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ABSTRACT: Regulation of the SERCA calcium pump by phospholamban (PLB) is largely due to interactions
between their respective transmembrane domains. In spite of numerous mutagenesis and kinetic studies, we
still do not have a clear mechanistic picture of how PLB influences the calcium transport cycle of SERCA.
Herein, we have created alanine mutants for each residue in the transmembrane domain of PLB, we have co-
reconstituted these mutants with SERCA into proteoliposomes, and we have performed kinetic simulations of
the calcium-dependent ATPase activity isotherms. The PLB transmembrane mutants had a variable effect on
the calcium affinity, maximal activity, and cooperativity of SERCA, such that a range of values was observed.
Kinetic simulations using a well-established reaction scheme for SERCA then allowed us to correlate the
effects on SERCA activity with changes in the reaction scheme rate constants. Only three steps in the reaction
scheme were affected by the presence of PLB, namely, binding of the first calcium ion, a subsequent
conformational change in SERCA, and binding of the second calcium ion. The ability of wild-type and
mutant forms of PLB to alter the apparent calcium affinity of SERCA correlated with a decreased rate of
binding of the second calcium ion. In addition, the ability of wild-type and mutant forms of PLB to alter the
maximal activity of SERCA correlated with a change in the forward rate constant for the slow conformational

change in SERCA following binding of the first calcium ion.

In heart muscle, regulation of the sarcoplasmic reticulum
(SR)" calcium pump (also known as Ca*"-ATPase or SERCA)
allows for a dynamic contraction—relaxation cycle. This cycle
relies on the release, re-uptake, and maintenance of SR calcium
stores in a process that is linked to the f-adrenergic pathway.
Under the control of f-adrenergic stimulation, a second protein
called phospholamban (PLB) directly interacts with SERCA and
decreases its apparent affinity for calcium (/). PLB is a 52-amino
acid integral membrane protein that is reversibly phosphorylated
at Ser'® or Thr'” as a means of controlling the inhibitory
interaction with SERCA. Depending on its phosphorylation
state, PLB alters the calcium transport properties of SERCA,
thereby allowing dynamic changes in the rate of calcium uptake
and the overall calcium load in the SR. In turn, this determines
the rate of muscle relaxation and the force of contraction.

It is generally accepted that SERCA inhibition by PLB is due
to intramembrane interactions (2). The inhibitory capacity of
PLB is encoded by the amino acid sequence and tertiary structure
of its transmembrane domain, while the cytoplasmic domain
mainly provides a means for reversibility of inhibition via phos-
phorylation. Extensive mutagenesis of both PLB and SERCA
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has led to a detailed description of the residues that contribute to
the inhibitory interaction in terms of the consequences of
mutation on the ability of PLB to alter the apparent calcium
affinity of SERCA (3—9). Such studies have identified two
functional regions on opposite faces of PLB’s transmembrane
helix: one region responsible for SERCA inhibition and the other
region responsible for self-association. Mutations in the trans-
membrane domain of PLB that disrupt pentamer formation lead
to superinhibition of SERCA, the so-called “mass action”
theory (5). However, it was later recognized that residues
distributed around most of PLB’s transmembrane helix contri-
bute to the interaction with SERCA, including residues in the
leucine-isoleucine zipper (&). Such biochemical data combined
with recent cross-linking studies (/0—14) have provided the
constraints necessary for molecular modeling of the inhibitory
complex (10, 13, 15).

Despite this wealth of information, the biochemical data and
molecular models describing the inhibitory complex of SERCA
and PLB have not been completely reconciled with the kinetic
description for calcium transport by SERCA (16, 17). In the
reaction scheme for calcium transport, calcium binding was
postulated to involve three distinct steps (/6), namely, binding
of the first calcium ion, a conformational change that establishes
cooperativity, and binding of the second calcium ion (Figure 1).
A recent study by Mahaney and co-workers (/8) postulated that
PLB stabilizes a distinct E2-like calcium-free state of SERCA,
thereby altering the transition to the El calcium-bound state.
This concept is similar to the original description by Inesi and
colleagues (17), who postulated that PLB alters the slow con-
formational change in SERCA following binding of the first
calcium ion. Our studies with peptide mimics of PLB support this
conclusion (/9).
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FIGURE 1: Part of the reaction scheme (top) for calcium transport by
SERCA. Calcium binding involves three distinct steps, binding of the
first calcium ion, a conformational change that establishes cooperati-
vity, and binding of the second calcium ion. Helical wheel diagram
(bottom) of PLB showing transmembrane residues 34—52. These
residues of PLB were mutated to alanine in this study.

In this study, we have tested this hypothesis using co-recon-
stituted proteoliposomes (20). Starting with recombinant
PLB (21), we have created alanine mutants for each residue of
the transmembrane (TM) domain (residues 34—52). These re-
combinant PLB mutants were co-reconstituted with skeletal
muscle SERCA into proteoliposomes, and the effects on the
calcium-dependent ATPase activity of SERCA were deter-
mined (20). Each mutant had a distinct effect on the calcium
affinity, maximal activity, and cooperativity of SERCA, such that
a range of values was observed. Using a well-established reaction
scheme for SERCA (16, 17), kinetic simulation of the ATPase
activity isotherms in the presence of the PLB mutants allowed us
to compare the effects on SERCA activity with changes in the
reaction rate constants for calcium binding (19, 22). To summar-
ize our results, we found that the effects of PLB on the calcium
affinity, maximal activity, and cooperativity of SERCA were
readily explained by changes to specific rate constants in the
reaction scheme for calcium binding. First, PLB altered the slow
conformational change in SERCA following binding of the first
calcium ion, consistent with previous observations (/7—19).
However, PLB also lowered the forward rate constant for binding
of the second calcium ion, and it was this latter behavior that
correlated with the effects on the apparent calcium affinity of
SERCA. Second, this observation was supported by a relation-
ship between this same forward rate constant and the apparent
cooperativity of SERCA. Third, the ability of PLB to increase the
maximal activity of SERCA correlated with the forward rate
constant for the slow conformational change in SERCA follow-
ing binding of the first calcium ion. While the majority of the PLB
mutants followed these general trends, several mutants deviated
from this behavior (Leu37, Leu®, Cys‘“’, and Ile*’), and these
mutants are discussed in detail below.

EXPERIMENTAL PROCEDURES

Materials. Octaethylene glycol monododecyl ether (C,Eg)
was obtained from Barnet Products (Englewood Cliff, NJ). SM-2
Biobeads were obtained from Bio-Rad (Hercules, CA). Egg yolk
phosphatidylcholine (EYPC) and egg yolk phosphatidic acid
(EYPA) were obtained from Avanti Polar Lipids (Alabaster,
AL). n-Octyl glucopyranoside (OG) was obtained from Anatrace
(Maumee, OH). All reagents for the coupled enzyme assay (23)
for measuring calcium-dependent ATPase activity were of the
highest available purity (Sigma-Aldrich, Oakville, ON). EZ-Link
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Sulfo-NHS-LC-Biotin (sulfosuccinimidyl-6-[biotin-amido]hexa-
noate) was obtained from Thermo Scientific (Rockford, IL).
IRDye 800CW streptavidin conjugate and Odyssey Blocking
Buffer were obtained from LI-COR Bioscience (Lincoln, NE).
Amylose resin was purchased from New England Biolabs
(Pickering, ON).

Mutagenesis and Expression of Recombinant PLB. Re-
combinant PLB was expressed and purified from bacterial cell
culture as described previously (20, 21). Briefly, all mutants were
constructed from the human wild-type PLB gene cloned into the
pMal-c2x plasmid to generate a maltose binding protein (MBP)
fusion protein with a TEV protease cleavage site between MBP
and PLB. After site-directed PCR mutagenesis, the PCR pro-
ducts were cloned into the pM-PLB plasmid, replacing the wild-
type gene, and confirmed by sequencing (DNA Core Facility,
University of Alberta). The individual mutants were expressed in
Escherichia coli DH5a cells. Briefly, an overnight 50 mL starter
culture was diluted into 1 L of LB medium supplemented with
0.2% glucose and 50 ug/mL ampicillin. The culture was induced
with 100 uM IPTG and incubated at 22 °C for 22 h. Cells were
collected by centrifugation, transferred into lysis buffer [20 mM
phosphate (pH 8.0), 120 mM NaCl, 1 mM EDTA, 0.5% glycerol,
0.5% Triton X-100, 0.1 mM dithiothreitol, 0.5 mM phenyl-
methanesulfonyl fluoride, 2 ug/mL pepstatin A, and 2 ug/mL
leupeptin], and disrupted by sonication. After centrifugation to
remove cellular debris, the supernatant containing the MBP
fusion protein was purified by amylose affinity chromatography
and cleaved with TEV protease. Finally, PLB was purified to
homogeneity by selective solubilization in guanidine hydrochlor-
ide followed by reverse-phase high-performance liquid chroma-
tography.

Co-Reconstitution of SERCA and Recombinant PLB.
Following established procedures, rabbit skeletal muscle SERCA
was purified from SR vesicles (24) by affinity chromatogra-
phy (25). Functional co-reconstitution of SERCA with PLB has
also been described in detail (20, 21, 26—29). Typically, 100 ug of
PLB in 80% 2-propanol was mixed with lipids (360 ug of EYPC
and 40 ug of EYPA), dried to a thin film under nitrogen gas, and
evaportated under high vacuum to remove residual solvents. The
PLB and lipid mixture was rehydrated in water for 15 min at 50 °C.
Detergent (800 ug of Ci,Eg) was added followed by vigorous
vortexing to solubilize the mixture, followed by the addition of
buffer [20 mM imidazole (pH 7.0), 100 mM KCI, and 0.02%
NaNj3]. SERCA (300 ug) was added to this mixture to achieve
final molar stoichiometries of 1 SERCA, 6 PLB, and 195 lipids.
The co-reconstituted proteoliposomes containing SERCA and
PLB were formed by the slow removal of detergent (with SM-2
Biobeads) followed by purification on a sucrose step gradient
(20, 27). The purified co-reconstituted proteoliposomes typically
yield final molar stoichiometries of 1 SERCA, 4.5 PLB, and
120 lipids (20).

Orientation of PLB in Co-Reconstituted Proteolipo-
somes. The orientation of PLB in our co-reconstituted proteo-
liposomes was determined using a biotin surface labeling assay.
Co-reconstituted vesicles (~5 ug of protein) were mixed in
labeling buffer [20 mM borate-KOH (pH 9.0)] with 5 mM EZ-
Link Sulfo-NHS-LC-Biotin in the absence and presence of 0.5%
OG. The mixture was incubated at 4 °C for 2 h followed by
quenching with an equal volume of SDS—PAGE sample buffer.
After SDS—PAGE and electroblotting to Immobilon-FL
PVDF membranes (Millipore, Bedford, MA), the amount of
biotin labeling was quantified using IRDye 800CW streptavidin
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conjugate and an Odyssey Infrared Imaging System (LI-COR
Bioscience).

Activity Assays. Calcium-dependent ATPase activities of the
co-reconstituted proteoliposomes were measured by a coupled
enzyme assay (23). All co-reconstituted PLB mutants were
compared to a negative control (SERCA reconstituted in the
absence of PLB) and a positive control (SERCA co-reconstituted
in the presence of wild-type PLB). A minimum of three indepen-
dent reconstitutions and activity assays were performed for each
PLB mutant, and the calcium-dependent ATPase activity was
measured over a wide range of calcium concentrations (from 0.1
to 10 uM) for each. This method has been described in detail
previously (20, 21). The K¢, (calcium concentration at half-
maximal activity), the V., (maximal activity), and the nyy (Hill
coefficient) were calculated on the basis of nonlinear least-
squares fitting of the activity data to the Hill equation using
Sigma Plot (SPSS Inc., Chicago, IL). Errors were calculated as
the standard error of the mean for a minimum of four indepen-
dent measurements. Comparison of Kc,, Vi, and ny para-
meters was conducted using ANOVA (between subjects, one-way
analysis of variance) followed by the Holm—Sidak test for
pairwise comparisons (Sigma Plot).

Kinetic Simulations. Reaction rate simulations have been
described for the transport cycle of SERCA in the absence and
presence of PLB inhibition (/7), and we have adopted this
approach to understand SERCA inhibition by peptide mimics
of PLB (19, 22). In this study, we performed a global nonlinear
regression fit of the model of Cantilina et al. (/7) to each plot of
SERCA ATPase activity versus calcium concentration using
Dynafit [Biokin Inc., Pullman, WA (30)]. Such fits were per-
formed for all co-reconstituted PLB mutants, which were com-
pared to our control samples (SERCA reconstituted in the
absence and presence of wild-type PLB). While all reaction rate
constants were allowed to vary in the kinetic simulations,
SERCA activities in the presence of PLB mutants were best fit
with modifications to only three steps in the reaction cycle
(Figure 1): (i) the binding of the first Ca’* ion (Aforward)s
(i1) the slow isometric transition following the binding of the
first Ca>" ion (Breverse), and (iii) binding of the second calcium

ion (Cforward)~

RESULTS

Via comparison of cardiac and skeletal muscle SR vesicles, it
was initially shown that PLB inhibits SERCA by specifically
increasing the activation energy for a calcium-induced conforma-
tional change in SERCA [by increasing Bieyerse (Figure 1)] (17).
Later studies used scanning alanine mutagenesis of PLB in
coexpression systems with SERCA to provide valuable insight
into the regulatory role of PLB’s transmembrane domain (5, 7, 9).
From one point of view, we have a detailed kinetic description of
the mode of PLB inhibition of SERCA. From another point of
view, we have a thorough understanding of how individual
residues of PLB contribute to SERCA inhibition. To bridge
the gap between these two observations, more recent studies have
attempted to link the effects of PLB mutants to particular
reaction steps in the SERCA calcium transport cycle (18, 19).
Toward this goal, we have individually mutated all residues in the
transmembrane domain of PLB to alanine (residues 34—52), and
we have co-reconstituted each PLB mutant with SERCA into
proteoliposomes. The measured calcium affinity, maximal activ-
ity, and cooperativity (ny) of SERCA in the proteoliposomes
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Table 1: Maximal Activities, Apparent Calcium Affinities, and Hill Coef-
ficients Determined for SERCA in the Absence and Presence of Wild-Type
and Mutant Forms of PLB

Vmax (umol mg ™! min~") K, (uM) ny n
SERCA 43+0.1 0.41+0.01 1.6+0.1 28
PLB 6.0+0.1 0.69 £ 0.01 2.0£0.1 9
N34A 4.6£0.1 0.45+£0.02 23+0.2 6
F35A 52£0.1 0.74 £ 0.04 1.740.1 7
C36A 54+0.2 0.97 £ 0.06 1.94+0.2 9
L37A 4.0+0.1 1.57£0.04 1.940.1 7
I38A 5.540.1 0.49+ 0.02 1.9+0.1 6
L39A 52+£02 0.93£0.07 1.74£0.2 5
140A 59+0.1 0.91+0.03 24+0.1 8
C41A 58+0.2 0.83£0.05 1.94+0.2 5
L42A 52+0.1 0.58 £0.02 1.84+0.1 7
L43A 6.010.1 1.22£0.05 1.940.1 9
L44A 59+0.1 1.11+£0.02 1.9+0.1 9
I45A 5.1£0.1 0.60 £ 0.03 2.1£0.2 6
C46A 5.5+0.1 0.66 + 0.04 1.6+£0.1 6
147A 54£0.1 1.87£0.07 1.940.1 5
148A 5240.1 0.69 £+ 0.02 1.9+0.1 6
V49A 53+0.1 0.89 £ 0.05 1.84+0.1 7
MS50A 48£0.1 0.62+ 0.02 1.9+0.1 8
L51A 45+0.1 1.00 £ 0.07 1.940.1 4
L52A 5240.1 0.65+ 0.04 1.94+0.2 5

were indicative of the functional effects of each PLB mutant.
These measurements were then used in kinetic simulations aimed
at understanding the mechanism by which PLB alters the calcium
transport properties of SERCA.

Co-Reconstituted Proteoliposomes. Co-reconstitution at
low lipid:protein ratios has provided a useful tool for the
structural (29, 37) and functional (19—22, 27—29) characteriza-
tion of the inhibitory complex of SERCA and PLB. Typically,
the measurement of ATP hydrolysis rates by reconstituted
SERCA proteoliposomes yielded a K¢, of 0.41 uM, a Vi of
4.3 £ 0.1 yumol mg™' min~', and a Hill coefficient indicative of
cooperative calcium binding (Table 1). In the presence of wild-
type PLB, the measurement of ATP hydrolysis rates by co-
reconstituted proteoliposomes yielded a K¢, of 0.69 uM, a Vp.x
0f 6.0+ 0.1 umol mg ™' min~", and a Hill coefficient indicative of
increased cooperativity. The utility of these co-reconstituted
proteoliposomes has been well documented (19—22, 27—29, 31,
32), and our goal is not to reiterate their complete characteristics
here. Nonetheless, the proteoliposomes have several properties
that are critical for the experiments described below. First, the co-
reconstituted proteoliposomes containing SERCA and PLB are
tightly sealed such that they are impermeable to calcium,
necessitating the use of a calcium ionophore for the ATPase
activity measurements (20, 23). Second, SERCA reconstitutes
asymmetrically into the proteoliposomes such that all molecules
are oriented with their cytoplasmic domains on the outer surface
of the vesicles (27).

While the orientation of SERCA in the proteoliposomes is
known, the orientation of PLB in the co-reconstituted proteoli-
posomes has not been determined. We have now used a biotin
labeling strategy to determine the orientation of all PLB mole-
cules within the proteoliposomes. A membrane-impermeable
succinimidyl ester derivative of biotin, EZ-Link Sulfo-NHS-
LC-Biotin, was used to specifically label Lys® and Lys*’ of PLB.
In the absence of detergent, molecules with their cytoplasmic
domains on the outer surface of the proteoliposomes were labeled
with biotin, while those facing the interior of the proteoliposomes
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FIGURE 2: Biotin labeling and sidedness of PLB in the co-reconsti-
tuted proteoliposomes. The top panel shows a typical blot probed
with IRDye 800CW streptavidin conjugate to detect biotin-labeled
PLB in the absence and presence of detergent (n-octyl glucopyrano-
side). The wild type and several mutants of PLB representing all three
structural domain are shown: domain la (R9E), domain 1b (K27A,
N30A), and the transmembrane domain (F35A, L39A). The PLB
pentamer (PLB,,) and monomer (PLB,,) are indicated. The bottom
panel shows the quantitation of labeling for all wild-type and mutant
PLB (PLB) or alanine mutants grouped according to domain (gray
bars). On average, 78 £+ 1% of the PLB molecules are correctly
oriented with their cytoplasmic domains on the exterior surface of the
co-reconstituted proteoliposomes. The white control bar shows the
average biotin labeling of transmembrane peptides Leuy and
Leuy, (22) co-reconstituted with SERCA into proteoliposomes.

remained protected from labeling. Treatment of the proteolipo-
somes with detergent resulted in labeling of all molecules of PLB,
where the ratio of labeled PLB in the absence and presence of
detergent was used to calculate percent labeling (Figure 2). Biotin
labeling prevents binding of the anti-phospholamban antibody,
2D12, so this was used to confirm that all molecules of PLB were
biotinylated in detergent solution. As a further control, biotin
labeling was performed on co-reconstituted proteoliposomes of
SERCA with synthetic peptides. These peptides, designated Leugy
and Leuy, (22), are helical transmembrane peptides comprised of
leucine and alanine residues, and capped on each side of the
membrane with two lysine residues. As expected, only half of
the lysines in these co-reconstituted peptides were labeled in the
absence of detergent (Figure 2, bottom panel, control), while the
remaining lysines facing the interior of the proteoliposomes were
protected from labeling. This same strategy was used for all PLB
mutants described herein, as well as for those described in a
previous publication (20). On average, 78 £+ 1% of the PLB
molecules were oriented with their cytoplasmic domains protrud-
ing from the outer surface of the proteoliposomes (7 = 88,
including the wild type and all mutants). Mutation of individual
residues in the transmembrane domain had no effect on the
reconstitution behavior or the orientation of PLB (for the sake of
simplicity, the PLB mutants shown in Figure 2 are grouped
according to PLB domain). Given that there are 4.5 molecules of
PLB per molecule of SERCA in our co-reconstituted proteolipo-
somes (20), the data show that 3.6 molecules of PLB are correctly
oriented relative to each SERCA molecule.

Effects of PLB Mutation on the Apparent Calcium
Affinity of SERCA. Residues 34—52 of PLB (Figure 1) were
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each mutant of PLB (gray bars).
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mutated to alanine; each mutant was co-reconstituted with
SERCA into proteoliposomes, and the calcium-dependent AT-
Pase activity of SERCA in the co-reconstituted proteoliposomes
was measured. This approach allowed us to test the ability of
PLB mutants to alter the calcium affinity of SERCA in a chemi-
cally pure membrane environment (Table | and Figure 3). As an
example of a loss-of-function PLB mutant, the Asn**-to-Ala has
been shown to alter the apparent calcium affinity of SERCA to a
far lesser extent than wild-type PLB. The K¢, values for SERCA
alone, SERCA in the presence of wild-type PLB, and SERCA in
the presence of N34A PLB were determined to be 0.41, 0.69, and
0.45 uM, respectively. As an example of a gain-of-function PLB
mutant, Ile*’-to-Ala was shown to alter the apparent calcium
affinity of SERCA to a far greater extent than wild-type PLB.
The K¢, value for SERCA in the presence of 147A PLB was
determined to be 1.87 uM. Of the PLB mutants examined, two
resulted in a loss of function (N34A and I38A), nine resulted in a
gain of function (C36A, L37A, L39A, 140A, L43A, L44A, 147A,
V49A, and L51A), and the remainder were considered neutral
mutations. Losses or gains of function were defined as a
statistically significant decrease or increase in the calcium affinity
of SERCA compared to that of wild-type PLB. As in previous
studies (5, 8, 33), we found that Asn* and Tle*® were critical for
PLB inhibitory function and that a majority of the gain-of-
function mutants were clustered at the monomer—monomer
interface of the PLB pentamer [residues at the a, d, and g
positions (9, 34)].

We also found differences in the behavior of some of the PLB
mutants compared to previous studies (3, 8, 33). PLB mutants
F35A, L42A, and 148A were originally found to result in severe
losses of function, while mutants L39A and V49A were originally
found to result in slight losses of function. Our results revealed
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that F35A had no effect on PLB inhibitory function, L42A and
148A were slight loss-of-function mutants, and L39A and V49A
were slight gain-of-function mutants. The differences between
our studies and those previously reported by others (3, 8, 33) may
be due to the human PLB protein utilized herein versus the canine
PLB protein used in previous studies. However, this is difficult to
rationalize with only two conservative residue changes between
human and canine PLB. Glu” and Lys®” are Asp” and Asn?’,
respectively, in the canine sequence. Nonetheless, the regulatory
contributions of individual residues may be context-dependent,
where the complex interaction of many residues ultimately leads
to the modulation of SERCA calcium transport.

Effects of PLB Mutation on the Maximal Activity of

SERCA. Our previous studies with co-reconstituted proteolipo-
somes indicated that PLB increased the maximal activity of
SERCA, and that this behavior could be modulated by PLB
mutation (20). Moreover, the ability to alter the calcium affinity
of SERCA correlated with the ability to alter its maximal activity,
and a similar trend was observed for peptide mimics of PLB
(19, 22). However, we currently lack an explanation for this
phenomenon. To fully evaluate this behavior, we assessed the
ability of all transmembrane mutants of PLB to alter the V. of
SERCA (Table 1 and Figure 4). The V. value for SERCA in
reconstituted proteoliposomes in the absence of PLB was 4.3 +
0.1 umol mgf1 min~ . The V. values for SERCA co-recon-
stituted in the presence of wild-type and mutant forms of PLB
ranged from 4.0 to 6.0 umol mg ' min~'. As previously
described (20), a correlation was observed between the ability
of the mutants to decrease the K¢, and to increase the V. of
SERCA (not shown). In general, mutation of residues in the
middle of the transmembrane domain (centered on residues
40—44) had a marginal impact on the ability of PLB to increase
the Vi of SERCA, while mutation of residues at either end of
the transmembrane domain had a significant impact (Figure 4).

The four residues that had the strongest effects on the ability of
PLB to increase the V,,,x of SERCA were the N-terminal residues
Asn**and Leu®” and the C-terminal residues Met*’ and Leu”'. In
membranes, leucine and methionine are stronger helix promoters
than alanine (35), while alanine is a much stronger helix promoter
than asparagine. Thus, it is tempting to speculate that helical
stability and/or flexibility plays a role in the interaction with
SERCA. The proper helical structure or inherent flexibility
at either end of the PLB transmembrane domain could play a
role in correct protein—protein interactions. An insertion of an
alanine at these positions could impact the tertiary and/or
dynamic structure of PLB’s transmembrane helix, thereby
influencing the ability of PLB to alter the maximal activity of
SERCA.

Effects of Mutation on the Cooperativity of SERCA. Our
SERCA activity plots in the absence and presence of PLB
mutants were fit to the Hill equation, where the Hill coefficient,
ny, provided a measure of the degree of cooperative ligand
binding to SERCA. As before, the apparent ny for SERCA
reconstituted in the absence of PLB was 1.6 + 0.1 (n = 28), while
SERCA co-reconstituted with wild-type PLB yielded a value of
2.0£0.1(n = 9). The majority of the mutants had only a minimal
effect on the ability of PLB to alter the cooperativity of SERCA
(Table 1 and Figure 5). Three mutants, Phe®, Leu®, and Cys*,
caused the largest change in the Hill coefficient. While these
mutants altered the K¢, and V., of SERCA to a level compar-
able to that of wild-type PLB, the increase in cooperativity
normally observed with wild-type PLB was markedly reduced.
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FiGuRrE 4: Effects of alanine mutation in the TM domain of PLB on
the maximal activity (¥ ,.x) of SERCA. The vertical line at the left
represents the V¢ for SERCA reconstituted alone (white bar, Vi =
43 £ 0.1 umol mg~' min™"), and the vertical line at the right
represents the V. for SERCA co-reconstituted in the presence of
wild-type PLB (black bar, V. = 6.0 0.1 umolmg ™' min~"). The
Vimax values are plotted for each mutant of PLB (gray bars).

Kinetic Simulations. Equilibrium measurements of SERCA
ATPase activity versus calcium concentration have been fit to a
reaction equation based on two interacting calcium-binding
sites (16, 17). The reaction scheme assumes that calcium binding
to SERCA occurs as highly cooperative steps linked by a
conformation transition (Figure 1). In the model, calcium trans-
port by SERCA has a slow conformational transition (E-Ca <
E'-Ca) that activates the enzyme by increasing the affinity for
binding of a second calcium ion (E'-Ca < E’-CaCa). PLB is
thought to slow this conformational change, resulting in a
reduction in the apparent calcium affinity of SERCA and
increased cooperativity for calcium binding. Using kinetic simu-
lations (17, 19, 22), we wished to improve our understanding of
the experimentally observed shifts in the Kc,, Viax, and ny of
SERCA in the presence of PLB (Figure 6). The SERCA ATPase
activity curves in the absence or presence of each mutant were fit
to the model of Cantilina et al. (/7) using Dynafit (30). The best
fit to the data was obtained by allowing rate constants for the first
three steps in the reaction cycle to vary individually or in concert
and minimizing the sum-of-squares error. The activity of SERCA
in the absence of PLB was fit first, providing the starting point for
optimization of the fit for SERCA co-reconstituted with PLB.
Optimization of the Biorwarda and Bieyerse ate constants alone
(dotted line in Figure 6) did not provide an optimal fit,
necessitating the inclusion of Ciowarg in the fitting process
(solid line in Figure 6).

In our standard analysis using Hill plots, each mutant could be
classified as loss-of-function, neutral, or gain-of-function mutant
compared to wild-type PLB. As a result, each mutant had a
distinct effect on the Kc,, Viax, and nyg of SERCA, such that a
range of values was observed. The observed K, values ranged
from 0.41 to 1.87 uM calcium; the observed V. values ranged
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FiGure 5: Effects of alanine mutation in the TM domain of PLB on
the Hill coefficient (ny) of SERCA. The vertical line at the left
represents the ny; for SERCA reconstituted alone (white bar, ny =
1.6 + 0.1), and the vertical line at the right represents the nyy for
SERCA co-reconstituted in the presence of wild-type PLB (black bar,
ny = 2.0 £ 0.1). The ny values are plotted for each mutant of PLB
(gray bars).
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FiGure 6: Kinetic simulations of SERCA ATPase activities. Nor-
malized ATPase activities (¥/Vax) of SERCA alone (@) or in the
presence of wild-type PLB (¥) are plotted as a function of calcium
concentration. The activity data in the graphs were fit using the
reaction scheme of Cantilina (/7) to minimize the sum-of-squares
error. Best fits are shown as solid lines, and the rate constants
obtained for the first three steps of the reaction cycle are listed in
Table 2. For SERCA in the presence of wild-type PLB, the best fit
(solid line) was obtained by altering the Crorward> Brorwards a1d Breverse
rate constants (for the dotted line, only the Biorwara and Bieverse
constants were allowed to vary).

from 4.0 t0 6.0 umol mg ™' min "', and the Hill coefficients ranged
from 1.6 to 2.4. Therefore, the changes in SERCA ATPase
parameters induced by each PLB mutant (Table 1) could be
examined for proportional changes in the kinetic parameters that
result from the simulations (Table 2). As hypothesized, we could
link the effects of PLB mutants on the calcium affinity, maximal
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Table 2: Rate Constants (s~ ') Resulting from the Kinetic Simulations”

sum of
. b
squares Al‘orward Arcvcrsc Bforwurd Brcvcrsc Cforward Crcvcrsc

SERCA 0.003 216000 400 30 40 2567000 16
PLB 0.004 216000 400 44 50900 404000 16
N34A 0.003 290000 400 34 605 560000 16

F35A 0.008 120000 400 37 47700 1100000 16
C36A 0.006 110000 400 41 106000 560000 16
L37A 0.002 216000 400 29 36000 81100 16
138A 0.009 216000 400 40 21000 928000 16
L39A 0.006 410000 400 47 490000 420000 16
140A 0.01 210000 400 42 720 180000 16
C41A 0.020 216000 400 41 38000 270000 16
L42A 0.008 216000 400 38 108700 904000 16
L43A 0.008 216000 400 44 51500 130000 16
L44A 0.002 216000 400 44 81000 173000 16

145A 0.009 260000 400 35 850 370000 16
C46A 0.005 120000 400 40 490000 5800000 16
147A 0.005 57000 400 38 250 19000 16

148A 0.003 300000 400 39 100000 370000 16
V49A 0.009 150000 400 38 86000 440000 16
MSO0A  0.0009 180000 400 34 22000 670000 16
LSIA 0.007 110000 400 35 260000 780000 16
L52A 0.01 216000 400 37 61500 520000 16

“For kinetic anaylsis, the reaction scheme and initial rate constants were
taken from ref /7 with the forward and reverse rate constants corresponding
to the steps as depicted in Figure 1. *The final fits of the experimental data
were chosen on the basis of minimization of the sum-of-squares error.

activity, and cooperativity of SERCA to distinct steps in the
reaction cycle.

Kinetic Simulations versus Kc, As originally postu-
lated (17), PLB mutants that altered the apparent calcium affinity
of SERCA also increased the reverse rate constant for the
isomeric transition following calcium binding [Beyerse (Figure 1
and Table 2)]. Despite this observation, there was no correlation
between the effect on K¢, and Bieyerse (n0t shown). Instead, there
was a clear relationship between the ability of the PLB mutants to
alter K¢, and the forward rate constant for binding of the second
calcium ion (Cporwara)- We observed an exponential decay in
Crorward 88 K¢, increased (Figure 7), such that PLB mutants that
decreased the apparent calcium affinity of SERCA resulted in a
proportional decrease in the forward rate of binding of the
second calcium ion. Therefore, PLB inhibition appeared to drive
the reaction (E + Ca < E:Ca < E':Ca < E'-Ca + Ca <
E'-CaCa) toward the E- Ca state of SERCA by altering two steps
in the reaction scheme, namely, by increasing Bieyerse (E+Ca —
E’-Ca) and decreasing Cropwara (E'-Ca < E'-CaCa) (Figure 1).

There are two notable exceptions. First, the C46A mutant did
not significantly change K¢, compared to that of wild-type PLB,
yet it affected both Crorward (Crorwara Increased 14-fold compared
to that of wild-type PLB) and Bieyerse (Breverse Increased 10-fold
compared to that of wild-type PLB). The increase in Cporyard
overcomes the effect on Bieyerse, SUch that a wild-type-like effect
on K¢, is observed; however, there is a loss of cooperativity
compared to that of wild-type PLB. Second, I47A was the largest
gain-of-function mutant, yet there was a minimal effect on Beyerse
(compared to SERCA alone). Instead, the values of Apypyarq and
Crorwara Were among the lowest observed, suggesting that this
mutant uses a distinct mechanism to alter the calcium affinity of
SERCA. Rather than altering the conformational transition
following calcium binding, this PLB mutant suppressed the
binding of both the first and second calcium ions.
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FiGure 7: Correlations between the rate constants in the kinetic
simulations and the calcium affinity (A) and maximal activity (B)
of SERCA in the presence of PLB mutants. The value for SERCA
alone is shown as an empty circle, while the value for SERCA in the
presence of wild-type PLB is indicated as a gray triangle. (A) Crorward
rate constant from the kinetic simulations plotted vs K¢, for each
mutant. The data were fit by linear regression (R> = 0.66). C46A
(gray circle) deviated significantly from this correlation. (B) Brorward
rate constant from the kinetic simulations plotted vs V. for each
mutant. The data were fit by linear regression (R> = 0.93). The L39A
mutant alone (gray circle) did not show this same correlation.

Kinetic Simulations versus V,,,.. The effect of PLB on the
maximal activity of SERCA has been controversial (36—39),
though the use of reconstitution systems has demonstrated that
this effect is reproducible and sensitive to PLB mutation (20, 33).
The kinetic simulations provide an explanation for the ability of
PLB to increase the maximal activity of SERCA. As originally
demonstrated by Inesi and colleagues (/7), PLB appeared to alter
both the forward and reverse rate constants for the isomeric
transition following calcium binding, where the latter rate con-
stant accounted for the change in the apparent calcium affinity of
SERCA. We have observed a clear relationship between the
ability of the PLB mutants to alter V., and the forward rate
constant for binding of the first calcium ion [ Bgorwarq (Figure 7)].
The L39A mutant is the one notable exception. Nonetheless, this
suggests that accelerating the formation of E'-Ca (by increasing
Biorwara) increases the turnover rate and maximal activity of the
enzyme.

DISCUSSION

Apparent Calcium Affinity of SERCA. There have been
numerous studies examining the effects of PLB mutation on the
functional interaction with SERCA (2-8, 20, 33, 40—42).
Combined with a variety of other biochemical data, including
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cross-linking constraints, several congruent molecular models
have been proposed (/0—13, 43, 44). The transmembrane domain
of PLBis largely responsible for the inhibitory interaction, which
manifests itself as a change in the apparent calcium affinity of
SERCA. One face of PLB’s transmembrane helix is responsible
for the physical interaction with SERCA, where a handful of
residues have been shown to be essential for inhibitory function.
For instance, Asn’* is an essential residue that is proposed to
form a hydrogen bond with Thr*'” and/or Thr®® (13, 19). The
opposite face of PLB’s transmembrane helix, composed of
leucine and isoleucine residues, is responsible for self-association
and stabilization of a homopentameric state, where mutation of
these residues results in superinhibition of SERCA. This was
originally presumed to result from an increase in the amount of
PLB monomer [the so-called “mass action” theory (5)]. However,
current models suggest that residues around the entire circum-
ference of the PLB transmembrane domain contribute to the
interaction with SERCA, including the leucine-isoleucine zipper
residues (8, 13).

Despite this wealth of detail, few attempts have been made to
reconcile the mutagenesis data with the original observation on
the mechanism of SERCA inhibition by PLB, namely, that PLB
alters the slow isomeric transition following binding of the first
calcium ion (/7). In the original study, a monoclonal antibody
against PLB was used to reverse inhibition in steady-state and
kinetic measurements of calcium activation in a cardiac SR
vesicle preparation (comparisons were also made to skeletal SR
vesicles). PLB specifically altered the forward and reverse rate
constants for a structural transition following binding of calcium
to SERCA. Herein, we wished to systematically vary the
inhibitory activity of PLB, thereby varying the apparent calcium
affinity, maximal activity, and cooperativity of SERCA. This was
achieved using scanning-alanine mutagenesis of the transmem-
brane domain of recombinant PLB followed by co-reconstitution
with SERCA into proteoliposomes (20). We could then perform
kinetic simulation of our ATPase activity isotherms using the
previously established reaction scheme (16). The hypothesis was
that varying the apparent calcium affinity of SERCA through
PLB mutation should result in a proportional change in one or
more of the rate constants in the SERCA reaction scheme
(presumably Bporward and Breyerse, as originally postulated).

Scanning-alanine mutagenesis of the transmembrane domain
of PLB allowed modulation of SERCA inhibition over a wide
range of apparent calcium affinities. The measured calcium
affinity of SERCA varied from 0.45 uM in the presence of the
loss-of-function mutant N34A to 1.87 uM in the presence of the
gain-of-function mutant 147A (Table 1). Kinetic simulation for
all 19 PLB mutants revealed changes in the reaction rate
constants for the first three steps in the transport cycle. First,
all PLB mutants altered B,.yers, the reverse rate constant for a
slow isomeric transition in SERCA following binding of the first
calcium ion. While this was consistent with prior observa-
tions (17), there was no clear relationship between Bieyerse and
the shift in the apparent calcium affinity of SERCA. For
instance, the two gain-of-function mutants, L37A and I47A,
had similar effects on SERCA (K¢, values of 1.57 &+ 0.04 and
1.87 £ 0.07 uM, respectively), yet they had markedly different
effects on Bieyerse (compared to a value of 40 s~! for SERCA in
the absence of PLB, values of 36000 and 250 s~ were obtained,
respectively). Second, all PLB mutants also altered Coyarg, the
forward rate constant for binding of a second calcium ion to
SERCA. In this case, there was a clear correlation between
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Crorwara and the shift in the apparent calcium affinity of SERCA.
For instance, the two gain-of-function mutants, L37A and [47A,
had a similar effect on SERCA, and this was reflected in their
similar effects on Cropwara (compared to a value of 2567000~ for
SERCA in the absence of PLB, low values of 81100 and 190005~
were obtained, respectively). This decrease in the binding rate of
the second calcium ion may play a significant role in the increased
inhibitory activity of these two gain-of-function mutants. For the
147A mutant, the decreased rate of binding of the second calcium
ion is accompanied by a 75% reduction in the rate of binding of
the first calcium ion as well, making this mutant the largest
supershifter we have characterized.

On average, the PLB mutants caused an approximately 1000-
fold decrease in the equilibrium constant for formation of the
E’- Ca state and an approximately 6-fold decrease in the equilib-
rium constant for formation of the E’- CaCa state. Surprisingly, it
is this latter effect that correlated more strongly with the ability of
PLB to shift the apparent calcium affinity of SERCA. None-
theless, a subset of mutants deviated from this behavior. Two of
these mutants will be discussed here: alanine substitution of Leu®’
and Ile*”. Mutation of Leu®’ resulted in a supershifter that also
depressed the V., of SERCA, and this correlated with suppres-
sion of the E-Ca — E'-Ca and E'-Ca + Ca — E'-CaCa
transitions. In structural models, Leu’” has been suggested to
interact with Leu”’ on transmembrane segment M6 of SER-
CA (13). Mutation of Ile*’ resulted in the largest supershifter that
we observed. However, this mutant had a minimal effect on the
E-Ca < E'-Ca transition, suggesting that it should be a loss-of-
function form of PLB. The kinetic simulations demonstrate that
the potent inhibition of this mutant is due to major changes in the
E + Ca — E-Ca and E'-Ca 4+ Ca — E'-CaCa transitions of
SERCA. In current molecular models, Ile*” is not predicted to
interact with SERCA (10, 13, 15). Nonetheless, this residue is
proximal to the luminal ends of M2 and M9 of SERCA, and it
has been demonstrated that this residue can be cross-linked
to M2 (10).

Each of the residues mentioned above had a distinct effect on
SERCA activity that correlated with individual steps in the
kinetic simulations of calcium transport. These observations
are supported by the unique sets of interactions with SERCA
postulated for each residue, emphasizing the subtlety and com-
plexity of the interaction between these two proteins. The
rearrangement of transmembrane helices M1—M6 of SERCA
during the calcium transport cycle (E2 to El transition) allows
residues to alternately participate in the liganding sphere of the
calcium ions that bind to sites I and II of SERCA in a
conformation-dependent manner. The binding site for the PLB
monomer is formed by transmembrane segments M2, M4, M6,
and M9 of SERCA. Calcium binding to site I involves Thr”” and
Asp®™ of M6, and calcium binding to site II involves Asn”*® of
MG6. Since calcium binding to site I initiates cooperative binding
to site 11, PLB is well positioned to alter the interaction and
occupancy of both calcium binding sites. Therefore, subtle
changes in the interaction between PLB and SERCA in this
region can impact not only the apparent calcium affinity of
SERCA but also the maximal activity and cooperativity.

Maximal Activity of SERCA. In this study, none of the
transmembrane mutants had a greater effect on V., than wild-
type PLB, and only one mutant, L37A, actually decreased the
Vmax from that evidenced by SERCA alone. In kinetic simula-
tions, this effect on Vy,,, correlated well with the Bpynyarq rate
constant (E-Ca — E’-Ca). At subsaturating calcium concentra-
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tions, the effect on Byeyerse dominates and manifests itself as a
change in the apparent calcium affinity of SERCA (E-Ca —
E'-Ca). However, at saturating calcium concentrations, the effect
on Biorwarg dominates and manifests itself as a change in the
maximal activity of SERCA (E-Ca — E’-Ca). This serves to
emphasize the subtle effect that the transmembrane mutations
have on the conformation of PLB and SERCA such that the
apparent calcium affinity and maximal velocity of the enzyme
can be altered. The L39A mutant of PLB was the only one that
deviated from this behavior. In our kinetic simulations, it caused
a disproportionate increase in the (E-Ca — E’-Ca) transition
compared to its ability to stimulate V., of SERCA. In the
structural models of the SERCA—PLB complex, this residue
aligns with Trp”* on M6 and Leu”® and Leu’*® on M9 of
SERCA (15).

The molar ratio of SERCA and PLB used in these studies
mimics that of cardiac SR (4)), suggesting that the effects that we
have observed on the V.. of SERCA may occur under
physiological conditions. However, this point remains contro-
versial. The co-reconstitution method used here has consistently
revealed that PLB increases the V,.x of SERCA (20, 22, 33),
while an alternative method of co-reconstitution has demon-
strated that PLB decreases the V., of SERCA (36). Studies in
cardiac SR or coexpression systems have shown that PLB
decreases (37—39, 46) or has no effect (47—49) on the V. of
SERCA. Nonetheless, as demonstrated using the co-reconstitu-
tion method described herein, the increase in the V., of SERCA
can be reversed by either mutation of PLB (20, 33) or reduction of
the PLB:SERCA molar stoichiometry (22, 33). In our hands,
however, the increase in the V. of SERCA is not reversed by
either phosphorylation of PLB at Ser'® (20) or treatment with an
anti-PLB monoclonal antibody (data not shown).

There are many potential explanations for the observation that
the co-reconstitution method used herein consistently yields an
increase in the V., of SERCA. For instance, in the presence of
PLB, SERCA may be better protected from inactivation during
the co-reconstitution procedure. Indeed, it is clear that the
specific activity of SERCA can be impacted by the choice of
lipid and detergent used in the reconstitution, as well as the
sequence of the regulatory peptide (19, 20, 22, 33, 36, 50).
However, we are compelled to consider other possibilities, given
that the effect on the SERCA maximal activity can be reversed
either by mutation of PLB or by lowering the stoichiometry. In
this study, we conclude that PLB increases the V., of SERCA
by affecting a particular step in the calcium transport cycle.
Therefore, this raises the possibility that SERCA function may be
modulated by the amount of PLB present in the cardiac SR
membrane, as originally suggested by Thomas and collea-
gues (33). While purely hypothetical, this would be an interesting
adaptation under pathological conditions, where SERCA down-
regulation during heart failure (57) could be partially offset by
PLB-mediated activation.
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