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phosphorylation.
inhibition of SERCA.

leading to dilated cardiomyopathy.

(Background: Heterozygous mutations in the cytoplasmic domain of phospholamban cause lethal dilated cardiomyopathy.
Results: The mutations alter phospholamban-protein kinase A interactions that are essential for substrate recognition and

Conclusion: Hereditary mutations in phospholamban that prevent phosphorylation by protein kinase A will lead to chronic

Significance: Arginines in the cytoplasmic domain of phospholamban should be considered hot spots for hereditary mutations

J

The sarcoplasmic reticulum calcium pump (SERCA) and its
regulator, phospholamban, are essential components of cardiac
contractility. Phospholamban modulates contractility by inhib-
iting SERCA, and this process is dynamically regulated by 3-ad-
renergic stimulation and phosphorylation of phospholamban.
Herein we reveal mechanistic insight into how four hereditary
mutants of phospholamban, Arg® to Cys, Arg® to Leu, Arg’® to
His, and Arg'* deletion, alter regulation of SERCA. Deletion of
Arg'* disrupts the protein kinase A recognition motif, which
abrogates phospholamban phosphorylation and results in con-
stitutive SERCA inhibition. Mutation of Arg” causes more com-
plex changes in function, where hydrophobic substitutions such
as cysteine and leucine eliminate both SERCA inhibition and
phospholamban phosphorylation, whereas an aromatic substi-
tution such as histidine selectively disrupts phosphorylation.
We demonstrate that the role of Arg” in phospholamban func-
tion is multifaceted: it is important for inhibition of SERCA, it
increases the efficiency of phosphorylation, and it is critical for
protein kinase A recognition in the context of the phospholam-
ban pentamer. Given the synergistic consequences on contrac-
tility, it is not surprising that the mutants cause lethal, heredi-
tary dilated cardiomyopathy.

In cardiac muscle, B-adrenergic stimulation increases con-
tractility and accelerates relaxation. These effects are due to the
activation of PKA, which targets a variety of downstream con-
tractile and calcium-handling systems. One such target is phos-
pholamban (PLN),? a regulator of the sarcoplasmic reticulum
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calcium pump (SERCA) (1). Following an appropriate physio-
logical cue, PKA phosphorylates PLN and increases calcium
reuptake by SERCA into the sarcoplasmic reticulum (SR).
Although the role of SERCA and PLN in muscle relaxation is
clear, evidence from animal models suggests that most of the
inotropic effects on contractility also originate from SR calcium
handling (2). This is because dynamic control of myocardial
contraction-relaxation involves fine tuning SERCA inhibition
and SR calcium levels. SERCA function depends on the avail-
able pool of inhibitory PLN, which in turn depends on the cyto-
solic calcium concentration and the oligomeric and phos-
phorylation states of PLN (1, 3). It is known that defects at any
point in this pathway can result in heart failure (4), although it
took almost three decades after the initial discovery of PLN to
establish this link.

Dilated cardiomyopathy (DCM) is a major cause of cardio-
vascular disease, with ~30% of cases being of familial or hered-
itary origin (5). Many disease-causing mutations are found in
genes encoding contractile or calcium-handling proteins, such
as PLN, where defects in force transmission, endoplasmic retic-
ulum stress, apoptosis, and biomechanical stress underlie the
development and progression of DCM. In humans, abnormal
SERCA to PLN ratios (6—8) or mutations in PLN (9-12) are
associated with disease, whereas superinhibitory and chroni-
cally inhibitory PLN mutations can cause heart failure in mouse
models (13-15). Two such examples of mutations include R9C
and Arg'* deletion (R14del) in the cytoplasmic domain of PLN
(9, 11), which have been linked to DCM in extended family
pedigrees. In addition, R9L and R9H are newly identified muta-
tions, although their linkage to heart failure has not been fully
established (12). These hereditary mutations are somewhat sur-
prising because Arg” and Arg'* were not previously considered
essential residues of PLN, and overall the cytoplasmic domain
of PLN makes a small contribution to SERCA inhibition (16).
Nonetheless, cysteine substitution of Arg’ is thought to result
in loss of inhibitory function and trapping of PKA, whereas
deletion of Arg'* alters the PKA recognition motif of PLN. The
resultant effects on SERCA function and SR calcium stores are
causative in the development and progression of DCM.
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To gain mechanistic insight into ROC, R9L, R9H, and R14del,
we created missense and deletion mutants in the cytoplasmic
domain of PLN and characterized their effects on phosphory-
lation by PKA in the absence and presence of SERCA. For the
disease-associated mutants, R14del resulted in a slight loss of
inhibitory function and a complete loss of phosphorylation,
R9H resulted in normal inhibitory function and a complete loss
of phosphorylation, and R9L and RIC resulted in a complete
loss of both inhibitory function and phosphorylation. Any
changes to the PKA recognition motif of PLN (Arg'?-Arg"*-
Ala'®-Ser'®) (3, 17) eliminated phosphorylation, providing a
simple explanation for the R14del mutant. That is, deletion of
Arg'* would be expected to render PLN unresponsive to 3-ad-
renergic stimulation and constitutively active as an inhibitor of
SERCA. In contrast, mutagenesis of Arg® revealed multiple
effects on SERCA regulation (18). All nonconservative muta-
tions of Arg® significantly decreased the inhibitory activity of
PLN, as well as its ability to be phosphorylated by PKA. Further
insight was gained through the mutagenesis of PKA, which
revealed that Glu®®® and Asp**' were required for efficient
phosphorylation of PLN. By virtue of an electrostatic interac-
tion with Arg® of PLN, these PKA residues increase the effi-
ciency of phosphorylation and allow PKA to recognize PLN in
the context of the pentamer. To summarize our findings, Arg’
of PLN plays a multifaceted role in cardiac contractility: it is
important for SERCA inhibition, it increases the efficiency of
PLN phosphorylation, and it allows PKA to recognize nonphos-
phorylated PLN monomers in the context of a partially phos-
phorylated pentamer.

EXPERIMENTAL PROCEDURES

Sample Preparation—SERCAla was prepared from rabbit
hind leg muscle (19, 20), and recombinant human PLN was
made using established procedures (18, 21). SERCA and PLN
were reconstituted for functional assays using established pro-
cedures (22, 23) to obtain final molar ratios of 1 SERCA to 4.5
PLN to 120 lipids. ATPase assays were performed as previously
described (18, 24). For phosphorylation assays, a “fast” recon-
stitution was performed to increase the lipid to protein ratio of
the co-reconstituted proteoliposomes (25). The final molar
ratios were 1 SERCA to 4.5 PLN to 900 lipids. For all proteoli-
posomes used herein, the concentrations of SERCA and PLN
were determined by quantitative SDS-PAGE (26).

Phosphorylation Assays—PLN was first phosphorylated in
detergent solution by the catalytic subunit of PKA (PKA-c)
(Sigma-Aldrich) in the absence of SERCA as previously
described (22) with a molar stoichiometry of 1 PKA-c to 1000
PLN. PLN was phosphorylated with ATP spiked with
[y->*P]ATP (~0.1 uCi/ul). All other components of the reac-
tion were identical to published protocols (22). The reactions
were stopped by the addition of TCA, incubated on ice for 10
min, washed several times with 10% TCA and water, and
counted in 1 ml of liquid scintillant (Perkin-Elmer) for 1 min in
a scintillation counter. All of the values were corrected by sub-
tracting background counts per minute from samples contain-
ing no PKA.

PLN was also phosphorylated by PKA-c in co-reconstituted
proteoliposomes in the presence of SERCA (50 ul) as previously
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described (22) with a molar stoichiometry of 1 PKA-c to 50
PLN. The ATP was spiked with [y-**P]ATP (~0.1 uCi/ul), and
the samples were treated as described above. All of the values
were corrected for PLN concentration in proteoliposomes as
determined by gel quantitation (ImageQuant software; GE
Healthcare).

Recombinant PKA Purification—The wild-type bovine PKA
catalytic subunit cloned into the pET3a vector (EMD
Chemicals, San Diego, CA) was purchased from Biomatik
(Cambridge, Canada). Codons were optimized for expression
in Escherichia coli and a six-histidine tag was added on the N
terminus of the PKA gene. The plasmid was transformed into
E. coli (DE;) pLysS cells (Stratagene, Santa Clara, CA). Cultures
were grown at 37 °C in noninducible minimal media (MDAG-
135) (27) until A4y, = 0.6 and then induced with IPTG (0.5 mm)
for 6 h at 22 °C. Recombinant PKA was purified on a nickel-
nitrilotriacetic acid column (Qiagen) under native conditions
according to the protocol provided in the Qiaexpressionist
(Qiagen). After elution, recombinant PKA was concentrated
(~1 mg/ml) and dialyzed into 50 mm Tris-HCl, pH 7.5, 50 mm
NacCl, 0.2% B-mercaptoethanol, 50% glycerol, and 1 mm EDTA.
This protocol was repeated for the E203A and D241A mutants
of PKA. The purity and concentration of each mutant was
assessed by SDS-PAGE, and all activity values were corrected
for it.

Kemptide and PLN Peptide Phosphorylation—The kinetic
values for the PKA proteins were acquired from a [y-**P]ATP
phosphorylation filter binding assay that has been previously
described (28). Kemptide was purchased from Promega, and
PLN cytoplasmic peptides were synthesized by Biomatik Cor-
poration. Kemptide and wild-type PLN peptide concentrations
were varied from 1.0 to 400 um for wild-type PKA and 1 to 700
uM for E203A and D241A PKA; ROC PLN peptide was only
varied from 1 to 300 um for wild-type and mutant PKAs
because of solubility problems. K, and V., were obtained by
fitting the data to the Michaelis-Menten equation (v=V___ [S]/
([S]+K,,,)), and all of the data were plotted as substrate concen-
tration (uMm) versus activity (um/min).

PLN Phosphorylation with Recombinant PKA—Detergent-
solubilized wild-type and R9S PLN (0.15 mm) were phosphory-
lated for 0, 5, 15, 30, 45, and 60 min as described above under
phosphorylation assays (molar ratio of 1 PKA to 1000 PLN).

RESULTS

Functional Properties of PLN Mutants Implicated in Heredi-
tary Cardiac Pathology— Although the root cause of DCM can
be a single site mutation in PLN, heart failure is an incredibly
complex process that impairs many aspects of calcium homeo-
stasis and the cellular proteome, including decreased levels of
SERCA (29, 30). Mechanistically, it is important to separate
initiating events from the complex array of secondary patholog-
ical consequences that define heart failure. Hereditary missense
mutations, such as those found in PLN, provide valuable
insights into disease-associated changes in calcium homeosta-
sis. In the case of PLN mutants (R9C, R9H, R9L, and R14del),
SERCA dysregulation accounts for the earliest stages of disease,
which ultimately leads to reduced pumping force, cardiovascu-
lar remodeling, and heart failure.
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FIGURE 1. Fitted curves of normalized ATPase activity as a function of
calcium concentration for SERCA reconstitutions were adapted from
Ceholski et al. (18) and are shown for comparison with R9H PLN data =
S.E.(V¥,n =9).Aand B, SERCA was reconstituted in the absence (black curve)
and presence of wild-type PLN (gray curve) or R9C (red curve) or R14del (green
curve) (A) or ROL (red curve) or R9H (green curve) PLN (B). All kinetic values are
given in Table 1. C, PKA-mediated phosphorylation of wild-type and disease-
associated mutants of PLN. Phosphorylation is shown as a percentage of wild-
type PLN = S.E. (100% = complete phosphorylation) (n = 4).

For this reason, the goal of the present study was to mecha-
nistically define the relationship between PLN mutation and
the regulation of SERCA that underlies the development of
DCM. To do this, we used reconstituted proteoliposomes con-
taining SERCA and PLN under conditions that mimic native SR
membrane (22, 25). Functional characterization of the proteo-
liposomes relied on measurements of the calcium-dependent
ATPase activity of SERCA in the presence of wild-type or
mutant PLN. R9C and RIL resulted in complete loss of func-
tion, ROH was indistinguishable from wild type, and R14del
resulted in partial loss of function (Fig. 1, A and B, and Table 1).
To mimic heterozygous conditions, mixtures of wild-type and
mutant PLN (1:1 ratio) were reconstituted with SERCA.
Because of increased hydrophobicity of the cytoplasmic
domain of PLN, R9C, R9L, and R14del appeared to have a dom-
inant negative effect on SERCA function (Table 1 and Ref. 18).
Because R9H was a conservative mutation indistinguishable
from wild-type PLN, it would not be considered a dominant
negative regulator of SERCA.

Phosphorylation of PLN Mutants Implicated in Hereditary
Cardiac Pathology—The cytoplasmic domain of PLN is the tar-
get of regulation via the B-adrenergic pathway, and disruption
of this process would be expected to influence the development
and progression of DCM. Although no known mutations affect
the site of phosphorylation by PKA (Ser'®), Arg'* is part of the
PKA recognition motif, and Arg® is a more peripheral, up-
stream residue that may also be involved in recognition by PKA
(31). Contrary to the location of these residues, R14del was
initially reported to be phosphorylated, whereas R9C was
reported to abrogate phosphorylation (9, 11). Therefore, our
goal was to understand the relationship between disease-asso-
ciated mutations and phosphoregulation of PLN. Under condi-
tions that resulted in efficient phosphorylation of wild-type
PLN (data not shown), we observed no detectable PKA-medi-
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TABLE 1

Kinetic parameters from Hill plots and phosphorylation of disease-
associated PLN mutations

Vinax K, Phosphorylation”

wmol min~ mg ™! M %
SERCA® 4.1+0.1 0.46 = 0.02
wt-PLN? 6.1+0.1 0.88 = 0.03
ph-PLN?* 6.3*0.1 045+ 002 1005
R9C? 35+0.1 0.39 *+ 0.02
ph-R9C 40+ 0.1 041 +0.02 21*025
RIL® 43+ 0.1 0.40 = 0.02
ph-RIL 42+02 041 +0.03 1.2 *0.04
R9H? 5.6+ 0.1 0.90 * 0.06
ph-ROH 58+ 0.2 0.84 +0.04 14+ 3.0
Rl4del” 7.0 0.2 0.74 *+ 0.04
ph-R14del 59+ 02 0.72 = 0.06  0.64 * 0.20
RIC + wt? 51+02 0.50 = 0.04
ph-(R9C + wt) 4.5+ 0.1 047 =0.02 45*29
R9H + wt 6.1+ 0.6 0.86 = 0.02
ph-(ROH + wt) 48 +0.3 0.58 = 0.07 44 * 0.83
RIL + wt 53+0.3 0.53 = 0.07
ph-(RIL + wt) 44 +02 046 = 0.03 57 *3.6
Rl4del + wt? 53+0.1 0.74 = 0.02
ph-(R14del + wt) 5.6 * 0.2 059 = 0.04 48=*7.1
PLN-SSS 7.4 +0.2 0.86 = 0.04 98 *85
R9C-SSS 42 +0.2 047 +0.04 37+39

“ Percentage of phosphorylation compared with wild-type PLN of detergent-solu-
bilized mutant PLN or wild-type/mutant mixtures of PLN.

? The kinetic data were taken from Ceholski et al. (18) and are shown for
comparison.

¢ phindicates that the PLN was treated with PKA prior to reconstitution.
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FIGURE 2. Top panel, primary sequence of PLN residues 1-17, with positions
targeted for mutagenesis indicated (bold letters). Bottom panel, PKA-medi-
ated phosphorylation of alanine mutants of these residues is shown as a per-
centage of wild-type PLN = S.E. (100% = complete phosphorylation, dashed
line) (n = 4). Asterisks indicate comparisons against wild type (p < 0.01).

ated phosphorylation of R9C, RIL, or R14del and minimal
phosphorylation of R9H (Fig. 1C). This was confirmed with
SERCA ATPase activity measurements, which revealed min-
imal changes in SERCA inhibition following PKA treatment
of the PLN mutants (Table 1). This led us to consider
whether the mutation of these particular residues (Arg® and
Arg'?) or the nature of the mutations (Cys, Leu, or His sub-
stitution or deletion) was the key determinant for the defect
in phosphorylation.

To address this, we first tested the PKA-mediated phosphor-
ylation of alanine mutants of residues Lys® to Thr'” in the
absence of SERCA (Fig. 2). Under conditions where wild-
type PLN rapidly reached complete phosphorylation, most of
the alanine substitutions between residues 3 and 17 resembled
the native protein. However, three mutants (R9A, R13A, and
R14A) exhibited clear defects in phosphorylation with SI6A
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FIGURE 3. PKA-mediated phosphorylation of PLN alanine mutants in pro-
teoliposomes with SERCA. Phosphorylation is shown as a percentage of
wild-type PLN = S.E.(100% = complete phosphorylation, dashed line) (n = 4).
All phosphorylation values have been corrected for PLN content of the pro-
teoliposomes. Asterisks indicate comparisons against wild type (p < 0.01).

serving as a negative control. The results for Arg"® and Arg'*
were anticipated given their placement in the PKA recognition
motif and prior characterization by mutagenesis (32). The
result for Arg” of PLN was unexpected, given that it was not
previously reported to be a determinant for PKA-mediated
phosphorylation (17).

PLN in the absence of SERCA allowed unhindered interac-
tion with PKA for optimal phosphorylation, yet this did not take
into account the SERCA-PLN interaction that normally occurs
in cardiac SR. To examine this, proteoliposomes containing
SERCA in the presence of wild-type or mutant PLN were phos-
phorylated by PKA. To distinguish between SERCA-specific
effects on PLN phosphorylation versus molecular crowding
that could limit the accessibility of PKA, the reconstitution
method was altered to incorporate a higher lipid to protein ratio
in the proteoliposomes (25). Under conditions where wild-
type PLN rapidly reached complete phosphorylation, we again
observed significant decreases in the phosphorylation of R9A,
R13A, and R14A (Fig. 3). Surprisingly, the SI0A mutation now
exhibited reduced phosphorylation (67 = 4.2% of wild type)
comparable with the reduction observed for the ROA mutant
(63 = 2.8% of wild type). The reduced phosphorylation of SI0A
only occurred in the presence of SERCA, indicating that this
residue may be important for PKA recognition and binding of
SERCA-bound PLN. It should be noted that this reduced level
of phosphorylation corresponded to more than one molecule of
PLN per molecule of SERCA.

Mimicking Disease-associated Mutations in PLN—So far, the
R9C, R9H, RIL, and R14del mutations have only been found in
heterozygous individuals, where they exert a dominant nega-
tive effect on calcium reuptake. In particular, the R9C
mutant was reported to trap PKA and block phosphorylation of
wild-type PLN (11). The dominant negative effect of R9C on
PKA-mediated phosphorylation prompted us to investigate
equimolar mixtures of mutant and wild-type PLN in our phos-
phorylation assays (Table 1). To allow for the formation of a
trapped, inactive complex with PKA, the assays were performed
with or without preincubation of PKA with the R9C, R9L, R9H,
or Rl4del mutants. Under these conditions, none of the
mutants sequestered PKA and prevented the phosphorylation
of wild-type PLN. This was supported by SERCA ATPase activ-
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FIGURE 4. PKA-mediated phosphorylation of disease-mimicking PLN
mutants. Phosphorylation is shown as a percentage of wild-type PLN = S.E.
(100% = complete phosphorylation, dashed line) (n = 4). Disease-causing
mutations are labeled in bold type and shown with black bars. Asterisks indi-
cate comparisons against wild type (p < 0.01).

ity measurements, where the phosphorylation of wild-type PLN
had the expected effects on heterozygous mixtures with the
mutants (R9C, R9L, R9H, and R14del; Table 1). Our conclusion
was that a simple interaction between the PLN mutant and PKA
did not result in trapping, suggesting that something more
complicated may be occurring in DCM. SERCA, PLN, and PKA
are part of a larger signaling complex that includes protein
kinase A-anchoring protein AKAP186 (33), as well as additional
regulatory components. It is reasonable to expect that one or
more of these interactions may be perturbed in ROC-mediated
DCM.

Nonetheless, the lack of phosphorylation of ROC, R9H, RIL,
and R14del mutants by PKA prompted us to further investigate
by generating a series of amino acid substitutions of and around
Arg® and Arg'*. The Arg"* deletion mutant shortens the N-ter-
minal cytoplasmic domain of PLN and changes the PKA recog-
nition motif from Arg'-Arg'*-Ala’>-Ser’® to Ile'*-Arg'*-
Ala'>-Ser'® (Fig. 2). This change interferes with SERCA and
PKA interactions necessary for the proper regulation of cal-
cium reuptake. We have already shown that R14del cannot be
phosphorylated by PKA and that R13A and R14A recapitulate
this behavior. To confirm these observations, we mutated Arg"?
to isoleucine (R13I) to mimic the amino acid sequence change
that results from deletion of Arg'* (the sequence became Ile'-
Arg'*-Ala'>-Ser'®) without shortening the cytoplasmic domain
of PLN. Like R14del, we found that R13I could not be phos-
phorylated by PKA (Fig. 4). The combined results for R14del,
R13A, R14A, and R13I indicated that any change to the PKA
recognition motif of PLN would be expected to eliminate PLN
phosphorylation as a means of regulating SERCA function.

We next investigated the physicochemical properties of R9C,
R9H, and RIL that contribute to PLN dysregulation and DCM.
The mutants tested included R9A, R9C, RIE (charge reversal),
R9del (deletion of Arg”), R9S (isosteric to R9C), R9K and R9H
(conservative substitutions), R9Q (removal of charge), and R9L,
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RIV, RIL, and ROM (hydrophobic substitutions). All mutations
of Arg® except for ROK and R9Q reduced phosphorylation by
PKA (Fig. 4), whereas R9C, R9H, and all hydrophobic substitu-
tions (R9L, ROV, RIL, and ROM) completely or nearly abolished
phosphorylation. Surprisingly, the hydrophobic substitutions
were the most effective mimics of the phosphorylation defects
associated with R9C and R9L, mirroring the trend observed for
the functional defects associated with these mutants (18). Addi-
tionally, R9H was found to cause a severe defect in phosphory-
lation, consistent with the potential linkage of this mutation to
heart failure (12). Although histidine is a conservative substitu-
tion for arginine, the aromatic side chain likely makes it a poor
substrate for PKA phosphorylation. We next investigated the
positioning of the cysteine substitution at Arg®. We generated
isosteric mutations of nearby residues Thr® and Ser'° to cys-
teine (T8C and S10C). Neither mutant exactly mimicked R9C,
yet T8C clearly resulted in a strong defect in phosphorylation.
We concluded that Arg® is important for the recognition of
PLN by PKA and that a hydrophobic mutation in this region of
PLN is particularly detrimental for phosphorylation by PKA.

Arg® of PLN and Complementary Residues of PKA—Previous
studies have suggested that PKA prefers peptide substrates with
a basic residue upstream of the recognition motif at the P-6,
P-7, or P-8 position (31, 34), although the role of such distal
residues in natural substrates like PLN has been less apparent.
In model substrates, the upstream arginine is not required for
phosphorylation, yet it plays a role in peptide positioning in the
active site of PKA and increases the efficiency of phosphoryla-
tion. Herein, mutagenesis revealed that Arg’ at P-7 of PLN
appeared to fit this notion, where removal of the arginine side
chain (R9A) decreased the efficiency of PLN phosphorylation,
and substitution of particular side chains (hydrophobic substi-
tutions) completely abolished phosphorylation (Fig. 4). The
structure of the catalytic subunit of PKA bound to a cytoplas-
mic peptide of PLN has been determined (35), and it identifies
two acidic residues in PKA (Glu?°® and Asp®*') that interact
with Arg® of PLN (Fig. 5). To assess the importance of these
residues, we produced recombinant bovine catalytic subunit of
wild-type PKA, as well as Glu®*® to Ala (E203A) and Asp*** to
Ala (D241A) mutants of PKA. The activity of these PKA vari-
ants was confirmed using kemptide (sequence LRRASLG) (36),
an ideal substrate for PKA based on the phosphorylation site of
liver pyruvate kinase (Table 2).

Phosphorylation of PLN by Recombinant PKA— Although
model peptides are a facile system for studying phosphoryla-
tion, full-length, membrane-associated PLN is the natural sub-
strate for PKA. However, the disease-associated Arg®” mutants
of PLN could not be phosphorylated over the time frame of our
experiments. For this reason, the R9S mutant was chosen as a
surrogate. R9S is isosteric to RIC, yet it resulted in sufficient
phosphorylation for the study of PKA mutants (Fig. 4). Under
the experimental conditions, recombinant wild-type PKA
phosphorylated wild-type PLN with a half-time of ~7.5 min
and an initial rate of 12.2 wmol min~" (Fig. 6A). Phosphoryla-
tion of R9S PLN with recombinant wild-type PKA resulted in a
lower initial rate, and the time-dependent phosphorylation sat-
urated but never reached complete phosphorylation. A similar
trend occurred for the E203A mutant of PKA with both wild-

26600 JOURNAL OF BIOLOGICAL CHEMISTRY

Y~ phospholamban
peptide

FIGURE 5. Top panel, molecular model for the interaction between PKA (sur-
face representation) and PLN (residues Lys*-Thr'’; stick representation)
based on structures of PKA bound to peptides (Protein Data Bank entries
1JLU, 1JBP, and 307L). Negatively charged residues in PKA are shown in red
(Glu?® and Asp?*"). The phosphorylated Ser'® of PLN and ATP are labeled.
Bottom panel, a detailed view of the PKA active site containing PLN reveals
that Arg® of PLN forms electrostatic interactions with Glu?®® and Asp?*' of
PKA. The backbones of PKA residues are shown in green, and the backbones
of PLN residues are shown in yellow. Arg®, Arg'®, Arg'4, and Ser'® of PLN,
Glu?®® and Asp?*" of PKA, and AMP-PCP are labeled.

TABLE 2
Steady-state kinetic parameters for PKA mutants
PLN peptide
Kinetic parameters Kemptide Wild type R9C
Wild-type PKA
K, (um) 13.8 + 0.6 68*21 11.0 = 2.6
ko JK, (um's™h)  206+018 543 +073  0.80 *0.13
E203A PKA
K, (uMm) 81.0 + 5.9 70.1 + 5.4 69.0 + 11.4
koK, (um™ s™) 060+ 016  0.65+0.19  0.11* 0.04
D241A PKA
K, (um) 172 £ 21 6.84 * 2.4 9.6 £ 4.1
ko JK, (um's™))  023+002  079*+009 0.2+ 0.02

type and R9S PLN (Fig. 6B). In fact, the progress curves for these
three enzyme-substrate pairs (wild-type PKA with R9S PLN,
E203A PKA with wild-type PLN, and E203A PKA with R9S
PLN) were very similar to one another and did not reach com-
plete phosphorylation. This suggested a common underlying
effect on phosphorylation. Lastly, we tested the D241 A mutant
of PKA, which had a more severe effect on the phosphorylation
of PLN (Fig. 6C). The data are consistent with interactions
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FIGURE 6. Time-dependent phosphorylation of wild-type (®, solid line) or
R9S (O, dashed line) PLN = S.E. by recombinant wild-type (A), E203A (B),
or D241A (C) PKA. Concentration of phosphorylated PLN (mw) is shown as a
function of time (minutes) (n = 3).

between Glu®*® and the side chain of Arg® and Asp®*' and the
backbone amide of Arg® (Fig. 5), both of which are required for
positioning of the substrate for efficient phosphorylation.

The progress curves for the three enzyme-substrate pairs
described above never reached complete phosphorylation, con-
sistent with either enzyme inactivation or substrate depletion.
Enzyme inactivation, perhaps by denaturation or product inhi-
bition, seemed unlikely because the enzyme was limiting in the
reactions. Nevertheless, a simple test for enzyme inactivation
was to incubate the three PKA variants (wild type, E203A, and
D241A) with wild-type PLN until saturation was reached,
followed by the addition of fresh enzyme to test whether phos-
phorylation could proceed. We found that the addition of
enzyme did not result in complete phosphorylation of wild-
type PLN by the PKA mutants (Fig. 7A), indicating that enzyme
inactivation was not the cause of this behavior. This same result
was observed with R9S PLN, where the addition of fresh PKA
(wild type or mutant) was unable to complete R9S phosphory-
lation (Fig. 7B). We then wondered how the substrate might
change as a function of time in the progress curves. Because the
substrate, wild-type or R9S PLN, was identical for all three PKA
variants, it seemed improbable that true substrate depletion
was occurring. Instead, it seemed more likely that the accessi-
bility of the substrate to PKA changed as product accumulated
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in the phosphorylation reactions. The simplest way to envision
how this might occur was to invoke phosphorylation in the
context of the PLN pentamer (37). To take this into account, we
replotted the progress curves for wild-type PKA and R9S PLN
and E203A PKA and wild-type PLN as a function of the number
of phosphorylated monomeric equivalents (Fig. 84). For muta-
tion of either PLN (Arg®) or PKA (Glu®°®), the progress curves
stalled after the phosphorylation of two to three monomers per
PLN pentamer. This led to the hypothesis that these residues of
PLN and PKA function, at least in part, to recognize a non-
phosphorylated monomer in the context of a partially phosphor-
ylated pentamer.

If this hypothesis was correct, reducing the oligomeric state
of PLN should increase the level of phosphorylation. For this,
we returned to the disease-associated R9C mutant, which could
not be phosphorylated by PKA in our assays and thus provided
a rigorous test for our hypothesis. A full-length monomeric
form of RIC (RIC-SSS) and an RIC cytoplasmic peptide
(R9C, _,, amino acids 1-20 of PLN) were both tested for their
ability to be phosphorylated by PKA. The monomeric form of
PLN was generated by replacing the three transmembrane cys-
teine residues (Cys*®, Cys*!, and Cys*®) with serine. The PLN-
SSS and R9C-SSS mutants were entirely monomeric by SDS-
PAGE (Fig. 8B), and they possessed inhibitory properties
comparable with wild-type and R9C PLN, respectively (Table
1). As might be expected, R9C-SSS increased phosphorylation
~22-fold compared with R9C (to ~37% phosphorylation level
of wild type), whereas R9C,_,, increased phosphorylation
45-fold compared with R9C (to ~84% phosphorylation level of
wild type) (Fig. 8C and Table 2). The increase in phosphoryla-
tion of the monomeric forms of RIC indicated that the
quaternary structure of the pentamer is a limiting factor in the
phosphorylation of individual subunits. Thus, the specific rec-
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stalled when two or three monomers in a pentamer were phosphorylated.
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phosphorylation = S.E.). Asterisks indicate comparisons against each respec-
tive wild-type construct (p < 0.01). N.S., not significant.

ognition of Arg” by PKA helps to overcome this, reminiscent of
the role of the pentamer in PLN dephosphorylation (37). In
addition, the R9C monomer did not reach wild-type levels of
phosphorylation, indicating that Arg” of PLN is important for
the efficient phosphorylation of this longer, natural substrate of
PKA.

DISCUSSION

Thus far, four mutations linked to heart disease have been
identified in the cytoplasmic domain of PLN (9, 11, 12, 38). The
first to be identified was an ROC mutant, followed by R14del and
newly identified ROH and R9L. Deletion of Arg'* was found in
two families with autosomal dominant DCM resulting in death
at middle age (9, 39), as well as another small family with late
onset mild DCM (38). A heterozygous mouse model generated
for this mutant suggested it was a superinhibitor of SERCA that
was only partially reversible by PKA-mediated phosphorylation
(9). By comparison, the ROC mutant results in multiple changes
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to PLN function. A heterozygous mouse model suggested that
RIC is a loss of function form of PLN that also traps PKA and
prevents the phosphorylation of other cellular targets including
wild-type PLN (11). The effects of ROH and R9L on SERCA
inhibition have been characterized (18), but their consequences
on phosphorylation have yet to be examined. Given the link of
RIC and R14del to PLN phosphorylation, we systematically
examined the residues surrounding the phosphorylation site of
PLN for their disease relevance. We wished to examine the
aberrant interactions involving only PLN-SERCA and PLN-
PKA, both of which would be considered initiating events in the
development of DCM. At the cellular level, these initiating
events could be distinct from observations made at later stages
of disease development, where many affected processes can
ultimately contribute to the observed suppression of SERCA
function.

Mechanism of Disease-causing Mutations of PLN—First con-
sidering R14del, it was initially reported to be a partial inhibitor
of SERCA under homozygous conditions and a superinhibitor
under heterozygous conditions in HEK-293 cells (9). It was also
observed that R14del may be phosphorylated, despite the
change to the PKA recognition motif. A later study in mouse
models revealed that under homozygous conditions, R14del
was misdirected to the plasma membrane where it altered the
activity of the sodium pump (40). In this latter study, R14del did
not inhibit SERCA and was only weakly phosphorylated. How-
ever, only heterozygous R14del patients have been identified,
and it has been shown that R14del is retained in the SR under
heterozygous conditions (9). This suggests that the presence of
both mutant and wild-type PLN underlies the development of
DCM, perhaps via the reported superinhibition of SERCA. To
investigate this, we isolated SERCA and R14del from all other
cellular effectors and found it to be a partial inhibitor of SERCA
(slight loss of function mutant) in both the absence and pres-
ence of wild-type PLN (18). We also observed that R14del could
not be phosphorylated by PKA. Putting this in terms of initial
stages of calcium dysregulation, R14del would result in partial
inhibition of SERCA and lack of B-adrenergic control by phos-
phorylation. This initial chronic inhibition of SERCA could
lead to the development of other cellular sequelae, such as
SERCA down-regulation (29, 30) or changes in the SUMO-
ylation of SERCA (41).

By comparison with R14del, the R9C mutant resulted in mul-
tiple changes to PLN function, including the purported trap-
ping of PKA. Given that a cysteine residue replaced Arg® of
PLN, we immediately considered the aberrant chemistry of a
free sulfhydryl as the culprit for disease (42). However, exami-
nation of the structure of the PKA substrate-binding pocket
revealed no obvious mechanism for the formation of a trapped
complex (35). Further investigation revealed that a hydropho-
bic substitution at this position was enough to completely
mimic R9C, and we anticipated that mutations like ROL might
eventually be found in the human population (18). Of course,
we now know that Arg” is a hot spot for disease-associated
mutations, as can be seen with the recent identification of ROH
and RIL in heart disease patients (12). Perhaps this is not sur-
prising, because PKA prefers an arginine six to eight residues
upstream of the recognition motif (31, 43), and dynamic phos-
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phorylation of PLN is critical for normal cardiac function (44—
46). The available data suggest that the free and PKA-bound
conformations of PLN are distinct (35) and that interconver-
sion is more efficient with Arg” present. One can then speculate
that hydrophobic substitution of Arg” is detrimental because it
alters interactions necessary for the free or PKA-bound confor-
mations of PLN (35, 47, 48). From the standpoint of establishing
prediction models for human heart failure, any of the hydro-
phobic substitutions identified herein (such as T8C, R9I, R9M,
R9V, and R13I) would be expected to mimic the disease devel-
opment seen for R9C and R9L. One interesting mutant to note
was R9H, recently identified in a Brazilian cohort of heart fail-
ure patients (12). The R9H mutation was found in a single
patient with idiopathic DCM and was considered a low pene-
trant allele because several family members had the PLN muta-
tion in the absence of disease. However, ROH resembles the
disease-associated R14del mutation in that it is a functional
inhibitor of SERCA (18), which cannot be phosphorylated by
PKA (Fig. 4). As a result, R9H would be unresponsive to 3-ad-
renergic stimulation, leading to constitutive inhibition of
SERCA. Although this by itself may not be causative in disease,
we anticipate that individuals harboring the ROH mutation
would be predisposed to heart failure.

Arg® Is Important for Proper Positioning of PLN in PKA Active
Site—Arginine residues in the cytoplasmic domain of PLN
appear to be hot spots for disease-associated mutations. At first
glance this suggests a common underlying disease mechanism,
although two of the mutants are partly functional (R9H and
R14del), and two are nonfunctional (R9C and RIL). Although
the hereditary PLN mutations do not have a common effect on
the functional state of PLN (i.e. SERCA inhibition), all of the
mutants appear to implicate PKA in disease (9, 11). As part of
the PKA recognition motif, deletion of Arg'* was expected to
have a major impact on PLN phosphorylation (Fig. 4 and Refs. 9
and 32). In addition, it has been known for some time that PKA
prefers model substrates with an arginine residue N-terminal to
the recognition motif (31). The structure of PKA with an inhib-
itor (protein kinase inhibitor, PKI) shows that an upstream argi-
nine interacts with Glu®°?, which is part of the peptide position-
ing loop of PKA (31, 49). As a natural substrate, Arg” of PLN fits
this notion of an upstream arginine, and the recent crystal
structure of the PLN cytoplasmic domain bound to PKA clearly
revealed interactions of Arg® with the peptide positioning loop
of PKA (Fig. 5 and Ref. 35). As a natural PKA substrate, Arg’ of
PLN appears to be positioned by Glu*®® and Asp>*! of PKA, yet
the functional implications of these interactions remain poorly
elucidated. Herein we have shown that Arg® and Arg'* of PLN
and Glu**® and Asp>*! of PKA are essential for phosphoryla-
tion, providing a possible shared mechanism for the disease-
associated mutations. The presence of Arg’ offers the advan-
tage of increased substrate affinity and efficiency of
phosphorylation (Table 2). If Argg, Glu???, or Asp**! is mutated,
PKA can no longer discriminate between PLN and a model
substrate such as kemptide. As for the role of each residue in the
proper positioning of PLN in the active site of PKA, Arg’ con-
tributes to both binding affinity and catalytic efficiency, Glu**
makes a larger contribution to binding affinity, and Asp**'
influences catalytic efficiency.
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Role of Arg’ of PLN in Efficient Phosphorylation of PLN
Pentamer—Mutation of Arg’ of PLN or Glu>®® or Asp®*' of
PKA resulted in a plateau in phosphorylation at ~60% of total
PLN (Fig. 6). The prospect of enzyme inactivation was elimi-
nated when the addition of extra PKA failed to fully phosphor-
ylate PLN (Fig. 7), and it was equally unlikely that substrate
depletion was responsible. Instead, our results indicated that
partial phosphorylation correlated with the oligomeric state of
PLN. Disrupting the ability of PLN to form a pentamer, either
by mutation (R9C-SSS PLN) or the use of a cytoplasmic peptide
(R9C;_,,), markedly increased phosphorylation at Ser'® (Fig.
8C). Because PLN phosphorylation occurs randomly, with each
monomer within a pentamer having an equal chance at becom-
ing phosphorylated (37), phosphorylation appeared to stall
after two or three monomers within the pentamer were phos-
phorylated. Thus, we concluded that Arg® of PLN, along with
Glu*® and Asp>*! of PKA, are required for the phosphorylation
of a monomer within the context of a partially phosphorylated
pentamer. This observation may provide an explanation for the
PKA trapping reported for the R9C mutation in lethal DCM
(11).

It has been reported that the conformational dynamics of
PLN are an important determinant for PKA-mediated phos-
phorylation (50) and that PKA recognizes substrates by confor-
mational selection (35). Herein we find that Arg” plays a dual
role: it increases the efficiency of phosphorylation of a PLN
monomer, and it allows for recognition of a monomer within
the context of the PLN pentamer. Although PLN is a dynamic
molecule, it also possesses a well defined structure that is dis-
tinct from that in the PKA-bound state (35, 48). Thus, in the
selection of an appropriate substrate conformation by PKA, the
presence of Arg” in PLN must offer an advantage for the recog-
nition of a suitably structured substrate. The absence of Arg” in
disease-causing mutants of PLN (such as R9C, R9H, and RIL)
could alter the conformational selection by PKA, thereby cre-
ating a kinetic trap for PKA and affecting the phosphorylation
of other cellular targets. Additionally, it is becoming clear that
hydrophobic substitution of Arg® creates multiple defects in
PLN function, including loss of phosphorylation and an abnor-
mal interaction with PKA, as well as loss of inhibitory function
and a dominant negative interaction with SERCA (18). In the
case of R9C, this could be further exacerbated by disulfide bond
formation between PLN monomers (42). Because the associ-
ated defects in calcium homeostasis appear to be causative in
heart failure, arginine residues in the cytoplasmic domain of
PLN should be considered functional hot spots for hereditary
mutations.
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