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Phosphorylation by protein kinase A and dephosphorylation by protein
phosphatase 1 modulate the inhibitory activity of phospholamban (PLN),
the endogenous regulator of the sarco(endo)plasmic reticulum calcium
Ca>" ATPase (SERCA). This cyclic mechanism constitutes the driving force
for calcium reuptake from the cytoplasm into the myocite lumen,
regulating cardiac contractility. PLN undergoes a conformational transition
between a relaxed (R) and tense (T) state, an equilibrium perturbed by the
addition of SERCA. Here, we show that the single phosphoryl transfer at
Ser16 induces a more pronounced conformational switch to the R state in
phosphorylated PLN (pPLN). The binding affinity of PLN to SERCA is not
affected (Kg values for the transmembrane domains of pPLN and PLN are
~60 uM), supporting the hypothesis that phosphorylation at Serl6 does
not dissociate PLN from SERCA. However, the binding surface and
dynamics in domain Ib (residues 22-31) change substantially upon
phosphorylation. Since PLN can be singly or doubly phosphorylated at
Serl6 and Thrl7, we propose that these sites remotely control the
conformation of domain Ib. These findings constitute a paradigm for
how post-translational modifications such as phosphorylation in the
cytoplasmic portion of membrane proteins control intramembrane
protein—protein interactions.
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Introduction

submicromolar concentrations, allowing muscle
relaxation.”

The phospholamban-sarco(endo)plasmic reticu-
lum calcium Ca?*t ATPase (PLN/SERCA2a)
complex is responsible for maintaining calcium
homeostasis in cardiac muscle. In the hypothesized
“calcium-induced calcium-release” mechanism,
calcium ions are translocated from the lumen into
the sarco(endo)plasmic reticulum (SR) wvia the
ryanodine receptors for muscle contraction. B-Adre-
nergic stimulation unleashes cAMP-dependent
protein kinase, which phosphorylates PLN at
Ser16," a single phosphoryl transfer that is sufficient
to reverse inhibition and restore cytosolic calcium to

Abbreviations used: DPC, dodecylphosphocholine;
EPR, electron paramagnetic resonance; PLN, phospho-
lamban; pPLN, phosphorylated PLN; SR, sarco(endo)-
plasmic reticulum; SERCA, sarco(endo)plasmic reticulum
calcium Ca?* ATPase.

E-mail address of the corresponding author:
veglia@chem.umn.edu

PLN, a single-pass transmembrane protein, is
embedded in SR in a dynamic equilibrium between
monomeric active (inhibitory) and pentameric
inactive (storage) forms.>* PLN is an L-shaped
molecule that comprises three structural domains: a
short amphipathic helix (residues 2-16) that is in
contact with the surface of the lipid bilayer, a
flexible connecting loop (residues 17-21), and a
C-terminal helix (residues 22-50) with a highly
hydrophobic sequence that is embedded within the
membrane.”® NMR and electron paramagnetic
resonance (EPR) dynamics analysis further divides
PLN into four dynamic domains: the N-terminal
cytosolic helix (domain Ia); the connecting loop; and
two segments within the C-terminal helix (domain
Ib, residues 22-30, part of the cytoplasmic domain,
and domain II, residues 31-52, the transmembrane
domain).”®

In our previous investigation, using combined
NMR and EPR spectroscopies in both detergent
micelles and lipid membranes, we demonstrated

0022-2836/% - see front matter © 2006 Elsevier Ltd. All rights reserved.
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that monomeric PLN undergoes a conformational
switch, exemplifying an allosteric activation mech-
anism of membrane protein-protein interaction.”
Additionally, we found that upon phosphoryl
transfer at Se-16, PLN backbone dynamics increase,
causing a loss in structural connections between the
transmembrane and cytoplasmic domains.'” Here,
we have utilized chemical Shlft perturbation and
differential line broadening'' to show how these
dynamics and conformational changes caused by
phosphorylation correlate with changes in struc-
tural interactions within the complex, which
reverse the functional inhibition of PLN. As in our
previous studies, the effects of phosphorylation on
the formation of the PLN/SERCA complex were
carried out in dodecylphosphocholine (DPC) under
fully functional conditions. These studies represent
a paradigm for how post-translational modification
can influence intramembrane protein—protein inter-
actions.

Results

Direct detection of enzymatic activity of SERCA
in the NMR sample

In our previous studies, we reported a loss of
~20% of SERCA act1v1ty after 3h of incubation
under NMR conditions.” When SERCA’s ATP
hydrolysis is measured directly using *'P NMR,
the enzyme is fully functional and active for many
hours under NMR conditions. Upon normalizing
the integral of the inorganic phosphate signal to that
of DPC in the spectrum, the calcium-dependence of
ATPase activity was determined (Figure 1). SERCA
activity in 10 mM DPC (above the critical micellar
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Figure 1. SERCA activity assays using >'P NMR
internally referenced to DPC standard. Data are
normalized with respect to the Vy, calculated using
the Hill equation (equation (3)). Curves show the effects of
PLN (red, circles) and pPLN (blue, triangles) on SERCA
activity (rectangles, black). Error bars indicate an average
of three trials for SERCA activity alone and two for pPLN
and PLN.

concentration) and at a DPC to SERCA molar ratio
of 1667:1 (higher ratio than for the end point of the
NMR titrations, 1200:1) shows cooperative ATPase
activity (Hill coefficient n=2.7), comparing well
with results obtained in native, heterologously
expressed, and reconstituted membranes.!2-1¢
More importantly, PLN effectively inhibits SERCA
by shifting the calcium curve 0.16(£0.08) pCa units,
while phosphorylation fully relieves inhibition.
Although this inhibitory shift is less than that
observed in reconstituted 11p1d membranes,” and
the Hill coefficient (n=2.7) is lower, suggesting a
decrease in cooperativity, these data are consistent
with previous results found in native and recon-
stituted membranes,'” ™' showing that SERCA
remains active and functional under the conditions
used for all our NMR experiments, which support
both 1nh1b1t10n of SERCA by PLN and relief by
either Ca”>* or PLN phosphorylation. We measured
a Viax of ~55 L.U. for control, +PLN, and +pPLN
curves in Figure 1. This value is substantially higher
than typically observed in membranes, consistent
with previous observations that detergent can
activate SERCA relative to native membranes.'*

Effects of phosphorylation on the allosteric
transition of PLN

To monitor the effects of the enzyme addition on the
resonances of PLN, we used differential line broad-
ening analysis."" This simple approach is ideal for
mapping the binding interfaces of protein complexes
interacting on an intermediate/slow t1me scale with
respect to NMR chemical exchange."’ Addition of
SERCA to phosphorylated PLN (pPLN) causes a
chemical shift pattern similar to that obtalned
previously with the unphosphorylated form.’
According to previously established nomenclature,’
we apportioned the resonance perturbations into the
following groups: (1) resonances that decrease in
intensity upon addition of SERCA, but do not
disappear; (2) residues that disappear; (3)—(5) resi-
dues that undergo slow exchange to one (groups 3
and 4) or two (group 5) additional populations. The
chemical exchanging peaks that we detected on the
slow NMR time-scale (micro- to milliseconds) were
assigned to an intermediate or extended confor-
mation of PLN (R state) that is encoded in PLN
dynamics and enhanced by the addition of SERCA.
This allosteric activation by SERCA allows the
cytoplasmic domain of PLN to be lifted from the
bilayer surface from its thermodynamically stable
bent (T) state in order to effectively interact with the
cytoplasmic domain of SERCA.’

The total peak intensities for backbone residues
measured in the spectra reflect all of the popu-
lations present in solution: R (pr), T (pr), and bound
(pbound) states:

=Pr + pr + Pbound (1)

Note that, as reported previously, backbone
resonances in the bound state are broadened

Prtotal
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beyond detection, leading to observable detection
of the T and R states only.’

The intensities of several resonances of domain Ia
for both pPLN and PLN decrease gradually upon
addition of SERCA. For instance, the intensity
retentions of Glu2, Lys3, Tyr6, and Thr8 gradually
decrease, and at a SERCA:pPLN molar ratio of
0.64:1, their signals become undetectably broad
(residues plotted in Figure 2(b)). In both pPLN and
PLN, the remaining residues of domain Ia (Ser10,
Alall, lle12, Alal5, Ser16, and Thr17) exhibit slow
exchange (micro- to milliseconds) to a second,
detectable population (pgr) that we have assigned
to the R or extended state (Figure 2(a)).”

If we define the intensity of the T state as It and
the intensity of the R state as Iy, it is possible to
monitor the percentage of free PLN in the R state
(XR) throughout the titration of SERCA:

When Xy is plotted against the SERCA:PLN
molar ratio, a striking difference between PLN
and pPLN emerges (Figure 2(a)). Unlike those of the
unphosphorylated form, the pPLN titration curves
for slow exchanging residues and those that
disappear (Figure 2(a) and (b)) show cooperative
behavior, with Hill coefficients of n=1.8+0.6 and
44404, respectively (Figure 3(a)). These data
prove that the conformational switch within the

cytoplasmic domain from the T to the R state occurs
in a cooperative manner, a mechanism less apparent
in the absence of phosphorylation. A similar
cooperative behavior toward the R state is seen for
PPLN residues within the loop (17-21), with such
cooperativity not as apparent for unphosphorylated
PLN. The loop appears to function in both PLN and
pPLN in a manner similar to that of the C-terminal
end of domain Ia, demonstrating slow exchange as
well as cooperative allosteric behavior for pPLN.
Although a cooperative structural change within
the cytoplasmic domain of pPLN toward the R state
is apparent from Figure 3(a), the binding of domain
II to SERCA of pPLN and PLN is similar (Figures
2(c) and 3(b)), demonstrating that phosphorylation
does not cause complete dissociation from SERCA.
As with the unphosphorylated form, resonances
corresponding to domain II decrease in intensity
with increasing amounts of SERCA. To determine
the K4 values of domain II, we have repeated the
titrations with both PLN and pPLN with smaller
increments of SERCA. The resulting binding curves
are reported both in Figures 2(c) and 3(b), and were
obtained by averaging the intensity retention of
residues 28-52 of domain II. Upon fitting the curves
using equation (10), we obtained K4 values of 57 pM
and 58 uM for pPLN and PLN, respectively
(Figure 3(b)). These values agree well with the
previously determined dissociation constant of
PLN in DPC using EPR spectroscopy (60 uM),”
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Figure 2. (a) The percentage of free PLN in the R state (X, see equation (2)) as a function of the SERCA:PLN molar
ratio for phosphorylated (red) and unphosphorylated (black) PLN residues 10-12, 15-17, and 22. An Xy value of 100%
indicates that a peak has completely exchanged to the new, extended population (R state). (b) The intensity retention
plotted for residues 2, 3, 6, and 8 in pPLN and PLN that disappear with increasing additions of SERCA. (c) The intensity
retention for residues in the transmembrane domain (28-52) that decrease, but do not abolish in intensity. All error bars
in plots reflect the standard deviation around the average value for residues within a given group. Insets: representative
1D and 2D spectra of the residues undergoing slow exchange (a), abolished intensity (b), and intensity reduction (c).
Black, blue, and red spectra in the insets correspond to SERCA:pPLN molar ratios of 0:1, 0.5:1, and 1:1, respectively. (d)
The HSQC spectra shown for the presence (red) and the absence (black) of SERCA at a SERCA:pPLN molar ratio of 0.5:1.
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Figure 3. (a) Left: fit of Xg (see equation (2)) as a
function of the SERCA:pPLN molar ratio using the Hill
equation (data shown in Figure 2(a)). Right: fit of the
intensity retention as a function of SERCA:pPLN molar
ratio also using the Hill equation (data shown in
Figure 2(b)). Fits in (a) show cooperativity of the T to R
state transition for pPLN with addition of SERCA with an
average Hill coefficient of 3.1+1.3. (b) Determination of
dissociation constants (Kg) using intensity retentions of
transmembrane domain residues 28-52. Since there is no
substantial line broadening (i.e. fast exchange), intensity
reduction of these residues can be approximated directly
to be an indication of binding (see equation (4)). The Ky
values were determined to be 57 uM and 58 uM for pPLN
(right) and PLN (left), respectively, from a non-linear
regression best fit to equation (10).

and indicate that at low concentrations of calcium
(SERCA in the E2 state) domain II has the same
affinity for SERCA in both PLN and pPLN.

While the addition of SERCA to pPLN shifts the
equilibrium toward the R state at a lower molar
ratio of SERCA:pPLN for both domain Ia and Ib (i.e.
higher intensity of the R state population), domain
Ib, the loop, and residues 15 and 16 of domain Ia
also have larger chemical shift differences between
the chemically exchanging populations (T and R
states; Figure 4). The latter effect suggests that in the
phosphorylated form of PLN, the conformational
interconversion between the T and the R states
occurs on a slower time-scale or that their
conformations differ more significantly. Our pre-
vious studies show that Serl6 phosphorylation
partially unwinds domain la and enhances the
dynamics of domain Ib in the micro- to millisecond
time-scale."” From an energetic standpoint, Ser16
phosphorylation lowers the structural activation
energy barrier, shifting the dynamic equilibrium
toward the R state at a lower molar ratio of
SERCA:PLN, while still having the same overall
binding affinity for SERCA.

Secondary structural changes in domains Ib
and Il upon binding to SERCA

Chemical shift perturbations were used as
reporters for secondary structural changes in PLN
upon binding to SERCA. For folded proteins,
upfield or downfield chemical shifts in amide
resonances have been correlated with lengths of
hydrogen bonds.* Specifically, upfield chemical
shifts in amide resonances upon binding may be
indicative of longer hydrogen bonds, whereas
downfield chemical shifts would correspond to
shorter hydrogen bonds. Upon the addition of
SERCA, the resonances within domain Ib and II of
both PLN and pPLN have differential chemical
shifts. As Figure 4 (bottom) illustrates, there are
three distinct regions of perturbation. The first
region (residues 28-42) experiences downfield
resonance shifts, the second (residues 43-45) no
chemical shifts, and the third region (residues
46-52) upfield shifts. Only '"H A3 are reported,
although a similar trend is seen for '°N frequencies
(data not shown). Figure 4 (bottom) shows
examples of chemical shift perturbations for three
residues, N30, 146, and V49, as representative of
peaks undergoing upfield shifts, no shifts, and
downfield shifts, respectively. A possible expla-
nation is that upon interaction with SERCA in both
pPLN and PLN, residues 2842 form a tighter helix
with stronger hydrogen bonds, residues 4345 are
not substantially altered, and residues 46-52 may
have a looser helix with weaker hydrogen bonds.
According to Figure 4 (bottom), the structural
changes induced by SERCA in the highly hydro-
phobic residues 34-52 are similar for both pPLN
and PLN. These data indicate that domains Ib and II
also shift to the R state upon addition of SERCA,
which supports the hypothesis of an allosteric
switch to the R state, involving a concerted effect
involving the entire protein.

Side-chain resonances reveal the role
of domain Ib

Unlike the backbone amide resonances, side-
chain N resonances exhibit a higher degree of
local motion and may retain full intensity at the
endpoint of our SERCA titrations, making them
good indicators of the binding interface.”' Figure 5
shows the changes in the NH, group intensities of
the resolved side-chains present in pPLN and PLN.
As seen in Figure 5(b), the dotted line represents the
intensity retention from the backbone trans-
membrane domain residues in Figure 2(c), indicat-
ing “1-fraction bound” (see equation (4)). U]?on
addition of SERCA, all of the side-chain '°N
resonance intensities (Figure 5(b)) in the unphos-
phorylated PLN decrease, with the most notable
changes occurring for GIn5. The backbone reson-
ances of residues 27 (part of domain la) gradually
disappear upon addition of SERCA, indicating that
GIn5 undergoes conformational or intermediate
exchange upon addition of SERCA. The remaining
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residues (GIn22, GIn23, GIn26, GIn29, Asn30, and
Asn34) are also affected by SERCA addition, which
decreases their overall intensities, with GIn22 and
GIn23 less affected than the rest of the side-chains.
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Figure 4. Chemical shift pertur-
bation of backbone resonances. The
change in backbone amide proton
chemical shifts at a SERCA:PLN
molar ratio of 1:1. Top: red squares
indicate the perturbation of pPLN,
while black triangles indicate those
involving PLN. Bottom: same as in
the upper plot, but with a closer
look at changes involving residues
32-52. The insets in the lower plot
are representative spectra of N30
(left), 146 (center), and V49 (right)
showing downfield, no, and
upfield chemical shift perturbation,
respectively.

Phosphorylation at Serl6 does not cause any
variation in the intensity reduction of GIn5. On
the other hand, small but significant differences are
observed for Asn27, Asn30, and Asn34, whose

Figure 5. (a) The HSQC spectra for PLN (top) and pPLN (bottom) for the side-chain residues at a pPLN and
SERCA:PLN molar ratio of 1:1. The 1D 'H traces (taken from the HSQC spectrum) clearly show the intensity reduction of
Q26 for PLN and no intensity reduction for pPLN at a SERCA:PLN molar ratio of 1:1. (b) The intensity retention (%) of
side-chain >N PPLN (red) and PLN (black) resonances at a SERCA:PLN molar ratio of 1:1. The dotted line is the
intensity retention (1—fraction of bound) for residues 28-52 (transmembrane domain). A value of 100% indicates no
interaction with SERCA (no restriction of motion), whereas a value near the dotted line indicates a strong interaction
(restriction of motion). A value below this line would indicate other effects, such as chemical or conformational
exchange. Error bars within this Figure reflect the standard deviation from two data sets. (c) The domain Ib side-chains
shown on the computational model of the PLN/SERCA complex.?* Data from (b) indicate that, upon phosphorylation at
Ser16, the carboxyl group of the side-chain of GIn26 may no longer form a hydrogen bond with the guanidinium group
of Arg324 on SERCA.
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intensity retentions vary ~30% from those of the
unphosphorylated PLN. The most remarkable
difference between PLN and pPLN is observed for
GIn26, whose intensity in pPLN is fully retained,
indicating that this side-chain is no longer involved
in the binding interface. Unfortunately, in the
spectrum of pPLN, GIn22 and GIn23 side-chain
resonances overlap so it is not possible to
distinguish individual resonances. Nonetheless,
the sum of their peak intensities remains relatively
unperturbed upon addition of SERCA, showing
that neither residue is strongly involved in the
binding interface with the enzyme.

Mapping the chemical shift perturbations on
the structural model of PLN/SERCA complex

Recently, using mutagenesis and cross-linking
data, MacLennan and co-workers built a molecu-
lar model for the inhibitory interactions between
PLN and SERCA.** They proposed that during
the structural rearrangement of SERCA between
the E1 and E2 (high and low calcium-affinity
states, respectively) conformations of the enzyme,
a docking groove located between trans-
membrane domains M2 and M9 becomes more
accessible to PLN. When modeled in this groove,
PLN interacts also with M4 and M6 trans-
membrane helices, but its domain II does not
undergo any substantial structural changes from
the initial experimentally determined PLN struc-
ture, remaining in a distorted helical confor-
mation after energy minimization. The only
changes occurring to PLN upon binding SERCA
in the low calcium-affinity state (E2 state) are
localized in the C-terminal side of domain II,
which unwinds and emerges from the hydro-
phobic core of the membrane to minimize the
free energy of binding. The stability of the helix
between residues 42 and 45, and the unwinding
of the C terminus (supported also by cysteine
mutant cross-linking experiments with Val49 in
PLN and Val89 in domain M2 of SERCA??) are in
agreement with the upfield chemical shifts we
observe for residues 46-52, as well as the lack of
chemical shift perturbations seen for residues 42—
45. Note that domain II binding to SERCA is not
affected by phosphorylation (Figure 4, bottom).
This is direct evidence that this region binds to
SERCA irrespective of the phosphorylation state
of PLN. Given the high affinity of PLN for
SERCA in lipid membranes,® it is possible that
the transmembrane domain anchors PLN to
SERCA, a finding that would support the
hypothesis that PLN is effectively a subunit of
SERCA.*®> We found that when titrated with
SERCA, sarcolipin, functionally homologous to
PLN and sharing ~70% identity (or conserved
residues) with PLN, shows the same chemical
shift pattern of the corresponding transmembrane
domain of PLN.** This explains why
the sequences of polypeptides corresponding to

sarcolipin or the transmembrane domain of PLN
are sufficient for enzyme inhibition.*®

A crucial region identified between SERCA and
PLN by cross-linking and modeling is domain
Ib.222%?7 In fact, one of the structural constraints
used in the modeling simulations involves Asn27 of
PLN and Leu321 of SERCA.*?* Upon energy
minimization, this constraint imposes a substantial
structural rearrangement upon domain Ib, with the
formation of hydrogen bonds between Asn34 and
Thr805 of SERCA. Our NMR binding data show
that both of the side-chains of Asn30 and Asn34 are
involved in the binding to SERCA, and their
decrease in intensity reflects the K4 measured for
the transmembrane domain. Phosphorylation
slightly affects this region with a total reduction in
intensity of about 61% for the side-chain resonances
of Asn30 and Asn34, a 14% greater intensity
retention than that for unphosphorylated PLN.

A remarkable difference (44% greater intensity
retention for pPLN) between the phosphorylated
and unphosphorylated states was detected for
GIn26 (Figure 5(b)). In the molecular model, the
carboxyl group of the side-chain of GIn26 forms a
hydrogen bond with the guanidinium group of
Arg324.72 When PLN is unphosphorylated, SERCA
addition causes the intensity of the GIn26 side-
chains to decrease to 65% intensity retention. In
contrast, when PLN is phosphorylated, the inten-
sity of GIn26 is completely retained, suggesting that
this side-chain swings away from the binding
surface and moves freely, hampering any possible
hydrogen bonding.

The chemical shift mapping of domain Ib of PLN
shows that these residues undergo downfield shifts
upon SERCA binding, suggesting the formation of a
more compact structure around this region. Phos-
phorylation does not reverse the general trend;
rather, it significantly affects the chemical shift
perturbation of three residues in this region,
causing further downfield shifts for residues 24-30
and upfield shifts for Leu31 and Ile33 (Figure 4,
top). Indeed, since the bound form of PLN is not
visible under our experimental conditions, it is not
possible to draw any conclusion about secondary
structure changes in this region. Nonetheless, our
data strongly suggest that the hydrophobic inter-
actions predicted by the structural model involving
domain Ib are disrupted. The importance of this
region for the regulatory interactions of PLN has
been indicated by functional data.”® Specifically,
alanine-scanning mutagenesis has shown that
residues in this region strongly affect the efficacy
of PLN inhibition, with N27A and N30A mutants
giving rise to super-inhibition of the enzyme.*®

The results from the molecular modeling of the
conformation of the cytoplasmic portion reveal a
slight unwinding of this domain, forming a non-
ideal helix.*” Consistent with the molecular model-
ing, our data show that PLN and pPLN both
interact with SERCA. While the residues for both
the phosphorylated and unphosphorylated forms
show slow exchange between the R and T states
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upon binding SERCA, they differ in the population
of the R state at a given SERCA:PLN molar ratio
(Figures 2 and 4). No complete detachment of PLN
is observed for either the cytoplasmic or the
transmembrane domain, which is in agreement
with the results of several spectroscopic and co-
immunoprecipitation studies,**2 and recent EPR
data.®® On the basis of these results, we conclude
that phosphorylation causes a rearrangement of the
interaction surface between SERCA and PLN, with
an important role played by the residues located in
domain Ib. The most apparent change for side-chain
NH, groups upon Serl6 phosphorylation occurs at
GIn26, which is located in domain Ib of PLN. These
changes are attributable mostly to the propagation
of dynamics and conformational changes initiated
by the phosphoryl transfer. As with both free PLN
and pPLN,%!% nuclear spin relaxation measure-
ments (T;, T,, heteronuclear NOE, and Carr-
Purcell-Meiboom-Gill experiments) would provide
complete characterization of the dynamic confor-
mational interconversion of PLN in the presence of
SERCA. Unfortunately, under our experimental
conditions the enzyme becomes inactive after
several hours and would lose most of its activity
during the course of these lengthy experiments.

The present study in DPC micelles is complemen-
tary to the EPR results in lipid bilayers reported by
Karim et al.*® As with our previous analg/sis of the
interactions of unphosphorylated PLN,” the EPR
analysis confirms the existence of the equilibrium
between the R and the T states both in the free and
bound forms of PLN, and shows that SERCA shifts
the equilibrium toward the R state. These equilibria
are present in DPC micelles as well as in
dioleoylphosphatidylcholine/dioleoylphosphati-
dylethanolamine (DOPC/DOPE) lipid bilayers. The
EPR study also confirms that phosphorylation
changes the structural dynamics of the PLN
cytoplasmic domain without dissociating PLN
from SERCA. The EPR data underscore the
importance of these dynamic equilibria for SERCA
regulation, showing that hampering the T to R
transition prevents the reversal of inhibition by
phosphorylation.

Discussion

Molecular signaling in myocytes involves steric,
allosteric, and cooperative mechanisms that are
modified by protein phosphorylation. These events
play a pivotal role in the “beat-to-beat control” of
cardiac function. Our laboratory has embarked on
the molecular characterization of calcium reuptake
into the lumen via SERCA and its modulator PLN.
Under our NMR conditions, the PLN/SERCA
complex is fully functional, showing inhibition by
PLN and subsequent relief upon phosphorylation
as measured directly using *'P NMR (Figure 1).
Although there are obvious issues related to
curvature and micellar size, DPC represents a
good mimic of native lipid conditions and repro-

duces functional results obtained by activity assays
in lipid membranes.

Previously, phosphorylation at Ser16 of PLN was
shown to affect pico- to nanosecond and micro- to
millisecond time-scale dynamics throughout PLN,
and to disrupt the L-shaped structure of the protein,
resulting in an unwinding of cytoplasmic domain
residues 14-16.'° Here, we show that phosphoryl-
ation leads to a cooperative allosteric activation of
the cytoplasmic domain of pPLN by SERCA,
shifting the equilibrium to the extended (R) state
of pPLN at a lower SERCA:pPLN molar ratio than
that required for unphosphorylated PLN. These
new data were anticipated by our previous
dynamics studies of pPLN, where it was hypoth-
esized that phosphorylation at Ser16 would lead to
an extended and even more disordered state (order-
to-disorder transition), reversing SERCA inhi-
bition.'”** While the increase in affinity of the
cytoplasmic part of PLN toward the R state was an
expected result, the role of residues 22-31 (domain
Ib) was not predicted. In particular, the analysis of
the side-chain data indicates that GIn26, Asn27,
Asn30, and Asn34 in PLN associate differently in
the PLN/SERCA complex than with pPLN. Since
the dissociation constants measured for the resi-
dues of domain II of both PLN and pPLN are
similar (~60 pM), we can conclude that phos-
phorylation does not displace or uncouple domain
II of PLN from SERCA; rather, it affects the
dynamics of the residues in domain Ib (residues
22-31), leading to a structural rearrangement. Since
phosphorylation does not change the electrostatic
potential within this region, it is possible that this
proposed structural rearrangement is driven by a
change in domain Ib dynamics caused directly by
phosphorylation at Ser16.

Our results agree well with cross-linking data
showing that upon phosphorylation N27C PLN is
no longer able to cross-link with L321C of SERCA.**
This is consistent with our results, which indicate
that Asn27 and other residues within domain Ib are
less involved in the binding interface with a
phosphoryl transfer at Ser1l6. These results are in
good agreement with the mutagenesis studies
carried out by MacLennan and co-workers, show-
ing that the Q26A mutant of PLN is a loss-of-
function mutant.”® It is possible that the reduction
of the side-chain length and concomitantly the
removal of the amino group disrupts the hydrogen
bond network and van der Waals interactions
between SERCA and domain Ib.

It has been proposed on the basis of mutagenesis
data that Lys3 on PLN has a physical interaction
with Lys397 and Lys400 within the nucleotide-
binding domain of SERCA,” with the trans-
membrane domain partially pulled away from the
bilayer. Although this mechanism could explain our
chemical shift and side-chain data (Figure 4),
further investigation is needed to support this
hypothesis.

Taken with our previous studies, these new data
complete the overall view of the regulatory
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mechanism of PLN, confirming previous spectro-
scopic investigations. These studies also offer
a more detailed map of the residues involved
directly in the conformational transitions of PLN
during the cyclic regulation of SERCA. The most
important conclusion of our investigation is that
phosphorylation of PLN, having a predisposition to
the R state, facilitates this allosteric transition,
modifying the interface between SERCA and PLN
rather than detaching the inhibitor. On the basis of
the low Ky values obtained in lipid membranes,
which were found to be independent of calcium
and PLN phosphorylation, Thomas and co-workers
proposed that PLN functions under physiological
conditions as a subunit of SERCA, which does not
detach upon phosphorylation or increasing concen-
tration of Ca®*.?® The Ky values that we have
measured in DPC micelles for the transmembrane
residues of both pPLN and PLN support these
conclusions and underscore the importance of the
cytoplasmic domain as the regulatory domain of
PLN.

In summary, we find that phosphorylation at
Ser16 does not detach PLN from SERCA, but relays
the signal to domain Ib that might function as an
intramembrane bridgehead for calcium transloca-
tion.”" In both pPLN and PLN, there is an allosteric
conformational switch to a disordered, extended R
state for all domains of the protein; however, with
phosphorylation this switch is cooperative for the
cytoplasmic domain, and can be explained by
dynamics and structural differences between
pPLN and PLN. We find that phosphorylation
influences the dynamics within domain Ib, causing
the side-chain of GIn26 to no longer interact with
SERCA, and Asn27, Asn30, and Asn34 to have
diminished interactions (more mobility). These data
firmly link the important structural/functional
relationship in biochemistry and structural biology,
while opening up the possibility of more advanced
spectroscopic studies of the PLN/SERCA complex
in detergent micelles and lipid bilayers to further
investigate the role of post-translational modifi-
cations such as phosphorylation.

Materials and Methods

Protein preparation

Recombinant uniformly 15N labeled unphosphorylated
and phos]?horylated PLN were prepared as
described.'”'® SERCA2a isoform was purified from rabbit
skeletal muscle.’

3P NMR activity assays

3P NMR was used to measure the hydrolysis of ATP by
SERCA. The components of the final assay mixture
consisted of 20 mM Mops (pH 7.0), 6 uM SERCA,
137 uM PLN, 10 mM DPC, 20% glycerol, 1 mM MgCl,,
80 mM ATP, 0.2% (v/v) CqoEg, and concentrations of
CaCl, required to reach the concentrations of free Cat
plotted in Figure 1 (calculated based on the method

described by Fabiato and Fabiato™). *'P data were
collected on a Varian Inova spectrometer operating with
a magnetic field strength of 14 T (*'P Larmor frequency of
202.349 MHz). Upon addition of nucleotide, eight free
induction decays (FIDs) were collected, each consisting of
16 single-pulse transients. Calcium chloride was added
incrementally to reach the concentrations of free calcium
given in Figure 1. Each calcium curve shown in Figure 1
was acquired on the same SERCA sample in the course of
1 h, and we verified the enzyme’s functional integrity by
re-measuring maximal SERCA activity after the immedi-
ate addition of saturating calcium chloride. The increase
in inorganic phosphate was quantified by normalizing to
the known amount of DPC in the sample, with the result
used subsequently as the amount of ATP hydrolysis. The
data were plotted (V versus pCa) and fit by the Hill
equation:

V = Vipa/[1 4 10"PKepe)y ®3)

where V is the initial ATPase rate and n is the Hill
coefficient. The data were normalized to the maximal rate,
Vmax, Which was obtained from the fit, and then replotted
to determine the shift in pKc,. The pPLN/SERCA and
PLN/SERCA activity curves in Figure 1 are each an
average of two trials, while the control curve is an average
of three. Error bars reflect these trials.

NMR sample preparation

Unphosphorylated and phosphorylated, uniformly 5N
labeled PLN were prepared in 20 mM PBS (pH 6.0),
300 mM DPC, 10% 2H,O to a final concentration of
0.23 mM. SERCA at a concentration of 0.51 mM was
added incrementally to the PLN sample as described.” To
correct for this dilution, and potential pH and salt effects,
the same titration experiment was performed with buffer
in the absence of SERCA. The components of the SERCA
buffer were 20 mM Mops (pH 7.0), 5mM DPC, 1 mM
CaCl,, 1 mM MgCl,, 20% (v/v) glycerol, 0.25 mM DTT,
4mM ADP. NMR spectra were acquired on a Varian
Inova spectrometer operating with a proton Larmor
frequency of 600 MHz at 37 °C, using an inverse detection
triple-resonance and triple-axis gradient probe. The
HSQC pulse program was equipped with pulse field
gradients for both coherence selection and sensitivity
enhancement.>® After each addition of SERCA, a 'H-°N
heteronuclear single quantum coherence (HSQC) experi-
ment was done. The 'H directly detected dimension
acquired 1024 points with 16 transients, while the
indirectly detected '°N dimension utilized 50 increments.
The final matrix size was 1024 X 1024 real points after zero
filling in both dimensions and Fourier transformation.
Data were processed using NMRPipe,37 and viewed
using NMRVIEW.*® Assignments of ambiguous titration
spectra were resolved with selective pPLN labels when
necessary; PLN titration HSQC spectra have been
resolved.” The graphics in Figure 5 were prepared using
PyMOLY.

K4 measurements by NMR

For measuring the binding constants, we assumed 1:1
binding between SERCA and PLN, and that the intensity
reduction (I etention) Of transmembrane domain residues in
Figure 2(c) is related directly to the fraction of PLN bound

t http://pymol.sourceforge.net/
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to SERCA (f,):
fb =1 _Iretention (4)

Intensity retention can then be related to a dissociation
constant (K4) through the following derivation, as
previously reported using chemical shift:*

£ = [PLN —SERCA]
® ~ [PLNJ; + [PLN —SERCA]

©)

_ [PLNJ[SERCAJ

Ke = [PLN —SERCA]

(6)

[SERCA], = [SERCA]; + [PLN —SERCA] @)
[PLN], = [PLNJ; + [PLN —SERCA] )

K — [SERCAJ; —f, ([PLN]; —[SERCA],) + f[PLN],
‘ fo
Taking the negative quadratic solution in equation (9)
gives:

©)

. Cornea, R. L., Jones, L. R., Autry, J. M. & Thomas,

D. D. (1997). Mutation and phosphorylation change
the oligomeric structure of phospholamban in lipid
bilayers. Biochemistry, 36, 2960-2967.

. Mascioni, A., Karim, C., Zamoon, J., Thomas, D. D. &

Veglia, G. (2002). Solid-state NMR and rigid body
molecular dynamics to determine domain orien-
tations of monomeric phospholamban. |. Am. Chem.
Soc. 124, 9392-9393.

. Zamoon, J., Mascioni, A., Thomas, D. D. & Veglia, G.

(2003). NMR solution structure and topological
orientation of monomeric phospholamban in dode-
cylphosphocholine micelles. Biophys. ]. 85, 2589-2598.

. Karim, C. B,, Kirby, T. L., Zhang, Z., Nesmelov, Y. &

Thomas, D. D. (2004). Phospholamban structural
dynamics in lipid bilayers probed by a spin label
rigidly coupled to the peptide backbone. Proc. Natl
Acad. Sci. USA, 101, 14437-14442.

. Metcalfe, E. E., Zamoon, J., Thomas, D. D. & Veglia, G.

(2004). 'H/™N heteronuclear NMR spectroscopy
shows four dynamic domains for phospholamban

_ K4 +[SERCAJ, + [PLN], — /(Kq + [SERCA], + [PLNJ,> —4[SERCA}[PLN],

(10)

fo 2[PLN],

The dissociation constants were calculated using a non-
linear regression best fit of equation (10).
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