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ABSTRACT 
 

Muscle contraction and relaxation is regulated by calcium flux between the 

sarcoplasmic reticulum and the cytoplasm.  Subsequent to muscle contraction, calcium 

must be sequestered to the sarcoplasmic reticulum in order for muscle relaxation to occur.  

The sarco-endoplasmic reticulum Ca-ATPase (SERCA) is a P-type ATPase embedded in 

the SR membrane which uses ATP hydrolysis to pump calcium back into the SR lumen 

to facilitate muscle relaxation.  In cardiac muscle, SERCA activity is regulated by 

phospholamban (PLB) a 52-residue integral membrane protein which exists in a dynamic 

equilibrium between monomeric and pentameric species.  Previous data have shown that 

monomeric PLB is the primary regulator of SERCA activity but recent publications have 

proposed that the PLB pentamer may also bind to and inhibit SERCA activity.  This 

inhibition can be relieved by phosphorylation of PLB at Ser16, although the mechanism 

is not known. 

Electron Paramagnetic Resonance (EPR) experiments were designed to test two 

proposed models of the PLB pentamer, the pinwheel and bellflower.  Dynamics data 

using the TOAC amino acid spin label showed that, like the monomer, the pentamer is in 

a dynamic equilibrium between ordered (T) and dynamically disordered (R) states, with 

the T state being predominant.  Accessibility of spin labels attached to the cytoplasmic 

domain to the lipid bilayer showed that, like the monomer, the pentamer cytoplasmic 

domains strongly interact with the lipid bilayer surface.  Finally, pulsed EPR (DEER) 

experiments measuring long range distances between spin labels attached to the 

cytoplasmic domain showed a bimodal distance distribution with centers at 3 and 5 nm.  

All of these data support the pinwheel model. 
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To investigate SERCA binding and phosphorylation affects on PLB dynamics, a 

monomeric mutant, AFA-PLB, was spin labeled with TOAC either the 11 position in the 

cytoplasmic domain or the  36 position in the transmembrane domain.  Conventional EPR 

measurements showed that phosphorylation induced and order-to-disorder 

conformational change in the cytoplasmic domain and that SERCA preferentially binds 

the PLB R state.  Phosphorylation of SERCA bound PLB resulted in a disorder-to-order 

conformational change, suggesting that pPLB is still bound to SERCA.  Conventional 

dynamics from 36-TOAC in the transmembrane indicated a stable helix which was 

unaffected by phosphorylation or SERCA binding.  Dipolar EPR measurements revealed 

that phosphorylation of PLB in the absence of SERCA induces oligomerization and that 

SERCA destabilizes the pPLB oligomer.  Saturation Transfer EPR data which measures 

the rotational diffusion of PLB in the lipid bilayer supported the conclusion that 

phosphorylation of PLB in the absence of SERCA induces oligomerization and showed 

directly that phosphorylated PLB is still bound to active SERCA.  These data support the 

model that phosphorylation dependent relief of SERCA inhibition does not require 

dissociation of the SERCA-PLB complex, but is rather the result of a structural change in 

the complex. 
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CHAPTER 1.  Introduction 

1.1 The Sarcoplasmic Reticulum 

 Precise regulation of calcium flux in muscle cells is necessary for proper function.  

High [Ca2+] (micromolar) in the cytoplasm induces contraction, but in order for 

relaxation to 

occur, calcium is 

removed from 

the cytoplasm, 

reducing [Ca2+] 

to nanomolar 

levels.  The 

sarcoplasmic 

reticulum (SR) is 

a specialized 

organelle found 

in muscle cells 

which functions as a calcium repository.  After depolarization of the muscle cells, 

calcium is released from the sarcoplasmic reticulum (SR) by the ryanodine receptors, 

large membrane protein channels embedded in the SR.  Because calcium is flowing down 

its concentration gradient, no energy is required to move calcium from the SR lumen to 

the cytoplasm.  Calcium binds to the force generating proteins and the muscle contracts.  

The sarco-endoplasmic reticulum calcium-ATPase (SERCA) is a P-type ATPase also 

located in the SR membrane which functions to move calcium back into the SR to 

SR 
Membrane

Myofibril

Sarcolemma

SR  lumen (1 mM Ca2+)

Cytoplasm (.1-1 µM Ca2+)

PLBSERCA RyR

Transverse
Tubule

 

Figure 1.  The sarcoplasmic reticulum. 

The sarcoplasmic reticulum functions as a calcium storage organelle in muscle cells.  
The principal calcium regulatory proteins, SERCA (blue), ryanodine receptor (grey) 
and PLB (red) in cardiac muscle cells are highlighted. 
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facilitate muscular relaxation (Figure 1).  In this case, calcium is pumped against its 

concentration gradient, requiring energy input.  SERCA hydrolyzes 1 molecule of ATP 

for every two calcium ions pumped back into the SR [1-3].  SERCA activity must be 

regulated to 

accomplish time-

dependent calcium 

flux. 

 In cardiac 

muscle, SERCA 

activity is regulated by 

phospholamban (PLB), 

a 52-residue integral 

membrane protein also 

located in the SR membrane [5].  PLB exists in an equilibrium between monomeric and 

pentameric species but it has been shown that the monomer is the primary regulator of 

SERCA activity and the pentamer is thought to be a storage form of PLB [6-8].  

Monomeric PLB binds to and inhibits SERCA activity by decreasing SERCA’s apparent 

affinity for calcium.  This inhibition can be overcome by micromolar [Ca2+] or by 

phosphorylation of PLB at Ser16 and/or Thr17 by PKA or CamKII, respectively (Figure 

2).  The significance of dual site phosphorylation is still controversial but studies indicate 

that Ser16 phosphorylation is the major effector of phosphorylation-dependent relief of 

inhibition [9, 10].  While there is agreement that high [Ca2+] or PLB phosphorylation 

does reverse SERCA inhibition, there are two main models proposing different 

 

Figure 2.  PLB phosphorylation relieves SERCA inhibition. 

Phosphorylation of PLB at Ser16 by PKA relieves SERCA inhibition leading 
to translocation of calcium into the SR which facilitates muscle relaxation.  
Reproduced from [4]. 
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mechanisms of inhibition relief.  One model, proposes that PLB phosphorylation or high 

[Ca2+] dissociate the SERCA-PLB complex, thereby relieving inhibition [7, 11-14].  The 

other model proposes that high [Ca2+] induces a structural change in SERCA and that 

Ser16 phosphorylation induces a structural change within PLB but neither structural 

change dissociates the SERCA-PLB complex [15-19]. 

1.2 SERCA Function and Structure 

 SERCA is a member of the P-type ATPase family whose constituents undergo an 

autophosphorylation step during their catalytic cycle.  In addition to SERCA, the sodium-

potassium ATPase (NKA) and plasma membrane calcium ATPase (PMCA) are members 

of this large family.  NKA has recently been crystallized and shows remarkable structural 

similarity to SERCA [20].  In addition to structural themes, there are similarities in the 

regulation of SERCA, NKA and PMCA function.  SERCA activity is regulated by PLB 

while NKA activity is regulated by a member of the FXYD family of proteins, 

phospholemman (PLM) which has been shown to be structurally and functionally similar 

to PLB [21-25].  The PMCA has a long C-terminal tail which has been hypothesized to 

regulate the pump’s activity [26].  Clearly, there are common structural and regulatory 

themes within the P-type ATPase family. 

SERCA is a ubiquitous protein expressed in higher order eukaryotes.  It is a 

product of three different genes, each with different splice variants.  The SERCA1 

(ATP2A1) gene is expressed in fast-twitch skeletal muscle and has two different 

isoforms, SERCA1a and SERCA1b.  SERCA1a is expressed in adult tissue while 

SERCA1b is expressed in fetal tissue.  The SERCA2 (ATP2A2) gene is expressed in 

slow-twitch skeletal and cardiac muscle and contains three isoforms, SERCA2a, 
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SERCA2b and SERCA2c while SERCA3 (ATP2A3) has six isoforms (a-f), is expressed 

in non-muscle cells and appears to be a minor component in some muscle tissues .  The 

primary structure is highly conserved across all there genes with 84% identity between 

SERCA1a and SERCA2a and 74% identity between these isoforms and SERCA3a [27]. 

 The 

SERCA catalytic 

cycle has been 

well studied and 

characterized 

over the last 

several decades [1, 28-33].  SERCA exists in two major biochemical states, a low 

calcium affinity (E2) state and a high calcium affinity (E1) state.  Binding of two calcium 

ions from the cytoplasm to the calcium binding sites in the transmembrane domain 

induces a conformational shift from E2 to E1.  This structural rearrangement opens the 

nucleotide binding site in the N domain, allowing Mg-ATP to bind.  Following ATP 

hydrolysis, the -phosphate is transferred to Asp351 in the P domain, the 

autophosphorylation residue conserved in the P-type ATPase family.  ADP is released, 

forming a high energy phosphoenzyme intermediate with low calcium affinity leading to 

the release of the two calcium ions into the SR lumen.  Finally, inorganic phosphate is 

released, completing the catalytic cycle and returning SERCA to the E2 state to begin the 

next round of calcium transport (Figure 3). 

2CaE1 2CaE1ATP 2CaE1PADP 2CaE1P

E2PE2

2 Ca2+ (cytoplasm)

ATP ADP

2 Ca2+ ( lumen)

Pi

(1)

(2) (3)

(5)

(4)

(6)
 

Figure 3.  SERCA catalytic cycle. 

The catalytic cycle of SERCA.  High Ca2+ affinity (E1) states are shown in red 
while low Ca2+ affinity (E2) states are shown in blue. 
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SERCA is a rather large protein 

made up of ~ 1,000 residues with a 

molecular weight of 110 kDa.  Studies 

including cryo electron microscopy and X-

ray crystallography have provided a wealth 

of structural information [28, 35-44].  

SERCA can be divided into four distinct 

domains; the nucleotide binding (N), 

phosphorylation (P), actuator (A) and 

transmembrane (TM) domains.  While the 

N, P and A domains are located in the 

cytoplasm, the TM domain is composed of 

ten -helices which act to anchor the 

protein in the SR membrane and also 

contain the calcium binding sites (Figure 4).  

The N domain contains the nucleotide 

(ATP) binding site.  Subsequent to ATP hydrolysis, the -phosphate is transferred to 

Asp351 in the P domain.  The A domain acts as the calcium gate, moving the TM helices 

to open and close the calcium channel.  The TM domain also contains a groove between 

TM helices two, four, six and nine which is believed to be the binding site for PLB.   

 Since the first high resolution structure of SERCA published in 2000, there have 

been 24 high resolution structures published representing all of the biochemical states in 

the catalytic cycle.  Interestingly, there are no large scale domain movements between the 

SR lumen

cytoplasm

 

Figure 4.  SERCA structure. 

The E2 (1IWO) crystal structure of SERCA 
showing the nucleotide binding (green), 
phosphorylation (blue) actuator (red) and 
transmembrane (grey) domains.  Thapsigargin, 
which is necessary to crystallize the E2 form is 
shown in purple [34].  Structural representation 
made using PyMol. 
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different biochemical states, except the high calcium affinity (E1) state.  Here, SERCA is 

in an open position with a 6.6 nm distance between the centers of the A and N domains 

[45].  All other structures published so far show about a 4 nm distance.  In 2008, in-vivo 

fluorescence resonance energy transfer (FRET) showed that the A to N interdomain 

distance is significantly shorter than the crystal state indicating that the E1 high calcium 

affinity state is more compact, similar to the other crystal structures published [46].  

Although a significant amount of research has been focused on the SERCA catalytic 

cycle and obtaining high resolution crystal structures of all the biochemical states, I have 

been focusing on the E2 low calcium affinity structure since it has been proposed that 

PLB binds to the E2 state of SERCA, thereby preventing the E2-to-E1 structural change 

and inhibiting catalytic activity. 
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1.3 PLB 

A study of SERCA structure and 

function would not be complete without an 

understanding of the structural and 

functional dynamics of PLB.  PLB exists in 

an equilibrium between monomeric and 

pentameric species but it has been shown 

that the monomer is the primary regulator 

of SERCA activity and the pentamer is 

thought to be a storage form of PLB [6-8].  

Consequently, a considerable amount of 

work has been done to determine the 

structures of both monomeric and 

pentameric PLB.  To this end, a fully 

functional monomeric mutant (AFA-PLB) 

has been made by replacing the three native 

Cys residues in the transmembrane domain with Ala, Phe and Ala, respectively [48, 49].  

An NMR structure of AFA-PLB in DPC micelles shows the hydrophobic C-terminus is 

buried in the micellar core while the amphipathic N-terminus lies outside the micellar 

core and interacts with the phosphocholine headgroups.  This average NRM structure 

shows PLB adopting an “L-shape” with three distinct structural domains; domain Ia 

(residues 2-16), domain Ib (residues 17-21) and domain II (residues 22-52).  Domains Ia 

and II are -helices connected by a flexible loop, domain Ib (Figure 5).  Additional NMR 

1

Ia

L
oo

p

(II)

Ib

52

 

Figure 5.  AFA-PLB structure in DPC micelles.   

The NMR determined structure of AFA-PLB in 
DPC micelles (1N7L).  Domain Ia is in yellow, the 
loop is in red, domain Ib is in grey and domain II is 
in blue.  The three Cys residues which are mutated 
to Ala, Phe and Ala, respectively are colored in 
orange [47].  Structural representation made using 
PyMol. 
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data further divides PLB into four domains, based on backbone dynamics.  Domains Ia 

(residues 1-16), the loop (residues 17-22) and Ib (residues 23-30) all have dynamics on 

the μs-to-ms timescale but domain II (residues 31-52) dynamics are considerably more 

restricted [50].   

These dynamics 

measurements and sub-

division of PLB into 

four different domains 

agree with EPR data on 

the same monomeric 

mutant reconstituted 

into lipid bilayers [51].  

EPR spectra from PLB 

labeled with the amino 

acid spin label, TOAC, 

which reports directly the peptide backbone dynamics, show that unlike domain II which 

consists of a single, highly ordered state, the N-terminus, domains Ia and Ib exist in 

equilibria between an ordered T state and a dynamically disordered R state.  Quantitative 

spectral analysis reveals that the mol fractions and dynamics of the T and R states vary 

between the different domains (Figure 6).   

To date, the most accurate structure and topology of PLB in lipid bilayers (its 

native environment) has been generated with molecular modeling using restraints from a 

multi-dimensional NMR approach incorporating both solution and solid-state NMR data 

TOAC at 0

TOAC at 11

TOAC at 24

TOAC at 46

(T)

(R)

T R

1.046

0.7024

0.9011

0.540

XTTOAC Position

 

Figure 6.  TOAC detected dynamics of AFA-PLB 

EPR spectra of AFA-PLB labeled with TOAC at positions 0, 11, 24 and 46 
with the corresponding T-state mol fractions [51].  The cartoon illustrates 
the T-state and R-state structures. 
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(Figure 7).  It should be noted that while this and other structures published so far show 

the T state which is the major component, a high resolution structure of the R state has 

eluded researchers so far, most likely because it is a disordered state with large amplitude 

nanosecond dynamics. 

In addition to the structural 

data and corresponding models of 

monomeric PLB, there is a 

significant amount of functional 

data which provide insight into 

how PLB alters SERCA function.  

Functional studies of SERCA co-

reconstituted with a truncated 

derivative of PLB consisting of 

only the TM domain (residues 26-

52) shows normal inhibition 

compared to WT-PLB [49].  In 

addition, similar studies showed 

that the cytoplasmic domain of 

PLB (residues 2-25) alone or tethered to a lipid anchor does not affect SERCA function 

[53, 54].  Despite the lack of inhibitory function of the cytoplasmic domain, EPR data 

shows a topological change upon SERCA addition.  Specifically, PLB binding to SERCA 

reduces the mobility of the cytoplasmic domain at position 11 and decreases the 

interaction of the cytoplasmic domain with the bilayer surface [55]. 

 

Figure 7.  Structure of monomeric PLB in a lipid bilayer. 

The high resolution structure of monomeric PLB in a lipid 
bilayer shows both secondary structure and topology.  The 
cytoplasmic domain is partially buried in the lipid and makes a 
102 ° angle with respect to the bilayer normal. The TM 
domain is a continuous helix and is tilted 24 degrees with 
respect to the membrane normal.  Figure adapted from [52]. 
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 NMR and molecular dynamics simulations have also been used to study the 

effects of Ser16 phosphorylation on monomeric PLB structural dynamics [56-59].  

Results from simulations and spectroscopic experiments both show that PLB 

phosphorylation at Ser16 increase the dynamics of the cytoplasmic domain by partially 

unfolding the peptide backbone without significantly affecting the dynamics of the TM 

domain.  In addition to affecting the dynamics of the cytoplasmic domain, data also show 

that phosphorylation induces PLB oligomerization [8, 60] 

 Although cryo-EM data and docking simulations suggest that the PLB pentamer 

may bind to SERCA [63, 66], the general consensus of opinion at this point is that the 

pentamer functions merely as a storage form.  Mutagenesis studies have revealed that the 

pentamer is stabilized by a Lue-Ile zipper and mutations in the TM domain of PLB which 

interfere with the helix-helix packing destabilize the pentamer [48, 67, 68].  Four 

different structures of the PLB pentamer have been proposed (Figure 8).  While the 

structure and topology of the transmembrane helices are similar in all four models, 

 

Figure 8.  Proposed PLB pentamer structures. 

(A) Extended helix/sheet/helix [61]. (B) Continuous helix [62]. (C) Bellflower [PDB:ID 
1ZLL [63] (D) Pinwheel [PDB:ID 1XNU [64].  Structural representations made using 
PyMol.  Figure adapted from [65]. 
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significant differences can easily be seen in the cytoplasmic helices.  The 

helix/sheet/helix, continuous helix and bellflower models show that both the TM and 

cytoplasmic helices are parallel or nearly parallel with the bilayer normal.  The pinwheel 

model is the only structure predicting that the cytoplasmic helices are nearly 

perpendicular to the membrane normal and interacting with the bilayer surface, similar to 

the PLB monomeric structure (Figure 5).  All other models suggest minimal to no 

interaction of the cytoplasmic helices with the bilayer surface.  Data from other labs 

suggest that, like the monomer, the pentamer cytoplasmic helices do interact with the 

lipid bilayer surface, evidence against the helix/sheet/helix, continuous helix and 

bellflower models [69-72].  Additionally, in the helix/sheet/helix model, the 

phosphorylation sites Ser16 and Thr17 are oriented towards the bilayer surface, making it 

difficult to imagine how PKA or CamKII could bind to and phosphorylate PLB.  

Although the pentamer is thought to be a storage form for PLB and not directly involved 

in SERCA regulation, therapeutic strategies for cardiovascular disease may involve 

stabilization of the pentamer, thereby shifting the monomer-pentamer equilibrium and 

activating SERCA.  Consequently, one my thesis projects was to use EPR spectroscopy 

in collaboration with NMR spectroscopic experiments to determine the pentamer 

structure in lipid bilayers as well as DPC micelles. 
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1.4 The SERCA-PLB Complex 

Although 

several high 

resolution 

structures for 

SERCA and PLB 

have been 

published, no high 

resolution 

structure for the 

SERCA-PLB 

complex exists.  

Several structural models have been proposed based on mutagenesis, cross-linking and 

spectroscopic experiments.  Cross-linking experiments have established close proximity 

of Leu321Cys in SERCA to Asn27Cys in PLB, Val89Cys in SERCA to Val49Cys in 

PLB and Lys397/Lys400 in SERCA to Lys3 in PLB.  Figure 9A and Figure 9B both 

show structural models generated by docking structures of monomeric PLB in organic 

solvent onto calcium free (E2) structures of SERCA.  In both cases, distance restraints 

obtained from cross-linking and mutagenesis were used during the docking.  Both models 

show the TM domain of PLB lying in a groove formed by SERCA TM helices two, four 

six and nine.  Figure 9C is the same SERCA-PLB complex model shown in Figure 9B 

but is color coded (based on NMR experiments) to represent residues affected by SERCA 

binding.  In all three models, the TM and 1a domains are predicted to remain helical 

Hughes and Middleton
JBC 2003

A B C

 

Figure 9.  Models of the SERCA-PLB Complex. 

(A)  Model of monomeric PLB docked to E2 SERCA crystal structure [73] 
showing PLB in yellow.  (B)  Model of monomeric PLB docked into E2 SERCA 
crystal structure showing SERCA in yellow and PLB in green [74].  (C)  SERCA-
PLB model shown in (B) color coded to show PLB residues affected by SERCA 
binding based on NMR experiments [75]. 
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when bound to SERCA, but the loop region and residues in domain 1b are predicted to 

lose their helical structure in order for PLB to adopt the extended conformation and 

interact with residues Lys397-Ile402 on SERCA.  These models support previously 

published data indicating that SERCA reduces the interaction of the PLB cytoplasmic 

domain with the lipid bilayer surface by binding the an extended form of PLB [55]. 

 

1.5 SERCA and PLB Implications in Cardiovascular Disease 

 According to World Health Organization data, cardiovascular disease is now the 

leading cause of mortality, globally.  In 2004 29% (17.1 million) of all deaths were 

attributed to cardiovascular disease and that number is expected to rise to 23.6 million by 

the year 2030.  Recent data has shown that both SERCA and PLB are implicated, either 

directly or indirectly in cardiovascular disease.   

 To date, there have been no SERCA mutations directly associated with 

cardiovascular disease.  The only identified SERCA mutations cause Brody’s disease, a 

skeletal muscle disorder or Darier’s disease, a skin disorder.  Brody’s disease is the result 

of mutations in the SERCA1a isoform.  One mutation has been identified at the splice site 

of intron three while two others have been identified, each of which lead to premature 

stop codons resulting in truncated protein expression [76].  While patients afflicted with 

Brody’s disease suffer from exercise induced muscle cramping, stiffness and impaired 

muscular relaxation, their lifespan is unaffected, possibly because of SERCA2a 

upregulation [27].  Darier’s disease is the result of an autosomal dominant missense 

mutation in the SERCA2 gene, affecting both SERCA2a and SERCA2b isoforms.  

Patients with Darier’s disease suffer from loss of adhesion between epidermal cells and 
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abnormal keratinization [77].  Interestingly, patients diagnosed with Darier’s disease do 

not suffer from any abnormal cardiovascular function even though the SERCA2 gene is 

mutated.   

 Despite the lack of SERCA mutations directly involved with CVD, SERCA 

protein levels have been implicated in cardiovascular disease.  Tissue extracts from 

animal models and human hearts diagnosed with heart failure showed low SERCA 

protein levels and/or low SERCA activity [78-80].  Whether heart failure is a cause or an 

effect of low SERCA levels/activity has yet to be determined. 

Although there have been no SERCA mutations which have been directly linked 

to cardiovascular disease, there are currently six identified human PLB mutations 

implicated in cardiovascular disease.  There are three mutations in the coding sequence of 

the PLB gene and three are mutations in the upstream promoter region of the PLB gene. 

 Two mutations in the coding region of PLB have been classified as gain-of-

function due to the fact that they result in chronic SERCA inhibition.  The third mutation 

in the coding region of PLB is classified as a loss-of-function mutation due to the lack of 

PLB inhibition on SERCA activity.  Interestingly, all three mutations lead to 

cardiovascular disease and in some cases premature death. 

 The R9C mutation was first reported in 2003 [81].  Genetic and pedigree analysis 

of a large American family suffering from dilated cardiomyopathy and heart failure 

showed an autosomal dominant inheritance of a PLB mutant where arginine at position 

nine is mutated to a cysteine residue.  Characteristics of affected individuals included 

increased heart chamber diameter and decreased contractile function at an early age.  A 

transgenic mouse model heterozygous for the R9C mutation showed similar anatomical 
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and physiological defects.  Quantitation of PLB phosphorylation levels and 

immunoprecipitation experiments on excised human tissue, transgenic mouse tissue and 

HEK-293 cells heterozygous for the R9C mutation showed clearly that the R9C mutation 

traps PKA resulting in decreased levels of PLB phosphorylation, chronic SERCA 

inhibition and the development of CVD.   

The other gain-of-function mutation, R14del, was first reported in 2006 [82].  

Here, a mutation in the coding region of the PLB gene results in the deletion of the 

arginine residue at position 14.  Like the R9C mutation, the R14Del mutation has been 

shown to be autosomal dominant.  Human individuals heterozygous for this mutation 

exhibit dilated cardiomyopathy and contractile dysfunction by middle age and in some 

cases premature death due to heart failure.  A transgenic mouse model heterozygous for 

the mutation recapitulated the human phenotype.  Activity assays of HEK-293 cells 

coexpressing WT and R14Del PLB showed a synergistic effect of the mutant on WT PLB 

resulting in superinhibition of SERCA activity which could be not be reversed upon 

phosphorylation. 

 Unlike the R9C and R14Del gain-of-function mutations, L39Stop is a loss-of-

function mutation.  Here a premature stop codon at L39 results in a truncated PLB mutant 

lacking the majority of the TM domain.  Humans heterozygous for the mutation develop 

cardiac hypertrophy, but contractile function is not diminished.  In contrast, humans 

homozygous for the mutation develop dilated cardiomyopathy and heart failure.  

Functional assays measuring calcium transport by SERCA were performed in HEK-293 

cells transfected with wild type, mutant PLB (L39Stop) or a combination of both.  

Results showed that L39Stop PLB was unable to inhibit SERCA, but when L39Stop was 
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combined with wild type PLB, SERCA activity was inhibited to the same extent as wild 

type only levels. 

 Western blots performed on HEK-293 cells infected with mutant phospholamban 

detected no peptide in the endoplasmic reticulum (both monomeric and pentameric wild 

type PLB were found here).  However, low levels of mutant PLB were found in the 

insoluble fraction of the cell digests, proving that mutation does not prevent transcription 

and translation, but may reduce these activities.  Phospholamban immunoblots of excised 

left ventricle myocytes from four different subjects further confirmed the absence of the 

L39Stop mutant [83].  Interestingly, PLB ablation in mouse models enhances cardiac 

contractility while the naturally occurring null PLB mutation decreases cardiac 

contractility leading to heart failure in humans. 

 In addition to the three mutations in the coding region of the PLB gene, three 

additional mutations have been found in the upstream promoter region of patients with 

CVD [84-86].  Two of these mutations lead to increased PLB expression/enhanced 

promoter activity while the third mutation results in decreased PLB promoter activity in a 

model system. CVD resulting from increased PLB expression supports data from a 

transgenic mouse study which showed a direct correlation between decreased SERCA 

activity and decreased cardiac contractility due to increased PLB/SERCA protein ratios.  

This seems to contradict the finding that decreased PLB promoter activity causes CVD 

but data also shows that a null PLB phenotype in humans also results in CVD. 

Clearly, the regulation of SERCA activity by phospholamban is important for -

normal calcium cycling and cardiovascular health.  Although a great deal is already 

known about the structure and function of both proteins and their interaction, information 
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from studies on the natural human PLB mutations indicate that more research is needed 

for a complete understanding of this process.  As cardiovascular disease rates increase a 

need for cures besides heart transplant surgery will concurrently rise.   
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CHAPTER 2.  Electron Paramagnetic Resonance Spectroscopy 

2.1 EPR Introduction 

 Electron Paramagnetic Resonance (EPR), like any other spectroscopy, is the study 

of light interacting with matter.  When a molecule absorbs a photon, there is a resulting 

transition in energy levels from the ground state to an excited state of higher energy.  

Planck’s law (Equation 1) states that absorption will only occur if the energy of the 

photon matches the difference in energy levels (ΔE): 

 hνΔE   Equation 1  Planck’s law 

 

where ν is the photon’s frequency and h is Planck’s constant.  In magnetic resonance, the 

absorption of a photon causes a 

spin flip.   

All electrons possess 

angular momentum which gives 

them spin (S).  The magnetic 

moment (μ) is a product of the 

electron spin (S) and the 

gyromagnetic ratio (γ).  Spin 

itself cannot be measured but 

its component along a given 

axis can.  Consider a system 

where a static magnetic field 

Sz “spin up”
mS = +1/2  

E = h = geeH0

z

z

H0

Sz “spin down”
mS = -1/2  

H0 = 0 H0 >0

z

Sz Sz

 

Figure 10.  The electron Zeeman interaction 

The magnetic dipole moment along the z-axis (z) in a static 
magnetic field (H0) applied in the z-axis.  If the magnetic field 
strength is zero, there will be no energy difference in the two 
possible orientations of z.  As the magnetic field strength 
increases, the energy gap between the aligned “spin down” and 
counter aligned “spin up” magnetic moments increases linearly 
with the field strength. 
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(H0) is applied in the z-axis (Figure 10).  The magnetic dipole () can adopt two possible 

orientations with respect to H0, aligned or counter aligned.  If the strength of the static 

field is zero, then there will be no energy difference between the two orientations but in 

non-zero field, the energy (E) of the interaction between the static field (H0) and the 

magnetic moment () in the z-axis can then be defined as the vector product of the static 

field and electron spin: 

 0HSE z    Equation 2  Magnetic 
Moment Energy 

Since spin is quantized, Sz can only have vales of ms  where the spin magnetic quantum 

number, ms = + ½ and  is the reduced Planck’s constant h/2π.  The gyromagnetic ratio 

() can be expressed as –g/ where g is the electron g value,  is the Bohr magneton and 

 is the reduced Planck’s constant.  Equation 2 can now be rewritten: 

 HgE   Equation 3  Bohr 
Magneton 

Selection rules dictate that ms = 1 leading to the fundamental EPR equation: 

 HghE    
 

Equation 4  Fundamental 
EPR Equation 

which describes the electron Zeeman interaction (Figure 10). 

In EPR spectroscopy,.absorption is detected by keeping the static magnetic field 

(H0) constant and adjusting the microwave frequency () to find the resonance field 

positions, Hres: 
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g

h
H res   Equation 5  Resonance 

Position 

Unlike optical spectroscopy, it is not the electric component of the microwave radiation 

which induces absorption, but the magnetic component (H1) applied perpendicular to the 

static magnetic field (H0) which induces the spin flips.  Typically EPR spectra are not 

recorded as absorption spectra, but the first harmonic by applying a small modulation 

amplitude to the static magnetic field.  This allows for phase sensitive detection which 

increases the signal/noise ratio. 

 The most common method to 

measure protein structure and dynamics 

using EPR is to attach a nitroxide spin 

label to the protein (see chapter 2.2).  

The nitroxide spin label contains the 

unpaired electron which gives rise to the 

EPR signal.  This unpaired electron is 

coupled to a 14N nucleus which has an 

intrinsic nuclear spin and associated 

magnetic moment.  Just like the electron 

spin, the nuclear spin has allowed 

orientations in a magnetic field.  The 14N 

nucleus has three allowed orientations in 

a magnetic field, mI = -1, 0 and 1.  The 

E = h = g(H + mI T)

+1

0

-1

+1

0

-1

-1

0

+1

mI

mI mS

Increasing H0

Splitting T

+1 0 -1

+1/2

-1/2

H0 = 0  

Figure 11.  Nuclear hyperfine interaction 

Derivative EPR spectra illustrating the nuclear 
hyperfine effect.  The nuclear spin state (mI) splits each 
electron spin state (ms) into three different energy 
levels.  Quantum mechanical selection rules forbid 
nuclear spin transitions coupled to electron spin 
transitions.  Consequently, the unpaired electron 
absorption line is split into three equally spaced 
derivative lines with splitting T, as a function of the 
nuclear spin state.  
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nuclear magnetic moment affects the strength of the static magnetic field felt by the 

unpaired electron and splits the single resonance position into three resonance positions, 

dependent on the nuclear spin state (mI).  The splitting (T) is anisotropic and dependent 

on θ, the angle between the static magnetic field and the nitroxide principal axis (see 

chapter 2.3).  

 

2.2 The TOAC Spin Label 

 The EPR signal can arise from an unpaired electron in a transition metal or the 

unpaired electron in a nitroxide spin label.  Traditionally, the study of protein structure 

and dynamics has been accomplished using site-directed spin labeling (SDSL), a 

technique pioneered by Dr. Wayne Hubbell.  Here, site-directed mutagenesis is used to 

introduce a specific amino acid residue (usually Cys) at a selected site in the protein.  

Most commercial spin labels are produced with a sulfhydral reactive group such as an 

iodoacetamide or methanethiolsulfonate which reacts with the Cys residue side chain.  

The mutated protein is reacted with a nitroxide spin label to produce an EPR active 

protein.  Spin labels are much smaller (about the size of Trp residue) and less 

hydrophobic than fluorescent probes which is a significant advantage.  
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 Although SDSL is 

a powerful tool and has 

been used extensively 

over the last two decades, 

it may not provide 

accurate, quantitative data 

concerning the peptide 

backbone dynamics.  In 

most spin labels, there are 

several single bonds 

between the unpaired 

electron and the peptide 

backbone.  Consequently, slower peptide backbone dynamics may be obscured by 

nanosecond or sub-nanosecond spin label dynamics.  TOAC is a unique spin label in that 

it is really an amino acid.  The -carbon is a part of the six member nitroxide ring.  This 

direct fusion of the nitroxide to the peptide backbone yields increased spectral resolution 

when compared to spin labels attached to Cys side chains (Figure 12).  In addition to 

increased sensitivity to backbone dynamics, interspin distance measurements are more 

precise.   
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Figure 12.  TOAC enhanced resolution of peptide backbone 
dynamics. 

Spectra of PLB labeled at position 11 in the cytoplasmic domain with 
either TOAC (black) or MTSSL (red).  Although both spins labels report 
the T and R states, spectral resolution is increased with the use of TOAC.  
The cartoon is representative of structural and dynamics data and the 
peptide backbone is drawn to illustrate how TOAC and MTSSL are 
coupled. 
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2.3 Orientation and 

Conventional Dynamics 

 The EPR spectrum 

is dependent on the 

anisotropy of the spin 

label.  That is to say that 

the resonance field 

positions are determined 

by the angles the spin 

label makes with respect 

to the applied magnetic 

field, .  The center of the 

EPR spectrum is determined by the g-anisotropy while the splitting is dependent on the 

nuclear hyperfine anisotropy.  When the nitroxide principal axis as aligned with H0 (θ = 

0°), the splitting is maximal compared to the cases where the x or y axes are aligned with 

H0 (θ = 90°) and the splitting is minimal (Figure 13).  In a randomly oriented sample, all 

values of θ and  are present and the spectrum is the sine-weighted sum of the resonance 

positions.  Rotational motion on the time-scale comparable to the nitroxide T2 (~ 10 ns) 

averages the spectral anisotropy, producing more complex lineshapes. 

X-axis
 = 90,  = 0

Y-axis 
 = 90,  = 90

Z-axis
 = 0

Powder
(random)

θ

H0



Nitroxide 
Principle Axes

 

Figure 13.  Spin label anisotropy. 

The nitroxide spin label axes and corresponding anisotropic EPR spectra.   
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 Rotational motion can be 

modeled as either isotropic 

rotational diffusion or anisotropic 

rotational diffusion.  Isotropic 

rotational diffusion assumes the 

spin label undergoes unrestricted 

rotational motion.  In this case, the 

EPR spectra are dependent on the 

correlation time (τR) of the spin 

label.  The anisotropic rotational 

diffusion model assumes the spin 

label undergoes restricted rotational motion with sub-nanosecond correlation time.  Here 

the spectra are dependent on the amplitude of motion.  This amplitude of motion, defined 

as the order parameter (S) is the observed anisotropy compared to the maximum 

anisotropy.  The order parameter can be calculated with the following equation: 
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 Equation 6  Order 

Parameter Calculation 

 

where TII and T are the observed parallel and perpendicular splittings and TII and T are 

the maximal parallel and perpendicular splittings obtained from a frozen sample with no 

rotational motion.  In some cases, it is difficult to measure T so the order parameter is 

often calculated using T0, the isotropic hyperfine splitting constant.  Order parameter 

S = 1 (rigid limit)

S = 0.5

S = 0 (isotropic limit)

2T||

2T||´

2T´

2T0  

Figure 14.  Anisotropic EPR spectra. 

EPR spectra undergoing rapid restricted rotational motion.  
Examples shown correspond to the rigid limit (top), 
intermediate motion (middle) and unrestricted motion 
(bottom).  The order parameter (S) and its derivation are 
discussed in the text.  Figure adapted from [87]. 
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values range from 0, isotropic motion at the rapid limit where all of the anisotropy has 

been averaged resulting in a very narrow spectrum to 1, anisotropic motion at the rigid 

limit where none of the anisotropy has been averaged out resulting in a wide spectrum 

(Figure 14).  The anisotropic rotational diffusion model can be conceptualized as a 

wobble in a cone where the amplitude of motion, represented by the order parameter, is 

defined as the half-cone angle (θc) using the following function: 

 S = ½(cos θc + cos2θc)  
Equation 7  Half-cone 

angle 

 

 Isotropic rotational 

diffusion assumes that the 

spin label undergoes 

unrestricted motion (S = 0) 

and that the spectra are 

dependent on the rate of 

motion (τR).  Slow motion at 

the rigid limit results in a 

powder pattern because none 

of the anisotropy has been 

averaged.  As motion 

increases (shorter correlation 

times) the anisotropy begins 

to be averaged resulting in 

narrowing of the lineshapes and the splittings until a narrow spectrum consisting of three 

τR (ns)

Near rapid limit (isotropic) 0.1

Weakly Immobilized 0.6

Moderately 2.5
Immobilized

5.0
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43C

26C

9C

0C
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Figure 15.  Isotropic EPR spectra 

EPR spectra of a spin label undergoing isotropic motion in a glycerol 
solution as a function of temperature.   
The calculated correlation times (in ns) are shown to the right of the 
figure and the temperatures of the samples are shown at the left.  
Figure adapted from [87]. 
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equally spaced sharp lines representing the rapid limit is observed (Figure 15).  If the 

spectrum is representative of slow or strongly immobilized motion, that is, motion near 

the rigid limit, the correlation time can be estimated from either the splitting (TII) or the 

outer half-width at half-height of the low field line (ΔL) using the following functions and 

constants from simulations: 

 τR = a[1-(T||´/T||)]
b 

Equation 8  Slow 
motion isotropic 
correlation time 

 

 τR = x[(ΔL´/ΔL)-1]y 
Equation 9 Slow 
motion isotropic 
correlation time 

 

where a = 5.4 x 10-10 s, b = -1.36, x = 1.15 x 10-8 s and y = -0.944.  However, if the 

spectrum is representative of fast or weakly immobilized motion, the correlation time can 

be estimated based on the rapid limit spectrum using the following function and constant 

from simulations: 

 τR = z•ΔH0´ [(h0/h-1)
1/2-1] 

 

Equation 10 Fast 
motion isotropic 
correlation time 

 

where z = 6.5 x 10-10 s/G (Figure 16).   
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In reality, the motion of a spin label attached 

to a membrane protein reconstituted into a lipid 

vesicle is probably anisotropic, but the correlation 

time may not be sub-nanosecond as is assumed in 

the anisotropic rotational diffusion model.  In order 

to extract both the correlation time and order 

parameter from the EPR spectrum, spectral 

simulations and fitting are done using NLSL with 

the MOMD model.  For more information refer to 

Chapter 4. 
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Figure 16.  Strongly immobilized and 
weakly immobilized isotropic EPR 
spectra. 

EPR spectra representative of slow and 
fast isotropic motion and the spectral 
features used to estimate correlation 
times.  Figure adapted from [87]. 
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2.4 Saturation Transfer EPR 

 Conventional dynamics is 

useful when the motion of the spin 

label is in the picosecond to 

nanosecond timescale, such as 

peptide backbone motion.  If the 

goal is to measure the global 

dynamics of large protein 

complexes or large membrane 

bound proteins with rotational 

motion on the microsecond to 

millisecond timescale, saturation 

transfer EPR (STEPR) is required 

(Figure 17).   
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Figure 17.  Conventional dynamics and saturation transfer 
EPR spectra. 

Conventional dynamics (left) EPR is sensitive to spin label 
motion on the picosecond to nanosecond timescale while 
saturation transfer ERR (right) is sensitive to spin label motion 
on the microsecond to millisecond timescale [88]. 
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Where 

conventional 

dynamics are 

sensitive to the 

spin label T2 

relaxation time 

(nanosecond 

timescale), STEPR 

dynamics are 

sensitive to the 

spin label T1 

relaxation time (microsecond timescale).  In conventional dynamics, spectra are acquired 

at non-saturation microwave powers to avoid lineshape broadening due to spin system 

saturation.  However, because STEPR measurements are based on T1, sensitivity to 

rotational motion is achieved by using saturating microwave powers.  This is because 

rotational motion is capable of transferring saturation from one part of the spectrum to 

another via spectral diffusion.  Consequently, microsecond spin label motion which is 

faster than or comparable to T1 is capable of transferring saturation while millisecond 

spin label motion is slower than T1 and is unable to transfer saturation.  In addition to 

using saturating microwave power, STEPR data are acquired as the second harmonic out-

of-phase absorption spectra.  Figure 18A shows three different sets of spectra 

representing fast (microsecond) and slow (millisecond) rotational correlation times.  The 

V1 spectra are first harmonic in-phase typical of conventional dynamics spectra.  Here, 

Fast                 SlowA B

 

Figure 18.  Saturation effects on fast and slow motion and an empirical plot to 
estimate rotational correlation time. 

(A) Microsecond (fast) and millisecond (slow) rotational correlation time and the 
corresponding V1, V2 and V2 spectra.  The V2 spectra show spectral features used 
to estimate rotational correlation time.  (B) An empirical plot used to estimate 
rotational correlation time from conventional and STEPR spectra.     
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there is very little difference in the two spectra, other than saturation induced lineshape 

broadening of the slow spectrum.  The V2, second harmonic absorption spectra show little 

difference between microsecond and millisecond motion.  Significant differences are 

only observed in the V2 (second harmonic out-of-phase) spectra.  Here, the shape and 

intensity of the STEPR spectra are highly dependent on rotational correlation time.  A 

model system using spin labeled hemoglobin undergoing isotropic rotational diffusion in 

glycerol solutions of varying viscosities has been used to estimate rotational correlation 

time from the splitting (conventional ERP) and L/L (STEPR) (Figure 18B).  For more 

detailed information on the application of STEPR, refer to chapter 5. 

 

2.5 Accessibility Measurements 

 Spin label accessibility has been used extensively to determine the environment of 

the spin labeled protein.  More specifically, accessibility measurements are commonly 

used to determine if the spin label is buried in a membrane, solvent exposed or interacting 

with the bilayer surface.   

Absorption of microwave radiation induces transitions from the ground state 

energy level to an excited state energy level, depleting the population of spins in the 

ground state level.  Without spin-lattice (T1) relaxation mechanisms to repopulate the 

ground state and return the spin system to the Boltzmann distribution, the system would 

become saturated and unable to absorb microwave radiation. The EPR signal (S) is 

dependent on the gyromagnetic ratio (γ), microwave magnetic field amplitude (H1), the T1  

(spin-lattice) and T2 (spin-spin) relaxation times: 
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 S = γH1T2/(1 + γ2H1
2T1T2) 

Equation 11  Saturation 
signal intensity 

 

At low microwave power the T1 relaxation mechanisms are sufficient to keep the ground 

state populated and the signal is linearly dependent on H1.  However, at sufficiently high 

microwave power, the T1 relaxation mechanisms are insufficient to maintain the 

Boltzmann distribution, the system becomes saturated and the signal is no longer linearly 

dependent on H1.  When H1 is high enough and γ2H1
2T1T2 = 1, the signal intensity is ½ 

the value expected in an unsaturated system, a well characterized point defined as P1/2, 

the corresponding microwave power value. 

Microwave power (P) is proportional to H1: 

 H1 = CP1/2 Equation 12  Microwave 
H1  

 

where C is a conversion factor which is dependent on the sample composition, sample 

volume, and sample placement in the resonator cavity.  Since the EPR signal is dependent 

on H1, but saturation measurements are commonly done as a function of microwave 

power, comparisons of P1/2 values between samples can only be done if H1 values are 

equivalent.  This can be accomplished by either calibrating the system with a well 

characterized standard such as PADS to determine C, or by controlling sample 

composition, volume and placement within the resonator cavity such that the conversion 

factors are equivalent between samples.  Power saturation experiments for my thesis 

work were performed by ensuring that the conversion factors between samples were 

equivalent. 
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 A saturation 

rollover curve is 

generated by plotting 

the signal intensity 

(center line peak-to-

peak height) as a 

function of microwave 

power.  The normalized 

saturation (SN) rollover curve is then generated by plotting S/P0.5 as a function of 

microwave power (Figure 19).  P1/2 is determined by fitting the normalized saturation 

rollover curve with the following function 
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 Equation 13  
Normalized saturation 

 

where I is a scaling factor, P is the incident microwave power, ε is a measure of the 

homogeneity of the saturation line which varies between 0.5 (inhomogenous saturation) 

and 1.5 (homogenous saturation) and P1/2 is the incident microwave power at half-

saturation [89]. 
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Figure 19.  Saturation and normalized saturation rollover curves. 

(A) Saturation rollover curve generated by plotting the signal intensity 
(centerline peak-to-peak height) as a function of microwave power.  (B) 
Normalized saturation rollover curve generated by plotting S/P1/2 as a 
function of microwave power.   
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 Paramagnetic relaxation 

enhancers (PREs) such as O2 and 

transitions metal complexes 

containing Ni2+
, Cu2+, or Gd3+ 

have spin-lattice (T1) relaxation 

times much shorter than nitroxide 

spin labels.  Collisional spin 

exchange between the PRE and 

the spin label results in a decrease 

in the spin label’s spin-lattice 

relaxation time (T1), thereby 

enhancing the spin label’s spin-lattice relaxation rate, R1.  This enhanced R1 consequently 

reduces the saturation of the spin system thereby increasing P1/2 compared to an 

equivalent sample lacking a PRE.  The difference in P1/2 values due to the presence of the 

PRE is defined as ΔP1/2 (Figure 20).  Thus, ΔP1/2 is proportional to the difference in spin- 

lattice relaxation rates ΔR1 due to the collision frequency with the PRE.  If the PRE 

concentration is constant, then if follows that ΔP1/2 is proportional to the accessibility of 

the spin label to the PRE.  

 This can be employed to determine the environment of the spin label.  PRE 

solubility is dependent on the chemical nature of the relaxation enhancer.  Accessibility 

of the spin label to the lipid bilayer can be probed using O2, a PRE which is considerably 

more soluble in lipid than in water.  Conversely, relaxation enhancers such as NiAA and 

NiEDDA are soluble in water and insoluble in the lipid bilayer.  DOGS-NTA-Ni, a lipid 
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Figure 20.  Normalized saturation curves showing ΔP1/2. 

Normalized saturation curves in the absence (black) and 
presence (red) of a PRE.  The difference in P1/2 values is defined 
as ΔP1/2 which is proportional to spin label accessibility. 
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with Ni2+
 chelated to the lipid headgroup can by used to measure accessibility to the 

bilayer surface.  Accessibility measurements employing the theory outlined here are 

found in chapters three and six. 

 

2.6 Distance Measurements 

 Distance measurements between two spin labels are based on the dipolar coupling 

principal.  Consider a system of two spin labels, A and B in close proximity.  The 

magnetic moment of spin 

B creates a small 

magnetic field which 

affects the applied field 

(H0) felt by spin A.  Since 

the spin state (spin-up or 

spin-down) of the A and 

B spins are independent of 

each other and the 

probability of spin B 

being up or down is equal, 

the magnetic field of spin B adds to or subtracts from the applied field.  This splits the 

resonance field position of spin A (HA) into two new positions separated by twice the 

dipolar coupling field (Hdd).  The dipolar coupling is proportional to the inverse cube of 

the interspin distance (r) and is also dependent on θ, the angle between the interspin 

vector and H0 (Figure 21).  In continuous wave (CW) EPR spectroscopy, the dipolar 

HddH0 = Heffective

or
or

+

r

HA

2Hdd

Spin A

Spin B

H0

HA

θ

 

Figure 21.  The dipolar coupling interaction.  

The applied magnetic field (H0) felt by spin A is affected by the small 
magnetic field of spin B.  This dipolar coupling splits the resonance 
position of spin A (HA) into two new resonance positions centered 
around HA  and separated by twice the dipolar coupling (Hdd).  The 
dipolar coupling is proportional to the interspin distance (r) and (θ) the 
angle between the interspin vector and the applied magnetic field. 
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coupling broadens the EPR lineshape which is analyzed to determine the interspin 

distance.  In pulsed EPR spectroscopy, the dipolar coupling frequency is directly detected 

in the double electron-electron resonance (DEER) time-domain experiment to determine 

the interspin distance. 

CW is applied if the 

distance range is 1-2 nm and DEER 

is applied if the distance range is 2-

5 nm.  Both methods are sensitive 

to the mean and width of the 

distance distribution (Figure 22). 

 

2.6.1 Continuous Wave Distance 

Measurements 

CW distance measurements 

are applicable when the interspin 

distance is between ~ 0.8 nm and 2 

nm.  In order to determine the 

distance distribution, two spectra 

are required; a non-interacting 

spectrum comprised of a singly labeled protein (or monomer in my case) and an 

interacting spectrum comprised on a double labeled protein (or oligomer in my case).  

Because the EPR lineshape is sensitive to both rotational motion and dipolar broadening, 

samples are prepared with a cryoprotectant (usually glycerol), flash frozen and spectra 
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Figure 22.  CW and DEER spectra and corresponding 
distance distributions. 

Gaussian distance distributions with varying centers and full-
width half-maximum values and the corresponding CW and 
DEER spectra.  Black spectra are representative of a non-
interacting system (no dipolar coupling).  Red spectra 
correspond to the red Gaussian distance distributions 
representing little static disorder while blue spectra correspond 
to the blue Gaussian distance distributions representing 
moderate static disorder.   
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are acquired around 200K to ensure there is no rotational motion to affect lineshape.  As 

stated above, the dipolar coupling between coupled spins causes a broadening of the EPR 

lineshape.  The dipolar coupling strength can be calculated using the following equation: 

 
2/)1cos3(
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r

g
rH dd  Equation 14  Dipolar 

coupling strength 

where the  is the permittivity of free space and the /4π factor is required for conversion 

to SI units.  The cos2 term dictates that the dipolar coupling will have maximum and 

minimum values when the interspin vector is parallel and perpendicular to H0, 

respectively.  Because most dipolar EPR samples are randomly oriented with respect to 

the magnetic field, θ is not a single value but rather a sine-weighted distribution of all 

possible values.  Consequently, each resonance position is not split by Hdd but broadened 

by a Pake pattern: 
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 Equation 15  Pake 

pattern 

where  = g/4π and r is the interspin distance [90].  In most biological samples there is 

not a single discrete interspin distance but a distribution of interspin distances defined as 

r.  Each value of r then has a corresponding Pake function which are summed to yield 

the broadening function, P(H) 

 



0

)(),()( drrrHPHP   Equation 16 Dipolar 
broadening function 
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The dipolar broadened spectrum (Vint) is then the non-interacting (Vnon) spectrum 

convoluted with the broadening function as defined below: 

 




 HdHHPHVHV non )()()(int  Equation 17 Dipolar 
broadening convolution 

Simulation and fitting are used to extract the distance distribution from the dipolar 

broadened spectrum.  Broadening functions are simulated from distance distributions and 

are then used to convolute the non-interacting spectrum.  The resulting broadened 

spectrum is then fit to the experimental spectrum and the process is repeated until a non-

degenerate solution is found. 

 

2.6.2 Pulsed Distance Measurements  

Generally, interspin distances greater than 2 nm cannot be resolved using 

continuous wave measurements because the dipolar broadening is less than the intrinsic 

linewidth.  Pulsed EPR, specifically DEER is therefore employed if the interspin 

distances are expected to be greater than 2 nm (Figure 22).   
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DEER is a pulsed 

EPR technique which 

directly measures the 

dipolar coupling 

frequency of two coupled 

spins.  For simplicity 

sake, consider a system 

where spin A is coupled 

to spin B.  The resonant 

positions of the A and B 

spins, the pulse sequence 

and a typical DEER decay 

are shown in Figure 23.  

A π/2 pulse is first applied 

to the A spins at frequency ωa which tips the magnetization into the x-y plane.  The spins 

begin to precess with the angular rage ωA but due to local field inhomogeneities caused 

by phenomena such as spin-spin relaxation or dipolar coupling to other spins, the 

precession rates will slightly differ.  For example, A spins coupled to B spins will precess 

with the angular rate 1/2ωAB.  These different precession rates dephase the spins which 

are subsequently refocused with a π pulse after 1 to form a Hahn echo.  After time 2, 

another π refocusing pulse is applied to the A spins and a refocused echo at time 2 is 

integrated to generate the EPR signal.  If a time dependent π pumping pulse is applied to 

the B spins at frequency ωb between the Hahn echo and the second refocusing pulse, the 
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Figure 23.  Typical DEER experiment.  

(A) The 4-pulse DEER experiment showing the observer pulse 
sequence for the A spins and the pump pulse sequence for the B spins.  
(B) The echo-detected absorption spectrum showing the observation 
(ωa) and pump (ωb) frequencies for the A and B spins, respectively.  
(C) The DEER decay simulated from a Gaussian distance distribution 
with a center and FWHM equal to 3 nm and 0.1 nm, respectively.  The 
x-axis is t, the timing of the ωb pump pulse and the y-axis is the 
integrated refocused echo intensity.  The oscillation frequency (T) is a 
function of the distance distribution and can be used to calculate the 
interspin distance. 
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induced B spin flips will now cause the A spins to precess at angular rate -1/2ωAB.  This 

change in angular precession rate will dephase the A spins as a direct result of the dipolar 

coupling frequency.   

The DEER decay, V(t). is a product of intramolecular and intermolecular dipolar 

coupling: 

 
)()()( intint tVtVtV erra   Equation 18  DEER 

decay  

In order to analyze the DEER decay, the background signal (Vinter(t)) can be 

subtracted with the following function: 

 
)exp()( 3/

int
d

er kttV   Equation 19 
Intermolecular signal 

where k is the spin concentration and d is the dimensionality of the system, to yield a 

signal which is a function of only the intramolecular dipolar coupling such as in an 

oligomeric protein or a protein spin labeled at two different sites.  The DEER decay due 

to intramolecular dipolar coupling is defined as: 

 
))(cos(0int tVV ABra    

Equation 20 
Intramolecular dipolar 

coupling 

where V0 is the echo amplitude in the absence of dipolar coupling, ωAB is the dipolar 

coupling frequency,  is the time between the π/2 and π pulses and t is the timing of the 

pump pulse (Figure 23).  The dipolar coupling frequency is dependent on the angle 

between the interspin vector and the magnetic field (θ) and the interspin distance (r) and 

can be calculated from the following function: 
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 Equation 21 Dipolar 
coupling frequency 

where gA and gB are the isotropic g values of the A and B spins,  is the Bohr magneton 

and  is the reduced Planck’s constant.  Just as in CW ERP a randomly oriented sample, 

such as a vesicle solution, θ is not a discrete value but assumes all orientations weighted 

by the sine function.  In addition, r is unlikely to be a discrete value but a distribution of 

values.  Consequently, ωAB is a sum of Pake patterns (Equation 15) weighted by the 

interspin distance distribution. 
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Phospholamban (PLN) regulates calcium translocation within cardiac myocytes 

by shifting sarco(endo)plasmic Ca2+-ATPase (SERCA) affinity for calcium. Although the 

monomeric form of PLN (6 kDa) is the principal inhibitory species, recent evidence 

suggests that the PLN pentamer (30 kDa) is also able to bind SERCA. To date, several 

membrane architectures of the pentamer have been proposed, with different topological 

orientations for the cytoplasmic domain: (i) extended from the bilayer normal by 50-60; 

(ii) continuous -helix tilted 28 relative to the bilayer normal; (iii) pinwheel geometry, 

with the cytoplasmic helix perpendicular to the bilayer normal and in contact with the 

surface of the bilayer, and (iv) bellflower structure, in which the cytoplasmic domain 

helix makes ~20 angle with respect to the membrane bilayer normal. Using a variety of 

cell membrane mimicking systems (i.e. lipid vesicles, oriented lipid bilayers, and 

detergent micelles) and a combination of multidimensional solution/solid-state NMR and 

EPR spectroscopies, we tested the different structural models. We conclude that the 

pinwheel topology is the predominant conformation of pentameric PLN, with the 

cytoplasmic domain interacting with the membrane surface. We propose that the 

interaction with the bilayer precedes SERCA binding and may mediate the interactions 

with other proteins such as protein kinase A and protein phosphatase 1. 
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Introduction 

Calcium translocation into the sarcoplasmic reticulum (SR) of cardiac myocytes is 

controlled by the sarco(endo) plasmic reticulum calcium ATPase (SERCA). 

Phospholamban (PLN) regulates the activity of SERCA by shifting the apparent calcium 

affinity for the enzyme. This activity is relieved by phosphorylation of PLN at Ser16 

and/or Thr17 or high calcium concentration within the cytosol. Wild-type PLN (wt-PLN) 

forms stable homopentamers in lipid bilayers and in detergent micelles, where each 

monomer is composed of a helical cytoplasmic domain (residues 1-16), a semiflexible 

loop (residues 17-21), and a helical transmembrane domain (residues 22-52) [47, 63]. 

Mutagenesis, molecular biology, and in vivo studies revealed that the PLN pentamer 

depolymerizes into active monomers that bind and inhibit SERCA [14]. Similar 

conclusions were reached by in vitro fluorescence studies [6]. Recently, Young and co-

workers [66] have reported a cocrystal formed by SERCA and PLN pentamer, suggesting 

that the pentameric species is also able to bind SERCA. Furthermore, Jones and co-

workers [91] hypothesized that the PLN pentamer may act as a chloride ion channel, 

which is supported by the bellflower structure recently determined by Oxenoid and Chou 

[63]. 



 45 

There are four principal 

proposed structural models of 

pentameric wt-PLN, which differ 

primarily in the topology of the 

more dynamic cytoplasmic domain. 

In each of these models (shown in 

Figure 24), residues 33-52 are in a 

coiled helix approximately parallel to the bilayer normal. The first model (extended 

helix/sheet model), based on polarized Fourier transform infrared (FTIR) spectroscopy in 

a supported lipid bilayer, has residues 22-32 to be in an antiparallel -sheet configuration 

with the cytoplasmic domain helix oriented ~50-60 relative to the bilayer normal [61]. A 

second model (continuous helix model), based on rotational-echo double resonance 

(REDOR) solid-state NMR and polarized FTIR spectroscopy in lipid bilayers, depicts wt-

PLN as a continuous helix [62, 92]. The third structural model (pinwheel model), based 

on fluorescence resonance energy transfer (FRET) in SDS gels, reveals a pinwheel 

arrangement of the pentamer, in which each monomer within the pentamer has an L-

shaped geometry where the cytoplasmic domain is in contact with the lipid bilayer [64]. 

The most recent model (bellflower model), based on triple-resonance solution NMR in 

dodecylphosphocholine (DPC) detergent micelles, reveals a bellflower structure [63]. The 

bellflower model, like the pinwheel model, has three structural domains, but differs 

mainly in the pronounced bend in domain Ib (residues 22-31), and the cytoplasmic 

domain helices, which are oriented ~20 with respect to the bilayer normal. The ensemble 

 

Figure 24.  Structural models of wt-PLN.  The extended 
helix/sheet and continuous helix models shown were 
reconstructed from the original papers [61, 62] to give the 
reader a graphical illustration of the models.  Graphics were 
prepared using Pymol software (www.pymol.org).  The 
pinwheel (1XNU [64]) and bellflower (1ZLL [63]) pentamers 
were taken directly from PDB coordinates.   
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for the bellflower is rather precise, having a root mean square difference of 0.6 Å for 

backbone atoms, indicating nearly no conformational disorder. 

In contrast, the conformational ensemble of the PLN monomer has a much lower 

precision [47] due to psec-msec conformational disorder supported by EPR and solution 

and solid-state NMR spectroscopies [18, 51, 59, 75, 93]. Although the PLN structure is 

dynamic, extensive data in lipids and micelles shows that the predominant conformation 

of the monomer is L-shaped, with the cytoplasmic domain in contact with the surface of 

the lipid bilayer [47, 51, 55, 94, 95].  

Recent spectroscopic data from Middleton [70, 71] and Lorigan [69, 96] groups 

suggest that the membrane association of the cytoplasmic domain of PLN is present in 

pentameric wt-PLN. These data are in disaccord with the continuous helix conformation, 

the extended helix/sheet model, and the bellflower structure. 

In this manuscript, we use a combination of solution and solid-state NMR 

methods, as well as EPR techniques in both lipid bilayers and detergent micelles, to 

determine which, if any, of the proposed models is valid for wt-PLN. 

 

Results 

Characterization of Oligomerization State 

 To characterize the oligomeric states under our NMR and EPR conditions, we 

visualized PLN species using denaturing (SDS-PAGE) and non-denaturing (native) gel 

shift assays (Figure 31, Supporting Information). Both gels clearly show that in 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC)/1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE) lipid bilayers and DPC micelles, wt-PLN is pentameric. 
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Note that all of these preparations were tested for SERCA inhibition and under both 

NMR and EPR conditions PLN causes a shift in SERCA affinity for calcium as 

previously reported [18, 97]. These functionally identical preparations were then 

subjected to structural studies using both NMR and EPR spectroscopy. 

 

Solid-State NMR in Oriented Lipid Bilayers 

Solid-state NMR is the method of choice for the simultaneous identification of 

membrane protein structure, topology, and dynamics [98-100]. Unlike solution NMR, the 

15N chemical shift in solid-state spectra depends on its orientation with respect to the 

magnetic field. This basic principle allows for the measurement of orientation (topology) 

information with respect to the lipid membrane. Here, the [1H/15N] polarization inversion 

spin exchange at the magic angle (PISEMA) experiment was used.  This experiment 

correlates 15N chemical shift with 1H-15N dipolar coupling [101]. For -helices within 

oriented lipid bilayers (B0 parallel to the membrane normal), PISEMA spectra show 

wheel-like patterns called polarity index slant angle (PISA) wheels [102, 103]. From the 

PISA wheels it is possible to identify the tilt and rotation angles of the helix within the 

bilayer. Specifically, helices that are approximately parallel with respect to the bilayer 

normal give 15N shifts ~200 ppm and 1H-15N dipolar couplings ~6-8 kHz, while those 

with an orientation perpendicular to the normal resonate at ~75 ppm and ~3-4 kHz, 

respectively. Because there are large orientation differences in the cytoplasmic domain 

within the four structural models, PISA wheel patterns measured in fully fluid lipid 

bilayers are able to distinguish between these models with high sensitivity. 
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Figure 25 shows an overlay 

of six different PISEMA 

experiments (high and low-field 

regions) acquired using selectively 

labeled [15N-Leu], [15N-Ala], [15N-

Ile], [15N-Cys], [15N-Thr], and 

[15N-Asn] wt-PLN. The full 

PISEMA spectra are shown in the 

Supporting Information (Figure 32) 

indicating the degree of alignment 

for the samples. The overlaid 

spectra strongly show the presence 

of two PISA wheels for the 

transmembrane (Figure 25C) and cytoplasmic domains (Figure 25D). Residue 

assignments were carried out using an in-house software that exploits the periodic nature 

of the chemical shift and dipolar coupling for regular secondary structures [104, 105]. 

Analogous  to the approach used by Nevzorov and Opella [106], this program uses an 

exhaustive search algorithm to find the assignment that best matches the observed 

resonances with those calculated from an ideal -helix for given tilt () and rotation () 

angles with respect to the lipid bilayer. The PISA wheel for the transmembrane domain 

of wt-PLN (Figure 25E) comprises 21 assigned resonances and reveals an ~15 tilt angle 

with respect to the bilayer normal. This tilt angle differs from that of the PLN monomer 

by ~6 [94], showing that formation of the leucine/isoleucine zipper imposes a smaller tilt 

 

Figure 25.  Solid-state NMR spectra of PLN pentamer in lipid 
bilayers.  (A) 1D cross-polarization spectrum of [U-15N] wt-
PLN in DOPC/DOPE oriented lipid bilayers.  (B and C) An 
overlay of selectively labeled PISEMA spectra for the 
transmembrane and cytoplasmic helixes, respectively.  The 
resonances are color-coded:  [15N-Ala], green; [15N-Cys], 
purple; [15N-Leu], orange; [15N-Ile], red; [15N-Asn], grey; and 
[15N-Thr], blue.  (D and E) Simulated PISA wheels (dashed 
lines) for both transmembrane (θ = 15°) and cytoplasmic (θ = 
92°) domains.  The PISEMA simulations assumed a regular -
helical geometry for both helical domains. 
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to each monomer with respect to the depolymerized species. Two previous studies 

reported pentamer tilt angle values of 28 + 6 [62] and 23 by using computation and 

mutagenesis [107].  The former study used dimyristoylphosphatidylcholine (DMPC) lipid 

bilayers.  The difference in the tilt angle between our study and that of Arkin et al. [62] 

can be attributed to hydrophobic mismatch.  

 Unlike the change in tilt angle between the monomer and pentamer, the rotation 

angle of the transmembrane domain helix is very similar, indicating that the pentamer 

formation requires only a change in tilt angle to pack. Moreover, the regular PISA wheel 

obtained for the transmembrane domain shows an unbent helix, excluding the 

pronounced transmembrane helix curvature reported in the bellflower model as well as 

the proposed antiparallel -sheet configuration for residues 22-32 in the extended 

helix/sheet model. The simulated PISA wheel in Figure 3E shows the expected pattern for 

the transmembrane domain within the bellflower structure. Note that the availability of 

Protein Data Bank (PDB) coordinates allows us to simulate PISEMA spectra for the 

pinwheel and bellflower models only. 
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 Figure 25C shows the 

overlay of the upfield region 

(cytoplasmic domain) of the 

PISEMA spectrum (50-100 ppm). 

All of the expected resonances 

(Leu7, Thr8, Ala11, Ile12, Ala15, 

Thr17, and Ile18) are present for 

each selectively labeled sample, 

showing unambiguously that the 

cytoplasmic helix is oriented 

parallel to the surface of the lipid 

bilayer, supporting the pinwheel 

model. Structural fitting of an 

ideal PISA wheel gives an ~92 tilt angle of the cytoplasmic domain with respect to the 

bilayer normal, essentially the same as that previously described for the monomer [94]. A 

bellflower structure would give rise to cytoplasmic domain resonances within the range 

of 160-220 ppm (Figure 26B). Likewise the continuous helix and extended helix/sheet 

models would show the majority of cytoplasmic domain resonances in the same region as 

those expected for the bellflower model. 

 

 

 

 

 

Figure 26.  Simulated PISEMA spectra obtained for the 
pinwheel and bellflower models.  The simulations for the 
cytoplasmic domain (A and B) assumed ideal -helices with 
helix tilt angles of 92° (A) and 20° (B) with a rotation angle of 
15°.  PISEMA spectra for the transmembrane domains (tm) are 
calculated directly from the PDB coordinates (D and E).  Unlike 
the pinwheel model, the bellflower model does not show any 
high-field resonances.  Experimental PISEMA spectra show the 
remarkable agreement with the pinwheel model (C and F). 
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Solution NMR in DPC Micelles 

 Is the 

pentamer structure 

in micelles different 

from that in lipid 

bilayers? Following 

the sample 

preparation used by 

Oxenoid and Chou 

[63], we compared 

the transverse 

relaxation-optimized spectroscopy/heteronuclear sequential quantum correlation 

(TROSY-HSQC) spectrum of monomer and pentamer and tested the topology of the 

pentamer using three different paramagnetic probes: gadopentetate dimeglumine (Gd3+ 

for simplicity), 5-doxyl stearic acid and 16-doxyl stearic acid, which probe solvent 

exposed residues, hydrophobic residues underneath the phosphate headgroup, and those 

residues deeply embedded in the micellar core, respectively. 

 

Figure 27.  Solution NMR studies of PLN pentamer in DPC micelles.  (A) 
Overlay of [1H/15N]-TROSY-HSQC spectra of AFA-PLN monomer (black) and 
wt-PLB pentamer (red).  (B) Difference plot of the combined 1H and 15N 
chemical-shift variations between the monomeric and pentameric species (Δδ = 
[(ΔδH

2 + ΔδN
2/25)/2]1/2).  The three mutations in AFA-PLN (C36A, C41F and 

C46A) are indicated with asterisks. 
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Remarkably, the resonance positions 

of the protein fingerprint in the [1H/15N]-

TROSY-HSQC spectrum for residues 2-31 

within wt-PLN and monomeric mutant AFA-

PLN are nearly identical as shown in Figure 

27.  The largest differences between 

monomer and pentamer are located in 

domain II, resulting from the mutated 

residues and the quaternary interactions 

within the pentamer.  The similarity in the 

cytoplasmic region (residues 2-31) suggests 

that the local chemical environment and the 

conformations for both monomer and pentamer are identical. 

 Figure 28A shows the intensity retention in the TROSY-HSQC spectrum of wt-

PLN after adding Gd3+. The quenching of residues Glu2, Lys3, Ser10, Gln22, Gln23 and 

Ala24 indicates that these residues are the most solvent-exposed, whereas the absence or 

minimal perturbation of the remaining residues of the transmembrane and cytoplasmic 

domains suggest that these are somewhat solvent-protected. 

To investigate what residues were associated with or embedded within the DPC 

micelle, we used 5- and 16-doxyl stearic acid. Val4, Leu7, and Ala11 amide resonances 

are among the most quenched when exposed to 5-doxyl stearic acid, whereas Ser10 (the 

most quenched in Gd3+ experiments) retains ~80% intensity (Figure 28B). Similarly, 16-

doxyl stearic acid shows Leu7 to be the most quenched in the cytoplasmic domain with 

 

Figure 28.  Paramagnetic mapping of PLN 
topology in DPC micelles.  Intensity retention upon 
addition of Gd3+ (A), 5-doxyl stearic acid (B), and 
16-doxyl stearic acid (C).  The red bars in B and C 
highlight those residues quenched that face the 
micelle interior (Val-4, Leu-7, and Ala-11 in B and 
Leu-7 in C).  The asterisks indicate overlapped 
resonances. 
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residues 41-45 embedded in the core of the micelle.  These results support the conclusion 

that Val4 and Leu7 are buried in the micellar hydrophobic core, placing the cytoplasmic 

domain helix in contact with the surface of the micelle. If domain Ia (residues 1-16) were 

fully exposed to solvent, as in the bellflower, continuous helix, and extended helix/sheet 

models, one would expect to observe uniform quenching of these domains upon addition 

of Gd3+ and no differential quenching upon addition of 5- or 16-doxyl stearic acid. In 

the pinwheel model, one would expect to see differential quenching in the cytoplasmic 

domain from addition of Gd3+ and 5-doxyl stearic acid, indicating a preferential surface 

for the cytoplasmic domain helix to interact with the lipid surface.  

In summary, the similarity of spectra between the pentamer and monomer, and the 

topological mapping by paramagnetic agents, all establish that in DPC micelles both the 

monomer and pentamer have cytoplasmic domains that interact with the surface of the 

micelle. 

 

EPR in DPC Micelles 

 To further test the structural models, we performed complementary EPR 

experiments. Although a single EPR experiment lacks the residue-by-residue view 

offered by NMR, it has several advantages stemming from the larger magnetic 

susceptibility of the electron, including increased sensitivity, resolution of distinct 

conformations based on dynamics [108], and the ability to probe distances up to 8 nm in 

length [109]. To measure intermonomer distances in the wt-PLN pentamer, a four-pulse 

double electron-electron resonance (DEER) experiment was used [109]. Wt-PLN was 

spin labeled at Lys3 with 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-succinimide.  
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Assuming a rigid model, the 

shortest intermonomer distance for 

Lys3 is 3.8 nm in the pinwheel 

model and 2.0 nm in the bellflower 

model, as illustrated in Figure 6. 

The interaction between the spin 

labels is a dipole-dipole interaction 

(r-3 distance dependence). The 

closer the two spin labels are in 

space, the stronger the interaction 

between the dipoles and 

subsequently the faster the DEER 

decay curve relaxes. The results in DPC micelles are shown in Figure 29C, with the 

simulated decay curves based on the two models shown in solid lines. It is clear that the 

distribution of distances between the spin labels is in close agreement with those 

predicted using the pinwheel model. If the major population in detergent micelles were 

the bellflower arrangement, a much steeper decay would be expected, as illustrated in 

Figure 29C. Similar to NMR data, these EPR results indicate that, in DPC micelles, the 

pinwheel model is in much better agreement with the data than the bellflower model. 

 

 

 

 

 

Figure 29.  Structural models (A, pinwheel; B, bellflower) 
showing the sited of spin-label attachment (Lys-3) and the 
predicted interprotomer distances, measured from -carbons.  
Pulsed EPR (DEER) decays (black squares) observed for wt-
PLN, spin-labeled at Lys-3, in DPC micelles (C) and lipid 
bilayers (D).  Solid curves in C and D show simulated decays 
predicted by the bellflower model (red), pinwheel model 
(blue) and the best-fit Gaussian distribution of distances 
(green).  
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EPR in Lipid Bilayers 

DEER measurements were also performed on wt-PLN labeled at Lys3 with 

TEMPO-succinimide in DOPC/DOPE lipid bilayers. The results (Figure 29D) are only 

slightly different from those found in detergent micelles (Figure 29C), showing a decay 

profile that agrees well with the pinwheel model (blue curve). The decay in lipids is 

slightly faster than in micelles, indicating a slightly shorter distance that is in even better 

agreement with the pinwheel model, perhaps due to the curvature of the DPC micelle 

[110]. In both micelles and bilayers, at least 1 nm [half-width at half maximum, HWHM] 

of disorder in the pinwheel model (see Figure 33 and Figure 34, Supporting Information) 

is necessary to dampen the oscillations in the decay and fit the data. However, the 

bellflower model did not fit the data regardless of the amount of disorder modeled. The 

best fit of the data to a Gaussian distribution of distances (green curves in Figure 29C, D) 

is centered at 5.4 nm (HWHM 2.3 nm) in micelles (Figure 33B, D, Supporting 

Information) and 4.7 nm (HWHM 1.9 nm) in bilayers (Figure 34B, D), Supporting 

Information), which is in good agreement with the mean distance calculated using the 

pinwheel model (4.8 nm). In contrast, the best Gaussian fit to the bellflower model is a 

distribution of distances centered at 2.8 nm. 



 56 

 As shown previously 

[51, 75], EPR spectra of AFA-

PLN, labeled in the cytoplasmic 

domain at either Lys3 with 

TEMPO-succinimide or at 

position 11 with 2,2,6,6-

tetramethyl-piperidine-1-oxyl-

4-amino-4-carboxyl (TOAC), 

have two dynamically 

dissimilar components within 

DPC micelles and 

DOPC/DOPE mixed lipid 

bilayers (Figure 30A, B). These two components are especially well resolved in the case 

of the 11-TOAC spin label (Figure 30B), which is attached rigidly to the -carbon and 

thus accurately reflects the dynamics of the peptide backbone. The two components 

correspond to the T and R states of the PLN cytoplasmic domain [51], which are detected 

in DPC micelles by both EPR and solution NMR [75]. Also, a lipid anchor attached to the 

N-terminus of AFA-PLN stabilizes the membrane-bound conformation of the 

cytoplasmic domain, eliminating the EPR peak attributed to the R state [17], thus 

confirming that the R state corresponds to the more dynamic extended conformation 

(Figure 30). 

 Figure 30A and Figure 30B shows that the spectra of AFA-PLN and wt-PLN in 

the same reconstituted DOPC/DOPE lipid bilayer system are nearly identical, indicating 

 

Figure 30.  EPR dynamics (A and B) and Ni2+ accessibility (C-E) 
data comparing AFA-PLN (data shown in blue) and wt-PLN (data 
shown in red).  EPR spectra were obtained from membrane-
reconstituted PLN with TEMPO-succinimide (SUCSL) attached to 
Lys-3 (A and C) or with TOAC substituted for Ala-11 (B and D).  
In B, the two low-field peaks correspond to the resolved T and R 
states.  C and D are progressive saturation curves, showing the 
enhanced relaxation caused by collisions with the membrane-
surface-bound Ni2+.  Relative accessibilities derived from C and D 
are shown in E.   
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that the T and R states have similar dynamics and mole fractions in the PLN pentamer 

and monomer. Two small but significant differences are seen: (i) in wt-PLN the mole 

fraction of the R state is slightly greater (9%) than in AFA-PLN (7%) and (ii) the 

resonance corresponding to the T state (or bent population) of wt-PLN has a larger 

splitting, indicating a slightly greater restriction of rotational motion than the 

corresponding T state in the monomer. Accessibility measurements using Ni2+ chelated to 

the lipid surface were also performed with both spin labels on AFA and wt-PLN (Figure 

30C, D, E). These results show that both cytoplasmic spin labels interact strongly with 

the membrane surface, with little or no difference between AFA and wt-PLN. These 

results are in agreement with the solution NMR topological mapping using 5- and 16-

doxyl stearic acids (Figure 28B, C). 

 In summary, all EPR results strongly support the conclusion that the predominant 

population of wt-PLN is one in which the overall geometry is a pinwheel with the 

cytoplasmic domain in direct contact with the surface of the bilayer. 

 

Discussion 

 The fully-functional monomeric AFA-PLN mutant has been well-characterized by 

the G.V. and D.D.T. groups using solution NMR [18, 47, 59, 75, 93] and EPR in 

detergent micelles [75] , EPR in lipid vesicles [17, 51, 75], and solid-state NMR in 

mechanically oriented lipid bilayers [94]. In all of these experiments, the results are 

unambiguous: the major population of AFA-PLN is L-shaped. Our studies had focused 

on the monomeric mutant to study the complex with SERCA, given that the monomer is 

believed to be responsible for inhibition, as well as to eliminate potential complex 
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equilibria between various oligomers of wt-PLN. However, recent studies suggested that 

the pentameric form of PLN could play a larger role in SERCA regulation than was 

previously thought [66]. Therefore, we embarked in the elucidation of the structure and 

topology of the pentamer in lipid bilayers.  

Four distinct structural models proposed for pentameric wt-PLN (Figure 1) differ 

primarily in the orientation of the cytoplasmic domain. In the present study, we 

investigated the topology of wt-PLN in detergent micelles, lipid vesicles, and oriented 

lipid bilayers using EPR and solution/solid-state NMR spectroscopies, representing the 

most exhaustive structural investigation of wt-PLN pentamer to date. Our data in 

detergent micelles and lipid bilayers all support the same conclusion: the cytoplasmic 

domain of wt-PLN, like that of the AFA monomer, lies on the surface of the membrane, 

supporting an overall pinwheel geometry for the pentamer. 

The pinwheel model qualitatively describes the NMR and EPR data yet is not a 

definitive high-resolution structure of pentameric PLN. It was constructed based on the 

AFA monomer structure with the addition of three distance restraints measured using 

FRET [64]. Because the data in DPC micelles and lipid bilayers are consistent, the 

inclusion of restraints from a number of different techniques, including NOEs from 

solution NMR, DEER distance measurements from EPR, rotational-echo double-

resonance (REDOR) distances from solid-state NMR, and PISEMA solid-state NMR 

restraints, should be used. This inclusion will reduce the ambiguity associated with data 

interpretation from one technique, further validating a structural model. 

Although there are differences between a lipid bilayer and a detergent micelle 

(surface curvature, dynamics, etc.), the careful choice of a micelle has been shown to be a 
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good mimic for a physiological lipid environment [111, 112]. Furthermore, for our 

system, biological function can be tested directly under the conditions used for NMR 

experiments [18, 113]. In our case, DPC preserves both SERCA function and PLN 

inhibitory activity under NMR conditions [18, 75]. In the present study, our results in 

DPC micelles indicate that the monomer tree and within the pentamer adopt a similar 

structural and topological arrangement. Using both solid-state NMR and EPR, we also 

show that these structures are essentially the same in lipid bilayers. 

A weakness of the previous studies is the complete reliance on the single data sets 

provided by each technique employed. For instance, the structure proposed by Oxenoid 

and Chou is heavily based on the use of residual dipolar couplings (RDCs). In fact, there 

are no distance restraints that keep the cytoplasmic domains perpendicular to the plane of 

the lipid bilayers. Although RDC measurements are a well-established method for 

obtaining long-range restraints and domain orientations [114-116], protein dynamics 

modulates the observed dipolar coupling [114, 117], complicating the interpretation of 

RDCs [117, 118]. Our analysis of RDC values for PLN monomer show that multiple 

orientations of the cytoplasmic domains are compatible with the RDC data, including the 

L-shaped and the bellflower conformations [104]. However, we selected those solutions 

that satisfied structural restraints as well as paramagnetic quenching experiments, 

simultaneously [47, 104].  

In this article, we show that only a multitechnique approach is capable of 

converging to a unique solution. Specifically, anisotropic PISEMA solid-state NMR 

(Figure 25 and Figure 26), paramagnetic quenching data obtained by both solution NMR 

(Figure 28) and EPR (Figure 30E), and the long-range distance restraints provided by 
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EPR (DEER) data (Figure 29) all clearly demonstrate that only the pinwheel model is 

supported in both DPC micelles and in lipid bilayers. Finally, as illustrated in Figure 30, 

the EPR dynamics data (Figure 30B) show that the cytoplasmic domain of PLN is just as 

dynamic in the pentamer as in the monomer. The extended R state is dynamically 

disordered (order parameter, S < 0.1) and is a minor component (< 10%), whereas the 

bent T state (pinwheel structure) is the predominant population in both monomeric and 

pentameric PLN. Given the highly structured and tight ensemble of PDB ID code 1ZLL 

(bellflower structure), it is implausible that the dynamically disordered R state of 

pentameric wt-PLN detected in our experiments resembles the bellflower structure. One 

possibility, strongly indicated by the two-component EPR spectra of Figure 7B, is that 

the two states (T and R) represent the conformational equilibrium between a more stable, 

predominantly -helical ensemble, and a more dynamic, less populated unfolded state 

[51]. Interestingly, phosphorylation at Ser16 by protein kinase A and single-site 

mutations at position 21, show the R state to become more populated, indicating the 

importance of preexisting equilibria necessary for SERCA recognition [17, 18, 59]. 

Similar conformational interconversions have also been detected for fd coat protein, in 

which lipids may induce different topologies consistent with either the arrangement in the 

virus coat or in the interaction with the lipid membrane [119-121]. 

 In addition to our study, other spectroscopic data suggest association of the 

cytoplasmic domains of the pentamer with the lipid membrane. In particular, membrane 

association has been detected using 2H and 31P solid-state NMR with cytoplasmic domain 

peptides and full-length versions of wt-PLN by the Middleton [70, 71] and Lorigan 

groups [69, 96]. The interactions with the membranes or membrane-mimicking systems 
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induce a stable -helical conformation. This process is reminiscent of the membrane 

association mechanisms proposed for small hormone or antimicrobial peptides [122] and 

of the prefolding states of membrane proteins identified by Engelmann and co-workers 

[123, 124].  

 Our results strongly support a pinwheel geometry as the predominant arrangement 

for the pentamer. In addition to this major conformation, we propose that the entire 

ensemble of conformations sampled by PLN and mediated by lipids is necessary for 

recognition by the main interacting partners: SERCA, protein kinase A, calmodulin-

dependent protein kinase II, protein phosphatase 1, and the more recently found HS-1 

associated protein X-1. 

 

Materials and Methods 

Protein Preparation 

[U-15N] wt-PLN (rabbit) was grown and purified in E. coli bacteria as previously 

described [97]. Selectively labeled wt-PLN was grown in a similar manner with addition 

of the 15N labeled amino acid of interest (0.1 g/L) and the remaining 19 unlabeled amino 

acids (0.3 g/L). 

For EPR experiments, wt-PLN or AFA-PLN samples were prepared by solid-

phase peptide synthesis as described previously for AFA-PLN [51, 125]. For dynamics 

measurements, Ala11 was replaced by the TOAC spin label, which reports directly the 

dynamics of the peptide backbone [51]. For accessibility and distance measurements, wt-

PLN was spin-labeled with TEMPO-succinimide at Lys3. Neither spin label had any 

effect on PLN function, as determined by inhibition of SERCA [51] or on pentameric 



 62 

stability, as determined from SDS gels [49]. Inhibitory function was identical for 

expressed and synthetic PLN. 

 

 

NMR Spectroscopy 

Solution NMR samples were prepared by dissolving PLN in 300 mM DPC, 6M 

guanidinium hydrochloride, 50 mM -mercaptoethanol, 100 mM NaCl, and 25 mM 

phosphate buffer (pH 6.0). Samples were thoroughly dialyzed to remove all denaturant. 

PLN samples were ~0.4 mM in pentamer, and were stable over several weeks at 30C for 

NMR measurements. 

The [1H/15N]-TROSY-HSQC assignment of wt-PLN is based on the assignment 

previously published [63] with selectively 15N labeled wt-PLN samples to resolve 

overlapping resonances. TROSY-HSQC experiments were used for the paramagnetic 

quenching experiments. Gd3+ (Magnevist; Bayer Schering Pharma, Berlin, Germany) and 

5- and 16-doxyl stearic acids (Sigma-Aldrich) were titrated into wt-PLN (~0.4 mM in 

pentamer) to a final concentration of 3, 2, and 1 mM, respectively. 

Oriented lipid bilayer preparations on glass plate supports have been described 

previously for a 4/1 molar mixture of DOPC/DOPE [94, 105]. Typical preparations used 

4-8 mg of [15N-Leu], [15N-Ala], [15N-Ile], [15N-Cys], [15N-Thr], and [15N-Asn] wt-PLN. 

The final molar ratio of lipid/protein for all samples was ~125/1. All solid-state NMR 

experiments were acquired at 4C. 

PISEMA data were acquired at a 14.1 T field strength (1H frequency of 600.1 

MHz) equipped with a Bruker DMX spectrometer (National High Magnetic Field 
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Laboratory, Tallahassee, FL). The 2D PISEMA experiments [101] were performed at an 

RF field strength of ~60 kHz for cross-polarization, SEMA, and decoupling, using a low-

E probe [126]. Additional details are provided in the Supporting Information. 

 

 

EPR Spectroscopy 

Spin-labeled PLN in lipid bilayer vesicles, containing 4/1 DOPC/DOPE (200/1 

lipid/PLN monomer), were prepared as previously described [51]. Spin-labeled PLN in 

DPC micelles were prepared by dissolving the protein in DPC as described for solution 

NMR experiments (no reducing or denaturant agent) to a final PLN concentration of 0.3 

mM. 

EPR spectra were acquired using a Bruker EleXsys 500 spectrometer with the 

SHQ cavity. Samples (20 L) were maintained at 4 ºC. The field modulation frequency 

was 100 kHz, with a peak-to-peak amplitude of 1 G. Accessibility of the spin label to the 

membrane surface was determined from progressive power saturation measurements, by 

g Ni2+ ions chelated to the lipid head group as previously described [51, 55]. 

 Spin-spin distances were measured by DEER with a Bruker E680 pulsed EPR 

spectrometer (Billerica, MA) at X-band (9.5 GHz) [127]. One hundred-microliter 

samples were contained in 3 mm I.D. quartz tubes and flash-frozen in liquid nitrogen. 

The static field was set to the low-field resonance of the nitroxide signal. A four-pulse 

sequence was used with a 16 ns /2 pulse [109, 127]. Temperature was controlled at 65 

K during spectral acquisition, which lasted 8-12 hours. Data manipulations and other 

details are provided in the Supporting Information. 
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Supporting Information 

Figure 31 

Gel shift assays in denaturing (A, SDS-PAGE) and non-denaturing (B, native) gels. A) 

AFA-PLN monomer in 4/1 DOPC/DOPE lipids (lane 1) and DPC micelles (lane 3), and 

wt-PLN pentamer in DOPC/DOPE lipids (lane 2) and DPC micelles (lane 4). B) wt-PLN 

(lane 1) and AFA-PLN (lane 2) in DPC detergent micelles. 
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Figure 32 

1D 15N cross-polarization and PISEMA spectra of wt-PLN pentamer. A) Representative 

1D cross-polarization spectrum of [15N-Cys] wt-PLN. The three cysteine residues in the 

transmembrane domain (Cys-36, Cys-41 and Cys-46) indicate uniform alignment with no 

powder pattern present. The corresponding PISEMA spectrum is shown in the panel to 

the right. B) PISEMA spectra for the selective labels as indicated within the figure. The 

data are exactly the same as those shown in the Figure 25. 
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Figure 33 

Supporting information for Figure 29C, illustrating the relationship between distance 

distributions (right) and DEER simulations (left) in DPC micelles.  (Left) DEER data 

(black squares, same as in Fig. 6C) and simulated decays (colored curves).  (Right) 

Distance distributions used to simulate the decays at left (with corresponding colors).  

Green curve: best fit single Gaussian distance distribution.  Other colored curves 

correspond to simulations of the pinwheel model (upper) and bellflower model (lower), 

with distances shown in Fig. 6, convoluted with Gaussian functions having the indicated 

widths (HWHM).  Note that (i) at least 1 nm (HWHM) of disorder is necessary to 

dampen the oscillations in the simulated decays, in agreement with data, and (ii) no 

amount of disorder in the bellflower simulations yields any overlap with the data. 
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Figure 34 

Supporting Information for Fig. 6D, illustrating the relationship between distance 

distributions (right) and DEER simulations (left) in lipid bilayers.  Details are described 

in the legend to Figure 33.  
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Supporting Information Methods 

 

Solid-State NMR 

PISEMA data were acquired at a 14.1 T field strength (1H frequency of 600.1 

MHz) equipped with a Bruker DMX spectrometer [National High Magnetic Field 

Laboratory (NHMFL), Tallahassee, FL]. The 2D polarization inversion spin exchange at 

the magic angle (PISEMA) experiment [101] was performed at a RF field strength of ~60 

kHz for cross-polarization, SEMA (1H effective RF field of ~ 60 kHz), and TPPM 

decoupling [128], by using low-E probes utilizing a doubly-tuned, low-inductance 

resonator built by the RF program at the NHMFL [126].  Both 4k scans and 12 t1 

increments were acquired for [15N-Leu], [15N-Cys] and [15N-Ile] wt-PLN, 12k scans and 

eight t1 increments for [15N-Ala] and [15N-Asn] wt-PLN, and 20k scans and eight t1 

increments for [15N-Thr], using a recycling delay of 4 s. Data were processed with 

NMRPipe [129] software and viewed using NMRVIEW [130]. An exponential window 

function was applied utilizing 100-250 Hz line-broadening along the 15N chemical shift 

dimension (t2). After Fourier transformation and zero-filling, the data consisted of a total 

matrix size of 2k x 1k points. 

 

EPR Spectroscopy 

Spin-labeled PLN in lipid bilayer vesicles, containing 4/1 DOPC/DOPE (same as 

solid-state NMR; 200/1 lipid/PLN monomer), were prepared as previously described 

[51].  EPR samples of spin-labeled PLN in DPC micelles were prepared by dissolving the 
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protein in the DPC buffer (no reducing or denaturant agent) as described for solution 

NMR experiments to a final PLN concentration of 0.3 mM. 

EPR spectra were acquired using a Bruker EleXsys 500 spectrometer with the 

SHQ cavity. Samples (20 L in a 0.6 mm i.d. quartz capillary) were maintained at 4ºC. 

The field modulation frequency was 100 kHz, with a peak-to-peak amplitude of 1 G. The 

microwave power was 12.6 mW, producing moderate saturation (so that signal intensity 

was at least 50% of maximum) without significant perturbation to the spectral lineshape. 

Dynamics was analyzed using the NLSL program in terms of a two-component model for 

restricted rotational motion [51]. Accessibility of the spin label to the membrane surface 

was determined from progressive power saturation measurements, as described 

previously [51, 55]. In these experiments, spin-labeled PLN was reconstituted in lipid 

bilayers as described above, except that 5 mole % of the lipids contained Ni2+ ions 

chelated to the lipid head group (DOGS-NTA-Ni(II), Avanti Polar Lipids).  Because of 

the extremely fast spin-lattice relaxation rate of Ni(II) (250 GHz) [131], the mechanism 

of relaxation enhancement is purely collisional, so this experiment measures directly the 

contact of the spin label with the membrane surface [55, 132]. 

 Spin-spin distances were measured by DEER (double-electron-electron 

resonance), using a Bruker E680 pulsed EPR spectrometer (Bruker Spectrospin, Billerica, 

MA) at X-band (9.5 GHz) [127]. One hundred-microliter samples were contained in 3 

mm I.D. quartz tubes and flash-frozen in liquid nitrogen, then loaded into an over-

coupled MD5 dielectric resonator. The static field was set to the low-field resonance of 

the nitroxide signal. A four-pulse sequence was used with a 16 ns /2 pulse [109, 127]. A 

65 MHz frequency offset was used for the ELDOR pulse. Temperature was controlled at 
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65 K during spectral acquisition, which lasted 8-12 hours. In Figures 6, 10, and 11, echo 

intensity, with background signal subtracted (see below), is plotted as a function of 

evolution time. Data manipulations were accomplished with software developed by P. 

Fajer, and DEER simulations were performed from distance distributions with a program 

written by E. Howard; both were based on the software of G. Jeschke (available at 

http://www.mpip-mainz.mpg.de/_jeschke/). An exponential function fit to the tail of the 

raw data was used to subtract the homogenous background signal, so that the remaining 

signal reflects only intramolecular dipolar coupling; the evolution time was sufficiently 

long to ensure accurate observation of the background signal [133]. Two kinds of 

simulations were performed.  First, discrete distance distributions were calculated directly 

from each of the two PDB models (pinwheel and bellflower), then convoluted by 

Gaussian functions of varying width (HWHM).  Second, a simple Gaussian distance 

distribution was assumed, characterized by center and width, and these two parameters 

were varied in a least-squares minimization fit (Monte Carlo).  In all cases in this work, 

the inclusion of a second Gaussian did not significantly improve the fits. 

 

Blue native-PAGE 

Blue native gels with 14% acrylamide separating gel and 4% stacking gel were prepared 

as described previously [134]. Cathode buffer was 50 mM tricine, 7.5 mM imidazole and 

0.02% Coomassie blue G-250 at pH 7.0. Anode buffer was 25 mM imidazole at pH 7.0. 

Solution NMR samples (300 mM DPC in phosphate buffer) and solid-state NMR samples 

were diluted 1:10 with phosphate buffer and loaded onto the dry wells. Electrophoresis 

was carried out at 4C at constant voltage (30 V) for ~12 hr.  
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SDS-PAGE 

Tris-tricine gels were prepared as described previously [135], containing 12% acrylamide 

in the separating gel and 4% in the stacking gel. Samples were diluted 1:10 in SDS 

sample buffer before loading. Running was carried out at 40 mA at 25C. Gels were 

stained with 0.02% Coomassie brilliant blue R250. 
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Phospholamban Bound to SERCA 
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Abbreviations used: EPR, electron paramagnetic resonance; PLB, phospholamban; 

SERCA, Sarco-endoplasmic reticulum Ca-ATPase; TOAC, 2,2,6,6-

tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid. 
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We have used chemical synthesis, functional reconstitution, and electron 

paramagnetic resonance (EPR) to probe the functional dynamics of phospholamban 

(PLB), which regulates the Ca-ATPase (SERCA) in cardiac sarcoplasmic reticulum. The 

transmembrane domain of PLB inhibits SERCA at low Ca2+, but the cytoplasmic domain 

relieves this inhibition upon Ser 16 phosphorylation. Monomeric PLB was synthesized 

with Ala 11 replaced by the TOAC spin label, which reports peptide backbone dynamics 

directly. PLB was reconstituted into membranes in the presence or absence of SERCA.  

TOAC-PLB showed normal inhibitory function, which was reversed by phosphorylation 

at Ser 16 or by micromolar [Ca2+]. EPR showed that the PLB cytoplasmic domain 

exhibits two resolved conformations, a tense T state that is ordered and a relaxed R state 

that is dynamically disordered and extended. PLB phosphorylation shifts this equilibrium 

toward the R state and makes it more dynamic (hyperextended).  Phosphorylation 

strongly perturbs the dynamics of SERCA-bound PLB without dissociating the complex, 

while micromolar Ca2+ has no effect on PLB dynamics. A lipid anchor synthetically 

attached to the N terminus of PLB permits Ca-dependent SERCA inhibition but prevents 

the phosphorylation-induced disordering and reversal of inhibition. We conclude that the 

relief of SERCA inhibition by PLB phosphorylation is due to an order-to-disorder 

transition in the cytoplasmic domain of PLB, which allows this domain to extend above 

the membrane surface and induce a structural change in the cytoplasmic domain of 

SERCA. This mechanism is distinct from the one that relieves PLB-dependent SERCA 

inhibition upon the addition of micromolar [Ca2+]. 

 

Keywords: Ca-ATPase, cardiac, EPR, calcium transport, regulation 
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Introduction 

 Phospholamban (PLB)1 is a 52-residue integral membrane protein that regulates the 

enzymatic activity of SERCA in cardiac sarcoplasmic reticulum (SR) [136]. The 

SERCA-PLB calcium-regulatory system has been implicated in cardiovascular disease 

[7, 83, 85, 137-139]. Clarification of the physical mechanism by which PLB regulates 

SERCA is needed to develop strategies for rescuing the failing heart muscle.  

Relief of inhibition does not require PLB dissociation from SERCA.   

 It has been suggested that relief of inhibition, due to phosphorylation of PLB, 

micromolar [Ca2+], or mutation, is due to dissociation of PLB from SERCA, in a dynamic 

binding equilibrium, which also involves oligomeric interactions within PLB and within 

SERCA [7, 8, 14-16, 60, 140]. However, fluorescence resonance energy transfer (FRET) 

in functionally reconstituted membranes has shown that PLB binds tightly to SERCA in 

both the presence and absence of micromolar [Ca2+], so Ca-dependent relief of inhibition 

must be due to structural rearrangement within the SERCA-PLB complex [15]. Similarly, 

other spectroscopic studies suggest that phosphorylation of PLB does not dissociate PLB 

from SERCA [141-144].  Thus in the present study we focus our attention on changes in 

the structure of the SERCA-PLB complex that occur with relief of inhibition due to 

phosphorylation of PLB or [Ca2+] binding to SERCA. 

Structural dynamics of PLB in micelles and lipids   

PLB is predominantly a homopentamer in membranes, with a small fraction of 

monomer [6, 8], but it has been shown by electron paramagnetic resonance (EPR) [8, 60], 

fluorescence [145], and mutagenesis [6, 14, 146] that the less predominant monomeric 
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form of PLB is primarily responsible for inhibition of SERCA.  Therefore, as in our 

previous studies, the present study focuses on a stable and fully functional PLB 

monomer, designated AFA-PLB, obtained by replacing the three Cys residues (36, 41, 

and 46) to Ala, Phe, and Ala, respectively [54].  A high-resolution structural model of 

AFA-PLB has been obtained by NMR in detergent micelles [47], and its orientation in 

lipid bilayers has been determined by solid-state NMR [95] and EPR [51, 55].  The result 

is a model in which two helical domains are connected by a five-residue (17-21) semi-

flexible loop in an L-shaped configuration (Figure 35).  NMR relaxation studies showed 

that PLB backbone structure in detergent micelles is actually quite dynamic throughout 

the cytoplasmic domain, especially in the region near the hinge-like loop [59]. 

TOAC spin label 

In order to elucidate PLB structural 

dynamics with high resolution in lipid 

bilayers, we previously synthesized 

monomeric AFA-PLB with a spin label 

(“TOAC”) rigidly coupled to the alpha 

carbon, which thus reports directly the 

nanosecond rotational dynamics of the 

peptide backbone at the labeled site [51].  

A probe in the transmembrane domain 

showed little nanosecond motion, 

indicating a stable -helix in this region, 
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Figure 35: Two-state model for PLB structural 
dynamics in lipid bilayers, based on EPR of TOAC-
spin-labeled PLB.  Bottom: sequence of AFA-PLB with 
TOAC () substituted for Ala at position 11.  Left: 
cytoplasmic domain undergoes a dynamic equilibrium 
between T and R states.  Right: a lipid anchor attached 
to the N-terminus stabilizes only the T state. The T state 
is depicted as the average NMR solution structure [47], 
while the R state (colored spectrally to indicate 
backbone dynamics increasing from blue to yellow to 
green to red [51]) is depicted as one of the more 
extended conformations from the ensemble of 
structures in that same NMR study. 
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whereas three probes in different parts of the cytoplasmic domain all exhibited clearly a 

dynamic equilibrium between two conformational states, a predominant one (T, “tense”) 

that is helically ordered, and a minor population (R, “relaxed”) that is dynamically 

disordered on the nanosecond time scale, and is probably extended.  The “T” and “R” 

nomenclature is used to discuss the cooperative allosteric interactions with SERCA that 

perturb the equilibrium between these two states [75].  We showed that the ordered 

conformation is stabilized by interaction with the membrane surface (Figure 35T), 

whereas the dynamically disordered (extended) form (Figure 35R) is poised to interact 

with SERCA, shifting the cytoplasmic domain above the membrane surface [55].  Both 

EPR and NMR studies in detergent micelles, and EPR in lipid bilayers, indicate that 

SERCA binds preferentially to the R conformation, consistent with an allosteric 

regulation mechanism [75].  NMR relaxation studies in micelles show that this 

conformational switch is affected by phosphorylation, which induces a further disorder-

to-order transition [59].  

In the present study we use TOAC-spin-labeled PLB to determine the changes in 

PLB structural dynamics in its regulatory complex with SERCA in lipid bilayers, when 

inhibition is relieved by Ca2+ binding to SERCA or phosphorylation of PLB.  The effects 

of phosphorylation on these EPR spectra, in the presence and absence of SERCA, reveal 

new details about the role of structural dynamics in PLB regulation of SERCA. The 

effect of a lipid anchor attached to the N-terminus of the cytoplasmic domain provides 

new insight into the importance of the cytoplasmic domain for the reversal of inhibition 

by phosphorylation. 
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Results 

Secondary structure 

 Circular dichroism (CD) spectra 

(Figure 36) show that both AFA-PLB and 

its phosphoserine 16 derivative (Ser(P)16-

AFA-PLB) are 85-90% α-helical in lipid 

bilayers under EPR conditions, with a 

negligible change in helicity due to 

phosphorylation (-3% ± 5%).  Similarly, 

phosphorylation had a negligible effect on 

the CD spectrum (not shown) under NMR 

conditions [59] (phosphate-buffered 

saline, pH 6.0, containing 300 mM DPC, at 37 C). 

Phosphorylation of Ser 16 relieves SERCA inhibition 

 The inhibition of Ca-ATPase activity was quantified by the shift in pKCa (the pCa 

value required for 50% activation).  We showed previously that AFA-PLB has similar 

inhibitory activity as WT-PLB, and that AFA-PLB retains inhibitory potency when Ala 

11 is replaced by TOAC [51].  This is confirmed in Figure 37A, which shows that 11-

TOAC-AFA-PLB induces a 3-fold increase in KCa, shifting pKCa from 6.40 ± 0.02 to 6.11 

± 0.02.  This inhibitory activity was almost completely reversed by synthetically 

engineered phosphorylation (Figure 37A), shifting pKCa to 6.29 ± 0.02.  We showed 

previously that essentially the same inhibitory effects are caused by unlabeled wild-type 
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Figure 36: CD spectra of AFA-PLB  and its 
phosphorylated derivatives  in DOPC/DOPE 
bilayers (50:1 lipid: peptide) 10 mM Tris, pH 7.0. CD 
spectra were recorded on a Jasco J-710 
spectrophotometer at 25C and analyzed as 
previously reported (Lockwood 2003). Spectra are 
plotted as mean residue ellipticity, []. 
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PLB [51], except that phosphorylation completely reverses the inhibition [147].  These 

experiments were performed in the presence of excess PLB (10 PLB/SERCA) in order to 

assess the full effect of spin-labeled PLB, whereas EPR experiments were performed 

with excess SERCA, in order to assess the full effect of SERCA on PLB. Under EPR 

conditions (0.5 PLB/SERCA, pCa 6.5) SERCA inhibition was 42 ± 10% of the maximal 

inhibition (10 PLB/SERCA), indicating that essentially all of the spin-labeled PLB is 

interacting functionally with SERCA.  Under these same EPR conditions, inhibition by 

spin-labeled PLB was completely relieved at pCa 5, and was relieved by more than half 

upon PLB phosphorylation, again indicating that the EPR data comes from PLB that has 

normal functional coupling with SERCA.  

Effect of SERCA and phosphorylation on EPR-detected dynamics 

As we showed previously [51], the cytoplasmic domain at position 11 reveals a 

dynamic equilibrium between two resolved conformations of the peptide backbone, 

corresponding to ordered (helical, “T state”) and dynamically disordered (extended, “R 

state”) conformations, as shown in Figure 37B.  Addition of SERCA increases 

substantially the population in the R state (Figure 37B to C), suggesting that SERCA 

binds preferentially to this extended state [75], as depicted in Figure 37C.  

Phosphorylation at S16 (Figure 37B to D) has a qualitatively similar but much greater 

effect on PLB, increasing substantially the population in the R state.  On the other hand, 

SERCA decreases the dynamics (decreases the R state population) of phosphorylated 

PLB (Figure 37D to E); and phosphorylation decreases the dynamics of SERCA-bound 

PLB (Figure 37C to E).  If phosphorylation caused PLB to dissociate from SERCA, there 

would be no difference between spectra D and E in Figure 37, and phosphorylation of 
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SERCA-bound PLB would increase the R state population.  Neither is observed; indeed, 

phosphorylation of SERCA-bound PLB causes the opposite of the predicted effect.  Thus 

phosphorylation, which relieves SERCA inhibition by PLB (Figure 37A), does not 

dissociate PLB from SERCA, but rather changes the conformation of SERCA-bound PLB.  

As illustrated in Figure 37 and discussed below, these results support a model in which 

the dynamically disordered (R) conformation of the PLB cytoplasmic domain facilitates 

the binding of PLB to SERCA in an inhibitory complex, but phosphorylation produces an 

even more disordered PLB conformation that binds differently to SERCA and relieves 

inhibition. 

 

Lipid anchor prevents functional and structural effects of phosphorylation  

 In the presence of the N-terminal lipid anchor, normal inhibition was observed, but 

phosphorylation failed to reverse this inhibition (Figure 38A) as it does in the absence of 

the anchor (Figure 37A).  EPR shows that the ordered (T) conformation of PLB is 

stabilized by the lipid anchor, and the dynamically disordered (R) conformation is 

virtually absent, regardless of the presence of SERCA or phosphorylation (Figure 38B-

E).  As illustrated in Figure 38 and discussed below, these results support the conclusion 

that neither the R state nor interaction with the SERCA cytoplasmic domain are requried 

for SERCA inhibition, but both are required for reversal of inhibition due to 

phosphorylation, as illustrated in Figure 37. 
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Figure 37: Effect of phosphorylation at Ser 16 on inhibitory function (A) and EPR-detected dynamics (B-E) of 
AFA-PLB, spin-labeled with TOAC at position 11 and reconstituted with SERCA  in lipid bilayers.  A: Data sets 
were fit by Eq. 1 and plotted as V/Vmax. Each point represents the mean (n > 6); in most cases, SEM was smaller than 
the plotted symbol. B-E: EPR spectra. Top row (B, C) unphosphorylated.  Bottom row (D, E): phosphorylated.  Left 
column (B, D): no SERCA.  Right column (C, E): 2 SERCA per PLB.  Spectra were normalized to unit 
concentration by dividing by the double integral.  Scan width 120G, 4o C.  Drawings illustrate a structural model 
consistent with the data, as discussed in more detail in Figure 41. 
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Figure 38: Effect of a lipid anchor, attached to the N terminus of 11-TOAC-AFA-PLB, on the data in Figure 37.   
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Quantitative analysis of dynamics 

The results of Figure 37 and Figure 

38 are represented more quantitatively 

in Figure 39, which shows rotational 

dynamics parameters obtained from 

spectral simulation and fitting.  In the 

absence of the lipid anchor (Figure 39, 

left), unphosphorylated PLB (black) 

spends only 7% of its time in the 

dynamically disordered R state (X(R) = 

.07), which is characterized by a 

subnanosecond correlation time (R = 

0.3 ns) and a very low order parameter 

(S = 0.2, implying an angular amplitude exceeding 70 degrees).  The predominant T state 

is much less dynamic, with a much higher order parameter (S = 0.62, corresponding to an 

angular amplitude of about 40 degrees) and much longer correlation time (R = 3 ns).  

The primary effect of phosphorylation on isolated PLB (Figure 39, blue) is to increase 

X(R) by a factor of 3, while increasing the dynamics of this population (decreasing both S 

and R).  Thus phosphorylation increases PLB dynamics in two ways, shifting the 

equilibrium toward R and making the R state even more dynamic, causing it to be 

hyperextended, as illustrated in Figure 37B and Figure 40B.  There was little or no effect 
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Figure 39: Results of EPR spectral analysis of rotational 
dynamics, for spectra in Figure 37B (left) and Figure 
38B (right).  X(R) is the mole fraction of the R 
component. S = order parameter, R = rotational 
correlation time.  Parameters S(R) and R(R) were not 
determined in the presence of the lipid anchor, due to the 
small values of X(R). 
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of phosphorylation on the mobility of the more restricted T state (characterized by S(T) 

and R(T)) , which is stabilized by its contact with the lipid surface. 

When unphosphorylated PLB binds to SERCA (Figure 39, red), the R state becomes 

more populated and more disordered.  Thus the effect of SERCA is similar to that of 

phosphorylation, in that it induces an order-to-disorder transition, but the effect is clearly 

different: SERCA causes a much smaller increase in X(R), and it induces much slower 

dynamics (greater R) for both components.  When PLB is phosphorylated in the presence 

of SERCA (Figure 39, purple), the R state becomes less populated (decreased X) and 

more ordered (increased S), producing dynamics that are quite different from that of 

phosphorylated PLB in absence of SERCA (Figure 39, blue). Thus it is clear that 

phosphorylation does not relieve inhibition by dissociating PLB from SERCA, but rather 

decreases the dynamics of bound PLB (Figure 39). 

The principal effect of the lipid anchor (Figure 39, right) is to virtually eliminate the 

dynamic R state, reducing X(R) to very low values.  The remaining T state is similar to 

that observed in the absence of the anchor (Figure 39, right), supporting the conclusion 

that the T state is stabilized by contact with the lipid surface. There are slight but 

significant effects of SERCA on the T state, increasing R(T) but decreasing S(T), so it is 

not clear whether the anchored cytoplasmic domain interacts with SERCA at all.  The 

lipid anchor completely prevents the effects of phosphorylation.   These results support 

the conclusion that phosphorylation acts through its effects on the R state, which (in the 

absence of the anchor) increases in population, becomes hyperextended, and interacts 

with the cytoplasmic domain of SERCA, relieving inhibition (Figure 37).   
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Ca2+ has no effect on PLB dynamics in the presence of SERCA. 

The experiments on SERCA-PLB complexes in Figure 37C and E (no lipid anchor) 

and in Figure 37C and E (lipid anchor) were carried out at both pCa = 6.5 (where SERCA 

inhibition is maximal) and pCa = 5.0 (where SERCA is not inhibited by PLB), with no 

difference detected.  The EPR spectra at the two pCa values were essentially identical.  

Quantitatively, it was found that this variation in pCa changed the mole fraction X(R) by 

no more than 0.01.  We can not rule out the possibility that Ca2+ affects the structure of 

PLB, or its interactions with SERCA, at a site distant from the spin-labeled site (position 

11) [148].  However, it is quite clear that (a) Ca2+ does not relieve inhibition by 

dissociating PLB from SERCA , (b) relief of SERCA inhibition by Ca2+ does not require 

the PLB cytoplasmic domain to rise above the membrane surface, and (c) 

phosphorylation and Ca2+ relieve SERCA inhibition  through different mechanisms.   
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Discussion 

Phosphorylation or SERCA induces an order-to-disorder transition in PLB. 

 Figure 40 illustrates a model for a 

two-state conformational equilibrium 

in PLB, consistent with the data in 

Figure 37 (B to D), and with 

previously published EPR and NMR 

studies [47, 51, 55, 75].  The 

cytoplasmic domain of PLB undergoes 

an equilibrium between at least two 

states, an ordered state that is similar to 

the L-shaped NMR solution structure 

(Figure 40A, T) and a dynamically 

disordered state in which the central 

part of this domain is unfolded (Figure 40A, R) and thus able to extend above the 

membrane surface and interact with the SERCA cytoplasmic domain.  Phosphorylation 

increases PLB disorder in two ways, shifting the equilibrium toward the R state 

(increasing X(R), Figure 39), and making the R state itself even more disordered 

(decreasing S(R), Figure 39), justifying the new label R' for this hyperextended state 

(Figure 40B).  This phosphorylation-induced order-to-disorder transition is consistent 

with previous NMR relaxation studies in DPC micelles [59].  Since only the 

phosphorylated state relieves SERCA inhibition, we propose that the hyperextended R' 
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Figure 40: Two-state model for PLB conformational 
dynamics.  (A) Unphosphorylated PLB is in equilibrium 
between ordered (T) and dynamically disordered (R) 
conformers. The disordered (extended) R form binds 
preferentially to SERCA but does not relieve inhibition. 
(B) Phosphorylation at Ser 16 disorders PLB further, 
shifting the equilibrium toward the disordered form 
(right), which itself is more dynamically disordered  
(hyperextended), and can thus bind to the relief site on 
SERCA, as depicted by the black spot on SERCA in 
Figure 37B.  Structures are from solution NMR of un-
[47] and phosphorylated PLB [59]. The disordered forms 
(right) are colored spectrally to indicate backbone 
dynamics, increasing from blue to yellow to green to red. 
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state is required to make the proper contact with SERCA to reverse the inhibitory 

interaction in the transmembrane domain, as illustrated in .   

 At first glance, it is surprising that CD data indicates a negligible effect of 

phosphorylation on helicity (-3  5%) for isolated PLB, while both EPR and NMR 

indicate a substantial decrease in helical order.  However, both EPR and NMR indicate 

that the portion of PLB that takes part in the order-to-disorder transition is small.  NMR 

and EPR data together suggest that the affected region extends approximately from 

residue 10 to 27 [50, 51, 59].  Of these 18 residues, 13 are helical in the proposed T state.  

Thus, even if we assume that all 13 of these residues shift from helix to coil in the T to R 

transition, the predicted change in helicity over the entire PLB would be -13/52 = -25%. 

The EPR observation is that the labeled site increases its fraction disordered by 19  5% 

upon phosphorylation (Figure 39).  If this corresponds to the magnitude of the R-to-T 

transition induced by phosphorylation, it predicts a change in helicity by -4%, which is 

well within the range of values consistent with the CD measurement (-3  5%).  

A phosphorylation-induced change in structural dynamics of SERCA-bound PLB 

relieves inhibition. 

 Figure 41 illustrates a model, 

elaborating on the illustrations in Figure 37 

and Figure 40, consistent with the EPR 

data in the present study and the NMR data 

in the related paper [149].  PLB is in a 

dynamic equilibrium between ordered (T) 
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Figure 41: Schematic structural model for the 
mechanism of SERCA inhibition and relief by PLB. 
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and dynamically disordered (R) structural states (Figure 41A). SERCA binds 

preferentially to the R state of PLB in both the absence (Figure 41B) and presence 

(Figure 41D) of phosphorylation.  In the absence of phosphorylation (Figure 41B), PLB 

is not sufficiently extended to reach the relief site on SERCA (depicted as a black target 

zone on SERCA) so SERCA remains inhibited due to interactions between specific 

portions of the two transmembrane domains (highlighted in white in Figure 41).  In 

contrast, the hyperextended form of pPLB (Figure 41C) does reach the relief site on 

SERCA, transiently forming the collision complex of Figure 41D.  SERCA binding then 

reduces the dynamics of phosphorylated PLB (as shown in Figure 37 and Figure 39), 

resulting in a less extended, more ordered form, which could cause the loss of SERCA 

inhibition by displacing the inhibitory transmembrane interactions between PLB and 

SERCA, as illustrated by the separation of white zones in Figure 41E. 

Lipid anchor prevents reversal of inhibition by blocking formation of disordered 

state of PLB   

 The N-terminal lipid stabilizes the ordered T state of PLB and prevents the formation 

of the disordered (extended) R state (Figure 38B-E), but does not prevent inhibition by 

PLB (Figure 38A), showing that inhibition does not require an interaction between the 

extended form of PLB and the SERCA cytoplasmic domain.  However, the anchor does 

prevent reversal of inhibition due to phosphorylation (Figure 38A), probably because it 

blocks formation of the dynamically disordered (hyperextended) R' form of the PLB 

cytoplasmic domain, which reverses SERCA inhibition by contacting a specific relief site 

on the SERCA cytoplasmic domain (Figure 41).  This provides strong support for the 

importance of the dynamically disordered form of PLB in reversal of SERCA inhibition. 
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Relationship to NMR study 

This study is closely related to a parallel study in which NMR was used to detect the 

effects of phosphorylation on the PLB-SERCA interaction [149].  These two studies yield 

consistent results and are quite complementary to each other.  Like the present EPR 

study, the NMR study observes spectroscopic signals from the peptide backbone of 

monomeric PLB, and inhibition of SERCA was shown to be relieved by Ca2+ or 

phosphorylation under NMR conditions.  While the present study is limited to a single 

labeled site, the NMR study reports information from every residue of PLB.  Unlike the 

present study in lipid membranes, the NMR study was performed in detergent micelles, 

as required to obtain high-resolution data.  While NMR can only observe directly the 

signal from free (unbound) PLB and the signals are only indirectly related to peptide 

dynamics, EPR detects both free and bound components with equal sensitivity and 

reports directly on rotational dynamics of the backbone.  Taken together, the EPR and 

NMR results show that a large portion of the cytoplasmic domain of PLB undergoes a 

disorder-to-order transition upon phosphorylation, and that phosphorylation changes the 

structural dynamics of PLB without dissociating the two proteins.  NMR data also 

suggests that phosphorylation increases the cooperativity of the SERCA-PLB interaction, 

supporting a cooperative allosteric model for this regulatory system. 

 

Conclusion 

EPR spectroscopy of a TOAC spin label attached rigidly to the peptide backbone at 

position 11 in the cytoplasmic domain of PLB shows that PLB phosphorylation at Ser 16 

induces an order-to-disorder (T to R) transition in the cytoplasmic domain of PLB, and it 
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is this dynamically disordered (hyperextended) R structural state that rises above the 

membrane surface and binds to the SERCA cytoplasmic domain in a conformation that 

relieves SERCA inhibition.  An N-terminal lipid anchor, which prevents the cytoplasmic 

domain of PLB from rising above the membrane surface and abolishes the dynamically 

disordered structural state, inhibits PLB normally but prevents the relief of inhibition by 

phosphorylation.  Micromolar [Ca2+] reverses PLB-dependent inhibition without a 

detectable change in cytoplasmic domain dynamics and without the need for the PLB 

cytoplasmic domain to rise above the membrane surface.   Thus it is clear that neither 

Ca2+ nor PLB phosphorylation acts by dissociating PLB from SERCA, and that Ca2+ and 

PLB phosphorylation relieve SERCA inhibition by distinct mechanisms. 

 

Materials and Methods 

Synthesis of TOAC-labeled PLB 

 Figure 35 (bottom) shows the sequence of the synthesized monomeric AFA-PLB 

peptide that incorporates the spin-labeled amino acid 2,2,6,6-tetramethylpiperidine-1-

oxyl-4-amino-4-carboxylic acid (TOAC) at position 11. The solid-phase synthesis and 

characterization of this peptide were reported previously [49, 51, 54, 150].  In order to 

obtain a derivative of spin-labeled PLB that has its N-terminus anchored in the lipid 

bilayer, Dialkyl 1’, 3’-dioctadecyl-N-succinyl-L-glutamate (lipid tail) was linked to 11-

TOAC-AFA-PLB through the N-terminal amino group .  The synthesis of novel dialkyl 

chain amphiphiles containing peptides and its application on PLB was supported 

previously [51, 151].  
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 Phosphorylation at Ser16 was accomplished either by incorporation as Fmoc-

Ser[PO(OBzl)OH] (Novabiochem, San Diego, CA) during peptide synthesis or by 

cAMP-dependent protein kinase (PKA) [59] after reconstitution [152], with essentially 

the same results, both on inhibitory function and on EPR.  Phosphorylation by PKA was 

greater than 80% complete, as determined using anti-PLB antibody (1D11), and the anti-

phosphoserine PLB (285) antibody [153] on western blots. 

Chemical and functional analysis 

 Mass spectrometry (MALDI-TOF), Edman protein sequencing, amino acid analysis, 

circular dichroism [54], inhibitory function [51], and EPR spectroscopy were used to 

establish the high purity and functional integrity of the spin-labeled peptides. Each PLB 

derivative was co-reconstituted in lipid bilayer membranes (DOPC/DOPE 4:1) with 

purified SERCA at molar ratios of 10 PLB/SERCA and 700 lipids/SERCA [147, 152], 

and the Ca-dependence of ATPase activity was measured at 25 C [150]. The initial 

ATPase rate V was measured as a function of pCa (calculated as described previously 

[154]), and the data were fit by the Hill equation, 

 V = Vmax /[1 + 10 n (pKCa– pCa)] 

 

Equation 22 
Hill 

 
 

to determine Vmax , pKCa (the pCa value when V = Vmax/2), and n (Hill coefficient). Vmax 

was obtained from the fit, and the data were plotted as V/Vmax.vs pCa. The main goal was 

to determine the shift in pKCa caused by PLB. 
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EPR Spectroscopy 

For EPR experiments, TOAC-PLB was reconstituted into lipid vesicles containing 

DOPC/DOPE (4:1, 200 lipids per PLB) in the presence and absence of excess SERCA 

[55].  Measurements were conducted in low Ca (pCa 6.5) buffer (50mM KCl, 5mM 

MgCl2, 0.5mM EGTA, 210 M CaCl2, 50mM MOPS, pH 7.0), where the inhibitory 

effect of PLB was maximal, and high Ca (pCa 5.0) buffer (same as low Ca, except 

489μM CaCl2), where the inhibitory effect of PLB was negligible [15]. The concentration 

of SERCA was twice that of TOAC-PLB, such that further increase had no effect on EPR 

spectra. The concentration of TOAC-PLB was determined by amino acid analysis and 

SERCA concentration by the Lowry method [155].   

EPR spectra (Figure 37, Figure 38) were acquired using a Bruker EleXsys 500 

spectrometer with the SHQ cavity. Samples (20 L in a 0.6 mm i.d. quartz capillary) 

were maintained at 4ºC using the Bruker temperature controller with a quartz dewar 

insert.  The field modulation frequency was 100 kHz, with a peak-to-peak amplitude of 1 

G. The microwave power was 12.6 mW, producing moderate saturation (so that signal 

intensity was at least 50% of maximum) without significant effect on the spectral 

lineshape. 

EPR spectra were calculated as a sum of one or two components, each component 

produced by a population having a static isotropic distribution of membrane orientations 

and undergoing rotational diffusion in a restricting potential (defined by order parameter 

S) with a single rotational correlation time (R).  Components were simulated with NLSL 

[156] on an IBM SP; the MOMD model was used, and the NLSL parameters R̄  (diffusion 

rate) and C20 (first ordering potential parameter) were set to produce the desired R and S.  
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Magnetic tensors were determined from spectra obtained at -60 °C.  Lorentzian 

linewidths of 1 G and 2 G were used for narrow and broad spectral components, 

respectively.  Experimental spectra were fit by summing simulated components.  Error 

estimates for R and S (Figure 39)  were determined from the range of input values of 

these parameters for which the spectral splittings and linewidths were within 

experimental uncertainty of observed values. Angular amplitudes of motion were 

estimated from the expression c = cos-1[0.5(1+8S)1/2 – 0.5], where c is the radius of the 

cone that limits the motion. 
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CHAPTER 5.  Oligomeric Interactions in Calcium Transport Regulation Probed by 
Electron Paramagnetic Resonance 
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ABBREVIATIONS 
1Abbreviations:  C12E8, octaethyleneglycol monododecyl ether; Ca, divalent calcium ion 

(Ca2+); DOPC, dioleoyl phosphatidyl-choline; DOPE, dioleoyl phosphatidylethanolamine; 

EGTA, ethyleneglycol-bis-(-aminoethyl ether)N,N,N',N'-tetraacetic acid; Fmoc, 9-

fluorenylmethyloxycarbonyl; MOPS, 3-(N-morpholino)propanesulfonic acid; pCa, -

log[Ca2+]; PKA, protein kinase A; pKCa, -log(KCa), calcium concentration at half-maximal 

ATPase activity; PLB, phospholamban; SERCA, Sarco-endoplasmic reticulum Ca-ATPase; 

SR, sarcoplasmic reticulum; WT, wild-type; EPR, Electron Paramagnetic Resonance; 

STEPR, Saturation Transfer EPR; TOAC, 2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-

carboxylic acid. 
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We have used peptide synthesis, functional co-reconstitution, and electron 

paramagnetic resonance (EPR) spectroscopy to probe the structural dynamics of 

phospholamban (PLB) and its regulatory target, the sarcoplasmic reticulum Ca-ATPase 

(SERCA), focusing on oligomeric interactions.  A monomeric PLB mutant, AFA-PLB, 

was synthesized with the amino acid spin label TOAC at position 36 in the 

transmembrane domain and reconstituted into DOPC/DOPE vesicles in the presence and 

absence of SERCA, with and without phosphorylation of PLB at Ser16. Unlike 

conventional spin labels, TOAC is directly coupled to the peptide backbone, allowing 

quantitative measurements of peptide backbone dynamics. Calcium-dependent ATPase 

assays showed that TOAC-labeled AFA-PLB had the same inhibition and 

phosphorylation-dependent relief of inhibition as the unlabeled protein.  Conventional 

EPR dynamics report a single, highly restricted component, consistent with a stable helix 

at position 36 in the transmembrane domain reported by NMR experiments.  Order 

parameter calculations and linewidth measurements suggest that phosphorylation of PLB 

in the absence of SERCA induces PLB oligomerization and that phosphorylated PLB 

remains bound to active SERCA.  These conclusions are supported more directly and 

clearly by saturation transfer EPR (STEPR), which measures microsecond rotational 

dynamics of PLB, and dipolar EPR, which measures PLB-PLB interactions.  These data 

support a proposed model in which the PLB monomer binds to and inhibits SERCA, and 

phosphorylation of PLB stabilizes PLB oligomers but does not dissociate PLB from 

SERCA. 
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Introduction 

Muscle contraction and relaxation are controlled by calcium flux within the 

muscle cell.  Muscle contraction is initiated after calcium is released from the 

sarcoplasmic reticulum (SR) by the ryanodine receptors, raising cytoplasmic calcium 

concentration to micromolar levels .  In order for muscular relaxation, calcium must be 

sequestered back into the SR [157].  The sarco(endo)plasmic reticulum calcium ATP-ase 

(SERCA) is a P-type ATPase embedded in the SR membrane which pumps two calcium 

ions into the SR at the expense of one ATP molecule to facilitate muscular relaxation [1-

3].  In cardiac muscle, the activity of SERCA is regulated by phospholamban (PLB), a 52 

residue integral membrane protein [5].  PLB binds to SERCA and decreases the apparent 

calcium affinity, effectively decreasing SERCA activity [5].  PLB phosphorylation at 

Ser16 and/or Thr17 following B-adrenergic stimulation has been shown to restore 

SERCA activity [5, 158, 159].  In addition to PLB phosphorylation, micromolar calcium 

concentration levels in the cytoplasm also act to relieve PLB inhibition of SERCA 

activity [15]. 

PLB exists in a dynamic equilibrium between monomeric and pentameric species 

but data shows that the PLB monomer is the primary regulator of SERCA activity [6-8].  

Cryo-EM data [66] and a recently published PLB pentamer structure [63] propose a 

model in which the PLB pentamer binds to SERCA, however the general consensus of 

opinion is that the PLB pentamer functions as a storage form rather than a regulator of 

SERCA activity [6, 140, 160].  We recently published a paper using both EPR and NMR 

in DPC micelles and lipid bilayers showing that, like the monomer, the pentamer adopts a 

L-shaped structure in which the cytoplasmic domains strongly interact with the bilayer 
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surface [65].  Previous studies using various types of spectroscopy or gel electrophoresis 

have shown that phosphorylation of PLB induces oligomerization [8, 60]. 

A fully functional monomeric PLB mutant, AFA-PLB, has been synthesized by 

replacing the three transmembrane Cys residues with Ala, Phe and Ala [48, 49].  A high 

resolution NMR structure of AFA-PLB resolving both secondary structure and topology 

in lipid bilayers shows an amphipathic cytoplasmic helix (residues 1-16) connected to the 

C-terminal helix (residues 22-52) by a flexible loop [52].  The transmembrane helix is 

nearly collinear with the membrane normal, while the cytoplasmic helix is almost 

perpendicular to the membrane normal and strongly interacting with the lipid bilayer 

surface.  EPR data using a unique amino acid spin label, TOAC, which directly reports 

the peptide backbone dynamics show that while the transmembrane helix adopts a single 

conformation, the cytoplasmic helix is in an equilibrium between an ordered T-state and a 

dynamically disordered R-state [17, 51, 161].  Additional biochemical and biophysical 

data have lead to the hypothesis that the TM domain of PLB is responsible for SERCA 

inhibition, but the PLB cytoplasmic domain, specifically the R-state, is necessary for 

phosphorylation induced inhibition relief [17, 54, 162-166]. 
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Data from mutagenesis and 

cross-linking experiments propose that 

both the phosphorylation and calcium 

induced inhibition relief require 

complete dissociation of the SERCA-

PLB complex [7, 11-14].  However, 

fluorescence, EPR and NMR data from 

fully functional reconstituted systems 

show that PLB is still bound to SERCA 

following phosphorylation or micromolar calcium concentration (Figure 42) [15-19].  

Here, we use a fully functional monomeric mutant labeled at residue 36 with the TOAC 

spin label to show the effects of SERCA binding and phosphorylation on PLB dynamics 

and to determine if phosphorylation of PLB at Ser16 dissociates the SERCA-PLB 

complex. 

 

Materials and Methods 

PLB Synthesis and Co-Reconstitution.  PLB derivatives were synthesized using 

Fmoc solid-phase peptide synthesis as previously described [17, 51, 125].  Briefly, the 

peptide was synthesized using a PE Biosystems PioneerTM peptide synthesis system, 

cleaved from the support resin and purified using reverse-phase HPCL.  After 

purification, the peptide was lyophilized and finally dissolved in methanol in preparation 

for reconstitution into proteoliposomes .   
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Figure 42.  Proposed models of phosphorylation and 
calcium induced inhibition relief.  Top: PLB 
phosphorylation (left) or micromolar Ca2+ (right) 
dissociates PLB from SERCA, relieving inhibition.  
Bottom: PLB phosphorylation induces a structural change 
in PLB and micromolar Ca2+ induces a structural change 
in SERCA; both relieve inhibition without dissociating 
the SERCA-PLB complex.   
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 SERCA was purified from fast-twitch skeletal muscle of New Zealand white 

rabbits as previously described [44] and co-reconstituted with PLB using previously 

established methods [147, 152, 167].  PLB in a methanol stock solution was added to 

DOPE and DOPE lipids dissolved in chloroform.  Organic solvents were removed under 

a high vacuum.  PLB was then hydrated with a solution containing 5mM MgCl2, 0.1M 

KCl, 10% glycerol, 20mM MOPS, pH 7.0, vortexed and briefly sonicated to form 

unilamellar vesicles.  Following vesicle formation, the detergent, C12E8, was added (2 

mg/mg lipid) prior to SERCA addition.  Phosphorylation was accomplished by the 

addition of the catalytic subunit of PKA and ATP prior to SERCA addition.  PLB 

phosphorylation was quantified using the fluorescent dyes Pro-Q Diamond and SYPRO 

Ruby [168] and synthetic phosphorylated PLB standards.  Detergent was removed by the 

addition of Biobeads SM2 (25mg/mg C12E8) and the samples were stirred at 25 °C for 

three hours. 

Functional Assays.  PLB derivatives were individually co-reconstituted with 

purified SERCA in DOPC/DOPE lipid bilayers (4/1, mol/mol) at molar ratios of 10 

SERCA/PLB and 700 lipids/SERCA [147, 152].  The initial ATPase rate (V) was 

measured as a function of calcium concentration at 25°C and the data were fit to the Hill 

equation: 

 V = Vmax/[1+ 10 -n(pKCa – pCa)]
 

Equation 23 Hill 

 

to determine Vmax, pKCa (the pCa value where V = Vmax/2) and n (Hill coefficient) [150, 

154].  The data were then normalized to Vmax and plotted as a function of pCa to show the 

effect of PLB and phosphorylation on SERCA activity. 
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EPR Spectroscopy.  EPR samples consisted of TOAC-PLB, reconstituted in lipid 

vesicles consisting of a 4/1 molar ratio of DOPC/DOPE (200 lipids/PLB) in the presence 

or absence of 2 molar excess SERCA [17, 55].  Proteoliposomes were suspended in a low 

calcium (pCa 6.5) solution consisting of 50mM KCl, 5mM MgCl2, 0.5mM EGTA, 210 

M CaCl2, 50mM MOPS (pH 7.0).  Typical [PLB] was 400M.  PLB concentration was 

confirmed by amino acid analysis and SERCA concentration was confirmed by the 

bicinchoninic acid assay. 

 EPR experiments were performed on a Bruker EleXsys E500 spectrometer at X-

band (9.4 GHz) with the SHQ cavity (ER4122 ST).  Samples, typically 5 L, were loaded 

into a Wilmad quartz capillary (0.6 mm i.d., 0.8 mm o.d.), sealed with Critoseal and 

centered in the cavity.  Samples were maintained at 4°C, except dipolar broadening 

experiments which were performed at 200K, using a Bruker temperature controller 

equipped with a quartz dewar insert.  Spectra were recorded over a 120 G scan width 

with 1024 points, unless otherwise noted. 

Conventional (first harmonic absorption in-phase V1) spectra were recorded with 

100 kHz field modulation, a peak-to-peak modulation amplitude Hm = 3.0 G and a 

microwave field amplitude H1 = 0.14 G to reduce modulation and saturation effects on 

lineshape.  Spectra were analyzed by measuring the outer splitting (2TII
) and the outer 

half-width at half-height of the low field line (ΓL).  The splitting values were compared to 

the rigid limit splitting value (2TII) obtained from a sample at 170K and the rapid limit 

value (T0) typical of a nitroxide undergoing isotropic rotational diffusion in an aqueous 

solution.  The order parameter (S) was calculated using the following equation [87]: 
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 S = [2TII- 2T0TII - 2T0 Equation 24 Order Parameter 

 

STEPR (second harmonic out-of-phase V2
) spectra were recorded as previously 

described [169, 170] with 50 k Hm = 5.0 G and H1 = 0.25 G.  In order to accurately and 

reproducibly set H1, the SHQ cavity was calibrated with a solution of peroxylamine 

disulfonate [169].  STEPR (V2
) spectra were analyzed by measuring the ratio L/L to 

determine the rotational correlation time τR.  L is defined as the height of the spectrum 

above the baseline 10 G upfield of L [169].  The L/L ratio was then compared to a model 

system to determine the rotational correlation time [88]. 

Dipolar EPR experiments were performed at 200K to ensure any lineshape 

changes were due to dipolar broadening and not rotational motion [171].  Samples were 

flash frozen in liquid N2 and centered in a 200K quartz dewar.  Spectra were recorded 

with 0.20 mW of power and a peak-to-peak modulation amplitude of Hm = 1.0 G to avoid 

lineshape broadening due to overmodulation or power saturation [171].  The scan width 

was increased to 200 G to detect broadening in the spectral wings.  Dipolar EPR spectra 

were analyzed using the WACY program (developed in-house by E. Howard) to 

determine the distance distribution. Dipolar broadening of a non-interacting spectrum 

(unphosphorylated PLB) was simulated from Gaussian distance distributions convoluted 

by a Pake function [90].  The simulated spectra were fit to experimental spectra and the 

quality of the fits were assessed by the residual plots and the residual sum of squares. 
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Results 

Activity Assays. 
We quantified the inhibition of SERCA 

by measuring the shift in pKCa (the pCa value 

for 50% activity).  Previous data have shown 

that AFA-PLB has the same inhibitory 

function as WT-PLB and phosphorylation 

reverses WT-PLB inhibition while 

significantly reducing AFA-PLB inhibition 

[49, 51, 147].  Here we show that the 

inhibition of 36-TOAC-AFA-PLB (pKCa = 0.65 + 0.05) is identical to AFA-PLB (pKCa = 

0.65 + 0.03) and the effect of phosphorylation is also identical for both 36-TOAC-AFA-

PLB (pKCa = 0.33 + 0.03)  and AFA-PLB 

(pKCa = 0.34 + 0.03) (Figure 43). 

 

Conventional EPR at 4 oC: Dynamics of 
the PLB backbone   

We have shown that the TOAC 

spin label reports directly the dynamics of 

the PLB backbone and that TOAC at 

position 11 resolves two conformational 

states of the PLB cytoplasmic domain, 

including a minor population in which the 

spin label becomes dynamically disordered 

8.0 7.5 7.0 6.5 6.0 5.5 5.0

0

20

40

60

80

100
 No PLB
 AFA-PLB
 pAFA-PLB
 36TOAC-AFA-PLB
 p36TOAC-AFA-PLB

A
T

P
a
s

e
 A

c
ti

v
it

y
 (

%
)

pCa  
Figure 43  PLB inhibition of SERCA.  Each 
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Figure 44.  Effect of SERCA binding and 
phosphorylation on conventional EPR spectra. Top: 
reconstituted PLB.  Bottom: PLB co-reconstituted 
with SERCA (2 SERCA/PLB mol/mol).  Black: 
unphosphorylated PLB.  Blue: phosphorylated PLB.  
Spectra were recorded at 4°C with a 120 G scan 
width and normalized to the double integral. 
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on the ns time scale, indicating local 

unfolding [17, 51, 65, 161]. The 

dynamics and mol fractions of these 

two states are affected by both 

phosphorylation and SERCA binding 

[17]. Figure 44 shows that TOAC at 

position 36, in the transmembrane 

domain of AFA-PLB, has the lineshape 

characteristic of a strongly 

immobilized spin label, undergoing 

little or no ns rotational dynamics. 

Thus, in the vicinity of position 36 in the TM domain, there is a single conformation, 

corresponding to a highly ordered helix, regardless of phosphorylation or SERCA 

binding, consistent with other NMR and EPR data on the dynamics of the TM domain 

[18, 47, 50-52, 59, 161]. While all spectra are near the rigid limit, indicating very little ns 

rotational motion, both phosphorylation and SERCA binding restrict significantly the 

transmembrane helix rotational motion (Figure 45, *): phosphorylation increases the 

order parameter from 0.90 + 0.01 to 0.93 + 0.01, and SERCA increases the order 

parameter of unbound PLB from 0.90 + 0.01 to 0.94 + 0.01.  However phosphorylation 

of SERCA-bound PLB does not affect the order parameter (Figure 45, right) in 

comparison to pPLB or SERCA-bound PLB. 

The only obvious effect in Figure 44 is the increased linewidth due to 

phosphorylation of isolated PLB (Figure 44, top left). The outer half-width at half-height 
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Figure 45.  Order parameters derived from 
conventional EPR spectra (Figure 44).  The 
order parameter was calculated using Equation 
24.  Values and error bars reflect the mean and 
SEM with n = 4.  Significant changes due to 
phosphorylation and SERCA binding are 
indicated by “*P” and “*S”, respectively. 
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of the low-field EPR line (ΓL) increased from 3.46 + 0.25 G to 5.17 + 0.09 G. In 

principle, this linewidth increase could be due to an increase in nanosecond rotational 

motion, but this is not consistent with the restriction decrease in mobility indicated by the 

increased order parameter (Figure 45, *P). Therefore, the line broadening must be caused 

by dipolar broadening due to the proximity of other spin labels [172]. In order to examine 

this spin-spin interaction quantitatively, we recorded EPR spectra on frozen samples, thus 

eliminating rotational mobility as a variable. 

 

Conventional EPR at 200oK: PLB Oligomeric Interactions 
 EPR spectra were recorded on 

the same samples as in (Figure 45), 

except that the temperature was 200K 

(Figure 46). Only the pPLB spectrum 

in the absence of SERCA showed 

significant line broadening and signal 

intensity attenuation, which must be due to spin-spin 

dipolar interactions (Figure 46). Analysis of this 

spectrum, correcting for the fraction of unlabeled PLB, 

revealed that virtually all PLB molecules were in a 

dimeric complex, in which the interspin distance was 

1.39 ± 0.11 nm, and the best-fit Gaussian distribution 

had a FWHM = 0.76 ± 0.12 nm (Figure 47).   
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Figure 46.  Dipolar broadening due to spin-spin 
interaction.  Conventional EPR spectra were acquired at 
200K with a 200 G scan width, from the same samples as 
in Figure 45.   
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Figure 47. Interprobe distance 
distributions determined from dipolar 
broadening.  Spectra of pPLB alone 
(Figure 46, red) Plots showing the 
dipolar broadened pPLB spectrum 
(black), the best fit (red) and the 
residual (blue).  The distance 
distribution from the best fit is shown 
in the inset. 
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STEPR: Microsecond Dynamics 
 Conventional EPR spectra are 

sensitive only to rotational motions on 

the picosecond to nanosecond 

timescale (Figure 48, left). Spectra of 

36-TOAC-PLB (Figure 44) show little 

or no motion on this time scale, 

indicating the lack of significant 

peptide backbone flexibility. It is likely 

that both PLB and SERCA undergo 

global (rigid-body) motions in the 

membrane, but even a fluid lipid 

bilayer is at least 100 times more 

viscous than water, so global motions of membrane proteins are expected to occur in the 

s time scale, where only 

saturation transfer EPR is 

sensitive to rotational motion 

(Figure 48, right).  

STEPR experiments 

were performed on the same 

samples shown in Figure 44. 

While the conventional EPR 

spectra showed only slight 
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Figure 48.  Rotational correlation time effects on 
conventional (V1, left) and saturation transfer (V2, right) 
EPR spectra [88]. 
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Figure 49.  Phosphorylation and SERCA binding effects on PLB 
microsecond dynamics.  Spectra were recorded at 4°C with a 120 
G scan width and normalized to H1 and the double integral of the 
V1 corresponding spectrum. 
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effects of phosphorylation and SERCA binding 

Figure 44, STEPR spectra showed substantial 

effects (Figure 49).  Peak-height ratios (L/L) 

were measured to estimate rotational correlation 

times.  PLB alone has the shortest correlation 

time of 6 + 2 μs, near the rapid limit of the 

STEPR time scale.  PLB phosphorylation leads 

to about a four fold increase in rotational 

correlation time, to 25 + 5 μs, consistent with 

oligomer formation.  SERCA binding further 

decreased the rotational correlation time to 60 + 7 μs, in agreement with the measured 

correlation time of spin labeled SERCA alone [173].  Most importantly, phosphorylation 

of SERCA-bound PLB had no significant effect on the rotational correlation (55 + 5 μs).  

This motion is at least twice as slow as for pPLB in the absence of SERCA, showing 

directly that phosphorylated PLB remains bound to active SERCA. 

 

Discussion 
 

Summary of Results.  We have synthesized a fully functional (Figure 43) 

monomeric mutant of PLB (AFA-PLB) labeled with the amino acid spin label TOAC at 

position 36 in the transmembrane domain, in order to test distinct models for 

phosphorylation-dependent inhibition of SERCA (Figure 42). Spectroscopic and 

functional data show directly that monomeric PLB binds to and inhibits SERCA at sub-

micromolar [Ca2+] and that phosphorylation of PLB relieves SERCA inhibition without 
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Figure 50.  Rotational correlation times of 
PLB as a function of phosphorylation and 
SERCA binding.  R values from STEPR 
spectra estimated from an empirical plot in 
[88].  Values and error bars reflect the mean 
and SEM with n = 4. 
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significant dissociation of the SERCA-PLB complex.  Phosphorylation of unbound PLB 

induces peptide oligomerization (probably forming a dimer of AFA-PLB), but that 

SERCA dissociates these oligomers, presumably due to its preferential binding to the 

monomer. 

Phosphorylation of unbound PLB induces peptide oligomerization.  The 

conventional dynamics data of both PLB and pPLB labeled with TOAC at position 36 in 

the TM domain report order parameters near the rigid limit consistent with a stable, well 

ordered helix reported previously by EPR and NMR data [18, 47, 50-52, 59, 161].  

Phosphorylation increases the order parameter from 0.90 + 0.01 to 0.93 + 0.01 (Figure 

45) indicating that the amplitude of peptide backbone motion is further restricted.  This 

phosphorylation-dependent decrease in backbone dynamics could be a result of increased 

helix rigidity or tertiary contacts due to oligomerization.  Previously published NMR data 

of AFA-PLB in DPC micelles shows that phosphorylation at S16 slightly increases the 

dynamics of the TM domain [59].  STEPR data (Figure 49) shows that phosphorylation 

of unbound PLB increases the correlation time from 6 μs to 25 μs, a four-fold increase.  

This significant increase in microsecond dynamics could not result from a slight 

reduction in nanosecond peptide backbone dynamics but from decreased rotational 

correlation time of a pPLB oligomer.  It is possible that increased interaction between the 

cytoplasmic domain and the lipid bilayer due to phosphorylation could increase the 

correlation time of monomeric PLB, but a significant amount of data indicate that 

phosphorylation of PLB causes an order-to-disorder conformational change in the 

cytoplasmic domain [17, 18, 59] and decreases the interaction between the cytoplasmic 

domain and the lipid bilayer surface [69].   
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Although the conventional and STEPR dynamics data strongly indicate that 

phosphorylation of unbound PLB induces oligomerization, the dipolar data confirm the 

presence of pPLB oligomers (Figure 46 & Figure 47) due to phosphorylation.  This is 

consistent with data from previous experiments in our lab [8].  Here, researchers used 

spin-labeled lipids and SDS-PAGE to show that phosphorylation increases both the mol 

fraction and oligomeric size of WT-PLB.  In addition, the same studies on a monomeric 

mutant (L37A-PLB) conclude that the unphosphorylated form of L37A-PLB was 

primarily monomeric and that the phosphorylated form was primarily dimeric.  Finally, 

in-vivo fluorescence experiments on phosphomimetic mutant PLB derivatives also 

showed that pseudophosphorylation induced oligomerization [174].   

Phosphorylated PLB is still bound to active SERCA.  We have previously 

reported that phosphorylation of SERCA bound PLB acts to relieve inhibition by 

inducing a structural change within PLB [17, 18] and that micromolar calcium 

concentration relieves inhibition by inducing a structural change within SERCA [15, 16] 

but neither mechanism results in the dissociation of the SERCA-PLB complex (Figure 

42).  Although the EPR and NMR data on peptide backbone and side chain dynamics 

agree and indirectly support the model that pPLB is still bound to active SERCA, the 

combination of conventional EPR and STEPR measuring both peptide backbone 

dynamics and rotational correlation times directly show that pPLB is still bound to active 

SERCA. 

The conventional dynamics data of SERCA-bound PLB show the TM domain at 

position 36 undergoes very little ns motion.  These data are consistent with a SERCA-

PLB complex model proposing that the TM domain of PLB binds to SERCA in a groove 
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formed by helices M2, M4, M6 and M9 [74].  In this model, SERCA binds to an 

extended state of PLB in which the loop and domain 1b residues are unstructured, 

allowing the helical domain 1a to interact with cytoplasmic residues in SERCA 

nucleotide binding domain.  Although domain 1b residues are unstructured, the model 

predicts that the peptide backbone at position 36 remains helical, consistent with the 

conventional dynamics reported here (Figure 44, Figure 45).  Interestingly, the SERCA-

PLB model proposing and extended PLB structure is consistent with EPR and NMR 

dynamics data showing that SERCA preferentially binds to an extended “R-state” of PLB 

[17] and that SERCA binding increases the helicity of the PLB TM domain at residue 36 

[18, 75], again consistent with an increase in the order parameter reported here.  

Conventional EPR data reported previously [17, 51, 161] and here are a measure 

of the peptide backbone dynamics while saturation transfer EPR is a measure of the 

rotational diffusion of PLB in the lipid bilayer and is a much more direct measurement of 

PLB binding to SERCA.  Here we report that rotational correlation time of PLB is 

increased by a factor of ten upon the addition of SERCA a clear indicator of PLB binding 

to SERCA.  Furthermore, the estimated rotational correlation time of PLB bound to 

SERCA is within 15% of the reported correlation time of SERCA in lipid bilayers [173].  

Only a slight decrease in correlation time upon phosphorylation of PLB bound to SERCA 

directly shows that pPLB is still bound to active SERCA.  This decrease in correlation 

time could be due to a structural rearrangement in the SERCA-PLB complex, reducing 

the cross-sectional area in the lipid bilayer and consequently decreasing the rotational 

correlation time of the complex. 



 113 

Conclusions.  We have performed 

conventional, saturation transfer and dipolar 

EPR experiments on a fully functional 

monomeric mutant of PLB labeled with 

TOAC at position 36 in the TM domain as a 

function of phosphorylation and SERCA 

binding.  This is the first time saturation 

transfer EPR of PLB has been used to assess 

PLB binding to SERCA.  Our results clearly 

show that monomeric PLB binds to and 

inhibits SERCA, phosphorylation of PLB in 

the absence of SERCA forms oligomers and that SERCA destabilizes the pPLB 

oligomers.  Most importantly we have shown that phosphorylated PLB is still bound to 

active SERCA (Figure 51).  This shows clearly that phosphorylation induced inhibition 

relief is not due to dissociation of the complex, but rather a structural change of the 

complex. 

Future studies.  The data show clearly that monomeric PLB binds to and inhibits 

SERCA activity, consistent with previous reports that the PLB monomer is the primary 

regulator of SERCA activity and the pentamer is most likely a storage form of PLB.  

Although a model and cryo EM data have been generated proposing that the pentamer 

can bind to and inhibit SERCA [63, 66] , there has not been any direct evidence reported 

so far.  Based on results shown here, it should be possible to directly determine if the 

PLB pentamer does bind to SERCA by co-reconstituting spin labeled SERCA with 

Phosphorylation

SERCA
inhibited

SERCA
active

P

PP

 
Figure 51.  Oligomeric interactions between 
SERCA and PLB.  Structural model consistent 
with the data shows that SERCA binds PLB and is 
inhibited.  Phosphorylation of PLB in the absence 
of SERCA induces oligomerization and the 
addition of SERCA destabilizes the pPLB 
oligomer.  Phosphorylation of SERCA bound PLB 
relieves inhibition without dissociating the 
SERCA-PLB complex. 
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monomeric or pentameric PLB and using STEPR to measure the rotational diffusion of 

the SERCA-PLB complex.  As a control we measured the rotational correlation time of 

pentameric PLB labeled with TOAC at position 36 and determined it to be on the order of 

200 μs while the rotational correlation time of monomeric PLB is 6 μs.  Consequently, 

these data should be clear whether SERCA binds the PLB pentamer or destabilizes the 

pentamer and binds only the monomer as previously reported [6]. 
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CHAPTER 6.  Future Directions 

 Although it is widely accepted that the PLB monomer is the active regulator of 

SERCA activity and the pentamer is merely a storage form, it has never been shown 

directly that SERCA does not bind pentameric PLB.  The saturation transfer EPR results 

from chapter 5 show that the rotational correlation time of 36-TOAC-AFA-PLB co-

reconstituted with SERCA is on the same order as spin-labeled SERCA but that the 

rotational correlation time of 36-WT-PLB is much slower than spin-labeled SERCA, 

probably due to the interaction between the PLB cytoplasmic domains and the lipid 

bilayer  The correlation times of all three samples are several orders or magnitude faster 

than the rigid limit of saturation transfer EPR.  Therefore it should be possible to compare 

the rotational correlation times of spin-labeled SERCA co-reconstituted with unlabeled 

AFA or WT PLB.  If SERCA does indeed bind the PLB pentamer, the rotational 

correlation time spin-labeled SERCA co-reconstituted with the pentamer should be 

significantly slower than spin labeled SERCA co-reconstituted with monomeric PLB.  

Data acquired during my thesis project clearly show that PLB phosphorylation 

does not dissociate the SERCA-PLB complex.  This thesis work supports other work 

from the Thomas lab and the Veglia lab.  Although the collaborative work between the 

two labs over the years clearly show that phosphorylated PLB is still bound to active 

SERCA, we have yet to determine how PLB phosphorylation relieves SERCA inhibition 

without dissociating the complex.  To this end, I have been working on a project to test 

one hypothesis. 
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 It has previously 

been shown that only the 

TM domain of PLB is 

necessary to inhibit 

SERCA and that the 

cytoplasmic domain is 

necessary to relieve 

inhibition.  In fact, the 

cytoplasmic domain must 

be able to adopt the 

dynamically disordered R-

state for phosphorylation 

dependent inhibition relief 

to occur.  Data from our lab and others have shown that PLB phosphorylation at Ser16 

induces an order-to-disorder conformational change in the absence of SERCA which 

increases both the mol fraction and dynamics of the R-state.  However, when PLB is 

bound to SERCA, phosphorylation has the opposite effect, inducing a disorder-to-order 

conformational change.  We have also shown that SERCA preferentially binds to the R-

state, a conclusion supported by the SERCA-PLB complex models.  Based on these data, 

we hypothesize that phosphorylation of SERCA bound PLB produces a transient 

dynamically disordered R-state which is able to interact and bind to sites on the 

cytoplasmic domain of SERCA.  Subsequent to binding, the cytoplasmic domain of 

pPLB becomes more ordered which pulls the TM domain of PLB vertically out of the 
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Figure 52.  PLB structural changes as a function of phosphorylation and SERCA 
binding. 

EPR spectra of PLB (black) and phosphorylated PLB (blue) in the absence of SERCA 
(top) and presence of SERCA (bottom) and corresponding cartoons representing 
structural models consistent with the data.  In the absence of SERCA, PLB 
phosphorylation induces an order-to-disorder transition increasing the dynamics and 
mold fraction of the R state.  In the presence of SERCA, PLB phosphorylation produces 
the opposite effects. 
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membrane, disrupting the TM domain inhibitory interactions and thereby activating 

SERCA without 

dissociating the complex 

(Figure 52). 

 I have begun 

testing this model by 

measuring the 

accessibility of spin 

labeled PLB to the lipid 

bilayer, bilayer interface 

and aqueous phase (Figure 

53) using the saturation 

rollover curve method 

described in Chapter 2.5.  

Accessibility to the lipid 

bilayer the bilayer 

interface and the aqueous phase has been probed using O2, DOGS-NTA-Ni and NiAA, 

respectively.   

P

Lipid Accessibility

36-TOAC

P

Water Accessibility
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Figure 53.  Predicted 36-TOAC accessibility changes  

Top panel:  The phosphorylation dependent inhibition relief model predicts that the 
accessibility of 36-TOAC-PLB to the lipid bilayer will decrease upon SERCA binding.  
This effect will be enhanced upon phosphorylation.  Bottom panel:  The model predicts 
that the accessibility of 36-TOAC-PLB to the aqueous phase will increase upon SERCA 
binding with a further increase upon phosphorylation. 
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I have created a 

model system of 

DOPC/DOPE vesicles 

doped with a small 

amount of commercially 

available spin labeled 

lipid to ensure that 

accessibility to the 

different PREs is 

dependent on the depth of 

the spin label in the 

bilayer.  In order to ensure 

homogenous distribution 

of NiAA across the 

bilayer membrane, those 

specific samples were made with a buffer containing 20mM NiAA.  Samples were loaded 

into a TPX (gas permeable teflon) capillary and inserted into a dielectric resonator at 25 

°C.  Lipid (O2) accessibility was measured by passing zero-grade air over the samples 

during spectral acquisition while aqueous solvent (NiAA) and N2 (no PRE control) 

accessibilities were measured by passing N2 gas over the samples during spectral 

acquisition.  P1/2 and P1/2 were determined as described in chapter 2.5 using Equation 

13. 
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Figure 54.  Spin labeled lipid accessibility measurements. 

(A)  Normalized saturation rollover curve measuring the accessibility 
of a lipid spin labeled at position five of the hydrocarbon chain to O2 
(red), 20mM NiAA (blue) and N2 (black).  The N2 data set is the no 
PRE control used to calculate P1/2.  (B)  Normalized saturation 
rollover curve of a lipid spin labeled at position 12 of the 
hydrocarbon chain.  The color scheme is the same as in panel A.  (C)  
Structure of the lipid spin labeled at position five.  (D)  Plot of P1/2 

as a function of spin label position for 20mM NiAA (black) and 
DOGS-NTA-Ni (red) showing that spin label depth in the membrane 
is more sensitive to DOGS-NTA-Ni. 
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Indeed, accessibility to different PREs (Oxygen data not shown) is dependent in the depth 

of the spin label in the lipid bilayer (Figure 

54). 

Using the procedure outlined above, I 

have made accessibility measurements on a 

monomeric mutant of PLB labeled at position 

36 with TOAC (36-TOAC-AFA-PLB).  PLB 

was co-reconstituted with a 2 molar excess of 

SERCA as previously described.  Samples 

were loaded into a TPX capillary and inserted 

into a dielectric resonator and saturation 

rollover curves were acquired.  P1/2 and P1/2 

were determined as described in chapter 2.5 

using Equation 13 and the fractional 

accessibility data is plotted in (Figure 55).  

Fractional accessibility is commonly used to 

show how a ligand or other perturbing factor 

(phosphorylation or SERCA binding here) affects the spin label’s accessibility to the PRE 

and is determined using the following function: 
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Figure 55.  Fractional accessibility of 36-
TOAC-AFA-PLB. 

Fractional accessibility (FA) values of 36-
TOAC-AFA-PLB to O2 (lipid bilayer), 20mM 
NiAA (aqueous phase) or Ni-lipid (bilayer 
interface).  In both graphs O2 data are plotted in 
red.  In the top graph NiAA data are plotted in 
blue and in the bottom graph DOGS-NTA-Ni 
data are plotted in blue. 
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where P1/2
* and P1/2 are the accessibilities in the presence and absence of the 

perturbing factor, respectively.  While some of the data support our hypothesis, at this 

point no clear conclusions can be drawn.  It is possible that the hypothesis is incorrect but 

it is also possible and probable that PLB oligomerization and/or binding to SERCA 

produces steric effects which reduce the collisions with the PREs.  In order to test this, 

Zach James is performing pulsed EPR experiments which can measure the vertical 

movement of the spin label via though-space interactions. 

 In addition to the accessibility project, I have also been working on a project to 

measure the topology of PLB in macroscopically aligned lipid bilayer samples.  Data 

from these experiments will help determine if PLB phosphorylation or SERCA binding 

changes the topology of PLB in the lipid bilayer and can be used to refine PLB and 

SERCA-PLB structural models. 

 The bilayer normal is often used as a reference frame in topological 

measurements.  Consequently, topology can be defined as θAM, the angle between the 

molecular director axis, the PLB TM domain for example, and the bilayer normal.  If 

aligned samples are made where the membrane normal is co-linear with the magnetic 

field, the EPR spectra can be analyzed to determine the topology of the spin-labeled 

protein  

Currently, aligned membrane samples are made using one of two different 

methods, both of which result in the bilayer normal being aligned with the magnetic field.  

Mechanically aligned samples are created by first drying proteolipid suspensions on glass 

plates and then rehydrating the plates in a humidity chamber for several days.  The plates 

are then carefully stacked and sealed to prevent dehydration.  The stacked plate sample is 
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then placed on a flat cell sample holder so the membrane normal may be oriented either 

perpendicular or parallel to the magnetic field.  Bicelles are a fairly new technique for 

making oriented lipid samples and are made by mixing long chain (usually DMPC) and 

short chain (usually DHPC) lipids at specific ratios.  Instead of forming spherical 

vesicles, they form disc-like bilayers.  Because of their shape, they can be oriented in a 

magnetic field.  In fact, in the presence of a magnetic field, they naturally align so that the 

membrane normal is perpendicular to the magnetic field.  However, at the X-band EPR 

field strength of ~ 3,500 gauss, the alignment is rather weak.  In order to align bicelles at 

X-band field strengths, the samples are doped with a small amount of lanthanide.  The 

ions bind to the lipid headgroups and produce aligned bicelles at X-band field strength.  

Dysprosium ions or thulium ions are routinely used to align the bicelles so that the 

membrane normal is perpendicular or parallel to the magnetic field, respectively.  
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 I have created a 

model system using a lipid spin 

labeled at position five (5-

PCSL) in the hydrocarbon 

chain to optimize sample 

preparation, alignment and data 

acquisition at X-band field 

strengths.  The 5-PCSL spin 

label has been extensively used 

in EPR experiments, including 

bicelle alignment, over the last 

two decades and is well 

characterized.  The principal 

axis of the nitroxide ring is co-

linear with the bilayer normal.  Consequently, when the bilayer normal is parallel to the 

magnetic field, the principal axis is parallel with the magnetic field and maximal 

hyperfine splitting in the spectrum is observed.  The opposite is true when the bilayer 

normal is perpendicular to the magnetic field, i.e. minimal hyperfine splitting is observed 

(Figure 56A).  Spectra from bicelle samples made with 5-PCSL show larger splitting for 

the thulium doped bicelles than the dysprosium doped bicelles, indicating that the bilayer 

normal is parallel and perpendicular to the magnetic field, respectively (Figure 56B) No 

spectral changes are observed in identical samples made with a small amount of AFA-

PLB, indicating that the peptide does not affect bicelle alignment.  It should be noted that 
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Figure 56.  Oriented bicelle spectra. 

(A) Illustrations and spectra of bicelles with the bilayer normal 
oriented parallel (top) and perpendicular (bottom) to the magnetic 
field, H0.  Spectra were simulated assuming the membrane normal 
is perfectly aligned with H0 and there are no orientational 
distributions due to disorder.  (B) Spectra of spin-labeled lipid 
bicelles + unlabeled AFA-PLB doped with thulium (Tm3+) or 
dysprosium (Dy3+).  (C) Spectra of 36-TOAC-AFA-PLB 
reconstituted into bicelles doped with thulium (Tm3+) or 
dysprosium (Dy3+).   
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the splittings and linewidths of the bicelle samples do not match the simulations of 

perfectly aligned samples with no orientational disorder shown in (Figure 56A).  This is 

due to the fact that the spin label is undergoing rotational motion which results in an 

angular distribution with respect to the magnetic field that alters the ERP lineshape.  For 

more information, refer to chapter 2.3.   

 After verifying that thulium doped bicelles containing unlabeled PLB are 

aligned with the magnetic field, I removed the 5-PCSL and replaced the unlabeled PLB 

with 36-TOAC-AFA-PLB.  The spectra of spin-labeled PLB (Figure 56C) indicate that 

the TM domain of PLB is co-linear with the bilayer normal as shown by the Veglia lab 

using solid-state NMR spectroscopy.  I have begun using NLSL to fit the oriented spectra 

using motional parameters obtained from randomly oriented samples to determine the tilt 

of the PLB transmembrane domain with respect to the bilayer normal (θAM).  I have also 

developed the technique using oriented lipid bilayers on glass plates to measure θAM.  The 

work I have begun will be used as the basis for other graduate students in the lab to 

measure the topology of PLB domains as a function of phosphorylation and/or SERCA 

binding to help refine the structural models of PLB and the SERCA-PLB complex. 
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