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ABSTRACT. Phospholamban (PLN) and sarcolipin (SLN) are two single-pass membrane proteins that regulate
Ca&+-ATPase (SERCA), an ATP-driven pump that translocates calcium ions into the lumen of the
sarcoplasmic reticulum, initiating muscle relaxation. Both proteins bind SERCA through intramembrane
interactions, impeding calcium translocation. While phosphorylation of PLN at Ser-16 and/or Thr-17
reestablishes calcium flux, the regulatory mechanism of SLN remains elusive. SERCA has been crystallized
in several different states along the enzymatic reaction coordinates, providing remarkable mechanistic
information; however, the lack of high-resolution crystals in the presence of PLN and SLN limits the
current understanding of the regulatory mechanism. This brief review offers a survey of our hybrid structural
approach using solution and solid-state NMR methodologies to understand SERCA regulation from the
point of view of PLN and SLN. These results have improved our understanding of the calcium translocation
process and are the basis for designing new therapeutic approaches to ameliorate muscle malfunctions.

Two membrane proteins, sarco(endo)plasmic reticulum  Sarcolipin (SLN) has a primary sequence homologous to
calcium ATPase (SERCA)and the ryanodine receptors that of the transmembrane domain of PLB) §). Initially,
(Ryr), play major roles in calcium regulation within muscle SLN was thought to be the counterpart of PLN within
cells. Ryrl and Ryr2 are responsible for releasing@@am skeletal muscle, playing only an ancillary role in cardiac
the sarcoplasmic reticulum (SR) of skeletal and cardiac muscle. Recently, however, significant expression levels of
muscle, respectively, resulting in muscle contraction. SLN have been detected in cardiac atrial muscle, with lower
SERCAla and SERCA2a pump calcium from the cytosol levels in ventricular muscle7(-9), suggesting that it may
into the SR in skeletal and cardiac muscle, respectively, Play an important role in regulation of the heart. When SLN
initiating muscle relaxation. Phospholamban (PLN), a 52- Was initially copurified with fast-twitch skeletal SERCAla
residue protein spanning the SR membradg {s an (10), no post—translatlona! modifications were identified,
endogenous inhibitor of SERCA, lowering the apparent Which led to the conclusion that the regulation of SLN
calcium affinity of the ATPase. The relief of SERCA depended on its variable expression levats (2). Recent
inhibition is achieved by phosphorylation of PLN at Ser-16 €Vidence shows that SLN inhibition can be fully reversed
by protein kinase A and/or Thr-17 by &#calmodulin- by |soproterenol, g-adrenergic receptor agonist |n_PLN
dependent protein kinas@)( In vivo studies demonstrate knockout mice {3). These results led to the hypothesis that

that PLN phosphorylation at Ser-16 and Thr-17 has different thle tl_nh|b_|tory effect of SI._N_Icant bethr eglerfsegl_\'/\lla Iphos_i)ho-
physiological effects, suggesting that these mechanisms acfy'ation in a manner simiar to that o - In vitro
independently 3, 4) experiments have shown that SLN can be phosphorylated at
o Thr-5 when cotransfected with serine/threonine kinase 16

(STK16) (13). From these biological data, it is clear that
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Ficure 1. Proposed enzymatic cycle mimicking the four major conformational states of SERCA: E2 (1M)QEL-Ca (1SU4) @4),
E1-ATP-Ca (1VFP) (16), and E2P (1XP5)18). PLN and SLN are believed to inhibit the E2 conformation as indicated within the model.

the SERCA-PLN complex is a low-resolution cryoelectron
microscopy image (810 A) obtained by Stokes and co-
workers @0). Hampering the formation of large, highly
diffracting SERCA-PLN and SERCA-SLN cocrystals is

the dynamic interplay between the proteins and lipids. For

this reason, MacLennan and co-workers have used a plethore’.
of biological data (mutagenesis studies, coimmunoprecipi-
tation assays, and cross-linking experiments) in concert with
molecular dynamics simulations to model SERSRLN

(21), SERCA-SLN (22), and SERCA-PLN—SLN com-

plexes R2) (Figure 2). Hutter et al.Z3) have also modeled

the solution structure of C41F PLN determined in a
chloroform/methanol mixture with the E2 form of SERCA

using molecular mechanics. While these models shed light

on the interaction between SERCA and PLN and SLN, there

are inconsistencies concerning the topology and structure of
PLN and SLN within the complexes. SLN/SERCA PLN/SERCA

This review reports on our recent progress involving the .
A FicUrRE 2: Molecular modeling of SERCASLN (22) and SERCA-
struc_:turg determln_atlon (.)f PL.N and SLN f"md tow_ard PLN (21) complexes. Coordinates of complexes generously pro-
elucidation of the interaction with SERCA using solution yided by D. H. Maclennan and C. Toyoshima.

and solid-state NMR. While many contributions to the

structural analysis of PLN and SLN from other laboratories
are cited and related to our work, this review is not intended
to be an exhaustive overview of the large amount of structural  For both solution and solid-state NMR, we use two major
and biological information about PLN and SLN within the criteria for sample preparation: (1) functionality of proteins
literature. under NMR conditions and (2) the ability to acquire high-

Choice of Membrane Mimicking Eimonments for
Spectroscopic Studies
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Ficure 3: Activity assays of SERCA in the presence and absence of PLN and SLN in 4/1 DOPC/DOPE lipid bilayers (A and B) and DPC
detergent micelles (D and E). SERCA activity in lipid bilayers was measured via the coupled enzyme assay and is reproduced with permission
from ref 24. Copyright 2003 Elsevier. The activity assays in DPC micelles were conducted®¥BinNMR spectroscopy (C) as previously
reported 26). Reproduced with permission from re2§ and 26. Copyright 2006 Elsevier.

quality NMR spectra. Being membrane-embedded proteins,23 to 52) (Figure 4A) 29). From simulated annealing
SLN and PLN need lipid environments to elicit their calculations, we obtained a structural ensemble with very
biological function. After scanning several different condi- good convergence for each single structural domain (see ref
tions, we chose dodecylphosphocholine (DPC) detergent29), but with the PLN conformers displaying an interhelical
micelles for solution NMR studies and a 4/1 mixture of angle (angle between cytoplasmic and transmembrane do-
dioleoyl-sn-glycero-3-phosphocholine and dioleasri-glyc- mains) of 80+ 22° (Figure 4A). Indeed, the limited number
ero-3-phosphoethanolamine (DOPC/DOPE) lipids for solid- of NOEs detected in the loop did not allow us to restrain
state NMR studies. Panels A and B of Figure 3 show the the two helical domains and obtain an ensemble of structures
calcium dependence of SERCA activity in the presence andwith a low RMSD over the entire protein backbone. Because
absence of PLN (or SLN) under these conditions. The of the lack of convergence on the orientation of helical
hydrolysis of ATP by SERCA in DPC micelles is followed  domain la with respect to the surface of the micelle, we used
directly using®'P NMR spectroscopy and indirectly in lipids  Mn2t and 8- and 16-doxy! stearic acids as paramagnetic
using the coupled enzyme assa/{26). An example of  probes of the topological arrangement of PLN in the micelle
the kinetics from the¥'P spectroscopic assay is shown in  (29). Our results show that M ions cause a reduction in
Figure 3C. The kinetics of ATP hydrolysis was determined the resonance intensities of residues located at both termini,
by following the formation (build-up) of inorganic phosphate  the loop, and Ser-16 and Thr-17, showing that both phos-
(Figure 3C). In both lipid bilayers and detergent micelles, phorylation sites are solvent-exposed. Bothefid 16-doxyl
SERCA samples are fully functional. stearic acids caused a reduction in the resonance intensities
of residues located in the micellar region.-DBoxyl stearic

acid affected residues in the core of the micelle (residues

In the SR, PLN is thought to exist as an inactive pentamer 35-45), as well as Leu-7, located in the middle of domain

(storage form), which depolymerizes into functional mono- la, a residue that is likely buried in the hydrophobic region
mers prior to interaction with SERCA (Figure 27 28). of the micelle. At higher 1'6doxyl stearic acid/PLN ratios,

Accordingly, we have focused our attention on a fully domain I'c_lis also cor_wsider.ably affected by the paramagngtic
functional monomer of PLN (AFA-PLN) obtained by mutat- center, with Ala-11 displaying a reduced resonance intensity.
ing the three cysteine residues (Cys-36, -41, and -46) of the Our structural ensemble of the PLN monomer is in
transmembrane domain to Ala, Phe, and Ala, respectively. qualitative agreement with studies carried out in organic
Using NOE restraints in structural calculations, we have solvents 80, 31), where the authors found an overall
determined that PLN adopts an L-shaped conformation in L-shaped structure of PLN with the intervening loop in either
DPC micelles comprised of three distinct structural do- a short flexible turn or a type I|8-turn conformation. How-
mains: cytoplasmic domain la helix (residue 1 to 16), loop ever, we found an orientation of the cytoplasmic helix, which
(residue 17 to 22), and transmembrane domain helix (residueis in better agreement with the amphipathicity of the PLN

PLN Structure and Dynamics in DPC Micelles
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Ficure 4: (A) Backbone overlay of PLN from PDB entry IN7R9). (B) Backbone overlay of SLN as reported by Buffy et &5) The
color coding on the structures corresponds to the order param&tpes(previously determine?, 33).

sequence?9). The most relevant PLN conformations in PDB
entry IN7L are those in which the hydrophobic side chains
in domain la (Val-4, Leu-7, Ala-11, and Ala-15) are oriented
toward the interior of the micelle and the hydrophilic residues
point toward the bulk solvent, rendering the two phospho-
rylation sites exposed for interaction with protein kinases.
While our NMR structural studies identified three struc-

(37). Under these experimental conditions, SLN has an
o-helical conformation from residue Phe-9 to Arg-27 with
RMSDs of 0.65 and 1.66 A for backbone and side chain
atoms, respectively. Both the N-terminus (MI18) and the
C-terminus (S28Y31) were found to be unstructured.
Subsequently, we expressed uniformit)-labeled recom-
binant SLN inEscherichia coli which enabled the use of

tural domains, nuclear spin relaxation measurements andhigher-resolution’H—"N NMR experiments to reduce

solvent accessibility experiments carried out on uniformly
15N-labeled PLN 82, 33) further subdivided the helical seg-
ment from residue 23 to 52 into two domains: domain Ib
(residues 2330), which is more dynamic and constituted
by hydrophilic residues, and domain Il (3%2), more hydro-
phobic and motionally restricted. Therefore, we can divide
PLN into four dynamic regions, which are characterized by
different order parameters (see Figure 4A). C&urcell-
Meiboom—Gill (CPMG)-based relaxation measurements also

several ambiguities due to resonance overlap. With recom-
binant SLN, we determined the structure in DPC micelles,
conditions that ensured the activity of SERCA, and found it
to remain a single transmembrane helix with approximately
five unstructured residues at either terminib)( The
superposition of the & Ny, and C backbone atoms from
residue Arg-6 to Arg-27 gave an RMSD of 0#4 0.2 A
with an RMSD of 1.7+ 0.3 A for side chain atoms.

In addition to structure determination, we also measured

indicated the presence of slow dynamics (microsecond to spin relaxation rates and found that the backbone dynamics,

millisecond motion) in domain la, the loop, and domain Ib
(32, 33). While the slow dynamics of domain la and the loop
were predicted on the basis of the-B exchange factors,

the flexibility of residues within domain Ib was unexpected.
The plasticity of this region supports biological evidence for

similar to that of PLN, is more complex than the structure.
Relaxation measurements reveal four dynamic domains: a
short unstructured N terminus (residues-6), a short
dynamic helix (residues-714), a more rigid helix (residues
15-26), and an unstructured C-terminus (residues 210)

the great importance of domain Ib and the molding necessary(25). H—D exchange factors also support the existence of

to fit into the binding groove of SERCA2(, 34).
Recently, a structure of wild-type PLN (wt-PLN) was
reported showing the pentamer to be in a bellflower

four dynamic domains25). The similarity of SLN structure
and dynamics with those of PLN domains Ib and Il shows
that sequence conservation is reflected in the conservation

arrangement, where the cytoplasmic domain helix of each of both structure and dynamics (Figure 4B).

monomer makes ar20° angle with respect to the bilayer
normal @5), substantially different from the topology we
reported for monomeric AFA-PLN2Q). Our recent studies
using solution NMR and EPR in DPC detergent micelles
also point toward a dominating L-shaped conformation (or
pinwheel model) for the pentame3g). We also looked at
the topology of pentameric wt-PLN in lipid bilayers using
solid-state NMR, finding unambiguous evidence for the
pinwheel model (see below).

SLN Structure and Dynamics in Micelles

The initial structure of SLN was determined in sodium

PLN and SLN Topologies and Dynamics in Lipid Bilayers

Solid-state NMR in lipid bilayers has emerged as a
complement to solution NMR studies in detergent micelles
for elucidating structure, dynamics, and interactions between
membrane proteins38, 39). For our first solid-state
NMR studies, we synthesized AFA-PLN labeled wiiN
at Ala-11, Ala-15, and Ala-36 and measured ¢ chemical
shift anisotropy in 4/1 DOPC/DOPE mechanically oriented
lipid bilayers on glass plate suppor&j. Using these solid-
state NMR measurements in concert with rigid body mo-
lecular mechanics, we found that domains Ib and Il are

dodecyl sulfate (SDS) micelles using a synthetic polypeptide oriented approximately perpendicular to the plane of the
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Ficure 5: Structural models (AD) proposed for PLN in lipid bilayers with PISEMA simulations<B. The ensemble of conformers
reported by our laboratory (PDB entry 1N7L) is shown in panelB).(The colors are coded with the regions of the protein: red for
cytoplasmic, blue for transmembrane, and green for loop regions. The L-shaped topology (D and E) agrees best with the experimental
PISEMA (J). Reproduced with permission from &£ Copyright 2006 American Chemical Society.
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bilayer with the interhelical (i.e., interdomain) angle ranging other complex dynamics, scaling both the values of CSA
between 60 and 100 ruling out the possibility of a  and DC @2). The dynamics detected in both our solution
continuous-helix and also suggesting that the cytoplasmic and solid-state NMR experiments may explain variability
domain of PLN interacts with the membrane surface. within the literature regarding the topology of the cytoplasmic
Similar solid-state NMR measurements on SLN oriented domain of PLN. For example, a magic-angle-spinning (MAS)
in mechanically aligned DOPC/DOPE bilayers revealed the solid-state NMR study carried out by Baldus and co-workers
approximate parallel orientation of the SLN helix with respect found that while cross-polarization (CP)-based pulse se-
to the membrane bilayer normaB?). Since the limited guences were adequate for detection of the transmembrane
number of labeled sites did not allow us to give quantitative domain of AFA-PLN, showing the existence of a well-
topological angles for SLN and PLN within the bilayer, defined helix, the cytoplasmic domain residues were too
we then proceeded to use two-dimensional (2B)}-*5N dynamic to be detected ). Instead,J coupling coherence
PISEMA (polarization inversion spin exchange at the magic transfers, similar to those in solution NMR experiments, were
angle) experiments4(). This separated-local-field experi- used to detect the dynamic cytoplasmic domain, leading to
ment correlates thEN chemical shift anisotropy (CSA) with  the conclusion that the cytoplasmic domain was completely
the'H—'°N dipolar coupling (DC). Since the values of both unstructured. While this study represents an advancement
CSA and DC depend on the orientation of the peptide plane in MAS methodology, the structure most likely represents a
with respect to the direction of the magnetic field, the minor conformational state and is inconsistent with a wealth
assignment of the amide resonances allows for the determi-of data, including those from our laboratory, which consis-
nation of the structure and topology in aligned lipid bilayers. tently show a predominant helical cytoplasmic domain with
We determined that in mixed 4/1 DOPC/DOPE lipid an overall L-shaped monomeric structure in lipid bilayers
bilayers, AFA-PLN has an overall L-shaped conformation and detergent micelles.
where the helix comprising domains Ib and Il makes a tilt A close inspection of PISEMA spectra from selectively
angle of~21° with respect to the bilayer normad?). As labeled samples reveals the presence of two peak populations
expected from the one-dimensional (1D) solid-state NMR that exemplify two slightly different topologies for AFA-
studies on syntheticalf{N-labeled AFA-PLN 87), PISEMA PLN domains Ib and 1142). The two topologies have the
NMR spectroscopy clearly shows that domain la interacts same tilt angle) for domains Ib and Il with respect to the

with the membrane surface, making an angle-80° with membrane normal, but slightly different rotational angles
respect to the bilayer norma#2). A current model of the  around the helix axise). Multiple populations of PLN have
PLN monomer is reported in Figure 5E. also been observed by the Lorigan and Middleton groups

In addition to the structural and topological information using MAS NMR experiments in lipid vesicled, 48). The
obtained from oriented alignments, tilting the aligned samples detection of multiple conformers underscores the plasticity
to different angles with respect to the direction of the static of PLN and might be an important recognition mechanism
field makes it possible to investigate the rotational dynamics for SERCA, protein kinase A, C&/calmodulin-dependent
of the protein within the bilayerd(3—45). Tilting the AFA- protein kinase, and protein phosphatase 1, previously shown
PLN sample by 90revealed that domains Ib and Il undergo to be necessary for physiological process&$.(
fast long-axial rotational diffusion about the bilayer normal  As with those of AFA-PLN, the PISEMA spectra of SLN
with the cytoplasmic domain undergoing this motion and obtained on uniformly*>N-labeled and selectively labeled
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Ficure 6: Structural models of wt-PLN. The pinwheel (1XNU) and bellflower (1ZLL) pentamer models were taken directly from
PDB coordinates. Reproduced with permission fronB&fCopyright 2007 National Academy of Sciences of the United States of America.
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[**N-Leu], [**N-lle], and [®N-Val] samples also revealed the ppm), an in-plane cytoplasmic domain (with resonances
existence of two distinct topologied9). Both the major and  located between 50 and 100 ppm), and a more flexible region
the minor populations of the resonances corresponding to(loop and termini) with resonances clustered arowid 0
domains Ib and Il are oriented23® with respect to the lipid ppm (isotropic portion of the spectrum). Since our 1D
bilayer normal but vary in the rotation angle about the helical spectrum shows three distinct regions, indicating three unique
axis by~5° (in remarkable agreement with AFA-PLN). The wt-PLN domain alignments with respect to the membrane
primary sequence homology between SLN and PLN results bilayer normal, this eliminates the possibility of the continu-
in nearly identical structural and dynamic properties of these ous helix model.

two regulatory proteins. To distinguish among the other models depicted in Figure
6, we performed PISEMA experiments using selectively
Pentameric wt-PLN Topology in Lipid Bilayers labeled [°N-Ala], [**N-Thr], [**N-Leu], [**N-lle], [**N-Cys],

and ['°N-Asn] wt-PLN samples. Our experimental PISEMA

More recently, our group has embarked on the validation spectra, reported as an overlay in Figure 7, show a remark-
of the pentameric structure of wt-PLN in lipid bilayers and able similarity with the AFA-PLN monomer. In fact,
detergent micelles3g). While monomeric PLN has previ-  simulations for domain la resonances (Leu-7, Thr-8, Ala-
ously been shown to bind and inhibit SERCA, recently it 11, lle-12, Ala-15, Thr-17, and lle-18) correspond to a helix
was hypothesized that the pentamer could also bind andwith a tilt angle of~90° with respect to the bilayer normal
inhibit SERCA 60). While there is broad consensus regard- (Figure 7E) 86).
ing the secondary structure of pentameric wt-PLN, there is  Figure 8 shows PISEMA spectra simulated from the
disagreement in the literature about the orientation of the pinwheel and bellflower PDB coordinates for those selec-
cytoplasmic helix. In particular, there are four proposed tively labeled sites shown in Figure 7. If the pentamer
models for pentameric wt-PLN (Figure 6). The first model topology corresponded to the pinwheel model, the cytoplas-
(extended helix/sheet) shows wt-PLN to be comprised of two mic domain residues would resonate in the upfield region
o-helices connected by an antiparalfeisheet (residues  of the spectrum (56100 ppm) (Figure 8A). On the other

22—32), where the cytoplasmic domain is oriented-50° hand, if the architecture of wt-PLN were consistent with the
relative to the bilayer normab(). The second model depicts bellflower model, domain la resonances in the PISEMA
wt-PLN as a continuous-helix with a tilt angle of 28+ 6° pattern would occupy the downfield portion of the spectrum

with respect to the bilayer norm&Z, 53). The third model (170-220 ppm), as represented in Figure 8B. If the
(pinwheel) shows that the most stable pentamer has aexperimental domain la spectra are compared, it is clear that
pinwheel geometry in which the cytoplasmic domain helices in lipid bilayers the cytoplasmic domain la is oriented
are oriented~90° with respect to the membrane bilayer perpendicular with the bilayer normal forming an overall
normal §4). The fourth and most recent model (bellflower) pinwheel geometry.
shows the structure of the pentamer to be in a bellflower  Structural fitting with an ideal helix in Figure 7D revealed
assembly with the cytoplasmic domain helices orient@6° that the helix corresponding to domains Ib and Il of
with respect to the bilayer normad%). pentameric wt-PLN has a tilt anglé)(of ~15° with respect

To study the topology of pentameric wt-PLN, we recon- to the bilayer normal36). Monomeric AFA-PLN has a tilt
stituted the protein in mechanically aligned 4/1 DOPC/DOPE angle of~21° (42), which requires pentamer formation to
lipid bilayers and analyzed the protein’s architecture using tilt by ~6° to accommodate the leucine/isoleucine zipper
IH—15N PISEMA spectroscopy. As with the AFA-PLN holding the pentamer togethes5, 56).
monomer 42), we found that the wt-PLN PISEMA spectrum llosteric Actvation Model
is composed of three different populations of resonances (seéA‘ osteric Actvation Mode
the 1D spectrum in Figure 7A) corresponding to domains  The functionality of SERCA under NMR conditions and
Ib and Il (with the resonances located between 170 and 220the quality of AFA-PLN spectra upon addition of SERCA
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Ficure 7: PISEMA spectra of the PLN pentamer in lipid bilayers. (A) 1D cross-polarization spectrumiN]u+-PLN in DOPC/DOPE

oriented lipid bilayers. (B and C) Selectively labeled wt-PLN PISEMA spectra for the transmembrane and cytoplasmic helices, respectively.
The residues are color coded with the PISEMA spectra: greed¥g+Ala], purple for [°N-Cys], orange for PN-Leu], red for [°N-lle],

gray for ['°N-Asn], and blue for PN-Thr]. (D and E) Simulated PISA wheels for both transmembraéne (5°) and cytoplasmic{ = 92°)

domains. Reproduced with permission from 8& Copyright 2007 National Academy of Sciences of the United States of America.

enabled the unprecedented atomic mapping of the interaction®ne possible explanation for the data is that the C-ter-
between these two integral membrane proteins in detergeniminal end of the transmembrane domain (residuess#
micelles 67). In its free form, AFA-PLN exists in a dynamic  unwinds upon binding SERCA. This hypothesis was first
equilibrium between two conformations, T ar_1d R states, proposed by MacLennan and co-worke2$)( who indicated
where the T state or L-shaped conformation is thermody- an overall change in the secondary structure of the domain
namically stable and the R state or extended form is identified I, with residues 49-52 unwinding upon interaction with
with @ more dynamic cytoplasmic domain (Figure 8Y,(_  SgRrcA, a process that might facilitate binding.

58). These two states are readily detected using EPR
spectroscopy in both micelles and lipid bilayeEy,(58), These results are echoed in the binding of SLN to SERCA
but due to the time scale of the exchange, NMR can only (25). Overall, SLN behaves like the domains Ib and Il of
imply the existence of these forms from relaxation dispersion AFA-PLN, with each dynamic domain mimicking the
measurements (i.e., conformational interconversion). How- pehavior of the corresponding domain in AFA-PLN. Upon
ever, upon addition of SERCA to AFA-PLN, chemical shift  aqdition of SERCA, the transmembrane domain is in fast
perturbation analyses reveal the appearance of a second,change between two free forms (T and R states). As pre-
population of peaks within domain Ia, the loop, and domain )y indicated, spin relaxation measurements divided the
Ib, indicating a conformational switch of AFA-PLN from transmembrane domain of SLN into two regions we named
the T state to the R state, exemplifying an allosteric activation domain Ib and domain Il in analogy with AFA-PLN. The
mechanism 7). chemical shift changes of these two regions follow the

Resonances from the hydrophobic portion of the trans- ~. . .
membrane region (domain 1) also show chemical ex- bimodal behavior of the transmembrane domain of AFA-

change to the R state2). A difference plot of thelHy PLN, indicative of a similar mechanism involving an un-
chemical shift before and after addition of SERCA for Winding of the C-terminal residues and a stabilization of the
residues within domain Il (residues 352) shows a sym- residues in the N-terminal portion of the protein as a result
metric bimodal behavior where the C-terminal part of domain Of the interactions with SERCA2§). This supports the

Il shifted upfield and the residues near the N-terminal part hypothesis that both SLN and PLN transmembrane do-
downfield 26). Since upfield and downfield shifts have mains bind SERCA in the same site and with an identical
been correlated to the strength of hydrogen bor&8, ( mechanism.
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Ficure 8: Simulated and experimental PISEMA spectra for the pinwheel and bellflower models. Unlike the pinwheel model, the bellflower
model shows no high-field resonances. Experimental PISEMA spectra (C and F) show the remarkable agreement with the pinwheel model
(A and D). Reproduced with permission from 1#@8. Copyright 2007 National Academy of Sciences of the United States of America.
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Ficure 9: (A) Allosteric model of interaction of PLN with SERCA. The PLN monomer interconverts between the L-shaped form (T state)
and the less stable (more dynamically disordered) extended form (R state). (B)FERICA model developed by Toyoshima et &I1)(
highlighting the long-range allosteric control phosphorylation at Ser-16 has on domain Ib. Panel A reproduced with permissio®tom ref
Copyright 2005 National Academy of Sciences of the United States of America. Panel B reproduced with permissor2Bo@omfright

2006 Elsevier.

Effects of PLN Phosphorylation on the Allosteric

Mechanism

rylation, revealing an order-to-disorder transitia38); In
addition, we found that there are pronounced changes in
The inhibition of SERCA by PLN can be reversed by PS16-AFA-PLN backbone dynamics on both the picosecond
phosphorylation at Ser-16 by cAMP-dependent protein kinase0 nhanosecond and microsecond to millisecond time scales
A (2). We determined the structure of Ser-16-phosphory- (33). Although small, some of the changes are propagated

lated AFA-PLN (pS16-AFA-PLN) and found that residues throughout the entire protein backbone, demonstrating that
14—16, previously helical, became unwound upon phospho- while the structural transitions following phosphorylation are
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localized, the changes in backbone dynamics are radiatedcomplex in the complex network of interactions involving
throughout the protein. protein kinase A and protein phosphatase 1. While solution

How can this order-to-disorder transition help in under- NMR will help identify some important pieces of this
standing the interaction with SERCA? To answer this complex puzzle, solid-state NMR will be the method of
question, we proceeded with the analysis of the chemical choice for the elucidation of the structural dynamics and
shift perturbation of pS16-AFA-PLN induced by SERCA interactions in these large complexes.
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