6 + 0.4 A, respectively. These values are similar
to our previous FRET measurements using a different SERCAla construct fused to CFP
instead of Cer (59 A) 9 10, That both isoforms yield the same FRET a3 suggests that they
assume the same gross conformation, in which the fluorescent proteins (fused to PLB and
SERCA N-termini) are on opposite sides of the regulatory complex. The errors associated
with distance measurements are calculated from the errors in FRET,x (Table 1). Such
errors are an indicator of the precision (reproducibility) of the measurements, and are not to
be taken as a indicator of the accuracy of the measurements. In particular, the absolute
distance between the fluorescent probes is subject to additional ambiguities (eg. relative
dipole orientations). Regulatory complex structural equivalence 3 13 is in harmony with the
apparent functional equivalence observed in vitro and in vivo. Specifically, PLB binding
results in the same degree of inhibition of calcium affinity for both isoforms 7. However,
despite similar quaternary structure and equivalent inhibitory function of the respective
regulatory complexes, SERCAla-PLB and SERCA2a-PLB apparent Kd2 values differed by
50%. This surprising result suggests that PLB binds more avidly to the fast-twitch skeletal
isoform SERCAa than to its natural regulatory partner SERCA2a. We considered whether
calcium pump structural heterogeneity could influence the measured affinity of PLB for
SERCA isoforms. SERCA2a has a higher calcium affinity than SERCA1a 14, and compared
to SERCA1la it may have a larger steady-state E1/E2 ratio at basal calcium concentrations in
live AAV-293 cells. This might cause the observed lower affinity of PLB for SERCAZ2a,
since PLB is proposed to bind only to the E2 (calcium-free) substate 13 15, However, the
difference in affinities persisted in the presence of intracellular Ca chelator BAPTA-AM
(not shown), a treatment that should stabilize the population of SERCA pumps in the E2
substate. This suggests the difference in affinities is intrinsic to the SERCA isoforms and is
not an indirect effect of pump enzymatic substate structural heterogeneity.

The observed differential binding of PLB to SERCA isoforms is noteworthy, and may be a
strategic consideration for studies using skeletal SERCAla as an experimental model for
SERCAZ2a. Moreover, the data suggest that when both targets are available, the relative
binding of PLB to each isoform depends on their respective binding affinities. PLB and
SERCAZ2a have both been localized to slow muscle fibers, while SERCAla is mostly
expressed in fast muscle fibers 4; PLB is rarely expressed together with both SERCAla and
SERCAZ2a. However, a small number of “hybrid” fibers expressing both SERCAla and
SERCAZ2a can be detected in skeletal muscle (1.5%)16, and this percentage is markedly
increased in humans by muscle unloading (bed rest) 7. Hybrid fibers are also increased in
chronically stimulated fibers 16 or by treatment with p2 agonist 18, Nevertheless, the present
results may be most directly relevant for gene therapy approaches in which SERCAla
overexpression is used to enhance calcium handling in cardiac muscle 7 8. Based on its
greater affinity for PLB, one may expect a greater tonic inhibition of exogenous SERCAla
relative to endogenous SERCAZ2a, but this putative effect may be masked in SERCA
overexpression by the increased pump/PLB ratio. Indeed, SERCA1a transgenic murine
trabeculae show increased baseline developed force. Moreover one may speculate that
increased PLB binding by overexpressed SERCAla would result an increase in adrenergic
reserve. This may be a desirable outcome in therapies for heart failure, a condition
characterized by blunted a adrenergic response. However, the magnitude and significance of
such a possible effect cannot be determined from the present experiments.
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A model of PLB regulation of pump isoforms is depicted schematically in Fig. 3A, in which
the oligomer (PLBs5), SERCA1a, and SERCA2a compete for the pool of monomers (PLB,).
The equilibrium allocation of PLB among these complexes is determined by the relative
dissociation constants of oligomerization (Kd1) and the respective regulatory complexes
(Kd2). To integrate our experimental observations, the linked equilibria were simulated in a
simple computational model using the Kd1 and Kd2 values measured by FRET. To facilitate
comparison of affinities, the model simulated equimolar concentrations of PLB, SERCAla,
and SERCAZ2a. Fig. 3B shows that the binding of PLB to itself, SERCAla, and SERCA2a
depends on the level of expression and the relative affinities of the respective protein
complexes. At low concentrations, PLB is mostly in the monomer form (black line), but as
the concentration approaches Kd1 (~2.2 AU) 19, the oligomer increases (red line).
Oligomerization is favored over binding to SERCAla or SERCAZ2a until the concentration
approaches Kd2. At the highest concentrations (>>Kd2), first-order binding of PLB to
SERCA isoforms outcompetes second-order oligomerization. Because of the difference in
respective binding affinities, the PLB-SERCAla complex exceeds the PLB-SERCA2a
complex at all concentrations. Table 2 gives the results of simulations mimicking conditions
of normal ventricle, heart failure (decreased PLB and SERCA), and heart failure treated with
exogenous SERCA1a/2a. The model comports with several known features of in vivo
regulation. First, cardiac SERCAZ2a is not fully regulated (Table 2), despite a large excess of
PLB in ventricles. This is consistent with the high pentamer/monomer ratio in the
myocardium and the observation that a 2.6-fold overexpression of PLB is required to fully
saturate SERCA regulation 19, This may be attributed to the relatively higher affinity of
oligomerization vs. SERCA-binding (Kd1<Kd2). Moreover, it is known that PLB is
partially depolymerized by SERCAZ0, and the model predicts pentamer/monomer ratio is
reduced by overexpression of SERCA. We conclude that the distribution of PLB among
possible complexes is determined the availability of the binding partners and the relative
affinity of competing interactions. Specifically, PLB binds to SERCA1a in excess of what is
expected from the simple molar balance of regulatory targets.

Materials and Methods

Molecular biology and cell culture

Dog SERCAZ2a or rabbit SERCAla were fused to the C-terminus of mCerulean (Cer); dog
PLB was fused to the C-terminus of enhanced yellow fluorescent protein (YFP) 9. Plasmids
encoding Cer-SERCAZ2a or Cer-SERCA1a were cotransfected with a 20-fold molar excess
of YFP-PLB in AAV-293 cells as previous described 4.

Fluorescence microscopy

Widefield and TIRF microscopy were performed as previously described % 11, Through-
objective TIRF excitation was achieved with a 449 nm diode laser (for Cer-SERCA) or 514
nm Ar laser (for YFP-PLB). The laser incident angle was adjusted to create an evanescent
field that illuminated the plasma membrane in contact with the surface substrate and a thin
section of endoplasmic reticulum.

FRET measurements

FRET was measured by epifluorescence microscopy with progressive acceptor
photobleaching 4, quantifying each cell’s transfer efficiency (E) from the relationship E = 1
= (Iprebleach/Ipostbleach) » Where Iprepleach @nd Ipostbleach are the intensity of the donor
fluorescence before and after selective photobleaching of the acceptor. YFP-PLB
fluorescence intensity was used as an index of protein concentration. FRET dependence on
protein expression level was fit to a hyperbolic curve of the form y = (FRET ax) % /(Kd2 +
x), where x = protein concentration in arbitrary units (AU). The parameter FRET yax Was
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taken to represent the intrinsic FRET of the regulatory complex, and Kd2 was the regulatory
complex dissociation constant. FRET was also measured with a “3-cube” method (E-FRET)
2l FRET was calculated according to

Im - d(l.m) - d(lnn)
II)\ - a(l/\,\)+(G - d)(lm))

E=

where Iap is the intensity of fluorescence emission detected in the donor channel (472/30
nm) with excitation of 427/10 nm; Iap is acceptor channel (542/27 nm) emission with
excitation of 504/12 nm; Ipp is the “FRET” channel, with 542/27 nm emission and
excitation of 427/10 nm; a and d are cross-talk coefficients determined from acceptor-only
or donor-only samples, respectively. We obtained a value for a of 0.82 for mCerulean , and
a value for d of 0.082 for YFP. G is the ratio of the sensitized emission to the corresponding
amount of donor recovery, which was 3.2 for this setup. Probe separation distance (r) was
calculated from the relationship described by Férster 22, R = (Ro)[(1/E) —1)Y/, where E is
the measured FRET o Value after subtraction of 4% nonspecific FRET, as previously
described ? (also, Hou and Robia, manuscript in preparation). Ry is the Forster radius, which
is 53.3 A for the mCerulean-YFP pair 23. A Student’s t-test was used to determine the
significance of measured average FRET 5 and Kd2. To determine the effect of removal of
calcium, cells were washed with calcium-free phosphate buffered saline (PBS) and
incubated for 20 minutes in 5 uM BAPTA-AM in PBS at 37cC. Data acquisition was
completed within 30 minutes of exposure of cells to calcium-free conditions.

Computational modeling of PLB complexes

The balanced equilibria of PLB binding to itself, SERCAla, and SERCA2a were simulated
using the shareware kinetics modeling software Tenua. The linked equilibria were modeled
as Pentamer < 5(monomer); monomer + SERCAla « [PLB-SERCAla complex];
monomer + SERCA2a < [PLB-SERCA2a complex]. Forward and reverse rate constants
were estimated from oligomer and regulatory complex subunit exchange rates 11,
oligomerization dissociation constant (Kd1) 10, and the apparent PLB dissociation constants
of SERCAla and SERCAZ2a (Kd2-1a and Kd2-2a, respectively) determined in the present
study. These dissociation constants are expressed in arbitrary units, as the absolute
membrane concentrations of labeled proteins in the present cell expression system are
unknown. For the purposes of this analysis, the native cardiac SERCAZ2a concentration was
set equal to the apparent dissociation constant obtained for the PLB-SERCAZ2a interaction.
This assumption is compatible with cardiac PLB overexpression studies that showed
SERCA2a was not fully saturated with PLB in vivo 19. Values for the relative membrane
concentrations of PLB and SERCA isoforms were taken from published measurements of
the relative expression of PLB, SERCAla, and SERCAZ2a in porcine ventricle, soleus, and
extensor digitorum longus 24. A hypothetical model in which the total moles of PLB,
SERCA1a, and SERCAZ2a are equal was also simulated to facilitate comparison of relative
affinities.
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Abbreviations

PLB phospholamban
SERCA sarco(endo)plasmic reticulum calcium ATPase
FRET fluorescence resonance energy transfer
CaMKIlI calcium/calmodulin-dependent protein kinase Il
Cer mCerulean
YFP enhanced yellow fluorescent protein
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Figure 1.

TIRF microscopy showed reticulate subcellular distribution of fluorescently labeled
proteins. A) Cer-SERCA1la. B) YFP-PLB. C) Overlay of SERCA1la and PLB. D)Cer-
SERCAZ2a. E) YFP-PLB F) Overlay of SERCA2a and PLB. Areas of colocalized Cer/YFP
fluorescence appear white in the overlay images.
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Figure 2.

A) Progressive acceptor photobleaching of YFP-PLB (green) resulted in an increase in Cer-
SERCAI1a fluorescence (blue) indicating FRET. B) Photobleaching of YFP-PLB (green)
resulted in an increase in Cer-SERCAZ2a fluorescence (blue). C) The relationship between
the normalized fluorescence of Cer-SERCA1a and YFP-PLB during progressive
photobleaching was linear, consistent with a heterodimeric regulatory complex. D) The
relationship between the normalized fluorescence of Cer-SERCAla and YFP-PLB during
progressive photobleaching was also linear. E) FRET increased with protein expression
level. Hyperbolic fitting showed a right-shifted concentration dependence for Cer-SERCA2a
(red) compared to Cer-SERCA1a (black). F) A comparison of pooled data for Cer-
SERCAI1a (black) and Cer-SERCAZ2a (red). G) Summary of FRET 5« Values obtained by
fitting reported as mean + SE. H) Summary of Kd2 values obtained by fitting reported as
mean + SE. * indicates p-value <0.01. The data suggest PLB binds more avidly to
SERCA1la than SERCAZ2a.
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Figure 3.

A) A model of PLB regulation of SERCA when both SERCA2a and SERCAla are
accessible. The relative distribution of PLB among the pentamer (PLBs5), monomer (PLB;),
and SERCA1a/2a regulatory complexes depends on the dissociation constants for the
oligomer (Kd1) and the regulatory complexes (Kd2). B) A computational model of PLB
interactions shows the concentration dependence of the distribution of PLB among oligomer
(red), monomer (black), and regulatory complexes with SERCAla (blue) and SERCA2a
(green). An equimolar system is simulated; the protein concentration indicated corresponds
to the measured YFP-PLB concentration (AU), as in Fig. 2E.
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Summary of FRET results

SERCAla SERCA2a
Mean FRET (%) 266+02 224+04
FRET ax (%) 285+09 27.9+0.7
Probe distance (A) 64.3+05 64.6+0.4
Apparent Kd2 (AU) 88+1.1 129+11
Sample size (# cells) 1346 1110
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