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ABSTRACT. Phospholamban (PLB) is a 52 amino acid membrane-endogenous regulator of the sarco(endo)-
plasmic calcium adenosinetriphosphatase (SERCA) in cardiac muscle. PLB’s phosphorylation and
dephosphorylation at S16 modulate its regulatory effect on SERCA by an undetermined mechanism. In
this paper, we use multidimensiortad/*>N solution NMR methods to establish the structural and dynamics
basis for PLB’s control of SERCA upon S16 phosphorylation. For our studies, we use a monomeric,
fully active mutant of PLB, where C36, C41, and C46 have been mutated to A36, F41, and A46,
respectively. Our data show that phosphorylation disrupts the “L-shaped” structure of monomeric PLB,
causing significant unwinding of both the cytoplasmic helix (domain la) and the short loop (residues
17—-21) connecting this domain to the transmembrane helix (domains Ib and Il). Concomitant with this
conformational transition, we also find pronounced changes in both the pico- to nanosecond and the micro-
to millisecond time scale dynamics. THeI/'N heteronuclear NOE values for residues2b are
significantly lower than those of unphosphorylated PLB, with slightly lower NOE values in the
transmembrane domain, reflecting less restricted motion throughout the whole protein. These data are
supported by the faster sptfattice relaxation rated) present in both the cytoplasmic and loop regions

and by the enhanced spispin transverse relaxation ratd®) observed in the transmembrane domain.
These results demonstrate that while S16 phosphorylation induces a localized structural transition, changes
in PLB’s backbone dynamics are propagated throughout the protein backbone. We propose that the
regulatory mechanism of PLB phosphorylation involves an order-to-disorder transition, resulting in a
decrease in the PLB inhibition of SERCA.

Phospholamban (PLB)s an integral membrane protein PLB is an important therapeutic target in the treatment of
of the cardiac sarcoplasmic reticulum (SR) that is involved cardiac disease. Changes in the ratio of PLB to SERCA
in the regulation of intracellular calcium transport. Specif- present in the SR have been observed in mouse models of
ically, PLB inhibits the activity of sarco(endo)plasmic heart failure {). Gene therapy with a “pseudophosphory-
calcium adenosinetriphosphatase (SERCA), thus reducing thdated” PLB mutant, S16E, was found to delay the progression
rate of calcium uptake into the SR. Upgfadrenergic of heart failure in cardiomyopathic hamste®3 &nd in rats
stimulation (the “fight or flight” response), PLB is phos- with acquired heart failure3f. Moreover, a longitudinal study
phorylated at S16 by cAMP-dependent protein kinase (PKA) in two human families revealed that two mutants of PLB,
and at T17 by Ca/calmodulin-dependent kinase (CAMII). R9C and L39stop, correlate directly with early-onset dilated
The transfer of a single phosphoryl group at S16 is sufficient cardiomyopathy4). Understanding the molecular nature of
to interrupt the inhibition of SERCA by PLB, leading to an the interaction between PLB and SERCA as well as PLB’s
increased rate of calcium uptake into the SR and an enhancedegulatory mechanisms is necessary to pursue these pathways
rate of cardiac relaxatiori). in the treatment of cardiac disease.

Cross-linking and site-directed mutagenesis studies have
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While wild-type PLB self-assembles into a homopentamer Molecular ImagerFX (Bio-Rad). The sample was then

with a small fraction of monomers8), spectroscopic and

diluted up to 0.25 mg/mL with MOPS buffer prior to the

mutagenesis studies have shown that the monomeric formaddition of ATP (1 mM), MgC} (1 mM), and 1000 IU of

is the active inhibitory specie$,9). Mutation of the three

protein kinase A catalytic subunit (Sigma)/mg of AFA-PLB.

cysteines to alanines reverses the tendency to form pentamThe mixture was shaken at 3@ for several hours and

ers, resulting in a predominance of PLB monoméf.(This

purified by fast protein liquid chomatography (FPLC),

mutation has been shown to retain inhibitory activity against followed by dialysis and lyophilization. Phosphorylation was

SERCA (11). Therefore, our studies have focused on the
AFA-PLB mutant, whose three cysteines located in the

confirmed by Western immunoblot with the specific antibod-
ies 1D11 and 285 for PLB and pAFA-PLB, respectivel)(

transmembrane domain (C36, C41, and C46) are mutated toThe mass of the product was determined by MALDI-TOF

A36, F41, and A46, respectively, which maintains full

mass spectrometry with ancyano-4-hydroxycinnamic acid

inhibitory function and is more amenable to spectroscopic (CCA) matrix. The observed mass of 6296 Da corresponded

studies 11, 12).

The NMR structure of AFA-PLB in dodecylphosphocho-
line (DPC) micelles was recently solved in our laboratory
(13). AFA-PLB comprises three structural domains: a

to the calculated mass of 6293 Da within the expected error.
NMR Spectroscopyamples for NMR spectroscopy were

prepared by dissolving®N-labeled pAFA-PLB in 30QuL

of phosphate-buffered saline, pH 6.0, containing 300 mM

transmembrane domain from residues 22 to 52, a connectingdeuterated DPC (Cambridge Isotope Labs) and 5%.D

loop from 17 to 21, and a cytoplasmic domain from 1 to 17
that is organized into an “L-shaped” structure in which the

transmembrane and cytoplasmic domains form an ap-

proximately 80 angle (3, 14). Further, our recentH/!*N

Most of the experiments were performed on a Varian INOVA
spectrometer equipped with an inverse-detection triple-
resonance probe, operating at 599.90 MHZfband 60.79
MHz for 5N. The exceptions were tHé&N-edited NOESY-

backbone spin relaxation studies revealed the presence oHSQC and the conformational exchange broadening experi-

four dynamics domains in PLB: domain la (residuesl®),
a short loop (residues ¥21), and a transmembrane helix
split into a flexible domain Ib (residues 230), and a
motionally restricted domain 1l (residues-3%2). Moreover,
dynamics on the micro- to millisecond time scale were

ments, which were carried out on a Varian INOVA spec-
trometer operating at of 800.24 MHz f&d and 81.10 MHz
for 15N. The temperature was held constant at°87 The
backbone and side-chain resonance assignments were ob-
tained with an®N-edited TOCSY-HSQC with a mixing

observed throughout the cytoplasmic domain, loop, and time of 70 ms. NOEs were obtained wiftN-edited NOESY-
flexible portion of the transmembrane domain, revealing an HSQC experiments with mixing times of 150 and 200 ms.

overall plasticity of the protein that might explain its ability
to adapt to several different binding partners, including
SERCA, protein kinases, and protein phosphatasks) (
Here, we report the NMR structure arteN backbone
dynamics of AFA-PLB phosphorylated at S16 (pAFA-PLB).

All 3D experiments were recorded with 1024 complex points
in the direct dimension, 80 points in the indiredt
dimension, and 40 points in the indireEN dimension.
Spectral widths of 8000 Hz in thid dimension and 1700
Hz in the'>N dimension were employed. Quadrature detec-

Since phosphorylation at S16 alone has been found to betion was accomplished by the Statesne-proportional phase

sufficient to relieve the inhibition of SERCAL], we have

incrementation (TPPI) schem&9). >N decoupling during

chosen to begin our studies by phosphorylating PLB only at @cquisition was achieved by use of a GARP-1 pulse sequence

S16.

MATERIALS AND METHODS
Expression and Purification ofSN-pAFA-PLB. 5N-

(20). A sensitivity enhancement scheme was used for both
2D and 3D experiment(). All spectra were referenced to
the DSS signal 22, 23). All spectra were processed with
NMRPipe softwareZ4) with a 90-shifted sine bell function

in both dimensions, zero-filled to double the size, and

Labeled AFA-PLB was expressed and purified as previously paseline-corrected by use of a polynomial function. The final
described 16). TEV protease was expressed and purified as sjzes of the 3D matrixes were 1024160 x 80 real points

previously describedl().

A second purification step was necessary prior to phos-

phorylation to remove residual detergent fr&i-AFA-PLB.

after zero-filling in both dimensions and the Fourier trans-
formation. Chemical shift assignments, NOE assignments,
and peak intensity measurements were accomplished by use

The protein was purified by reversed-phase HPLC on a of NMRView (25).

diphenyl, 5um, 4.6 x 250 mm column (Vydac) with a linear
gradient over 35 min (solvent A, 95%,8, 3% 2-propanol
('PrOH), 2% acetonitrile (ACN), and 0.1% trifluoroacetic
acid (TFA); solvent B, 57%PrOH, 38% ACN, 5% kO,
and 0.1% TFA). The protein eluted at-381 min and the
solvent was evaporated undes §as and then lyophilized.
All the solvents were purchased from Fisher Scientific and
used without further purification.

Phosphorylation of>N-AFA-PLB at S16HPLC-purified
15N-labeled AFA-PLB was reconstituted in 20 mM RB(
morpholino)propanesulfonic acid (MOPS) at pH 7.3 contain-
ing 1% octyl glucoside. To determine the final sample
concentration, a TrisTricine SDS-12% polyacrylamide gel

Structure CalculationsStructure calculations were per-

formed with XPLOR-NIH softwareZ6). The initial template

for the simulated annealing was an extended conformation
of the PLB backbone. An initial high-temperature stage
consisting of 2000 restrained molecular dynamics steps of
0.5 fs each was performed at a temperature of 4000 K with
all force constants fixed. The cooling stage consisted of 5000
molecular dynamics steps with a 0.5 fs time step. The
temperature was decreased from 1000 to 100 K during this
interval. A second stage of refinement was carried out with
the script refine_gentle.inp to include the full van der Waals
potential. Starting from a temperature of 2000 K, the
conformers were cooled to 100 K. During the high-

was used and the protein was quantified by use of atemperature steps, the dihedral angles were constrained by
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use of a harmonic potential with a force constant of 200 kcal/ each of five possible parameter sets: #,)(2) & ande,

mol. A final minimization of 500 steps was undertaken with (3) & andRey, (4) S, e, andRey, and (5) S2s, S2f, antl.
conjugated gradients. A total of 423 NOEs were used in the & is the generalized order parameteg,is the effective
calculations, of which 173 were intraresidue and 250 internal correlation time and is on the picosecond time scale,
interresidue NOEs. Hydrogen-bond constraints were addedRe is a chemical exchange term, and S2s and S2f are terms
in the final stage of refinement for both the transmembrane that result from resolving the generalized order parameter
segment and the cytoplasmic helix from residue 4 through into two order parameters. S2s reflects slower motions, and
14, and from residue 24 through 49, respectively. S2f, faster motions. A nonlinear least-squares fit was used

All NOEs were unambiguously assigned. When stereospe-to optimize a local correlation time., at each residue. In
cific assignments could not be made, pseudoatom correctionghis model, the local correlation timee, replaces the global
were employed via the center of mass approach. Conformerscorrelation timezy,, and no global rotational diffusion model
were accepted on the basis of the lowest NOE violations by is assumed. In each case, 500 Monte Carlo simulations were
use of the “accept.inp” routine included in the XPLOR performed.
software package. The 40 selected structures showed no NOE Conformational exchange broadening was analyzed by a
violations greater than 0.5 A, no bond angle violations greater semiquantitative approacB3) to characterize the dynamics
than 5, and no bond length violations greater than 0.05 A. of pAFA-PLB on the micro- to millisecond time scale. First,
The covalent geometry of the conformers generated wasR; spin relaxation rates were measured with a composite
analyzed with PROCHECK_NMR2(). refocusing pulse during th&, evolution period, with a

Measurement 0PN Backbone Dynamics and Model-Free WALTZ-16 proton decoupling scheme to eliminate the
Analysis!H—15N spin relaxation measurements were carried effects of 'H—1°N scalar coupling,’®N chemical shift
out using two-dimensional, proton-detected heteronuclearanisotropy, andH—°N dipole cross-correlation. THe spin
NMR experiments, implementing standard pulse sequenceselaxation measurements were repeated with a CPMG pulse
based on Farrow et al2®). Spectral widths of 1700 and train duringR, time (R:°"V©) to suppress the contributions
7000 Hz were used in thel (**N) andw2 (*H) dimensions,  to the relaxation arising from chemical or conformational
respectively?®N decoupling during acquisition was achieved exchange. Spectra were acquired with 64 points indthe
by use of a GARP-1 pulse sequen@®)( The effects of (**N) dimension and 2048 complex points in the (*H)
cross-relaxation betweéhl—°N dipolar and* >N chemical dimension, with spectral widths of 1700 and 9000 Hz,
shift anisotropy (CSA) were removed by applyittg 180° respectively. The repetition rate within the CPMG pulse train
pulses during relaxation delayg9). 'H—1°N steady-state  (rp) was measured, and 0.8 ms was determined to be the
NOE enhancements were measured with no initial proton best value. The relaxation delays for bd® and RCPM©
saturation and then with initial proton saturation to allow experiments were 9.6x@2), 30.4, 49.6, 70.4, 89.6, 110.4,
NOE evolution. The initial proton saturation period was 3 and 150.4 ms.

s. Data were collected with 1024 complex points and R, andR.°PMCwere fit to single-exponential decay by use
employed 256 scans in the2 (*H) dimension and 96 points  of the Rate Analysis tool in NMRView25). Errors were

in the w1 (**N) dimension.R; spin—lattice relaxation rates  estimated from the standard deviation of the difference in
were measured in a series of spectra with relaxation delayspeak heights in duplicate spectra, as described above, for
of 10 (x2), 20, 40, 180, 300, 500, 800, 1000, and 1100 ms. andR; (30, 31). The results of these experiments are reported
R, spin—spin transverse relaxation rates were measured withas AR;,, the difference betweeR, and R,°PMC, which is an
relaxation delays of 10x2), 30, 50, 70, 90, 110, and 150 estimate of the rate of chemical or conformational exchange,
ms. For bothR; and R, measurements, the spectra were Rex

recorded by 64 scans with 1024 and 64 complex points in H/D Exchange FactorsExchange factors fofN uni-

the w2 (*H) and w1(**N) dimensions, respectively. The formly labeled pPLB-AFA were determined as described
relaxation delay for bothR; and R, measurements was 1.5 previously 84). NMR samples were lyophilized and resus-
S. pended in solutions containing 5%, 15%, 30%, and 50%,D

R: andR, were fit to a single-exponential decay by use of respectively, and foutH/**®N HSQC spectra were collected
the Rate Analysis tool in NMRView25). Errors inR; and for each BO concentration after a fixed 30-min incubation
R, were estimated by obtaining duplicate spectra with period at 37°C. The amide intensities for all the spectra
relaxation delays of 10 ms3(Q). The errors inR; and R, were normalized to those measured in the sample with 5%
were obtained from the standard deviations of the Monte D-O. The peak intensities were plotted as a function of the
Carlo simulations31). The error in théH—1°N steady-state ~ mole fraction of HO (X) according to
NOE enhancement was estimated from the standard deviation
of the baseplane noise in the spectrum without initial proton (yC)_l =y(1—-X)X+1
saturation 28).

The relaxation measurements were analyzed with the wherey is the peak volumeC is a normalization factor, and
Modelfree software packag&1). In this calculation, the  the slopey is the exchange factor. The errors on the exchange
entire data set is fit to a model in which the molecule factors were determined from regression analysis on the
undergoes nanosecond rotational diffusion with a rotational above equation.
correlation timery, and each residue undergoes its own local  Localization of PLB Cytoplasmic Domain in DPC Mi-
motion characterized by one or more order parameters andcelles.As with the unphosphorylated AFA-PLB, the local-
correlation times that are much shorter thapn Model ization of pAFA-PLB with respect to the micelle surface was
selection was performed according to Mandel et3®2).(A established by use of Mh as a paramagnetic relaxation
sum-squared error (SSE) was minimized for each residue inagent. The line broadening of the amide resonances in the



Structure of Phosphorylated Phospholamban

HSQC spectra was used to assess the exposure of the amides

to the bulk solvent or their position with respect to the
hydrocarbon region of the micelle85).

RESULTS AND DISCUSSION

In our structural and dynamics studies, we utilized a
biologically active, monomeric mutant of PLB suitable for
NMR study, which has three transmembrane cysteine
residues mutated to alanine, phenylalanine, and alanine,
respectively (AFA-PLB) 11, 12). The original NMR struc-
ture and™N backbone dynamics of this mutant were reported
under the following experimental conditions: 600 mM DPC,
pH 4.2, 20 mM phosphate buffer, and 8C (13, 15). A
later study involving direct interactions with the SERCA used
conditions of 300 mM DPC, 20 mM phosphate buffer, pH
6.0 at 37°C found to be favorable for the activity of both
proteins {). To verify that no changes in the structure and
dynamics were occurring, we repeated both structural and
dynamics NMR measurements under these new conditions.
The Ho chemical shifts and the NOESY patterns were found
to be identical to those under both experimental conditions
(data not shown). In this paper, we used the new experimental
conditions described above to ensure SERCA activity and
PLB inhibitory effects 7).

Though the phosphorylation of PLB has been widely
studied in cardiac SR homogenates and in vivo cell expres-
sion systems, the NMR study of recombinant PLB phos-
phorylated in vitro has been hindered by the inability to
obtain full in vitro phosphorylation of PLB. Under our
experimental conditions, we obtained full in vitro phospho-
rylation of AFA-PLB, as indicated by a gel shift on a Western
blot with the PLB-specific antibody 1D11.8) (Figure 1A).

The presence of the phosphate group was confirmed by use

of the pPLB specific antibody 283.8) (Figure 1B) and by
MALDI-TOF mass spectrometry, which verified that the
product had the expected mass (Figure 1C).

NMR Solution Structure of pAFA-PLBhe fully S16-
phosphorylated AFA-PLB displays a well-resolved NMR
spectrum, as shown by the HSQC spectrum in Figure 2.
Chemical shift and NOE assignments were accomplished by

A B
12 3 4 1,23 4
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Ficure 1. Western blot and MALDI-TOF mass spectrometry
results characterizing the phosphorylation of AFA-PLB at S16. (A)
The characteristic gel shift upon phosphorylation is observed by
use of PLB-specific antibody 1D11. (B) The presence of phospho-
rylation is confirmed by use of the S16 phosphorylated PLB specific
antibody 285 18). The samples run on both blots are identical and
are labeled: (1) 100 ng of AFA-PLB (control), (2) 100 ng of pAFA-
PLB, (3) 200 ng of AFA-PLB (control), and (4) 200 ng of pAFA-

PLB. Control samples were prepared exactly as the phosphorylated

samples, except that ATP was omitted from the reaction vessels.
(C) MALDI-TOF mass spectrometry results of the phosphorylated
product, pAFA-PLB. Expected mass: 6293.
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Ficure 2: (A) Fully assignedH—1°N HSQC spectrum of pAFA-
PLB in 300 mM DPC micelles obtained at 800.24 MHz at°8%

For clarity, only the resonances of S16 and T17 from the
unphosphorylated form of PLB are superimposed and indicated in
the box. (B) Histogram showing the normalized changes in amide
chemical shifts upon phosphorylation calculated according to the

expressionAd = 4/(Ad\*/25+Ad,%)/2, whereAdy and Ady are

the changes in chemical shifts for the nitrogen and proton,
respectively.

use of both>N-edited TOCSY-HSQC and°N-edited
NOESY-HSQC experiment{). 1*N-edited NOESY-HSQC
experiments were conducted with mixing times of 150 and
200 ms, with similar results. A total of 423 intra- and
interresidue NOEs were defined and classified as strong,
medium, and weak by use of NMRView softwa@b). Both

the backbone NOE pattern and the ldhemical shift index
(CSl) indicate the presence of two helical domains, from
residue 4 through 14 and from residue 23 through 50 (Figure
4).

A comparison of the el proton chemical shifts of AFA-
PLB and pAFA-PLB immediately reveals a change in
secondary structure around the phosphorylation site (Figure
4). AFA-PLB shows strong upfield shifts in the chemical
shift index from the N-terminus through residue 17, an
indication that this region is-helical. In contrast, pAFA-
PLB shows weak upfield shifts up to residue 12, which
gradually evolves in downfield shifts up to residue 22. The
Ha chemical shifts of the transmembrane helices for both
AFA-PLB and pAFA-PLB are quite similar, showing that
this structural element is preserved in both forms. The
observation of botlan(i, i + 1) anddun(i, i + 1) NOEs in
conjunction withdyn(i, i + 3) anddyn(i, | + 4) connectivities
is diagnostic of a regulan-helix (36). We detected several
dun(i, i + 1), den(i, i + 1), and an overlapping series of
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Ficure 3: (Top) Sequential and medium-range protqmoton
backbone NOE connectivities obtained frétN-edited NOESY-
HSQC experiments for pAFA-PLB. Thick, medium, and thin bars
represent strong, medium, and weak connectivities, respectively.
(Bottom) NOE count versus residue number: intraresidue NOEs
are denoted with solid bars, while interresidue NOEs are denoted
by open bars.
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Ficure 4: Histograms representingotHchemical shift indices for

the phosphorylated and unphosphorylated forms of PLB.

10

dun(i, i + 2) involving residues 421 and 24-52, while
dun(i, i + 3) anddun(i, i + 4) connectivities mostly involve
residues 414 and 24-52. A summary of medium- and
short-range NOE connectivities is presented in Figure 3. Most
of the NOEs are localized in the two structured regions of
PLB, while the relatively long segment encompassing
residues 1323 does not show a substantial number of
NOEs. In particular, severak(i, i + 3) anddun(i, i + 4)
that were detected for the unphosphorylated foir®) @re
now absent (see Figure 3).

A total of 419 NOEs were used in the structure calcula-
tions. The lowest conformational energy structures resulting

Metcalfe et al.

Table 1: NMR-Derived Restraints and Structural Statistics for the
20 Lowest Energy Conformers

NOE, Hydrogen Bonds and Dihedrals

total NOE 419
intraresidue 150
interresidue 242
hydrogen bonds 29
dihedral angles®/¥) 0

Average Energies (kcal md

Etot 197+ 15
Enoe 48+ 7
Ebond 20+ 1
Eangle 111+ 6
Eimproper 18+1
Evow 10+ 4
Restraint Violations
>0.5A 0

RMSD (A) for Backbone Superposition

helix 1, residues 313 0.50+ 0.27
helix 2, residues 2250 0.964 0.40
helix 2, residues 2550 0.86+ 0.22

RMSD (A) for Heavy Atom Superposition

helix 1, residues 313 1.86+ 0.97
helix 2, residues 2250 2.06+ 0.74
helix 2, residues 2550 1.87+0.35
Ramachandran Analysis (%)

residues in most favored regions 81.6
residues in additional allowed regions 15.0
residues in generously allowed regions 2.0
residues in disallowed regichs 15

2 Residues in disallowed regions are located in the unstructured loop.

structures. As with the unphosphorylated PLB, the backbones
of the conformers of the phosphorylated species do not
converge to form a tight ensemble of structures. While the
superposition of the backbones of the unphosphorylated form
gives poor convergence with a RMSD oB.4 A (13), the
superposition of the backbones for the phosphorylated species
gives~6.2 A RMSD, indicating no convergence (Figure 5A).
Only the superposition of the specific domains gives good
convergence of both the backbone and side chains (see Table
1). The superposition of the backbones gives a RMSD of
0.50 and 0.86 A for residues-33 and 25-50, respectively.

If the structural fitting is performed including residues—22

24 (i.e., from residue 22 to 50), the RMSD increases
significantly and becomes 0.96 A. For the structures of the
unphosphorylated AFA-PLB, the superposition of this region
gives a RMSD of 0.19 A, while superposition of residues
22—50 gives a RMSD of 0.48 A. This shows that the transfer
of a single phosphoryl group induces a less defined structure
throughout the entire transmembrane domain, and in par-
ticular around region 2224. Interestingly, residues 224

of the protein have been shown to be more solvent-exposed
and more dynamic than the rest of the transmembrane domain
as probed by NMR, EPR, and fluorescence spectrosddpy (
37, 39).

These results show that the longer loop induced by
phosphoryl transfer results in the loss of structural correlation
between the different domains, thereby constituting a point
of flexibility between two very well-defined structural
domains, a mechanism supported by the spin relaxation

from our simulated annealing calculations were selected andmeasurements (see following sections). The distinct “L-

analyzed. All the structural statistics are reported in Table
1, while Figure 5 shows the superposition of the generated

shaped” structure identified in the unphosphorylated form
is no longer present upon phosphorylation.
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Ficure 5: (A) Overlay of the backbones for the ensemble of 40 o 101 %ﬂ
lowest energy conformers generated by the simulated annealing
procedure. (B) Top: superposition of heavy atoms (residueis33 0

for the cytoplasmic helix. Bottom: superposition of heavy atoms 2'0 3'0 4'0 5'0
(residues 2250) for the transmembrane helix. (C) Cartoon
representation of the average minimized structure, evidencing R13 Residue

and 516 facing each other. FIGURE 6: 15N backbone dynamics measurements of AFA-PLB and
) pAFA-PLB in 300 mM DPC micelles obtained at 600 MHz at 37
5N Backbone Dynamics of AFA-PLB Phosphorylated at °C. 1H—15N NOE, R;, and R, values obtained at 600 MHz are

S16.The relaxation rate®}; andR,, and the heteronuclear plotted by residue number.
steady-state NOE enhancement values for the backbone
amides of pAFA-PLB are reported in Figure 6. These values
could not be obtained for overlapped residues Q5 and R9,

—_
—_
o1

Q26 and 133, and F32 and 140 or for P21 (see Figure 6).
The heteronuclear NOE values show rigid motions (NOE & 12
0.8) in the transmembrane domain (residues3®). The 2 g »
. . . . . . N6 ]
cytoplasmic helix has slightly less restricted motions, with S © xpﬁ_. 'uzmﬁ
NOE values between 0.6 and 0.7. Between residues 12 and e 'ﬁﬁﬁ
24, NOE values drop to 0.5 or less, reflecting the relatively -6

free motions of this unstructured regidR, values average 110 20 30 40 50

2—3 s lup to residue 25. Beyond residue 25 and throughout _ veis of slow Res'dlue o for both

the transmembrane helix they are consistently arounid.1 s Zf&’%ﬂz Aﬁnl_aB):/s'slgt Zfom é'rgﬁfgf:niéngg&]e é)?rN %mﬁn'éﬁf dLB
On the other handg. values up to residue 18 are very s.lmllar R., performed with and without CPMG pulse train, respectively.
to those for unphosphorylated PLB, averaging approximately Large values ofAR, correspond to conformational exchange
15 s'L. Residues 1820 in the hinge region display much broadening caused by motion in the micro- to millisecond time
shorterR, values (-10 s°9), while from residue 2228 the ~ Scale:

R, values return to~15 s For the most hydrophobic  conformational changes but also causes dynamic changes
residues of the transmembrane domainRhealues increase  throughout the entire protein backbone.

to an average of 204 Throughout the protein, heteronuclear  conformational exchange on the micro- to millisecond
NOE values are lower for pAFA-PLB than AFA-PLB, with  time scale was measured by the method described by
the most significant differences occurring within residues Zuiderweg and co-workers38), which is based on the
1-29. Additionally, the NOE value for residue 38 of pAFA-  differences betweeR, (relaxation rates) values, measured
PLB is measurably lower than for the unphosphorylated PLB. by use of a pulse sequence with a single, composite
A similar NOE value is seen for residue 39 of pAFA-PLB, refocusing pulse during th, evolution period, andR,CPMG
which is further evidence that pAFA-PLB has more mobility values, measured with a CPMG train of pulses substituting
within the first few residues of the transmembrane helix. for the single pulse. The differences between tHREEMC
Taken together, these three data sets (NQE,and Ry) and R, values, reported aAR, in Figure 7, are directly
indicate that phosphoryl transfer to S16 not only causes local correlated with thd=ex terms. Values close to 0 correspond
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Table 2: Summary of Modelfree Analysis of pAFA-P£B
residue  model & d®  7e(ps) e Rex(s) dR

K3 3 0.93 0.12 10.1 2.4
V4 4 0.89 0.02 165 69 57 3.0
1.2 Y6 4 0.95 0.10 316 119 0.0 2.0
: L7 4 0.92 0.02 615 216 7.6 3.7
Hﬂ,}&%ﬁ j ﬂ%ﬂa T8 4 093 001 138 129 86 3.0
Ql 0.8 1 S10 3 1.00 0.10 11.1 25
2 All 4 0.96 0.01 726 122 10.5 2.4
0.4 112 4 0.88 0.01 170 48 6.6 2.7
R13 4 0.87 0.01 295 43 12.2 3.0
0.0 R14 4 0.80 0.07 52 145 11.8 4.9
VT T T T T T 118 4 0.74 0.03 444 95 6.4 3.0
900 E19 4 0.67 0.03 329 62 4.3 3.6
% M20 4 0.72 0.04 331 85 4.0 2.7
— R25 3 0.79 0.01 13.3 2.5
& 600 % N27 3 079 001 133 25
) ‘}g L28 4 0.88 0.02 137 64 8.1 3.9
e 300-'} { 4 { Q29 4 094 003 130 52 6.7 44
* {H‘I 4 *{ H-H?Q b w,m N30 4 095 002 69 25 109 45
0- AN L31 4 0.95 0.02 53 26 7.4 42
T T T T T T N34 2 0.95 0.09 42 21
20 F35 1 1.00 0.10
—_— 151 A36 1 1.00 0.10
- % H L37 1 100 0.12
T % 4}4% 138 2 095 007 42 23
X ‘} L39 2 0.95 0.05 63 29
CéD 5 ﬂi ﬁ% H F41 2 0.95 0.08 21 17
ﬂ {. ! {, {, {, L42 1 100 011
01 L43 2 0.95 0.06 42 19
r , T r . r L44 2 0.95 0.05 62 27
1 10 20 30 40 50 145 2 1.00 0.12
A46 2 0.94 0.05 42 21
Residue 147 2 0.95 0.05 42 20
FIGURE8: Model-free analysis dfN relaxation data for both AFA- l\;lfg i 188 832
PLB and pAFA-PLB.Z (order parametery, (internal correlation M50 > 0‘95 0'06 42 20
timg), andRe (chemical exchange rate) are plotted according to L51 5 0'95 0'06 126 80
residue number. L52 2 090 006 147 73

to an absence of dynamics in the micro- to millisecond time 2 Overlapped residues and residues that could not be fit with any
scale, while higher values ofR; indicate conformational ~ model are excluded from the table.
exchange. ThAR; values are close to 0 in the two helical

regions of the protein. A substantial increase AR, is cytoplasmic helix, loop, and the first several residues of the
observed around the phosphorylation site spanning residuegsransmembrane helix were fit with model &, ., andRex.
14—-17. In addition, residues 224 also show increasetiR, The remainder of the transmembrane helix (residues 34

values. This region has significant dynamics in the unphos- 52) was fit with models 1 and 2. Several residues could not
phorylated PLB, which is accentuated by the presence of be fit with any model. These included E2, R15, S16, T17,
the phosphoryl group. Overall, from the analysis of these N22, N23, and A24. It should be noted that these residues
data it can be inferred that PLB phosphorylation causes anare in unstructured regions, ha\l¢—1°N NOE values lower
increase in the micro- to millisecond time-scale dynamics than 0.5 (Figure 6), and undergo motions on the micro- to
involving the overall motion of domains la, Ib, and the loop. millisecond time scale (Figure 7). The relative motional
TheRy, Ry, and heteronuclear NOE values were interpreted freedom of these residues makes them impossible to fit with
according to the model-free analysis of Lipari and Szabo any dynamics model.
(39) by use of Modelfree softwared{) available from Dr. The S values across the protein show a pattern of restricted
Arthur Palmer at Columbia University. Model selection was motions in the helical regionss{ ~ 0.9) and increased
achieved according to Mandel et 82]. In accordance with  mobility in the loop region ® < 0.8) (Figure 8). The long
the recently reported model-free analysis of AFA-PUB)( 7o values for residues-129 indicate less restricted motion
we chose the local diffusion model, which does not assumethan for residues 30652, which have very short, values
a single rotational correlation time for the entire protein but (~40 ps).Re values are the fastest(2 s%) in the loop
rather fits a local correlation time for each residue. Similar region. The notable exceptions in this region are residues
fits assuming isotropic or axially symmetric rotational 18-20, which haveRex values between 4 and 6% This
diffusion produced inadequate agreement with the experi- correlates well with the observedR, values for these
mental data (high/? values, results not shown). The best residues, which were significantly lower than for the other
data fit was accomplishing by use of a combination of residues of the loop region. The absence ofRhgterm in
modelfree parameter sets: (B, (2) & andz., (3) & and the membrane-associated part of the transmembrane helix
Rex, and (4) 2, 7., and Rex. These results are plotted by corresponds well with the lowkR, values observed for this
residue number in Figure 8 and summarized in Tables 2 andregion in the conformational exchange experiments, since
3 for both AFA-PLB and pAFA-PLB. Most residues in the the ability to fit these residues with models 1 and 2 is
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Table 3: Summary of Modelfree Analysis of AFA-PEB
residue  model f d¥  T(ps) dre Rex(sH  dRe

M1 4 0.89 0.09 306 118 3.6 2.1

E2 4 0.84 0.01 139 139 3.2 3.0

K3 2 0.90 0.12 316 125 8

V4 4 0.89 0.11 88 122 1.2 2.8

Q5 1 0.90 0.20 6 -

Y6 4 0.95 0.11 128 139 1.6 3.2

L7 4 0.95 0.12 127 95 1.5 34

T8 4 0.95 0.08 88 120 6.0 4.8 X

S10 4 0.95 0.13 91 115 2.5 2.7

All 4 0.95 0.13 72 78 1.4 2.6

112 1 0.96 0.19

R13 1 1.0 0.14

R14 4 0.95 0.13 43 44 1.3 2.9

S16 4 0.95 0.09 177 129 2.6 3.7

T17 2 0.95 0.10 295 117

118 2 0.89 0.11 171 119 ’\o\

E19 2 0.74 0.15 84 127 <

Q23 4 0.89 0.10 311 169 4.8 3.0 g

A24 4 0.89 0.09 116 161 4.6 4.1 =

R25 4 0.90 0.13 125 177 1.1 2.2 GCJ

Q26 2 0.90 0.12 126 102 D

N27 2 0.90 0.11 105 111 o

L28 4 0.89 0.11 90 118 1.7 3.2 >

Q29 1 0.96 0.18 5

N30 4 0.95 0.11 342 188 0.5 3.1 c

L31 4 0.95 0.12 102 82 1.2 3.1 ..“E’

133 2 0.95 0.12 84 71 -

N34 4 0.94 0.14 48 44 0.9 3.3 <

F35 1 0.98 0.21 -40-+ T T T T T

A36 1 0.96 0.20 1 10 20 30 40 50

L37 1 0.96 0.22 .

138 1 094 021 Residue

F41 1 1.00 0.20 FiGure 9: (Top) Comparison of the exchange factgrsfor both

L42 1 0.94 0.22 AFA-PLB and pAFA-PLB. (Bottom) Histogram showing the

L43 1 0.94 0.22 difference in intensity retention in pAFA-PLB and AFA-PLB upon

L44 1 0.95 0.18 addition of Mr#* ions. Positive values indicate that phosphorylation

145 1 0.88 0.23 caused the residues to be more exposed to the bulk solvent; negative

A46 1 0.98 0.18 values show that phosphorylation caused the residue to be less

147 1 0.93 0.18 exposed to the bulk solvent.

148 4 094 0.17 27 31 0.7 3.3

?\/A‘;% i 8:32 8&; that domain Ib is more mobile and could be responsible for

L51 4 085 0.16 21 90 0.9 26 molding PLB into SERCA and other binding partners such

L52 2 0.85 0.12 69 100 as protein kinase A and phosphatase 1.

aQOverlapped residues and residues that could not be fit with any ~ The melting of the structured loop and the partial unwind-
model are excluded from the table. ing of the cytoplasmic helix also causes the amide resonances

of these regions to be more exposed to paramagnetic
characteristic of the absence of slow dynamics (micro- to quenching by M#" ions. This is clearly shown in Figure 9,
milliseconds). Bothr, and R values indicate the presence Wwhere a difference in the retention of the signal intensity in
of additional dynamics on both the pico- to nanosecond andthe HSQC experiments in the presence of?Mibns is
micro- to millisecond time scales for the cytoplasmic helix, reported for both phosphorylated and unphosphorylated PLB
which is further supported by tH, spin relaxation values.  as a function of the residue number. A positive value in
Finally, as shown for the unphosphorylated form of PLB Figure 9 means that phosphorylation of AFA-PLB increases
(15), there are quantitative discrepancies betweenRlie  exposure of that resonance to the bulk solvent. While the
values calculated from the Modelfree approach and the onespattern for the transmembrane domain is identical in both
determined experimentally. This is due to the approximation species (i.e., the values in Figure 9 are close to 0), there is
we used in the Modelfree approach, which does not take a substantial difference in the paramagnetic effects between
into account the rotational anisotropy of PLBY]. phosphorylated versus unphosphorylated PLB for residues

Both H/D exchange factor measurements and paramagnetic-1—18. In addition, residue 4 seems to be more prone to
mapping experiments support the results obtained for theParamagnetic quenching, while residue 22 shows opposite
structure and dynamics of pAFA-PLB. Exchange factors behavpr. One possibility is that the confo_rmanonal and
plotted as a function of the residue number show that the dynamic changes caused by phosphorylation affect these
hydrogen-bond network around the phosphorylation site has'€sidues by exposing (residue 4) or protecting (residue 22)
been disrupted by the presence of the phosphoryl group (sedhem from the MA" ions.

Figure 9). In addition, in pAFA-PLB we found higher values Nonetheless, on the basis of these results it is not possible
of exchange factors in the whole cytoplasmic domains and to give the exact topology of the cytoplasmic domains of
in domain Ib. This further supports our previous findings pAFA-PLB. Solid-state NMR experiments are underway to
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determine whether the residual cytoplasmic helix lies parallel phosphorylation at S16 not only induces local conformational
to the lipid bilayer or undergoes free motion in the bulk changes (i.e., the loss gfturn conformation for the short
solvent. loop, residues 1721, and the unwinding part of the
Functional ImplicationsPrevious high-resolution studies cytoplasmic helix, residues 336) but also affects the entire
of the effect of S16 phosphorylation on PLB have been protein backbone dynamics.
D synéhgﬂc f:ag(rjn.ents der_|ved|from thg PI.‘B primary — pecent NMR and EPRLG, 37) studies show that free PLB
fse;qhue?cet?n hlss?r:/e f'fn otrga?lfhsoments.h url'tnveStf'gat'onexists in a conformational preequilibrium between two
gme fltrhs fOIIS-I OnWth SfB?r:: Snom r?ir? On?lpmob? nra-r;rf}rir tcim structural states. The existence of these structural states is
ot the fuil-leng onomerin a membrane ®lC encoded in the exchange terms of the micro- to millisecond
environment. ; : ) )
. . dynamics NMR experiments and is even more apparent in
For our studies, we focused on a monomeric mutant of . o : .
. the EPR experiments. Addition of SERCA induces a shift
PLB (AFA-PLB), which has been shown to preserve full ¢ d the more d icallv disordered of the two state
inhibitory function while being more amenable to spectro- ovvtarb_ trr]n r ynzi_rmcaty tls rI r 'I'k?' N fpo states,
scopic studies 1—16). The biological significance of periurbing the preexisting structural equitiorium o LB.(
The results presented in this paper support the presence of a

studying the monomeric form of PLB stems from the fact L .
that inhibitory function is activated by the depolymerization Structural preequilibrium and underscore the hypothesis that

of PLB into monomers and that the homopentamer is an Phosphorylation perturbs the conformational switch (see
inactive reservoir§—8). Moreover, under our experimental  Increased presence of the micro- to millisecond dynamics),
conditions, SERCA, PLB, and PKA are all fully functional, €ausing considerable rearrangement of the PLB binding
giving our research biological significance. surface 88).

Our structural findings on pAFA-PLB are in agreement  Recent data acquired for neonatal cardiac myocytes by
with several other spectroscopic analyses carried out inDillmann and co-workers4d) confirm the conformational
micelles and organic solvents on small peptide fragments of changes in the PLB cytoplasmic domain, and using both in
PLB (40—42). In particular, our results support a previous vitro and in vivo studies, they demonstrate that by mimicking
investigation carried out on monomeric and pentameric PLB PLB phosphorylation it is possible to devise new therapeu-
reconstituted in both lipids and micelle$3]. From fluores- tical strategies to increase cardiac contractility.

cence _quenchmg measurements and SBSG.'E gel_-shn‘t While our results shed new light on the conformational
analysis, these researchers concluded that in various mem-

L : X . .~ "and dynamical transitions of PLB in the unbound state,
brane-mimetic environments, including detergents (sodium

dodecyl sulfate, octyl glucoside) and lipids (DOPC), phos- further investigation f(|)f PLB bound to ?ERCA will b?f.
phorylation does not change the oligomerization state of necessary. A recent fluorescence study limited to specific

PLB; rather it induces a localized structural change within labeled sites o_f PlTB suggests that this protein whe_n bound
the PLB protomer. Our data complement and enrich these© SER.CA maintains a cpmpact conformation, \.’Vh'IF." upon
studies, revealing the atomic details of both the conforma- the addition of PKA .PLB IS phosphorylated and its binding
tional transition and the enhanced dynamics induced by Surface may be significantly different$, 46). The observed
phosphoryl group transfer. From the NMR structure of a changgs in local conformation as we_II as local a_nd global
phosphorylated fragment of PLB solubilized either in a dynamics that we observe _sustam this interpretation. How-
trifluoroethanol/water mixture or in SDS micelles, Johnson €Ver. & better understanding of how phosphoryl transfer
and co-workers 40) concluded that a possible trigger affec_ts PLB interactions with SERCA will only become
mechanism for the conformational switch is the formation Possible when the bound forms of PLB, both unphospho-
of a salt bridge between the protonated guanidinium side r'ylated and phosphorylated, are elucidated at the atomic level.
chain of R13 and the phosphoryl group of S16. On the other

hand, Pollesello et al.4@), using NMR and structure CONCLUSIONS

minimization procedures in the presence of Coulombian .
interactions, found that a S16/T17 double-phosphorylated We r.eport the NMR solution structure af#ft backbone
1-36 N-terminal fragment of PLB in TFE/water mixture dynamics of AFA'PI.‘B phpsphoryla’ged at S16 by CAMP-
shows that R14 rather than R13 is proximal to S16. Although dePendent protein kinase in DPC micelles. Upon phospho-
our average minimized structure supports a proposed salfylation, AFA_—PLB_ loses |ts_ se_condary structure around t_he
bridge mechanism between R13 and S16 (Figure 5C), we Phosphorylation site, resulting in an unstructured loop region

conclude that since S16 is highly dynamic, with a hetero- Petween twaoo-helical domains with a concomitant loss of
nuclear NOE value less than 0.6, the formation of a stable Structural connections between the transmembrane and the

salt bridge is unlikely. cytoplasmic domains. Phosphorylation also increases the

While our data do not completely rule out the possibility mMobility of backbone motion across the entire protein,
of a transient salt bridge, they suggest that changes in netinducing opposite effects dRy andR; spin relaxation rates.
charge alone may not be able to account for the effects of These changes in dynamics reveal that while structural
phosphorylation and that the conformational switch may also changes induced by phosphorylation are localized in the
be triggered by steric interactions between the phosphateresidues surrounding the phosphorylation site, the changes
group on S16 and spatially proximal residues. in dynamics extend throughout the entire protein. These

Both conformational changes and dynamics may explain results are significant for understanding how the addition of
the changes in the proteitprotein interactions observed in  a phosphate group at S16 disrupts the interactions of residues
the transmembrane and cytoplasmic domains of SERCA andwith SERCA in both the cytoplasmic and transmembrane
PLB. To this extent, our NMR investigation shows that domains of the protein.
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