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The Physical Mechanism of Calcium Pump Regulation in the Heart

John Voss, Larry R. Jones, and David D. Thomas
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ABSTRACT The Ca-ATPase in the cardiac sarcoplasmic reticulum membrane is regulated by an amphipathic transmembrane
protein, phospholamban. We have used time-resolved phosphorescence anisotropy to detect the microsecond rotational dy-
namics, and thereby the self-association, of the Ca-ATPase as a function of phospholamban phosphorylation and physiologically
relevant calcium levels. The phosphorylation of phospholamban increases the rotational mobility of the Ca-ATPase in the
sarcoplasmic reticulum bilayer, due to a decrease in large-scale protein association, with a {Ca?*] dependence parallel to that
of enzyme activation. These results support a model in which phospholamban phosphorylation or calcium free the enzyme from

a kinetically unfavorable associated state.

INTRODUCTION

Because of their complexity, most studies of biological mem-
branes have focused on the characterization of individual
components. However, a full understanding of membrane
function requires the study of how membrane proteins in-
teract with one another to establish a functional system. The
modulation of the Ca-ATPase in cardiac sarcoplasmic re-
ticulum (SR) by phospholamban (PLB) presents an inter-
esting model for the study of such interactions. The Ca-
ATPase relaxes muscle by coupling ATP hydrolysis to the
transport of two Ca”* jons across the SR membrane (Inesi
et al., 1980). PLB (Tada and Katz, 1982; Simmerman et al.,
1986), an integral membrane protein present in cardiac but
not skeletal fast-twitch muscle, inhibits the Ca-ATPase at
sub-micromolar ionized calcium but has little or no effect at
or above micromolar Ca®*. B-Adrenergic-induced phospho-
rylation of PLB relieves this inhibition. It has been proposed
that a physical interaction between the protein and the
Ca-ATPase is altered upon PLB phosphorylation - thereby
relieving an inhibitory influence (James et al., 1989).

Our efforts to test this hypothesis have been stimulated by
our studies of molecular dynamics and interactions in skel-
etal SR, in which the Ca-ATPase is highly homologous to the
cardiac enzyme, but PLB is not present so the pump is not
regulated. Using EPR and phosphorescence spectroscopies,
we showed that Ca-ATPase enzymatic activity is quite sen-
sitive to protein-protein interactions in skeletal SR, with
decreased protein rotational mobility (due to increased
Ca-ATPase association) correlating with decreased enzyme
activity (Squier and Thomas, 1988; Squier et al., 1988a,b;
Birmachu and Thomas, 1990; reviewed by Thomas and
Mahaney, 1993, and by Thomas and Karon, 1993). In par-
ticular, the inhibition of the Ca-ATPase by melittin, a basic
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amphipathic peptide that is structurally related to PLB, is due
primarily to the electrostatically induced aggregation of the
Ca-ATPase in the plane of the SR membrane (Mahaney and
Thomas, 1991; Voss et al., 1991). We subsequently found
that the rotational mobility of the Ca-ATPase in cardiac SR
is greatly reduced in relation to the enzyme in skeletal SR,
due to large-scale aggregation of the enzyme in the plane of
the membrane, and we proposed that this is due to the pres-
ence of unphosphorylated (inhibitory) PLB in this system
(Birmachu et al., 1993). The key technique in this study was
time-resolved phosphorescence anisotropy (TPA), which
provides quantitative information about the rotational mo-
bilities and mole fractions of different oligomeric species in
the membrane (Birmachu and Thomas, 1990).

In the present study, to correlate more precisely the func-
tion and rotational dynamics of the cardiac Ca-ATPase, we
report the effects of PLB phosphorylation on the rotational
dynamics and association state of the enzyme, as measured
by TPA, and we compare quantitatively the effects on en-
zyme function. Based on the results, we propose a model for
the physical mechanism of Ca pump regulation in the heart.

MATERIALS AND METHODS
SR vesicle isolation

Dog cardiac SR membrane vesicles, containing both junctional and tubular
SR, were isolated according to Jones and Cala (1981). Briefly, dog left
ventricular tissue (~190 g) was homogenized three times for 30 s in 10 mM
NaHCO, with a Polytron. SR vesicles were collected as the membranes
sedimenting at 45,000 X g for 30 min. After extraction with 0.6 M KCl, 30
mM histidine, pH 7.0, the vesicles were pelleted by centrifugation at 45,000
X g for 30 min and resuspended in 0.25 M sucrose, 30 mM histidine, pH
7.2. The vesicles were frozen in small aliquots and stored at ~40°C. Vesicles
stored in this manner were stable indefinitely. Protein concentrations were
determined by the biuret method (Gornall et al., 1949), using bovine serum
albumin as a standard.

Ca uptake assay

To obtain accurate measurements of initial Ca uptake rates at sub-
micromolar free calcium, we devised a spectrophotometric assay involving
the chromophoric calcium chelator DFBAPTA, the 5-5'-difluoro derivative



Voss et al.

of 1,2-bis(o-aminophenoxy)ethane-N, N,N',N'-tetraacetic acid (Molecular
Probes). Oxalate-facilitated Ca uptake rates were determined from the de-
crease in [Ca),, the total extravesicular calcium concentration, using a
Hewlett Packard 8452A diode array spectrophotometer at pH 7.0 (25°C) in
a stirred cuvette containing 60 mM KCl, 1 mM MgCl,, 10 mM EGTA, 50
mM MOPS, 5 mM potassium oxalate, 1 mM Mg-ATP, 0.05-0.1 mg SR
protein/ml, and 200 uM DFBAPTA. A variable amount of CaCl, was
added to give the desired extravesicular free ionized calcium level ([Ca?*],
designated below as [Ca]), as calculated with the computer program of
Fabiato (1988). This same program was used to calculate the apparent
calcium-EGTA association constant K,

_ [Ca - EGTA] .
"~ (CalEGTA] ®

which is a function of all association constants for each ligand in the so-
lution, the temperature, and the pH.

As calcium is pumped into the SR vesicle, the total calcium concentration
([Ca],) in the extra-vesicular solution decreases. The [Ca], can be related
to the [Ca] (free ionized Ca*) by the following expression:

Ki[EGTA}, ) ®

[Cal, = [Ca](l + TV EICH]

Thus, a detected change in extravesicular [Ca] can be converted with K. into
a change in the total calcium level [Ca], in the extravesicular medium.
Calcium pumped into the SR directly depletes this total calcium level. The
rate of decrease of [Caly, divided by the amount of protein, is the desired
specific calcium uptake activity. So all we need is a measurement of ex-
travesicular [Ca]. This is provided by the absorbance of DFBAPTA, which
has an extinction coefficient €5 (302 nm) of ~4000 cm™ M in the calcium-
free state (BAP) and 0 in the calcium-bound state (Ca-BAP) (Pethig et al.,
1989; Tsien, 1980). An accurate value of €, was obtained by measuring the
absorbance of standard DFBAPTA solutions under our assay conditions.
The absorbance at 302 nm can then be used to calculate [Ca] according to

1 ([BAP),
[C“]‘ITB<[BAP] B 1)

€)

where Ky = [Ca-BAP)/[Ca][BAP)), the apparent association constant for
calcium and DFBAPTA, and [BAP}, = [BAP] + [Ca'BAP). K, was de-
termined under our assay conditions by measuring A(302 nm), thus yielding
[BAP] = A(302 nm)/eg, for a series of calcium standards (prepared using
the Fabiato program) at a set [BAP},, and fitting the results to Eq. 3.

Time-dependent absorbance spectra were acquired using the spectro-
photometer’s internal software. Further data processing was done with a
computer program (available upon request) written by Nicoleta Cornea,
which performed the following calculations on each time point: 1) The effect
of increased light scattering due to the accumulation of Ca oxalate was
corrected according to Ay, = OD,y, ~ OD,,+(346/302)*%. 2) [Cal, the
concentration of free ionized calcium, was calculated using Eq. 3, where
[BAP] = €3/As,, €5 = 3938 cm™ M, and K = 6.8 X 10° M. (3) [Cal,,
the total extravesicular calcium concentration, was calculated using Eq. 2,
where K; = 2.5 X 10° cm™ ML

Fig. 1 demonstrates the DFBAPTA absorbance change and the corre-
sponding calculated change in total extravesicular calcium [Ca]y. The initial
rate of change of [Ca); (slope of Fig. 1, determined from a linear least-
squares fit to the initial linear time range) was divided by the protein con-
centration to obtain the specific calcium uptake activity. This method of Ca
uptake measurement allows for true initial velocity determination, resulting
in transport values higher than typically reported using filtration assays over
several minutes (Chamberlain et al., 1983). The Ca uptake values we ob-
tained by this assay agree well with the Ca-ATPase rates measured for the
same preparations, assuming a coupling ratio of two Ca transported per ATP
hydrolyzed.

Phosphorylation

Phospholamban phosphorylation was performed just before TPA data col-
lection by splitting the sample in half to incubate with or without 40 pg/ml
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FIGURE 1 Change in DFBAPTA absorbance at 302 nm (solid line) with
corresponding change in the calculated total extravesicular calcium con-
centration (broken line) of dog cardiac SR at 0.3 uM ionized calcium (see
Materials and Methods).

of the catalytic subunit of protein kinase A in a buffer containing 50 mM
Tris-HCl, 0.1 mM dithiothreitol, 2 mM MgCl,, 0.75 mM ATP containing
2-3 mCi/ml {y-*P]ATP, 50 nM phosphatase inhibitor calyculin A (LC
Laboratories), pH 7.0 at 30°C. After a 3-min incubation, the sample was
immediately centrifuged at 100,000 X g for 5 min. The control and phos-
phorylated SR vesicles were then suspended in 30 mM MOPS, 250 mM
sucrose, 50 nM calyculin A, pH 7.0, and kept on ice.

ERITC labeling

For phosphorescence experiments, the Ca-ATPase in SR vesicles was
specifically labeled on lysine 515 with ERITC as described previously
(Birmachu and Thomas, 1990). This procedure results in specifically la-
beling of Lys 515 on the Ca-ATPase in both skeletal and cardiac SR
(Birmachu et al., 1993). ERITC labeling of this residue results in enzyme
inactivation, probably due to the label’s occupation of the nucleotide
binding site (Birmachu and Thomas, 1990). Extensive studies with skel-
etal SR labeled at the same site with a very similar probe (fluorescein iso-
thiocyanate) show that the enzyme is otherwise unperturbed, has normal
calcium binding, and goes through the normal calcium-pumping enzy-
matic cycle with less bulky substrates such as acetyl phosphate (Teruel
and Inesi, 1988). It has also been shown that the enzyme’s rotational dy-
namics are not affected by ATP binding (Lewis and Thomas, 1991).
Therefore, the rotational dynamics of ERITC-SR are probably representa-
tive of the unlabeled protein. Labeled samples were kept on ice and used
the same day for spectroscopic measurements.

SDS gels and autoradiography

Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis was per-
formed according to the method of Jones et al. (1985) using an 8% slab gel,
1.5 mm thick. As described previously (Birmachu et al., 1993), specificity
of stoichiometric ERITC labeling to Lys 515 was confirmed by quantitative
analysis of fluorescent photographs of SDS gels taken through a 550 nm
cut-off filter using a UV lamp before staining the gels with Coomassie blue.
The Coomassie blue-stained gels and the fluorescence negatives were
scanned with a densitometer (Hoefer Scientific Instruments) to quantitate
the amount of protein and label, respectively. The Ca-ATPase comprised
36 = 3% and 79 = 2% of the total detected protein in dog cardiac and rabbit
skeletal SR preparations, respectively. As demonstrated previously, 90—
95% of the ERITC fluorescence was localized to the 110-kDa Ca-ATPase
band in SDS gels of both dog cardiac and rabbit skeletal SR (Birmachu
et al., 1993).

Specificity of phospholamban phosphorylation was measured from ali-
quots taken directly from assay and spectroscopy samples, combined 1:1
with gel dissociation medium (60 mM Tris, 15% SDS, 20% glycerol, 0.1%
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bromphenol blue) and placed on dry ice. A total of 10-15 ug SR protein
were loaded per lane onto an 8% SDS-PAGE gel, 1.5 mm thick. The gels
were then dried and placed in an 8 X 10 inch x-ray developing cassette
containing Kodak X-OMAT XAR-5 film and a DuPont Cronex intensifying
screen. Regions on the gel corresponding to the exposed regions on the
developed film were cut and scintillation counted, corrected for background,
and compared against the total counts using 10 ul of the ATP cocktail diluted
to 0.5 mM. Fig. 2 illustrates highly specific phosphorylation by the protein
kinase A catalytic subunit (Sigma Chemical Co., St. Louis, MO) of phos-
pholamban in dog cardiac SR. Following TPA data collection on a sample,
four separate measurements of phosphorylation at phospholamban, in three
different dog cardiac SR preparations, resulted in an average of 0.98 * 0.05
nmol phosphate per mg SR protein. Under these conditions, all detectable
phosphorylation was localized to the phospholamban protein. While slightly
higher levels of phospholamban phosphorylation were obtainable with pro-
longed protein kinase incubation times, such conditions resulted in a loss
of phosphorylation specificity and no further effect on Ca uptake activity
(discussed below).

To ensure that no significant dephosphorylation (by the endogenous SR
phosphatases) of phospholamban occurred on the time course of the ex-
periments, dog cardiac SR vesicles (0.5 mg) were phosphorylated as de-
scribed above, centrifuged, and resuspended in 250 mM sucrose, 30 mM
MOPS, 50 nM calyculin A, pH 7.0. The phosphorylated SR was then trans-
ferred to the standard experiment solution (50 mM MOPS, 60 mM KCl, 1
mM MgCl,, 10 mM EGTA, 5 mM CaCl,, 50 nM calyculin A, pH 7.0) to
a concentration of 0.4 mg/ml and incubated at 25°C. At time points of 5,
15, 30, 60, and 90 min, a 50-ul aliquot of the phosphorylated SR suspension
was combined with 30 pl of the gel dissociation medium (see above) and
immediately frozen on dry ice. 70 ul (0.02 mg) of the thawed samples were
then loaded onto an 8% SDS-PAGE gel and electrophoresed for 6 h. The
protein concentration of each aliquot was assayed using the BCA Protein
Kit (Pierce Chemical) and the gel autoradiographed. Fig. 3 shows the ex-
posed x-ray film of a typical stability experiment. Dephosphorylation of
phospholamban never exceeded 10% over 30 min at 25°C, indicating that
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FIGURE 2 Autoradiogram of 3?P-phosphorylated phospholamban (ar-
row, lane 3). Lanes 1 and 2 show the Coomassie blue-stained protein bands
of molecular weight standards and dog cardiac SR on a SDS-PAGE gel,
respectively. The molecular weight standards are, from top to bottom, phos-
phorylase B (97.4 kDa), bovine serum albumin (66.2 kDa), ovalbumin
(45 kDa), carbonic anhydrase (31 kDa), and soybean trypsin inhibitor
(21.5 kDa).
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FIGURE 3 Stability of phospholamban phosphorylation. Shown is an au-
toradiogram of dog cardiac SR incubated at 25°C for 5 (lane 1), 15 (lane
2), 30 (lane 3), 60 (lane 4), and 90 min (lane 5) following phosphorylation
with [y-*P]ATP. The phosphate content at the phospholamban band, in-
dicated by arrow, was 0.94, 0.93, 0.91, 0.77, and 0.74 nmo! phosphate per
mg SR protein for lanes 1-5, respectively.

spectroscopy measurements (discussed below) were completed before
significant dephosphorylation.

Time-resolved phosphorescence anisotropy

The experimental and analytical procedures for TPA of skeletal and cardiac
SR have been described in detail previously (Birmachu et al., 1993). Phos-
phorescence experiments were carried out in a solution containing 60 mM
KCl, 1 mM MgCl,, 10 mM EGTA, 50 mM MOPS, and an amount of CaCl,
resulting in the desired ionized calcium level (Fabiato, 1988), pH 7.0 (25°C).
Before TPA data collection, oxygen was enzymatically removed from the
sample (0.2- 0.4 mg/ml) in a sealed 1- cm quartz cuvette with 100 pg/ml
glucose oxidase, 15 pg/ml catalase, and 5 mg/ml glucose for 10-15 min,
as described previously (Birmachu et al., 1993). The spectrometer used to
obtain TPA decays was described previously (Ludescher and Thomas,
1988). The phosphorescence anisotropy (r) is given by

LGl
Aol
"T L+ 261, @

where 1, and I, are the time-dependent decays of the phosphorescence in-
tensities observed through polarizers oriented parallel and perpendicular,
respectively, to the vertically polarized excitation pulse. G is an instrumental
correction factor determined from the apparent anisotropy of the free dye
in solution, for which the corrected anisotropy is 0. TPA decays of ERITC-
labeled Ca-ATPase were detected and signal-averaged for 20 loops, each
consisting of 2000 acquisitions of /i(¢) and 2000 acquisitions of /, (1). The
laser repetition rate was 100-200 Hz, so a typical experiment lasted about
10 min.

TPA decays were analyzed as reported previously (Birmachu and
Thomas, 1990), using a nonlinear least-squares fit to a sum of exponentials
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plus a constant:

AD =S A"+ a, 5)

i=1

where ¢, are rotational correlation times, A; are the normalized amplitudes
(r/ry), A, is the normalized residual anisotropy (r./r,), and ry is the initial
anisotropy (r{0) = r, = Zr, + r,). The goodness-of-fit for the anisotropy
decays was evaluated by comparing x? values for the multiexponential fits,
and by comparing plots of the residuals (the difference between the meas-
ured and the calculated values).

It has been shown previously (Birmachu and Thomas, 1990) that the TPA
of ERITC-SR is dominated by the uniaxial rotation of the labeled Ca-
ATPase about an axis normal to the bilayer. For this model, each different
rotational diffusion coefficient should give rise to a biexponential decay
component (Kinosita et al., 1984; reviewed by Thomas, 1986), but it has
been shown that a single-exponential approximation is sufficient to describe
the decay for each rotating species in ERITC-SR (Birmachu and Thomas,
1990). Then, as long as the probe orientation relative to the protein is the
same for all proteins, the mole fraction (f) of probes in the ith rotating
species, having rotational correlation time ¢, is given by

fi=A/ —Ay), h=@A. — AN — Ap) ©)

where f; is the fraction of probes (proteins) that are immobile on the time
scale of the experiment (Birmachu et al., 1993). A, is the residual anisotropy
of a reference sample for which f; = 0 and describes the extent to which the
probe’s motion is restricted in angular range, due to the fixed angles 6_,,
and 6, of the probe’s absorption and emissions transition moments relative
to the membrane normal:

_ Py(cos?8,,)P,(cos?6,,, ) 7
0 P,(cos?8,,) @

where P,(x) = (3x* - 1)/2, and 6, is the angle between the absorption and
emission transition moments (Lipari and Szabo, 1980). A, has been shown
to be 0.22 for ERITC-Ca-ATPase in skeletal SR (Birmachu and Thomas,
1990), and is assumed to be the same for cardiac SR (Birmachu et al., 1993).
The rotational diffusion coefficient (D) for uniaxial rotation of a cy-
lindrical membrane protein can be expressed as a function of the membrane
lipid viscosity (1), the temperature (T), and the effective radius (a) of the
portion of the protein in the bilayer (Saffman and Delbriick, 1975):

D kT 1
= o —
™ 4ma*hnm ¢

®

where £ is the thickness of the hydrocarbon phase of the lipid bilayer. Thus,
the rotational correlation time (inversely proportional to the diffusion co-
efficient), should be proportional to the lipid viscosity (inverse of fluidity)
and to the intramembrane cross-sectional area (7a?) of the rotating protein.
This theory relating protein size and lipid fluidity to protein rotational mo-
bility is supported by previous studies on the Ca-ATPase as measured by
both ST-EPR (Squier et al., 1988a,b) and phosphorescence anisotropy (Bir-
machu and Thomas, 1990). The lipid viscosity 7 is essentially the same in
skeletal and cardiac SR (Birmachu et al., 1993), so PLB has no significant
effect on lipid viscosity. Therefore, any PLB-dependent changes in the ob-
served rotational correlation times must be due to changes in the effective
radius (a in Eq. 8) of the rotating protein. The only plausible source of large
changes in protein size in SR is protein association into different sized
oligomers, with the rotational correlation time ¢, roughly proportional to the
size of the oligomer (Birmachu and Thomas, 1990). Thus the distribution
of oligomeric species is given by the fractions f; (Eq 6). The fraction of
proteins in immobile species f;, determined from the residual anisotropy A,
thus corresponds to protein aggregates so large that they undergo little or
no rotational diffusion in the 1 ms time window of the TPA experiment.
Since the correlation time of a Ca-ATPase monomer or dimer is on the order
of 10-20 us, these immobile aggregates must contain more than 10
Ca-ATPase molecules (Birmachu and Thomas, 1990; Voss et al., 1991;
Birmachu et al., 1993).
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RESULTS AND DISCUSSION

Effects of PLB phosphorylation on
calcium uptake

PLB phosphorylation at Ser-16, by cAMP-dependent protein
kinase, stimulates sarcoplasmic reticulum (SR) Ca uptake up
to fourfold, depending on the calcium level (Fig. 4), in agree-
ment with previous studies (Tada and Katz, 1982). Following
PLB phosphorylation, the K, (Ca®*) for the enzyme in car-
diac SR is decreased by 0.3 pCa units, to a value similar to
that of the PLB-devoid fast-twitch skeletal SR (see legend to
Fig. 4). In accordance with this, MacLennan and co-workers
have shown that the fast-twitch and cardiac isoforms of the
Ca-ATPase expressed in COS cells are indistinguishable
with respect to calcium activation, and that co-expression of
PLB with either isoform depresses the Ca* affinity to a level
similar to that of the enzyme in native, nonphosphorylated
cardiac SR (Toyofuku et al., 1989).

Effects of PLB phosphorylation on Ca-ATPase
rotational dynamics

PLB phosphorylation has a substantial effect on the TPA
decay of phosphorescent-labeled cardiac Ca-ATPase at 0.3
uM Ca?* (Fig. 5). Phosphorylation clearly lowers the final
(residual) anisotropy (A, = r./r,), implying increased rota-
tional mobility, intermediate between those of unphospho-
rylated cardiac and fast-twitch SR, which lacks PLB. TPA
decays were analyzed to determine the rotational correlation

80 75 70 65 60 55
pCa

o =2 N W A OO N
T

Ca UPTAKE (umolessminsmg’")

FIGURE 4 Cauptake of sarcoplasmic reticulum vesicles from rabbit skel-
etal fast-twitch (), and phosphorylated (@) and control (A) dog cardiac
muscle (0.1 mg/ml) in a buffer containing 50 mM MOPS, 60 mM KClI, 2
mM MgCl,, 10 mM potassium oxalate, 5 mM sodium azide, 1 mM ATP,
10 mM EGTA, pH 7.0, 25°C, and an amount of CaCl, to give the desired
free [Ca®*]. The higher V. of skeletal SR is due to the twofold greater
enrichment of the Ca-ATPase in this preparation (Birmachu et al., 1993).
A fit of the data to

v = VyaxSVKps + S

gave K, 5 and V,_, values of 0.52 pM and 3.79 pmol-min~-mg™; 0.27 pM
and 3.8 pmol-min~'-mg™'; 0.27 uM and 7.1 umoles-min~'-mg™’; for cardiac
control, cardiac phosphorylated, and fast-twitch skeletal SR respectively,
with n = 2 *+ 0.15 for each fit. Error bars represent the standard deviations
from three experiments.
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FIGURE 5 Time-resolved phosphorescence anisotropy decays of control
cardiac (C), phosphorylated cardiac (PC), and fast-twitch skeletal (S) SR
vesicles (0.3-0.6 mg/ml) at 25°C in 50 mM MOPS, 60 mM KCl], 1 mM
MgCl,, 10 mM EGTA, 4.24 mM CaCl,, pH 7.0, with a free [Ca’*] of
0.3 pM.

times and mole fractions of the various sizes of protein ag-
gregates in the membrane (Birmachu and Thomas, 1990;
Voss et al., 1991; Birmachu et al., 1993). The fits to mul-
tiexponential decays (Eq. S, Table 1) show little or no sig-
nificant variation in the correlation times ¢, but there are
substantial changes in the pre-exponential factors A;, con-
sistent with a redistribution of Ca-ATPase molecules among
the populations corresponding to different oligomeric spe-
cies. The most significant effect of phosphorylation is a de-
crease in A,, corresponding to a decrease in the fraction of
Ca-ATPase molecules immobilized in large aggregates (f; in
Eq. 6), whose motion is too slow to detect on the 1-ms TPA
time scale (Birmachu and Thomas, 1990; Voss et al., 1991;
Birmachu et al., 1993). Table 1 shows that this decrease in
A, is accompanied by a slight decrease in A, corresponding
to a decrease in the mole fraction of large but mobile oli-
gomers (f; in Eq. 6), and substantial increases in A, and A,,
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corresponding to an increase in the mole fraction of mono-
mers and smaller oligomers (f; and f, in Eq. 6).

The anisotropy decays do not decay completely to a con-
stant value during the time window of observation (Fig. 5),
so the extrapolated values for A, obtained from fits may have
systematic errors not included in the statistical uncertainties
given in Table 1. Nevertheless, the relative A, values for the
different samples, on which most of our conclusions are
based, are probably reliable, since they did not depend sig-
nificantly on the time window included in the fit. As dis-
cussed in METHODS, A, changes can be due to either
changes in large-scale aggregation (f; in Eq. 6), as assumed
here, or in probe orientation relative to the membrane normal
(Eq. 7). We cannot rule out completely the possibility that
PLB (or PLB phosphorylation) causes a protein conforma-
tional change on the Ca-ATPase that resuits in a change in
probe orientation without a change in the protein’s rotational
mobility. However, previous TPA and EPR studies on both
skeletal and cardiac SR indicate that immobilization due to
aggregation is a much more likely explanation (Birmachu
and Thomas, 1990; Voss et al., 1991; Birmachu et al., 1993).
For example, both TPA and EPR, with probes attached to
different sites, show that the Ca-ATPase is less mobile in
cardiac than in skeletal SR (Birmachu et al., 1993).

The [Ca**]-dependent effect of PLB phosphorylation on
large-scale enzyme aggregation (Fig. 6) closely parallels the
effect on enzymatic activity (Fig. 4), supporting our hypoth-
esis that Ca-ATPase mobility can predict the functional state
of the enzyme. PLB phosphorylation has its largest effect on
both enzyme mobilization (disaggregation) and activation at
low (sub-micromolar) Ca?*, while having negligible effects
on both at micromolar Ca®>*. These results appear to con-
tradict a previous report (Fowler et al., 1989) of slightly de-
creased Ca-ATPase mobility following phosphorylation, but
that study was performed at functionally irrelevant [Ca®*],

TABLE 1 Effect of PLB phosphorylation and Ca®* on TPA parameters of ERITC-labeled Ca-ATPase in cardiac SR

[Ca™] ¢ ¢, ¢,
PLB (uM) (ps) (ns) (us) A, 4, A, A, To
Unphosphorylated
0.01 12+3 100 = 35 287 = 80 0.072 = 0.014 0.081 * 0.022 0.112 * 0.029 0.737 £ 0.013 0.089 * 0.002
0.05 144 112 + 23 290 = 66 0.087 = 0.008 0.119 = 0.009 0.094 *+ 0.013 0.700 + 0.018 0.088 = 0.003
0.10 8+1 8517 285 *+ 78 0.106 = 0.014 0.101 = 0.011 0.109 * 0.023 0.684 * 0.020 0.090 * 0.003
0.30 11+3 103 £ 11 383 = 130 0.104 = 0.017 0.128 + 0.022 0.103 * 0.024 0.665 * 0.010 0.096 * 0.005
0.50 101 115 = 10 427 = 109 0.099 + 0.011 0.128 * 0.020 0.127 + 0.016 0.642 * 0.014 0.086 * 0.002
0.76 9+1 65 13 272 £ 94 0.112 *+ 0.022 0.144 + 0.023 0.132 * 0.024 0.612 = 0.006 0.093 = 0.007
1.00 7%1 55*+12 38585 0.098 = 0.015 0.155 + 0.010 0.159 = 0.015 0.594 * 0.006 0.086 * 0.002
1.60 72 61 + 14 408 * 129 0.128 * 0.010 0.192 + 0.012 0.177 £ 0.005 0.497 + 0.024 0.094 * 0.005
Phosphorylated
0.01 81 72*10 435 £ 47 0.115 £ 0.012 0.116 * 0.023 0.193 + 0.014 0.575 = 0.003 0.101 % 0.007
0.05 103 93 +20 580 = 71 0.112 = 0.022 0.143 + 0.016 0.196 + 0.013 0.549 = 0.006 0.094 * 0.008
0.10 71 73 *+22 460 * 118 0.105 * 0.016 0.145 £ 0.011 0.218 * 0.008 0.531 % 0.004 0.092 * 0.007
0.30 11=3 68 + 19 323 101 0.142 = 0.008 0.154 * 0.023 0.191 + 0.003 0.514 + 0.004 0.095 * 0.003
0.50 6*1 55+12 385 = 88 0.138 = 0.011 0.160 *+ 0.012 0.201 + 0.018 0.502 * 0.007 0.091 * 0.005
0.76 7x1 5510 320 = 64 0.135 * 0.024 0.181 £ 0.011 0.199 = 0.016 0.486 * 0.008 0.092 * 0.004
1.0 7+1 7320 480 * 56 0.143 = 0.010 0.196 = 0.007 0.197 = 0.009 0.465 * 0.010 0.088 * 0.002
1.60 81 63 +11 43575 0.152 £ 0.015 0.183 + 0.019 0.176 = 0.011 0.489 * 0.020 0.093 * 0.003

TPA decays were fit to Eq. 5 as described in Materials and Methods. Three exponentials (r = 3 in Eq. 5) were found to give optimal fits, based on x? values
and plots of the residuals (the difference between the measured and the calculated values). Each value in the table is the average from six experiments on
separate preparations.
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FIGURE 6 Fraction of Ca-ATPase molecules in large-scale aggregates as
a function of [Ca®*] in phosphorylated (@) and control (A) cardiac SR, and
in skeletal SR (W). This fraction was calculated as described previously
(Birmachu et al., 1993) from f; = (4, - 0.22)/(1 - 0.22) (Eq. 6), where the
normalized residual anisotropy (A, Table 1) was determined from a fit of
the TPA data to Eq. 5.

the phosphorescence data were not analyzed quantitatively,
and the experiments were flawed by a low specificity of PLB
phosphorylation.

Effects of Ca2?* alone

The quantitative correlation between enzyme disaggregation
and activation is further supported by the effect of Ca®* in
the absence of PLB phosphorylation. While phosphorylation
has a substantial disaggregating effect at submicromolar
[Ca?*], micromolar Ca®* itself induces enzyme disaggrega-
tion in unphosphorylated cardiac SR (Fig. 6, triangles),
which parallels the activation of the pump (Fig. 4). No Ca**
effect is observed on skeletal SR, which lacks PLB (Fig. 6,
squares). This suggests that the physical PLB-enzyme in-
teraction is mediated by calcium as well as phosphorylation,
a conclusion consistent with the regulatory influence of PLB
on the enzyme in the submicromolar Ca®* range (Fig. 4).
Thus PLB enhances the calcium dependence of enzyme ac-
tivation in cardiac SR. Consistent with the physiological de-
mands of the system, high (micromolar) calcium (where cal-
cium transport rates must be accelerated) relieves PLB
inhibition of Ca uptake, regardless of PLB’s phosphorylation
state.

Molecular model

PLB is a 52-residue, primarily a-helical peptide, which prob-
ably exists in the SR membrane as a pentamer due to a tightly
interacting hydrophobic transmembrane domain (Simmer-
man et al., 1986). Phosphorylation of PLB results in neu-
tralization of the basic residues clustered in the cytoplasmic
domain of the protein, causing the pl to change from 11 to
7 (Jones et al., 1985). This charge reversal is key to the
mechanism of PLB regulation, as evidenced by the electro-
static dependence of regulation (Xu and Kirchberger, 1989;
Chiesi and Schwaller, 1989). Our model of PLB regulation,

Calcium Pump in Heart 195

consistent with thermodynamic data on cardiac SR (Chiesi,
1979), involves the restriction of the Ca-ATPase in a ki-
netically unfavorable associated state that can be reversed by
either calcium or phosphorylation (Fig. 7). It is possible that
the basic residues of PLB interact with a regulatory calcium
binding site on the Ca-ATPase. Inhibition by lanthanides, at
cytoplasmic sites separate from the high-affinity Ca transport
sites located in the transmembrane domain (Henao et al.,
1992; Asturias and Blasie, 1991; Sprowl and Thomas, 1989),
may involve the same residues. However, our observations
can also be explained by a preferential interaction between
PLB and the Ca-free (E2) conformation of the enzyme, as
proposed previously (James et al., 1989; Toyofuku et al.,
1989). Consistent with this hypothesis, we have found that
PLB phosphorylation increases the tryptophan fluores-
cence of the Ca-ATPase, suggesting destabilization of E2
(unpublished observations).

A cross-linking study (James et al., 1989) has identified a
PLB-interaction region C-terminal to the phosphorylation
domain of the enzyme. Mutagenesis has confirmed that this
region, along with the residues in the nucleotide-binding/
hinge domain, must be conserved to maintain PLB regulation
(Toyofuku et al., 1989). The structural characterization of
this site is of particular interest, since several ion pumps of
this class are affected by basic amphipathic peptides (Voss
et al., 1991; Mahaney and Thomas, 1991; Cuppoletti et al.,
1992; Raynor et al., 1991; Cuppoletti and Abbott, 1990;
Vorherr et al., 1992). The mechanism proposed in Fig. 7,
showing a structural and functional perturbation of an inte-
gral membrane protein through interaction with an am-
phipathic peptide that affects protein self-association, may be

FIGURE 7 Model for the increased rotational mobility (decrease in large-
scale aggregation) and relief of PLB-dependent inhibition of the Ca-
ATPase, following PLB phosphorylation. Phosphorylation neutralizes the
positive charge on the basic cytoplasmic portion of PLB, thereby disrupting
the electrostatic interaction between PLB and one or more negative charge
clusters on the cytoplasmic domain of the enzyme. A similar disaggregation
is produced by micromolar Ca?>*. Only two Ca-ATPase molecules are
shown, but large-scale aggregation, involving 10 or more Ca-ATPase mol-
ecules (as indicated by the TPA data) may be required for inhibition.
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important in a wide range of membrane functions. Cor-
relation of function with molecular dynamics, measured
with site-directed spectroscopic probes, will be essential for
further testing and refining this hypothesis.
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