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 Abstract 

Sarcoplasmic reticulum calcium adenosine triphosphatase (SERCA) is an integral 

membrane Ca2+ pump that reuptakes Ca2+ into the lumen of sarcoplasmic reticulum (SR), 

decreases the cytoplasmic Ca2+ concentration, and initiates relaxation in both skeletal and 

cardiac muscle. In the heart, SERCA activity is partially inhibited by phospholamban, 

another integral membrane protein. This inhibition can be relieved by high Ca2+ 

concentration or phosphorylation of PLB. Misregulation of Ca2+ by the SERCA-PLB 

complex is associated with heart failure. The goal of this thesis is to investigate the 

mechanism of Ca2+ regulation by the SERCA-PLB complex, by direct measurement of 

their physical interactions using optical spectroscopy. 

We have used time-resolved fluorescence resonance energy transfer (TRFRET) to 

determine the binding and distance distribution between the donor-labeled SERCA and 

acceptor-labeled SERCA-bound PLB in artificial membranes. Results show that PLB 

binds to SERCA with two structures, an extended R state with the cytoplasmic domain 

pointing away from the membrane surface, resulting in a shorter interprobe distance, and 

a T state with the cytoplasmic domain bound to the membrane, giving rise to a longer 

interprobe distance. We modulated the electrostatic interaction between SERCA and PLB 

by adjusting the membrane headgroup charge. Results show that the T state of PLB is 

more inhibitory than R. SERCA inhibition by PLB is well correlated with the T/R 

equilibration and does not require dissociation of the complex.  

We used time-resolved phosphorescence anisotropy (TPA) to analyze the 

functional oligomeric regulation of SERCA by Ca2+ and PLB phosphorylation in native 

cardiac SR. A uniaxial rotation diffusion analysis of TPA data was used to resolve the 
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oligomeric state of SERCA. We found that SERCA, in both the skeletal and cardiac SR, 

consists of 3 oligomeric species plus an immobilized large aggregate. SERCA activation 

by either Ca2+ or PLB phosphorylation correlates with the destabilization of the 

immobilized large aggregate, without significantly affecting the sizes of the 3 oligomeric 

states.  

In summary, PLB regulates SERCA through two independent mechanisms. In the 

bound SERCA-PLB complex, the structural dynamics of PLB determines its inhibitory 

effect on SERCA.. In addition, Ca2+ and phosphorylation of PLB regulate SERCA 

activity by dissociating the immobilized SERCA aggregates and increasing the functional 

oligomeric states. 
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Chapter 1 Introduction.  

The human body is tightly regulated by complex protein interactions. Alterations 

of these interactions are often associated with diseases. It is necessary to elucidate the 

physical and functional mechanisms of protein interactions in order to understand and 

treat disease. Therefore, biology is increasingly becoming an interdisciplinary field, 

attracting researchers from physics, chemistry, mathematics, computer science, and 

engineering, to work synergistically to understand disease mechanisms on the molecular 

level. My thesis work is to determine the molecular mechanism of Ca2+ regulation in the 

heart, using time-resolved optical spectroscopy. Specifically, I studied the regulation of 

sarcoplasmic reticulum calcium adenosine triphosphatase (SERCA) by phospholamban 

(PLB). The goal of my thesis work is to elucidate how structural changes of these protein 

complexes determine their function, paving the way for designing new therapies based on 

the regulation mechanism. 

1.1 Physiological function of SERCA and PLB in muscle 

The heart is constantly pumping 

oxygen-rich blood to every living cell in 

the body. The organ-level pumping action 

of heart is achieved by the coordinated 

contraction of cardiac muscle cells 

(cardiomyocytes). The contractile unit in 

the muscle cells are called sarcomere, and 

is illustrated in Figure 1. The actual 

Sarcomere T-tubule

Sarcoplasmic 

Reticulum

Myosin filamentActin filament  
Figure 1: Ultrastrucuture of a muscle cell. 
Sarcoplasmic reticulum (SR) is the primary 
calcium storage compartment and hosts the 
main calcium regulatory proteins SERCA, PLB 
and RyR (Figure 2). Adapted from [1]  



2 

contractile machinery is the myofibril, which consist of actin and myosin filaments. 

During muscle contraction, myosin slide along the actin filament, causing muscle 

contraction (Figure 1). This muscle contraction is regulated by the intracellular calcium 

from the sarcoplasmic reticulum (SR) into the sarcoplasm (Figure 1).  

Muscle contraction is initiated by electrical excitation of myocytes through 

excitation-contraction coupling (ECC) Figure 2 [2]. The action potential propagates to the 

T–tubule and induces influx of Ca2+ into the sarcoplasm through the voltage sensitive L-

type Ca2+ channel. This Ca2+ influx triggers a Ca2+-induced-Ca2+ efflux from the 

T-tubule β-AR Na+

K+ Na+

Ca+

Sarcomere

Contraction, 

[Ca] ~ 10 µM 

Relaxation, 

[Ca] ~ 0.1 µM 

sarcolemma

[Ca] ~ 0.5 mM

[Ca] ~ 3 mM

 
Figure 2: Contraction and relaxation of muscle is regulated by Ca.  Depolarization of the 
membrane in the T-tubule induces Ca2+ influx through the L-type Ca2+ channel (black). This Ca2+ 
influx triggers the ryanodine receptor (RyR, green) to release Ca2+ (red dots) from the 
sarcoplasmic reticulum (SR), and initiates contraction of the sarcomere. SERCA pumps the Ca2+ 
into the SR and  NCX removes Ca2+ into the extracellular matrix, resulting in relaxation. In the 

heart, SERCA is inhibited by PLB. Phosphorylation of PLB in response to β-adrenergic 

stimulation relieves SERCA inhibition. β-AR: β -adrenergic receptor; Gs, stimulatory G protein, Gi, 
inhibitory G protein; cAMP, cyclic adenosine; AC, adenylyl cyclase; I-1, protein phosphatase 
inhibitor -1; PKA, protein kinase A; PP1, protein phosphatase 1. Figure adapted from [2].  
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sarcoplasmic reticulum into the sarcoplasm through the Ryanodine receptor (RyR). As a 

result, the cytoplasmic Ca2+ concentration jumps up by 3 orders of magnitude, from the 

basal 0.1 µM, to about 10 µM [3]. This elevated Ca2+ interacts with the Ca2+ sensors 

troponin C and causes a conformational change of the troponin and the tropomyosin 

complex, which allows the contractile proteins actin and myosin to interact and go 

through the power stroke cycle (Figure 1), causing the shortening of the sarcomere and 

the contraction of the myocyte [4].  

The muscle must relax to prepare itself for the next contraction. This relaxation is 

achieved by decreasing the sarcoplasmic Ca2+ concentration to the basal level. The return 

of the sarcoplasmic Ca2+ level is carried out by Sarcoplasmic Reticulum Calcium 

Adenosine Triphosphatase (SERCA) and sodium-calcium exchanger (NCX). SERCA 

reuptakes Ca2+ into the SR, while NCX exchanges the intracellular Ca2+ with 

extracellular Na. The percent of Ca2+ removal by SERCA and NCX varied from 

organelle to organelle, and from species to species [2]. In the healthy human heart, 

SERCA is responsible for removing 75% of Ca2+ from the sarcoplasm [2].  

SERCA activity is regulated by phospholamban (PLB) in the ventricular 

cardiomyocytes [2]. PLB inhibits SERCA by decreasing its apparent affinity to Ca2+. 

Phosphorylation of PLB relieves this inhibition, and increase the SERCA activity in the 

physiological relevant Ca2+ concentrations. Phosphorylation is initiated by β-adrenergic 

stimulation (Figure 2).  
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1.2 SERCA, the Ca2+ pump 

1.2.1 SERCA is a P-type ATPase 

SERCA is a Ca2+ pump that belongs to a large membrane protein family called P-

type ATPase. Members of this protein family, usually called transporters or pumps, 

transport ions or lipids across biological membranes and are essential for almost all life 

forms. These transporters are highly specific, with one pump specifically transporting one 

kind of cargo. These pumps actively transport their cargo across the membrane by 

utilizing the free energy harvested from ATP hydrolysis [5]. The hallmark of the P-type 

ATPase is that they form transient covalent phosphoenzyme intermediates at a conserved 

DKTGT sequence during catalysis [6].  

Early studies of transport mechanisms were largely done biochemically by 

considering the pump as a biochemical “blackbox”. SERCA is the first P-type ATPase 

with a high-resolution crystal structure [7]. There are currently more than 40 x-ray crystal 

structures of SERCA under different conditions designed to mimic different steps in its 

enzymatic cycle [8]. Crystal structures of other P-type ATPase, including the Na/K-

ATPase [9, 10], and the plasma membrane H+-ATPase [11], have also been successfully 

determined. Although those pumps have distinct amino acid sequences, their 3D 

structures are strikingly similar [5], and so are their transport cycles. Further studies to 

understand the transportation mechanism based on structural dynamics are needed to 

elucidate the mechanisms of these pumps. My work is thus designed to shed light on 

mechanisms of the entire P-type protein family.  
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1.2.2 SERCA isoforms 

There are three SERCA isoform families in humans, SERCA 1, 2 and 3, encoded 

by three genes ATP2A1, 2 and 3 respectively. Each gene encodes several protein 

isoforms (SERCA1a-b, SERCA2a-c, SERCA3a-f) as the result of tissue- or development-

specific alternative splicing [12, 13]. SERCA1 is expressed in fast twitch skeletal muscle, 

with SERCA1a being in adults and SERCA1b in neonates [14, 15]. SERCA2a is 

expressed predominantly in the heart, slow twitch muscle and in the brain., SERCA 2b is 

ubiquitously expressed in both smooth muscle and non-muscle tissue. SERCA3 is mostly 

expressed in hematopoietic cell lineage, salivary glands, trachea, colon an pancreas [16]. 

SERCA1a is specifically expressed in adult skeletal muscle, and SERCA2a is in cardiac 

muscle.[17] Those two SERCA isoforms are structurally similar, and has identical 

apparent Ca2+ affinity, although SERCA1 has higher Ca2+ transport rate.[17]. 

SERCA plays pivotal role in Ca2+ signaling pathway in cells, such as the EC-

coupling in muscle cells as described in Figure 2, and other cellular processes, including 

neurotransmission, neurotransmission, antibody formation, etc [18]. SERCA1 and 

SERCA2a are functionally similar to each other, with similar Ca2+ affinity, although 

SERCA1a shows higher kinetic rate [17]. The functional similarity between SERCA1 

and other SERCA isoforms is much less [12]. The structure of the SERCA isoforms are 

alike [8]. For example, the primary structure of SERCA2 is 84% identical to SERCA1, 

while SERCA3 is 75% identical to SERCA1 [12]. Crystal structure of SERCA are 

measured on SERCA1a [7, 19], because this isoform is easily available in large quantities 

from skeletal muscles, especially in the longitudinal tubules of the SR of fast twitch 

muscles. Transgenic mouse with SERCA1a expressed in the heart shows that SERCA1a 
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can functionally substitute for SERCA2a in the cardiac muscles [20]. Therefore 

SERCA1a and SERCA2a has been used interchangeably in the biochemical and 

biophysical studies on the SERCA-PLB complex [21, 22]. Deep understanding of the one 

functional mechanism of SERCA isoform will provide insights on the study of other 

isoforms.  

1.2.3 SERCA 3D Structure  

SERCA consists four structural domains, a 

nucleotide binding domain (N), an actuator domain (A), a 

phosphorylation domain (P), and the transmembrane 

domain (TM). The N-domain binds to the ATP during the 

Ca2+ transport cycle, the phosphorylation domain contains 

the conserved Asp, and gets phosphorylated after the ATP 

hydrolysis. The actuator domains undergoes rotational 

motions during Ca2+ transportation, and coordinates the 

motion of the P and the N domains. The TM domain 

contains 10 transmembrane helices that anchor the 

enzyme in the membrane, and host the Ca2+ binding site.  

 

1.2.4 SERCA enzymatic cycle  

In the standard model, SERCA cycles between a high Ca2+ affinity E1 form and a 

low Ca2+ affinity E2 form by going through a series of structural and chemical 

transitions, utilizes the energy harvested from ATP hydrolysis to transport 2 Ca2+ ions 

against the Ca2+ gradient across the SR membrane Figure 4 [24]. Starting from the low 

 
Figure 3: Crystal structure of 
SERCA (PDB 1VFP) [23]. Green: 
nucleotide binding domain. Blue: 
phosphorylation domain. Red: 
actuator domain. Gray: 
transmembrane domain. This 
structure was acquired in the 
presence of non-hydrolyzable ATP 
analog AMPPCP (colored spheres 
between N and the P domains).   



7 

Ca2+ affinity E2 form, Ca2+ binds to SERCA in the TM domain in exchange for the 

counter protons from the previous cycle. ATP binds to the N-domain and was 

hydrolyzed, so that the γ phosphate is covalently attached to the Asp351 in the P-domain 

and forms the phosphoenzyme E1P.2Ca.ADP. ADP release produces a high energy ADP-

sensitive phosphoenzyme intermediate (E1P.2Ca), which can be reversed to produce ATP 

in the presence of high concentration of ADP and Ca2+ [25]. The free energy gained from 

the ATP hydrolysis causes the pump to undergo an isomerization, such that the high 

affinity Ca2+ binding site in the TM domain is closed to the cytoplasm, but reorients and 

opens to the lumen with low Ca2+ affinity (E2P.2Ca). The E2P.2Ca2+ is ADP-insensitive. 

After Ca2+ release, the phosphate is protonated and released from the head piece. The 

enzyme returns to the low Ca2+ affinity E2 form, and is ready for the next enzymatic 

cycle. In the absence of Ca, the pump reacts with inorganic phosphate (Pi) and forms an 

phosphoenzyme that is insensitive to ADP. Addition of millimolar Ca2+ (Ca2+ jump) 

converts the ADP-insensitive phosphoenzyme into the ADP-sensitive forms that reacts 

with ADP and produces ATP [25, 26].  
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Biochemical studies suggest that the enzyme hydrolyzes ATP only in the presence 

of Ca2+ [27]. On the other hand, ATP hydrolysis in the cytoplasmic comain provides the 

free energy for the Ca2+ transport in the TM domain and is indispensible for the 

enzymatic cycle (Figure 4). However, both the nucleotide binding domain and the 

phosphorylation domains are spatially separated from the Ca2+ binding site (Figure 3). 

Therefore there must be a long range conformational coupling between the TM domain 

and the cytoplasmic domain that is essential for highly efficient energy transduction.  

 
1.3 PLB Structure and function 

1.3.1 Distribution of PLB in humans 

Phospholamban is a 52 amino acid transmembrane protein that inhibits SERCA in 

the ventricular cardiomyocytes. It can be phosphorylated in response to β-adrenergic 

stimulations, at Ser 16 by protein kinase A, or Thr 17 by calmodulin-dependent protein 

kinase. The name phospholamban means “phosphate receptor” [28]. Phospholamban is 

E1.2Ca E1.2Ca.ATP E1P.2Ca.ADP E1P.2Ca

E2P.2CaE2

ATP ADP

2-3 H+

2Ca

Pi

2-3 H+

E2·P

2Ca

E2P

 
Figure 4: Scheme of the enzymatic cycle of SERCA  
  The sequential events occurs in the clockwise order. In each enzymatic cycle, the SERCA pump 
hydrolyzes one ATP as energy source, transits between the high Ca

2+
 affinity E1 and the low Ca

2+
 affinity 

E2 forms, and transports 2Ca
2+

 ions.  
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initially found in the cardiac SR, and later was also found in the slow twitch skeletal 

muscles [29] and smooth muscles. The later includes ileum [30, 31], stomach smooth 

muscle [31, 32], pulmonary artery [31, 33] and aorta [31]. The expression levels of PLB 

is tissue specific, and are much lower in the smooth muscle than in the cardiac muscle 

and the slow muscle [31].  

The functional regulation of SERCA2a by PLB is well established in the cardiac 

muscle. But the understanding of the roles that SERCA and PLB play in the slow muscle 

lags far behind. Some evidence suggests that PLB regulates SERCA2a in the slow muscle 

similarity to in cardiac muscle, and is regulated by PLB phosphorylation [29]. 

Contradicting results suggest that the recovery of SERCA activity in response to PLB 

phosphorylation only occurs in cardiac muscle [34]. The results is postulated to be due to 

the lower PLB/SERCA ratio in the slow muscle, resulting from the higher SERCA2a 

protein level in the slow muscle and similar PLB protein levels in those two muscle 

types. Overexpression of PLB in slow muscle does impair the muscle contractility, and 

causes muscle remodeling [35].  

1.3.2 Oligomeric states of PLB  
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The primary sequence of PLB is highly conserved in mammalians Figure 5. 

Hydrophobic profiling [37] and computational secondary structure analysis [38] suggests 

that PLB contains a hydrophilic cytoplasmic domain, and a hydrophobic transmembrane 

domain that transverse the lipid bilayer. The cytoplasmic domain of PLB contains both 

acidic and basic amino acids, but the net charge is positive under physiological conditions 

(pH 7.4), making PLB a alkaline (basic) protein. Phosphorylation add 2 net negative 

charge to the cytoplasmic domain, and strongly perturb the electrostatic property of the 

entire protein, decreasing isoelectric point of PLB from 10 to 6.7 in the canine isoform 

[39]. 

It is well know that the 6.1 kDa wild type PLB is in equilibrium between a homo-

pentameric form and a monomeric from in SDS gel [39] and in lipid membrane [40, 41]. 

The individual PLB subunit in the pentamer is also called a protomer. Mutation in the 

TM region of the wildtype can destabilize the pentamer and result in predominantly 

1 10 20 30 40 50
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··················································E·
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LLMVIICILLLCILILCFNIFLNQLNQRAQQPMEITSARRIASRTLYQVKDM
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Rabbit

Pig

Dog

Cytoplasmic domain Transmembrane domain

 
Figure 5: Amino acid sequence of PLB protomer from different animals, deduced 

by cDNA cloning  
  The sequences are presented in 1-letter amino acid code. Dots indicate the identical 
residuals as in the dog. The residue numbers are labeled on top of the sequence. The solid 
diamond indicates Ser16, phosphorylatable by PKA. The solid circle indicates Thr 17, 
phosphorylatable by calmodulin-dependent protein kinase. The bars shows approximately 
the hydrophilic cytoplasmic domain, and the hydrophobic transmembrane domain that 
anchors the peptide in the membrane. This figure is a remake from [36]. The amino acid 
sequence of PLB is highly conserved in mammalians.  
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monomeric PLB [42, 43]. The structures of both the pentameric and the monomeric PLB 

have been solved using spectroscopy, including FRET [44], EPR [45] and hybrid NMR 

[46-48].  

 

1.3.3 Structure of monomeric PLB 

The “7”-shaped monomeric PLB consists of 3 structural domains, a cytoplasmic 

helix followed by a flexible loop, 

and connected to a membrane 

spanning helix that anchor the 

entire protein into the lipid bilayer 

(Figure 6). This protein can be 

further divided into 4 dynamic 

domains, Ia (residue 1 – 16), loop 

(17 - 22), Ib (23 - 30) and II (31 - 

52). Domain Ia and loop are 

exposed to the aqueous solution. 

Domain Ib is in contact with the 

lipid headgroups. Domain II 

transverse the hydrophobic core of 

the membrane. In the TM of the 

monomeric PLB is tilt in the 

bilayer, with tilting angle ~ 24° 

[47].  

Ia

Ib

II

loop

SR lumen

Cytoplasm

C36A

C46A

C41F

 
Figure 6: Hybrid NMR structure of monomeric PLB.  
  This structure is frame 12 from 2KB7 [47]. Two helices are 
connected by a loop. Four dynamic domains, Ia, loop, Ib and 
II. Residues with blue color are exposed to the polar 
environment, either to the aqueous solution (Ia and loop), or 
the lipid headgroups (Ib). Phosphorylation sites are labeled as 
red (S16) and magenta (T17). Residues with grey color 
transverse the hydrophobic core of the membrane. Three 
cysteines at 36, 41 and 46 are labeled in yellow [40]. The 
membrane hydrophobic core is illustrated in light grey   
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PLB is a very dynamics protein. Using a artificial spin labeled TOAC spin 

rigidly-coupled to the backbone of AFA-PLB at site 0, 11, 24 and 46, our lab found that 

the cytoplasmic domain of PLB is in a dynamic equilibrium between an ordered T state 

and dynamically disordered R state, while the transmembrane domain is very rigid [49]. 

The order parameter of TOAC coupled to the cytoplasmic domain suggests that the 

ordered T state is membrane bound, thus its motion is very restricted; while the 

disordered R state is membrane dissociated [50]. Our collaborator later found that the T 

and R states has respective substates with different degree of unfolding of the helix [51].  

1.3.4 Structure of pentameric PLB 

The structure of the pentameric PLB has been a controversy until recently. There 

were four distinct structural models constructed based on different spectroscopic methods 

(Figure 7). The structure of the TM domain are all similar in those models, but the 

cytoplasmic domain differs significantly. Fourier transform infrared (FTIR) spectroscopy 

measurement of the orientation of the helices proposed an extended helix/sheet model 

[52], with a small segment of β-sheet connecting the two helices. A combination of 

circular dichroism, transmission Fourier transform infrared (FTIR) and attenuated total 

reflection Fourier transform infrared (ATR-FTIR) results proposed a continuous helix 

[53]. Solution nuclear magnetic resonance (NMR) results suggested a bellflower model 

[54]. All three models suggested that the cytoplasmic helix orientates perpendicular to the 

membrane surface. However, distance measurements between the labeling sites on the N-

terminals suggested that the cytoplasmic domain has to lay flat on the membrane surface, 

and features a pinwheel model [44]. This pinwheel model is later supported by distance 
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measurements using dipolar electron-electron resonance (DEER) and solution/solid state 

NMR [46]. A high-resolution atomic structural model of the pentameric PLB is 

determined by a hybrid NMR approach, combining constrains from both solution NMR 

and solid state NMR [48]. The tilt of the TM helix of each protomer is ~ 11°, less than 

the tilt of the monomeric PLB, due to the steric constrains from the neighboring 

protomers. The cytoplasmic helice lay on the membrane surface, and show large 

structural heterogeneity, tolerated by the flexible loop region (Figure 6). 

The 5 identical monomeric PLB subunits is stabilized by a Leu-Ile zipper and 

forms a pentamer [56] (Figure 8). The three cysteines at 36, 41 and 46 are also necessary 

for the stabilization of the pentamer [57, 58], without forming disulfide bond. Replacing 

those cysteines with alanine, phenylalanine and alanine results in a predominantly 

A

B

helix/sheet continuous helix bellflower pinwheel 

Side view Top view 
 

Figure 7: Structures models of the pentameric PLB.  
  (A) Structural models proposed by different spectroscopic methods. Adapted from [46, 55]. (B) 
Atomic structure of the pentamer using hybrid NMR [48]. Each color is a PLB protomer. The 
protomers still features the “7”-shape as in the monomeric structure Figure 6. The cytoplasmic 
domains of each protomer lay on the membrane surface, and show a large structural 
heterogeneity, tolerated by the flexible loop.  
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monomeric PLB mutant called AFA (Figure 6), which is functionally equivalent to the 

wild type [59, 60]. The Leu-Ile zipper forms a narrow hydrophobic core [48, 61], 

rendering it very unlikely to form an ion channel, which has been proposed by some 

research groups [62, 63].  

 

1.4 Structure of the 

SERCA-PLB complex  

In the standard model, 

the pentameric form is a 

stand-along inactive storage 

unit, providing the monomeric PLB that binds to and inhibits SERCA (Figure 9). This 

model is supported by two major observations. First observation is the so-called mass-

 
Figure 8: The helical wheel presentation of the TM domain of pentameric PLB   
   Residues 37-52 of PLB protomer are configured as a 3.5 residues per turn helix, with 
positions a – g of heptad repeat. The leucine and isoleucine residues are localized to 
positions a and d, constituting a zipper inside of the barrel of 5 TM helices. The cysteines 
36, 41 and 46 are located at g, e and c respectively, providing additional interactions 
beside the Leu-Ile zipper, facilitating the stabilization of the pentamer. This figure is 
adapted from [56].  

 
Figure 9: Function of the PLB monomer and 

pentamer. 
  PLB is in a dynamic equilibrium between monomeric 
and pentameric forms. SERCA binds the monomer, 
while the pentamer serves a storage function. 
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action, where mutations destabilizing the pentamer often correlate with increased SERCA 

inhibition, while stabilization of the pentamer correlate with decreased SERCA inhibition 

[43, 64]. The other observation is that SERCA binding decrease the inter-subunit FRET 

between PLB, suggesting that SERCA dissociates pentameric PLB up binding [65]. 

However, recent cryo-EM of SERCA and PLB co-crystallized in 2D crystals suggested 

that the pentameric PLB could bind to SERCA at a different site other than the regulatory 

site, and facilities the inhibitory PLB subunit to migrate to the regulatory site [66]. 

Expressing wild type versus monomeric PLB in a PLB-knockout transgenic mice model 

shows that, even though the monomeric PLB inhibits the apparent Ca2+ affinity of 

SERCA to similar extent as the wild type, its inhibition of the rate of myocardial 

relaxation is not as effective as the wild type, measured on the cardiomyocyte level, 

perfused heart level, and the whole animal level, suggesting that pentameric PLB is 

necessary for the normal function of the heart [67]. Therefore it is necessary to elucidate 

the functional and physical role of the pentameric PLB. 
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In spite of the plethora of high-resolution structures of the isolated SERCA and 

PLB, the structure of the SERCA-PLB complex stays elusive. So far there is no success 

in crystallizing the SERCA-PLB complex or even PLB alone for high-resolution X-ray 

diffraction measurements [8]. Some evidence suggested that the amphiphilic lipids-like 

PLB is dissociated from SERCA during crystallization, due to the relatively low affinity 

to SERCA [71, 72]. Thus the construction of the structural model of the SERCA-PLB 

relies on the synergic studies using optical and magnetic spectroscopy, crosslinking, 

mutagenesis and computational modeling. In the docking model generated using 

molecular dynamics Figure 10, PLB binds M2, M4, M6 and M9 of SERCA [22, 68, 70]. 

Domain Ia lies in a groove on M9. Domain Ib is extended to allow Ia to reach the binding 

site.  

 

Hughes and Middleton
JBC 2003

A B C

 

Figure 10.  Models of the SERCA-PLB Complex.  
 (A) Model of monomeric PLB (yellow) docked to Ca-free SERCA crystal structure [68]. (B) Model of 
monomeric PLB (orange) docked into Ca-free SERCA (green) crystal structure [69]. (C) Model of 
SERCA-PLB complex from (B). Colors other than yellow on PLB represent those amino acids affected by 
SERCA (grey) binding based on NMR experiments [70]. 
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1.5 SERCA, PLB, and disease  

1.5.1 SERCA and human disease 

SERCA is the key Ca2+ regulator in many cells types, as has been described in 

section 1.2.2 SERCA isoforms, therefore abnormal SERCA activity is often associated 

with human diseases [73]. Therefore SERCA has been targeted as a possible target for 

gene therapy.  

Decreased activity of all 3 SERCA isoforms has been linked to human disease. 

Truncation and deleterious missense mutations in SERCA1 [74-76] causes recessive 

Brody muscular dystrophy [77], marked by inability of the muscle to relax, painless 

cramps and stiffness following exercise. Mutation of SERCA2 has been show to cause a 

dominant skin disease called Darier disease [78]. Decreased expression level of 

SERCA2b due to premature termination codon has been shown to cause the phenotype of 

Darier disease [78]. Decreased SERCA2a ATPase activity in the heart is associated with 

heart failure, which will be introduced in detail in the next section. Insufficient SERCA2b 

activity in the liver leads to ER stress, marked with abnormal glucose and lipids 

homeostasis [79-81], which is associated with diabetes [82]. The relation between 

SERCA3 and disease is least known, partially because SERCA3 always co-exists with 

the ubiquitous SERCA2b. Some studies suggested that the loss of SERCA3 activity due 

to mutations is linked to type-II diabetes [83].  

The previous works show that decreased SERCA activity is disease causing, and 

SERCA activation could be used to treat human diseases. On the other hand, decreasing 

SERCA activity has also been proposed to treat diseases. Prostate cancer is unresponsive 
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to the traditional antiproliferative chemotherapy, due to its remarkable low proliferation 

rate. New therapies have been proposed to induce prostate cancer cell death by inhibiting 

SERCA activity, thereby elevate the cytoplasmic Ca2+ level [84], because high Ca2+ 

concentration in the cytoplasm ultimately causes cancer cell apoptosis [85].  

 

1.5.2 SERCA, PLB, and heart failure 

Heart failure (HF) is defined by the inability of the heart to supply enough blood 

flow for the body’s need. It is the final consequence of cardiovascular disorders, such as 

atherosclerosis, cardiomyopathy, and hypertensions [86]. HF has already reached an 

epidemic proportion in the United States, and imposes an important challenge to the 

public health [2]. Each year, HF tortures about 5 million patients, contributes to 3 million 

hospitalizations, and 300,000 deaths [87]. Substantial morbidity and mortality is caused 

by sever HF. Late stage HF has a poor prognosis and limited therapeutic options. It is 

urgent to find new individual therapeutic approaches to treat heart failure.  

An important feature of HF is the dysregulation of Ca2+ in the heart, especially the 

reduced SR Ca2+ reuptake [88, 89]. This is linked to the reduced SERCA to PLB ratio. In 

the failing heart, the SERCA level is decreased, while the PLB level is unchanged [90-

92]. This changed stoichiometry causes increased SERCA inhibition by PLB, and thus a 

net decrease of the SERCA activity. Consequently, the intracellular Ca2+ in the 

cardiomyocyte is too high, so that the heart can not fully relax, leading to a smaller 

contraction. In addition to the decreased SERC/PLB stoichiometry, the percent of 

phosphorylated PLB is also decreased [93, 94], resulting in further decrease of the 

SERCA activity.  
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One of the approach to rescue the failing heart is to increase the SERCA2a 

expression level. Overexpression of SERCA2a increases contractility in isolated 

myocytes, cardiac function, and survival rate in animal models of HF, such as rat models 

[95] and swine models [96]. Gene therapy utilizing adeno-associated virus as the 

transfection media (AAV-SERCA2a) to overexpress SERCA2a in humans are already in 

clinical trials. Patients received the AAV-SERCA2a gene therapy have shown improved 

cardiac function [97-99].  

PLB also plays an crucial role in cardiac function. In the heart, SERCA is 

partially inhibited by PLB on the basal level [92]. In response to β-adrenergic 

stimulation, PLB is phosphorylated through the β-adrenergic pathway, thereby activates 

SERCA relative to the basal level, resulting in increased cardiac function [92], (Figure 2). 

Decreasing expression level of PLB in animal models has a linear effect on the SERCA 

affinity for Ca2+ [100], and linearly improves the function of the myocytes, isolated 

hearts[100-102], and intact animals [103]. The PLB-KO improves the myocytes’ 

contractility, and protects the heart from ischemic injury, but is insensitive to β-

adrenergic stimulation [104], showing that SERCA is partially inhibited in the heart. 

Overexpression of PLB in the heart decreases the contractility of cardiac myocytes in 

mice [93, 105]. But heart with elevated PLB is still responsive to β-adrenergic 

stimulation.  

PLB mutations in humans are directly related to cardiomyopathy. Mutation of the 

Arg at 9 to Cys leads to a dominated dilated cardiomyopathy [106], R9L and R9H are 

recently found to be related to heart failure [107]. Heterozygous Leu39stop mutation in 

humans causes left ventricular hypertrophy, and homozygous version of this mutation 
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result in dilated cardiomyopathy and heart failure [107, 108]. Heterozygous Arg14stop 

mutation causes dilated cardiomyopathy and ventricular arrhythmias, while homozygous 

of this mutation is lethal [109]. In addition, unlike in animal models, where PLB-null 

mutation is beneficial [110], PLB-Null phenotype in human results in dilated 

cardiomyopathy [91]. 

Given the crucial role that SERCA and PLB plays in human health, it is necessary 

to fully understand (1) the functional mechanism of SERCA; (2) the regulation 

mechanism of the SERCA-PLB complex. Those knowledge will be useful for designing 

targeted gene therapy, or drug therapy, to activate or deactivate SERCA function, to 

combat different human diseases.  

 

Aims of this thesis  

1. Directly measure the physical interaction between SERCA and PLB using 

fluorescence resonance energy transfer. Specifically, I measured the distance between the 

fluorescence donor IAEDANS labeled Cys 674 on SERCA, and fluorescence acceptor 

Dabcyl labeled N- terminus on PLB. This distance measurement provides constrain on 

the SERCA-PLB interaction model.  

2. Modulate the structural dynamics and the inhibitory function of the integral 

membrane protein PLB by controlling the electrostatic interaction between the alkaline 

cytoplasmic domain and the membrane surface. This methods has several impacts. First, 

by systematically control the structure of the SERCA-PLB complex, I obtained a series of 

spectroscopic measurements. Globally analysis of these combined data allowed me to 

increase the confidence level of the physical interaction models. Second, this was a proof 
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of principle work, demonstrating a novel approach to noninvasively modulate the 

structure dynamics of a integral membrane protein in vitro electrostatically. Third, I also 

demonstrated the lipid headgroup charge effects on the regulation of protein functions. 

These result emphasized on the role of lipid hemostats in cardiac function, and provided 

possible connections with other diseases. Forth, this approach demonstrated a new plat 

form to test hypothesis on protein regulations and disease mechanisms.  

3. The oligomeric regulation of SERCA by Ca, PLB, and PLB phosphorylation. 

The oligomeric state of SERCA was resolved using time-resolved phosphorescence 

anisotropy. This aim demonstrates that, the functional regulation of SERCA by PLB 

includes not only the allosteric interaction at the one on one stoichiometry level, as 

described in aim 2, but also the oligomerization interaction at the global level. 
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Chapter 2. Optical and Magnetic Resonance Spectroscopy 

2.1 Fluorescence and phosphorescence 

Luminescence is the emission of photons when an electronically excited molecule 

jumps back to the ground state. This process can be described by a Jablonski diagram 

(Figure 11). The molecule has different energy states, such as the singlet ground, first 

excited, 2nd excited states , denoted as S0, S1, S2, and triplet excited states T1. The 

excitable electron circulate the molecule in different orbits in those energy states. Each 

electronic states contains various vibrational states. Thermal energy is not enough to 
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Figure 11:  Mechanism of fluorescence and phosphorescence   
  The molecule has singlet ground, excited electronic states, S0, S1, and triplet excited state T1. Each energy 
state has several vibrational states, denoted as 0, 1, 2. λ is the photon, absorbed or emitted by the molecule. 
The energy of the photon decreases from left to right [111].  
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populate the excited vibrational states under room temperature, so the excitation is 

typically from the lowest vibrational state of S0. Upon absorption of a photon, the 

molecule transits from the singlet ground state (S0) to singlet excited energy states (S1). 

The rate of the transitions between states is fast (kA ~ 1015 s-1), and are illustrated with 

vertical arrows. The excited molecule goes through an internal conversion and relaxes to 

the lowest vibrational state of S1 (kIC ~1012 s-1). The molecule then returns to the ground 

state S0, and emits a photon. This process is called fluorescence. However, if the 

molecule in the S1 state undergoes a intersystem crossing (kIC ~106 s-1) to the excited 

triplet state T1, then decays to the ground state, this process is called phosphorescence. 

The decay from T1 to S1 is forbidden, resulting in a long lifetime for this decay process, 

compare to fluorescence. Typically, the fluorescence lifetime is on the order of 

nanoseconds (10-9 s), while the phosphorescence lifetime is on the order of milliseconds 

(10-3 s) to minutes (102 s) [112].  

A luminescent molecule can be excited by a continuum of wavelengths, called 

excitation spectrum; and emits at a continuum of longer wavelengths, called emission 

spectrum. The emission spectrum is usually a mirror image of the excitation spectrum, a 

phenomena called Stokes shift. Because the internal conversion of the excite states is fast, 

the molecule usually emits from the lowest vibrational states of S1, the emission spectrum 

is typically independent of the excitation light, called Kasha’s rule [113].  

The excited state S1 decays to the group state radiatively, i.e. fluoresce emission, 

or non-radiatively (Figure 11), through various processes, such as solvent relaxation, 

collisional quenching, and fluorescence energy transfer with the respective rate constants 
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Γ and knr. The total relaxation rate is krad +knr. After an infinitesimally pulsed excitation, 

the population of the excited state decreases as  

The fluorescence intensity observed is proportional to n(t), thus the time-resolved 

fluorescence (TRF) we observe is  

where τ = krad +knr is the fluorescence lifetime. I0 is the fluorescence at t = 0. It depends 

on the concentration of the fluorophores, the excitation volume, the extinction coefficient 

of the fluorophore, and the excitation intensity. 

Eq. 1 describes the time-resolved fluorescence of fluorophores in homogeneous 

environment. In reality, fluorophores attached to proteins are exposed to multiple local 

environments, resulting in multiple lifetime components [111]. Eq. 1 can be trivially 

extended to this situation,  

Where Ai is the pre-exponential amplitude of each lifetime component, 〈τ〉 is the so-called 

amplitude-averaged lifetime, or averaged lifetime for simplification.  

Steady state intensity is the total fluorescence in the time domain,  

We can easily derive the relation between the stead-state intensity and the 

fluorescence lifetime from Eq. 2 and Eq. 3, F ∝ 〈τ〉.  

Quantum yield (Q) is the ratio of the number of photons emitted over the number 

of photons absorbed, and can be measured using standard dyes with known lifetimes 

 
dn(t)/dt = ( krad +knr) n(t),  

thus n(t) = n0 exp(-t/( krad +knr)) 
 

 I(t) = I0 exp(-t/( krad +knr)) = I0 exp(-t/τ ) Eq. 1 Fluoresc ence li fet ime 

 
I(t) = Σi Ai exp(-t/τi ), and Σi Ai = I0  

〈τ〉 = Σi Ai*τi / Σi Ai 
 Eq. 2 Multiexponentia l 

Fluorescence lifeti me 

 F = ∫
∞

0

)( dttI   Eq. 3 Steady-Sta te 

Fluorescence  



25 

[114]. Since every photon absorbed causes a excited molecule, which decays to the 

ground state radiatively or non-radiatively, thus Q equals the fraction of excited state 

depopulated through radiative decay,  

The excited molecule loses energy non-radiatively by solvent relaxation (ksr), 

collisional quenching (kq), and fluorescence energy transfer (kT), and other processes, 

Phosphorescence follows the same physics as being described in Eq. 1-Eq. 4  

2.2 fluorescence resonance energy transfer (FRET) 

One of the most important non-radiative relaxation process is the fluorescence 

resonance energy transfer. This process occurs when the excited fluorophore 

(fluorescence donor, D) is in close proximity to another fluorophore (fluorescence 

acceptor, A), and transfers energy non-radiatively to the acceptor. This process is 

commonly used to measure the distances on the order of 2.0 – 10.0 nm in biological 

systems [115]. The rate of this process, called transfer rate kT, is related to the distance R 

between the donor and the acceptor A by  

where R0 is the so-called Föster constant, given by  

 Q =  krad  / krad +knr  Eq. 4 Quantum Yiel d 

 knr = ksr + kq + kT + …  ( 

 kT = (R0/R)6
   Eq. 5 Transfer Rate 

 R0
6 = 97806Jκ2 n-4

kradτD Eq. 6 Föster Dis tance 
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J is the overlap integral of the donor emission spectrum and the acceptor absorption 

spectrum,  

κ2 is the orientation factor determined by the relative orientation between the donor and 

the acceptor, and will be discussed later. Usually it is the relative orientation is assumed 

to be random, and thus κ2 = 2/3. n is the refraction index in the protein, typically 1.4.  

For the study of the SERCA-PLB complex, we used 5-((((2-

iodoacetyl)amino)ethyl)amino) naphthalene-1-sulfonic acid (IAEDANS) for the 

fluorescent donor, and non-fluorescent 4-((4-(dimethylamino)phenyl)azo)-benzoic acid 

succinimidyl ester (Dabcyl) as the acceptor. The molecular structure and the spectra-

overlap between those two dyes are in Figure 12. Assuming the orientation factor is 2/3, 

the R0 between this pair is 3.2nm. This is an ideal FRET pair for the study of this system, 

because the predicted D-A distance is ~ 30 nm, ensuring the optimum sensitivity. The 
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Figure 12:  Overlap integral of the donor emission and acceptor absorption spectra 
 (A) IAEDANS-SERCA and Dabcyl-PLB spectra measured in FRET buffer [116]. (B) molecular structure 
of IAEDANS and Dabcyl-SE. 
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long lifetime of IAEDANS (average ~ 10 ns) allows for optimum sensitivity for time-

resolved FRET measurements. The non-fluorescent Dabcyl dye prevents bleeding 

through during fluorescence measurements, even at very high acceptor/donor mixing 

ratio. 

FRET efficiency is defined by:  

where kD is the radiative decay rate of the donor. With Eq. 5, the FRET efficiency is 

related to the D-A interprobe distance R by  

Obviously, when R = R0 , EDA = 0.5. If all the donors are paired with acceptors, and there 

is only a single discrete distance between the D and the A, Eq. 2 and Eq. 7 give  

here 〈τD〉 is the donor lifetimes in the absence of acceptor, measured from proteins 

labeled with donor only. 〈τDA〉 is the donor lifetimes in the presence of acceptor. Because 

of Eq. 3, Eq. 9 is can be also written as  

In fact, this is the conventional way of FRET measurement: determine the steady-state 

fluorescence of the D-only sample and the DA sample, then determine the D-A distance 

using Eq. 8 Eq. 10. Eq. 9 requires measurement of fluorescence lifetime, by in essence is 

still a steady-state approach.  

 EDA =kT /( kT + kD) Eq. 7 FRET Efficiency and 

Transfer Rate 

 EDA =R0
6 / ( R0

6 +  R6) Eq. 8  FRET Efficiency 

and Dis tance 

 EDA =1 - 〈τDA〉 / 〈τD〉  Eq. 9 FRET Efficiency and 

Average lifetime 

 EDA =1 - FDA/FD  Eq. 10 FRET 

Efficiency an d Fl uorescence Intens ity 
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However, biological system is a dynamic and complicated system. Most of the 

times, the biochemical state of a protein is in a dynamic equilibrium between multiple 

structural states [117] with multiple D-A distances; each D-A distance has its own 

distribution. The steady-state measurement fails to provide a sufficient degree of freedom 

to determine the binding, multiple distances, and distance distributions. Time-resolve 

FRET (TR-FRET) provides a comprehensive solution to tackle the biological problems. 

It has been successfully applied to study the structural dynamics of muscle proteins [117, 

118], and was verified by complementary EPR experiments and molecular dynamics 

simulations. Detailed description of TR-FRET analysis is in Chapter 3: Structural and 

Functional Dynamics of an Integral Membrane Protein Complex Modulated by Lipid 

Headgroup Charge. The Before introducing TR-FRET, it is necessary to briefly describe 

the instrumentation of the time-resolved fluorescence.  

2.3 TR-FRET instruments 

There are four basic types of time-domain TRF instruments capable of achieving 

picosecond to nanosecond resolution, time-resolved single photon counting (TCSPC) 

[119], stroboscope technique [120, 121] steak camera [122]. and direct waveform 

recording (DWR) [123]. The DWR technique was limited by the speed of digitizer, and 

was used to resolve microseconds. Recently, in collaboration with Fluorescence 

Innovation, our lab developed a new high-performance direct waveform recording 

instrument (HPDWR) with sub-nanosecond temporal resolution [124], Figure 13. To 

achieve the same amount signal to noise ratio (SNR), HPDWR is 105 faster than the 
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TCSPC method. This improvement greatly reduced the exposure time of the fluorophore 

to the excitation laser, resulting in significantly photobleaching.  

The schematic of the instrument is in (Figure 13A). During experiments, 355 nm 

laser pulsed generated by passively Q-switched microchip YAG laser (NanoUV-355; 

JDS Uniphase) is used to excite the sample at a repetition rate of 10 kHz. The high 

energy (1 µJ/pulse) laser pulses feature narrow width (1 ns full width at half maximum) 

and are highly uniform in shape and intensity. Part of the laser energy is used to trigger 

the trigger photodiode, which triggers the digitizer. The burse of emission from the 

sample passes through a polarizer, followed by a band pass filter, then goes into the 

photomultiplier tube (PMT) module (H5773-20, Hamamatsu). During fluorescence 

lifetime measurement, the polarizer is set to magic angle to eliminate the effects from 

anisotropic motion of the fluorophore. PMT converse the light burst into electronic 

Digitizer

Prism

Laser

Cuvette

Polarizer

Filter

PMT

Trigger

Photod
iode

Lens

ND Filter

Computer

Shutter

0 10 20 30 40

AEDANS-SERCA

 

IRF

1 ns

ns

A B

Figure 13:  instrumentation of HPDWR   
  (A) Pulsed laser excites the sample, and triggers the photodiode. The emission from the sample is 
collected by PMT. The same laser pulse triggers the trigger photodiode, which in turn triggers the digitizer 
to open. The fast digitizer records the waveforms from the PMT, and registers the data. The computer 
records the data from the digitizer. The computer also controls the shutter and polarizer. (B) A typical TRF, 
measured from AEDFANS-SERCA. Grey curve is the instrument respond function; black is the waveform 
of the AEDASN-SERCA. The schematic of the instrument is adapted from [116] 
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waveforms, which is then recorded by a high speed digitizer (Acqiris DC252) with 8G/s 

sampling rate, giving rise to a 0.125 ns temporal resolution (Figure 13B).  

The finite width of the laser pulse and the transit time of electronic elements in 

the system give rise to a characteristic instrument response function (IRF) (Figure 13B). 

In our lab, we measure the scattered light from scattering samples, such as H2O, to 

determine the IRF (Figure 13B). It is also recommended to determine the IRF by 

measuring the waveform of a standard dye with known lifetime, then determine the IRF 

computationally [111]. Because of this IRF, really time-resolved fluorescence data 

appears to be a bell-shaped curve, which is a convolution between the multiexponential 

fluoresce lifetime decays and the IRF. Data analysis is done using a non-linear least-

squares fitting as described previously [117, 125], see Chapter 3: Structural and 

Functional Dynamics of an Integral Membrane Protein Complex Modulated by Lipid 

Headgroup Charge.  

 

2.4 Fluorescence and phosphorescence anisotropy 

The time-resolved fluorescence/phosphorescence (TFA/TPA) is sensitive to the 

rotational diffusion motion of the fluorophore during its fluorescence/phosphorescent 

lifetime. The definition and the measurement of those anisotropies are very similar, but 

fluorescence anisotropy is sensitive to ns time scale motion, while phosphorescence 

anisotropy is sensitive to µs – s time scale motion. In the following introduction, I will 

only refer to phosphorescence anisotropy, unless the distinction between those two are 

necessary.  
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2.5 Instrumentation for the TPA measurement 

The TPA setup is similar to the time-resolved high-performance direct waveform 

recording instrument. During a TPA experiment, an vertically polarized laser beam (JDS 

Uniphase NanoLaser, 10 kHz pulse rate, 1ns FWHM) is used to excite the sample Figure 

14. The emission passes through a sheet polarizer that can be set to the vertical or 

horizontal positions. The polarized emission then goes through an bandpass filter, and get 

collected by a PMT (Hamamatsu R928P). The waveform output from the PMT is feed 

into a on board PCI digitizer (GaGe, CS14100 ), featuring 100M/s sampling rate, giving 

rise to 1 µs maximum temporal resolution. Since the laser pulse is narrow (1ns FWHM) 

compare to the experimental time resolution, the IRF of the TPA instrument is negligible, 

which simplifies the data analysis greatly.  

After a pulsed excitation (EV), the burst of vertical (IVV) or horizontal (IVH) 

emission are recorded. Here first subscript indicates the polarization of the excitation, 2nd 

subscript indicates the polarization of the mission. The TPA is calculated as  
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Figure 14:  Schematics of time-resolved phosphorescence anisotropy 
  The overall system is very similar to the DWR fluorescence.  
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where G is a correction factor compensating for the different sensitivity of the instrument 

to the vertically and horizontally polarized light. G factor is determined by setting the 

excitation polarization to horizontal, and compare the vertical and horizontally polarized 

emission, G = IHV / IHH.   

TPA has been successfully applied to study the rotational diffusion motion of 

myosin, action, and the membrane protein SERCA. The dependence of TPA on the 

molecular motion of the phosphorescently 

labeled protein is complicated and depends 

on the type of motion that the protein 

undertakes. Our lab established that the 

TPA of phosphorescently labeled SERCA 

is determined by the uniaxial rotational 

diffusion (URD) in the membrane [126]. 

The SERCA molecule rotates along an 

axis perpendicular to the membrane 

surface (Figure 15). According to the 

Stokes–Einstein–Debye equation, the rotational correlation time (τR) of the motion is 

proportional to the hydrodynamic volume of the protein and the viscosity of the medium, 

τR = hV/kT. In case of SERCA, even though the size of the cytoplasmic domain is larger 

than the TM domain, because the viscosity of the membrane bilayer is 1000 time more 

than the aqueous solution, the rotational motion is determined by the TM. 

 r(t) = ( IVV – IVH )/( IVV + 2GIVH  ) Eq. 11 
Fluorescence Anisotropy 

z

τR ~ MW / 2500 ns

ηH2O ~ 0.01 poise

τR ~ MW / 2500 µs

ηMEM ~ 10 poise

 
Figure 15:  Uniaxial rotation diffusion model  
  z is the rotational axis perpendicular to the 
membrane surface. Since the viscosity of the aqueous 
solution (ηΗ2Ο ~ 0.01 poise) is much less than in the 
membrane bilayer (ηΜΕΜ ~ 10 poise), the rotational 
diffusion correlation time is determined by the size of 
the TM domain. 
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A typical TPA data is in Figure 16. r0 is the anisotropy at t = 0, r∞ is the 

anisotropy at t = ∞, also called residual anisotropy. The amplitude of the decay ( r0 – r∞ ) 

and the rate of the decay are both dependent on the rotational motion of the 

phosphorescently labeled SERCA. If the SERCA is rotationally immobilized, the 

rotational correlation time will be infinity, and the amplitude of the decay is zero. If the 

motion is restricted, we will observe exponential decay of the TPA. The less restricted the 

SERC molecule is, the faster decay we will observe. The final anisotropy also depends on 

the orientation of the absorption and the emission dipole of the phosphorescent dye. The 

detailed description of the URD model is in Chapter 4. 

2.6 Electron Paramagnetic Resonance (EPR)  

EPR utilizes unpaired electrons to probe the local environment, structure, and 

dynamics of the labeled protein (Figure 17). The unpaired electron has intrinsic magnetic 

moment rising from spin, µµµµ = γS, where γ is the gyromagnetic ratio. When the electron is 

exposed to a strong magnetic field (Figure 18), H0, the magnetic field spit the energy 

Rigid

Restricted (anisotropic)

Free (isotropic)

0

r(t)

r0

t0

Large

Aggregate

Uniaxial
rotation

r

4

r

4

Detergent
solubilized

r∞∞∞∞

corresponding SERCA statespossible TPA curves 

θAθe

z

Orientation 

of the dipoles

Figure 16:  Example of TPA   
  The amplitude and the rate of the decay are both sensitive to the rotational motion of the labeled protein. 
The r(t) decays correspond (left) to the type of rotational motions (middle): immobilized, restricted and 
isotropic. The final anisotropy depends on the orientation of the absorption (gree) and the emission (red) 
dipoles of the phosphorescent dye for a URD motion (right).  
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level into two, with an energy gap ∆E = 

gβH, here g is a constant β is the electron 

Bohr magneton. This electron can now 

absorb photon energy and transit from the 

lower energy state to the higher energy 

state, if the energy of the photon matches 

the energy gap, hυ = ∆E, where h is the 

Plank’s constant, υ is the frequency of the 

photon Figure 18. This process is called 

electron paramagnetic resonance.  

The EPR spectrometer measures the absorption of the photon. The spectrometer 

provides constant microwave (photon), and sweep the magnetic field until the resonance 

condition is reached. During 

experiment, the magnetic 

field is giving a sinusoidal 

100 kHz modulation with a 

range to increase the signal to 

noise. Therefore the EPR 

spectrum is the derivative of 

the absorption.  
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Figure 17:  TOAC spin label   
  (A) TOAC spin label rigidly coupled to the 
backbone of an helix, probing the backbone 
dynamics of the helix. (B) Zooming in of the TOAC 
spin label. The dot is the unpaired election.  
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Figure 18:  Zeeman effect   
  Electron energy level splitting due to the Zeeman Effect. Adapted 
from [112]. H is the magnetic field applied to the sample. “Spin 
down” is the lower energy level.  
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The hyperfine interaction between the unpaired election and a 14N in the spin 

label further spit the single resonance to three resonances (Figure 19A). The 14N has 

intrinsic nuclear spin 1, giving rise to three nuclear magnetic moments further splitting 

the energy level of the unpaired electron. The spectrum is sensitive to the dynamics of the 

protein Figure 19. Fast isotropic motion results in three well separated sharp peaks 

(Figure 19A). Immobilized spin labels has broader line width and wider splitting (Figure 

19C). The dynamics of TOAC spin label on PLB shows different dynamics at different 

sites. The EPR spectrum of site 46 (Figure 19B) is similar to that of the rigid limit (Figure 
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24
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Figure 19:  EPR spectrum 
  (A) EPR spectrum of isotropic spin label tumbling fast in solution. (B) TOAC spin label on different sites 
on PLB. (C) powder spectrum 
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19C), because the peptide backbone is immobilized by the lipids in the TM domain. All 3 

labeling sites on the cytoplasmic domain have two dynamic states (see Figure 19B, site 

11). Their spectra are the superposition of the two dynamics states, a disordered R state, 

the spectrum of which is similar to the fast limit (Figure 19A), and a restricted T state, the 

spectrum of which has broader line width and more splitting, closer to the rigid limit 

spectrum (Figure 19C).  
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 Chapter 3: Structural and Functional Dynamics of an Integral Membrane 

Protein Complex Modulated by Lipid Headgroup Charge 

Reprinted with permission from: 

Ji Li, Zachary M. James, Xiaoqiong Dong, Christine B. Karim, David D. Thomas. 
(2012). "Structural and Functional Dynamics of an Integral Membrane Protein Complex 
Modulated by Lipid Headgroup Charge." J Mol Biol 418(5): 379-389. 
© 2012 Elsevier Ltd. All rights reserved 
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Summary 

 
We have used membrane surface charge to modulate the structural dynamics of an 

integral membrane protein, phospholamban (PLB), and thereby its functional inhibition 

of the sarcoplasmic reticulum Ca-ATPase (SERCA). It was previously shown by EPR, in 

vesicles of neutral lipids, that the PLB cytoplasmic domain is in equilibrium between an 

ordered T state and a dynamically disordered R state, and that phosphorylation of PLB 

increases the R state and relieves SERCA inhibition, suggesting that R is less inhibitory. 

Here we sought to control the T/R equilibrium by an alternative means – varying the lipid 

headgroup charge, thus perturbing the electrostatic interaction of PLB’s cationic 
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cytoplasmic domain with the membrane surface. We resolved the T and R states not only 

by EPR in the absence of SERCA, but also by time-resolved fluorescence resonance 

energy transfer (TR-FRET) from SERCA to PLB, thus probing directly the SERCA-PLB 

complex. Compared to neutral lipids, anionic lipids increased both the T population and 

SERCA inhibition, while cationic lipids had the opposite effects. In contrast to 

conventional models, decreased inhibition was not accompanied by decreased binding. 

We conclude that PLB binds to SERCA in two distinct structural states of the 

cytoplasmic domain, an inhibitory T state that interacts strongly with the membrane 

surface, and a less inhibitory R state that interacts more strongly with the anionic SERCA 

cytoplasmic domain. Modulating membrane surface charge provides an effective way of 

investigating the correlation between structural dynamics and function of integral 

membrane proteins. 

 
 
Keywords: phospholamban, SERCA, FRET, EPR, electrostatic interactions 

Abbreviations used: PLB, phospholamban; SERCA, sarcoplasmic reticulum Ca-ATPase; 

EPR, electron paramagnetic resonance; TR-FRET, time-resolved fluorescence resonance 

energy transfer; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DOPE, 1,2-dioleoyl-

sn-glycero-3-phosphoethanolamine; DOPS, 1,2-dioleoyl-sn-glycero-3-phospho-L-serine; 

DOPG, 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol); DOECP, 1,2-dioleoyl-sn-

glycero-3-ethylphosphocholine; DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane; 

TOAC, 2,2,6,6-tetramethyl-piperidine-1-oxyl-4-amino-4-carboxylic acid; AEDANS, 5-

((((2-iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid; Dabcyl, 4-((4-

(dimethylamino)phenyl)azo)-benzoic acid;  
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Introduction 

 
The functions of integral membrane proteins depend on the interplay of protein 

structure and dynamics with the lipid environment[127]. In the present study, we use the 

lipid environment as a tool to perturb the system, followed by measurement of structure, 

dynamics, and function, to elucidate mechanistic principles. We vary membrane surface 

electrostatics by manipulating lipid headgroup charge, which has been shown to be a 

powerful approach in the analysis of peripheral membrane proteins[128]. 

The sarcoplasmic reticulum Ca-ATPase (SERCA) actively transports Ca2+ from 

the cytoplasm to the SR lumen and initiates muscle relaxation. In the cardiomyocyte, an 

integral membrane protein phospholamban (PLB)[129] regulates SERCA activity by 

decreasing SERCA’s apparent Ca2+ affinity[130]. This inhibition can be relieved by 

elevated Ca2+ or by phosphorylation of PLB in response to β-adrenergic stimulation[36]. 

Decreasing this  inhibitory regulation relieves cardiomyopathy, so elucidating the 

interaction mechanism between SERCA and PLB is essential for understanding cardiac 

pathology and for devising new cardiac therapies[91]. 

PLB exists in equilibrium between monomeric and pentameric forms, but the 

monomer is the principle species that binds to and inhibits SERCA [40], so we used the 

monomeric AFA-PLB mutant (C36A/C41F/C46A) [49, 131] throughout this study. The 

high-resolution structural dynamics of free PLB monomer in a lipid bilayer has been 

determined using nuclear magnetic resonance (NMR) and electron paramagnetic 

resonance (EPR) [45, 47, 49, 131]. PLB consists of an N-terminal cytoplasmic helix, a 

loop, and a transmembrane helix (Fig. 20). The top of the TM helix (domain Ib) is 

hydrophilic, directly interacts with lipid headgroups, and is more dynamic than the rest of 
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the TM helix (domain II) [47, 49, 132]. EPR of TOAC, a spin label attached rigidly to the 

peptide backbone, shows that the cytoplasmic domain of PLB (Ia and Ib) is in 

equilibrium between an ordered T state and a dynamically disordered (partially unfolded) 

R state (sometimes called “excited state”), while the transmembrane helix is quite stable 

[49]. The cytoplasmic domain is associated with the membrane surface in T but 

dissociated in R [49]. Phosphorylation of PLB induces a shift in the T/R equilibrium 

toward R, suggesting that R is less inhibitory than T [45, 133]. 

Numerous high-resolution structures of SERCA in its enzymatic cycle have been 

obtained from X-ray diffraction [7, 8], but there is no high-resolution structure of the 

SERCA-PLB complex. Based on crosslinking, mutagenesis and structures of free 

SERCA and free PLB, a docking model has been constructed, in which the cytoplasmic 

domain of PLB extends above the membrane surface and interacts with the cytoplasmic 

domain of SERCA[22]. Conventional models hypothesize that dissociation of this 

inhibitory SERCA-PLB complex is necessary for the relief of SERCA inhibition, either 

by high Ca, phosphorylation of PLB, mutagenesis of PLB, or addition of a PLB 

antibody[134, 135], but EPR and NMR studies suggest that PLB remains bound to 

SERCA in both T (inhibitory) and R (less-inhibitory) states[45, 70, 136]. However, none 

of these spectroscopic studies probed specifically the bound SERCA-PLB complex. 

To help resolve this controversy, in the present study we have probed directly the 

structure of the SERCA-PLB complex, and we systematically tuned the structural 

dynamics of the cationic cytoplasmic domain of PLB by adjusting membrane surface 

charge using charged lipids. We first used EPR [45, 50] of TOAC-PLB in the absence of 

SERCA, to show that we can control the T/R equilibrium using lipid headgroup charge. 
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We then used time-resolved fluorescence resonance energy transfer (TR-FRET) [117] to 

directly measure SERCA-PLB binding and simultaneously resolve the T and R structural 

states of the SERCA-PLB complex. We performed ATPase assays to determine the 

correlation of these observations with PLB inhibitory function. With this combined 

approach we constructed a revised model for the structural and functional regulation of 

the SERCA-PLB complex. This approach has implications far beyond SERCA, 

demonstrating that variation of membrane surface electrostatics, in conjunction with 

high-resolution spectroscopy, is a potentially powerful approach to systematically tune 

the structural and functional dynamics of integral membrane proteins.  
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Results 

We used lipid headgroup charge as a means of perturbing electrostatically the 

structural equilibria of the SERCA-PLB system. The advantage of this approach is that it 

does not alter the native chemical compositions of the proteins, compared with 

conventional modifications such as mutagenesis, phosphorylation, and crosslinking. All 

lipids used have the same unsaturated fatty acid chains, di(C18:1), but varying headgroups 

and charges: phosphatidyl choline (PC, 0), phosphatidyl ethanolamine (PE, 0), 

phosphatidyl glycerol (PG, -1), phosphatidyl serine (PS, -1), ethyl-phosphocholine (EPC, 

+1), and trimethyl-ammonium-propane (TAP, +1) (Fig. 20). We hypothesized that the 
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Fig. 20. Tuning the T/R equilibrium using lipid headgroup charge.  
  Here and in subsequent figures, red indicates negative charge, blue positive. (a) The cationic 
cytoplasmic domain (Ia and Ib) of monomeric PLB is in equilibrium between an ordered T state 
and a dynamically disordered R state, while domain II is stable [49]. (b) Structures of lipid 
headgroups and their net charges. All lipids have the same fatty acid chain, X = C18:1 (oleic acid). 
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principal effect of this variation of membrane surface charge would be to perturb the 

equilibrium between the T state (membrane bound and highly ordered) and the R state 

(dissociated from the membrane and highly disordered). If our hypothesis is true,  

negatively charged lipids should increase the T state population and SERCA inhibition 

(Fig. 20, top left), while positively charged lipids should have the opposite effects (Fig. 

20, top right). In this work, membranes were composed of PC, PE, and L at molar ratios 

4/1/1, where L is PS, PG, PC, EPC, or TAP (Fig. 20, bottom). PC and PE are in all 

samples, because they are the major constituent lipids in cardiac SR and are important for 

SERCA activity and PLB-dependent regulation in reconstituted membranes [137, 138]. 

The molar ratios of SERCA/PLB/lipid, when one or both proteins were present, were 

1/10/700, which results in a functional regulation of SERCA by PLB that matches that in 

the native environment [116, 139]. 

 

EPR shows that the PLB structural distribution depends on lipid 

headgroup charge. 
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We have previously shown that 

the TOAC spin label, rigidly coupled to 

the peptide backbone at position 11 on 

PLB, clearly resolves the T and R states 

[45, 49, 50]. Therefore, we used this EPR 

approach to determine the effect of lipid 

headgroup charge on the T/R equilibrium 

(Fig. 21). The T state is dynamically 

restricted, resulting in a broad peak at 

lower field, while the dynamically 

disordered R state results in a sharp peak 

at higher field (Fig. 21a). The positions 

and shapes of the two components did 

not change significantly with lipid 

headgroup charge, indicating that only 

the populations of the two states were 

affected. The mole fraction of PLB in the 

R state (XR) was determined by digital 

analysis of EPR spectra as described 

previously [50] (Fig. 21b). XR is about 

0.20 in zwitterionic PC, while anionic PS and PG decrease XR substantially and cationic 

EPC and TAP increase XR (Fig. 21). These results strongly support the hypothesis in Fig. 

20: the T/R equilibrium is influenced by the electrostatic interaction between the cationic 
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Fig. 21. Effect of lipid headgroup charge on EPR of 
11-TOAC spin-labeled PLB in lipid bilayers.  
  Lipid composition and abbreviations are defined 
in Fig. 20 (color scheme indicated in Fig. 20b). (a) 
Low-field portion (3305 to 3341 G) of the spectrum 
resolves two distinct dynamic states of the PLB 
cytoplasmic domain, an ordered T state and a 
dynamically disordered R state. (b) Mole fraction of 

R state (XR). Mean ± SEM (n = 3). Students t-test, 
compared with PC: * P < 0.05, ** P < 0.01. 
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cytoplasmic domain of PLB and the membrane surface charge; anionic lipid headgroups 

attract the cationic PLB cytoplasmic domain to the membrane surface, stabilizing the 

membrane-associated T state, while cationic lipid headgroups repel the cationic PLB 

cytoplasmic domain from the membrane surface, stabilizing the R state. 

 

TR-FRET from SERCA to PLB resolves two structural states of the SERCA-

PLB complex. 

To further resolve the structure of the SERCA-PLB complex, we performed TR-FRET to 

measure the distance between IAEDANS labeled SERCA (AEDANS-SERCA, donor) 

and Dabcyl labeled PLB (Dabcyl-PLB, acceptor). The Förster distance (R0) between this 

pair is 3.2 nm [116]. IAEDANS labels SERCA specifically at Cys 674, with the molar 

ratio of bound dye to SERCA = 1.02 ± 0.05 [140]. Synthetic AFA-PLB was labeled by 

attaching Fmoc-Lys(Dabcyl)-OH to the N-terminus at the last step of synthesis [139]. 

The time-resolved fluorescence of AEDANS-SERCA without (donor only, FD(t)) or with 
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Fig. 22. TR-FRET from AEDANS-SERCA (donor) to Dabcyl-PLB (acceptor) in PC.  
   (a) Example of TR fluorescence, measured by direct waveform recording in PC membranes. D 
= donor-only, D+A = donor plus acceptor. Gray = instrument response function (IRF). (b) SERCA-
PLB interprobe distance distribution determined from data in a, containing two Gaussian 
components (solid curve = sum of two dashed curves), centered at R1 and R2. (c) TR-FRET data 
resolves free SERCA (left, mole fraction 1-Xb) from PLB-bound SERCA-PLB (right, Xb). Two 
structural states of the bound SERCA-PLB complex are resolved (b), consistent with the model 
shown here. x1 and x2 are the mole fractions of the two states, corresponding to bound T and R 
states, as shown below. 
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Dabcyl-AFA-PLB (donor plus acceptor, FD+A(t)) was measured by direct waveform 

recording using a high-performance time-resolved fluorescence instrument[125] (see 

Methods) (Fig. 22a), then analyzed (Eq. 14 – Eq. 20) using non-linear fitting software. 

Conventional steady-state FRET only measures the ensemble-averaged interprobe 

distance. The principal advantage of TR-FRET is that it resolves directly the fraction Xb 

of the donor that has acceptor bound, thus reporting directly the structure of the SERCA-

PLB complex (Eq. 17 - Eq. 20). Within this bound complex, TR-FRET also resolves 

multiple structural states, as defined by Gaussian interprobe distance distributions, each 

characterized by the center (Ri), width (FWHMi), and mole fraction (xi) (Eq. 17 - Eq. 20) 

[117, 118]. For the bound complex in PC, two Gaussian components are necessary and 

sufficient to fit FDA(t) (Fig. 22b, Fig. 27). The shorter interprobe distance (R1) is 1.75 ± 

0.03 nm, with width FWHM1 = 0.99 ± 0.07 nm and mole fraction x1 = 0.77 ± 0.02. The 

longer interprobe distance (R2) is 3.03 ± 0.02 nm, with FWHM2 being 1.67 ± 0.24 nm, 

and x2 = 1- x1 = 0.23 ± 0.02. The fraction of SERCA bound to PLB (Eq. 19), is Xb = 0.82 

± 0.01 in PC, indicating that 82% of SERCA is bound to PLB. These results support the 

model that the complex between SERCA and PLB is in equilibrium between two 

structural states (Fig. 22), as is PLB in the absence of SERCA (Fig. 21).  

 
Ensemble average FRET shows that the average interprobe distance 

between SERCA and PLB is affected by lipid headgroup charge. 

Ensemble-average FRET efficiency 〈ED+A〉 (Fig. 23a) was calculated using the average 

lifetime (Eq. 16), which is equivalent to (but more precise than) FRET efficiency 

measured by fluorescence intensity under steady illumination[141]. Compared to 
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zwitterionic PC, anionic PS and PG 

decreased FRET, suggesting an increase in 

the average interprobe distance, while 

cationic EPC and TAP increased the 

ensemble-average FRET, suggesting a 

decreased average interprobe distance (Fig. 

23a). These results suggest that the 

proximity between SERCA and PLB is 

affected by the electrostatic interaction 

between the lipid headgroup and the PLB 

cytoplasmic domain. However, this 

ensemble average measurement has no 

structural resolution, so it can not 

distinguish a change in binding from a 

change in the structure of the complex. 

Only TR-FRET can resolve the ambiguity. 

 
Lipid headgroup charge modulates 

the distribution of the two structural 

states of the SERCA-PLB complex. 

 TR-FRET waveforms were fitted as 

described in Fig. 22. In all cases, across the 

five different lipid compositions, two 
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Fig. 23. Effects of lipid charge on SERCA-PLB 
structural distribution. Ditances were determined 
from TR-FRET. Two-Gaussian distance 
distributions were determined as in (Fig. 22). 
Students t-test, compared with PC: * P < 0.05, ** 
P < 0.01. (a) Ensemble average FRET. (b) Mole 
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structural states were found to be necessary and sufficient to fit the data. The 

independently determined parameters (Fig. 23b-e) were the fraction of SERCA bound to 

PLB (Xb) and mole fractions of bound states (x1 and x2) (Fig. 22c), along with the 

structural characteristics of each bound state (R1, FWHM1, R2, FWHM2) (Eq. 14 - Eq. 20) 

(Fig. 22b). Membrane surface charge only slightly affects the binding (Xb) between 

SERCA and PLB (Fig. 23b). In PS, PG and PC, Xb is ~ 0.8, while in EPC and TAP, Xb is 

~ 0.9. Thus, most SERCA has PLB bound, and these small effects can not explain the 

substantial dependence of 〈ED+A〉 on charge (Fig. 23a). The two structural states have 

consistent properties, justifying their being treated as “states.” The central interprobe 

distances of the two SERCA-PLB structural states were found to be quite invariant, with 

a short distance R1 ~ 1.8 nm, and a long distance R2 ~ 3.0 nm (Fig. 23d). Some of the 

widths (FWHMi, defining the structural heterogeneity) of the distance distributions are 

slightly dependent on lipid headgroup charge (Fig. 23e).  

The most prominent effect of membrane surface charge is to shift the equilibrium 

between the two structural states (Fig. 23c). Compared to zwitterionic PC (x1 = 0.77 ± 

0.02), anionic PS and PG decrease x1 to 0.45 ± 0.10 and 0.49 ± 0.05 respectively. 

Cationic EPC and TAP increase x1 to 0.87 ± 0.02 and 0.87 ± 0.01 respectively. Thus in 

both isolated PLB (EPR in Fig. 21) and in the SERCA-PLB complex (TR-FRET in Fig. 

23), the electrostatic interaction between the cytoplasmic domain of PLB and the 

membrane surface charge shifts the structural equilibrium between two structural states. 

Based on a comparison between EPR and TR-FRET data, it appears that population 1, the 

short distance state detected by TR-FRET, corresponds to the R state, while population 2 

corresponds to the T state, as depicted in Fig. 22c. Negative surface charge attracts the 
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positively charged PLB cytoplasmic domain and thus increases the fraction (x2 = xT) of 

the membrane-associated bound T state (long interprobe distance), while positively 

charged headgroups have the opposite effect and thus increase the bound R state fraction 

(x1 = xR).  

 
SERCA activity in the absence of PLB depends on lipid headgroup charge. 

To establish control values, the ATPase activity of SERCA alone was measured at 

different pCa, and the pCa-dependence was fitted using Eq. 12. There were no significant 

effects on the Vmax (activity at saturating 

Ca), but there were significant effects of 

headgroup charge on pKCa, defining the 

apparent Ca2+ affinity (Table 1). 

Compared to PC (zwitterionic), PS and 

PG (anionic) increase pKCa, while EPC 

and TAP (cationic) decrease it.  

 
 
 
Lipid headgroup charge affects SERCA inhibition by PLB. 

The inhibitory function of PLB is defined by its shift of the apparent SERCA Ca2+ 

affinity, ∆pKCa (Fig. 24a, Eq. 13). In order to compare the inhibitory potency of PLB in 

various lipid environments, ∆pKCa was normalized to the value obtained with PC (Fig. 

24b). The results show that PLB is more inhibitory in the presence of anionic lipids PS 

and PG, and less inhibitory in the presence of cationic lipids EPC and TAP. Previous 

results showed that PLB phosphorylation, which decreases inhibition of SERCA, 

Table 1. Lipid charge effects on SERCA activity. 

Activity is defined in (Eq. 12). (Mean ± SEM. n ≥ 
4) 

Lipid 
(charge) 

pKCa Vmax  

PS (-) 6.81 ± 0.01 1.65 ± 0.03 

PG (-) 6.73 ± 0.02 1.55 ± 0.12 

PC (0) 6.68 ± 0.02  1.65 ± 0.19 

EPC (+) 6.53 ± 0.03 1.46 ± 0.10 

TAP (+) 6.51 ± 0.02 1.66 ± 0.19 
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increases the population in the dynamically disordered R state [45]. The results of Fig. 

24b show that membrane surface charge modulates PLB’s effect on SERCA by an 

analogous mechanism, confirming the conclusion above that the R state corresponds to 

the structural state having the shorter 

interprobe distance (population 1 in 

Fig. 22 and Fig. 23). 

Discussion 

Bimodal structure of the SERCA-
PLB complex resolved by TR-
FRET 

Using EPR, we demonstrated that 

anionic lipids attract the cationic 

cytoplasmic domain of PLB to the 

membrane surface and thus increase 

the population of the membrane-

associated T state, while cationic lipids 

do the opposite, increasing the R state 

population (Fig. 20). We then used TR-

FRET to resolve two distinct structural 

states of the bound SERCA-PLB 

complex (Fig. 22) and observed a 

similar effect, with the R state assigned 

to the population having the shorter 

interprobe distance (Fig. 23). 
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Fig. 24 Effects of lipid headgroup charge on 
SERCA inhibition.  
   (a) Activity of SERCA in PC without (■) and with 
(▲) AFA-PLB. Solid curves are the best fit using 
Eq. 12. Error bars are SEM (n = 4). (b) Inhibitory 

potency, defined as ∆pKCa normalized to the value 
for PC (mean ± SEM. n = 4-6).  Students t-test, 
compared with PC: * P < 0.05, ** P < 0.01. 
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Membrane surface charge shifts the equilibrium between the T/R states with little or no 

affect on the two structural states themselves (Fig. 23d). This supports a model in which 

the cytoplasmic domain of the SERCA-bound T state is membrane associated, while that 

of the SERCA-bound R state loses contact with the membrane surface and contacts the 

SERCA cytoplasmic domain (Fig. 22c). 

 
Mechanism of SERCA regulation 

As we systematically varied the 

membrane surface charge, we observed a 

strong correlation between the 

population of the R state and PLB 

inhibitory function (Fig. 25a). This 

finding is consistent with previous 

results showing that phosphorylation of 

PLB, which decreases SERCA 

inhibition, also increases xR [45], as do 

some loss-of-inhibition mutations in 

PLB [142]. In the current study, we 

show that varying the membrane surface 

charge serves not only to relieve 

inhibition (positive charge increases xR), 

but also to increase inhibition (negative 

charge decreases xR). Thus we obtain 
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the T/R equilibrium.  
   (a) As the fraction of SERCA-PLB complex in the 
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toward T, increasing inhibition (top), while positive 
surface charge does the opposite (bottom). 



52 

convincing evidence that this correlation between structural dynamics and function holds 

even in the absence of PLB covalent modification (e.g., phosphorylation or mutation): it 

is primarily the T/R equilibrium that determines SERCA function (Fig. 25b). 

 
Structural dynamics, not SERCA affinity, determines the inhibitory potency 
of PLB. 

TR-FRET clearly resolves free SERCA from the bound SERCA-PLB complex (Fig. 

22c), and shows that relief of inhibition does not arise from a change in Xb, the fraction of 

SERCA bound to PLB (Fig. 23d).  In both neutral (PC) or anionic lipids (PS, PG) (Fig. 

23b), 80% of the SERCA is bound to PLB (Xb ~ 0.8), but PLB is more inhibitory in 

anionic lipids (Fig. 24b). Cationic lipids (EPC and TAP) actually increase slightly the 

fraction of SERCA bound to PLB (Xb ~ 0.9, Fig. 23b), but PLB inhibitory function 

decreases (Fig. 24b). This is opposite from the effect expected if relief of inhibition were 

due to dissociation of the complex. Therefore, the functional effects are due to structural 

changes within the bound SERCA-PLB complex (Fig. 25b), not to changes in SERCA-

PLB affinity. It has been shown that the transmembrane helix of PLB without the 

cytoplasmic domain is sufficient to inhibit SERCA activity [60], so the role of the 

cytoplasmic domain is to relieve this inhibition when it is in the R state. Future studies 

must investigate how the dynamic disorder of the R state propagates allosterically to the 

transmembrane domain, interrupting the inhibitory interaction of the transmembrane 

domain with SERCA. This will have important implications for therapeutic engineering 

in this system, since it offers the hope of designing mutant proteins or drugs that stabilize 

the non-inhibitory R state and thus relieve SERCA inhibition, without the need to 

dissociate PLB from SERCA [139, 142].  
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Relationship to previous work. 

The fraction xR is much greater when PLB is bound to SERCA (Fig. 22, Fig. 23c) than 

when it is free (Fig. 21); this is consistent with previous studies by EPR [45, 136] and 

crosslinking [22], all of which suggest that SERCA decreases PLB’s interaction with the 

membrane surface. This is presumably due in part to the negative charge of the SERCA 

cytoplasmic domain (indicated by red color in Fig. 22c and Fig. 25b), which attracts the 

positively charged PLB cytoplasmic domain. Thus a negatively charged membrane 

surface competes most effectively for PLB binding (Fig. 23c). Previous NMR results 

suggested that several residues around K3 on PLB are in contact with SERCA [70]. NMR 

also provides more detailed structural insight into the interactions between PLB and the 

membrane surface, involving both hydrophobic and hydrophilic side chains [51, 143].  

Previous NMR results showed that the anionic PG increases the population of the 

restricted T state of PLB in the absence of SERCA[143], consistent with the EPR results 

here (Fig. 21).  

 
Implications for SERCA regulation in native SR.    

The primary purpose of our manipulation of the lipid environment in this study was to 

perturb the structural and functional dynamics of SERCA-PLB through a mechanism 

distinct from PLB phosphorylation. However, it is also important to ask how these results 

relate to conditions in native cardiac SR.  Our lipid headgroup composition is similar to 

that of cardiac SR, where PC is predominant (53%), followed by PE (27%) and PS 

(10%)[144]. However, most (76%) of the negatively charged PS headgroups face the 

lumen[144], so it is unlikely that they interact significantly with the cytosolic domain of 
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PLB. Thus, since virtually all of the lipids facing the cytosol are neutral, it is likely that 

the conditions in cardiac SR are best mimicked by our sample in which all lipids are 

neutral, where 77% of the SERCA-PLB complex is in the less inhibitory R state (Fig. 

25a). These results suggest that in cardiac SR, a minor population of PLB in the T state is 

enough to inhibit SERCA substantially. At first glance, this seems surprising, but it 

means that phosphorylation of PLB need only shift about 23% of PLB to the R state to 

maximally activate SERCA. This is analogous to the poised equilibrium in the regulatory 

light chain of smooth muscle myosin, where phosphorylation causes just a 22% shift in 

the dynamic structural equilibrium but results in profound activation[117]. 

 
Lipid headgroup charge as a research tool to tune the structural and 

functional dynamics of integral membrane proteins 

It has been an effective strategy to vary the physical properties of the hydrophobic core of 

the membrane, such as the hydrophobic thickness and fluidity[145, 146], to investigate 

the structural and functional dynamics of integral membrane proteins. The composition of 

lipid headgroups is also critical for the function of membrane proteins[128], including 

SERCA[137, 147]. Researchers have varied the zwitterionic and anionic lipid 

compositions to mimic native membrane environments[148, 149]. Cationic lipids, on the 

other hand, do not occur naturally and have been used primarily as tools in liposomal 

transfection[150] and lipid transfer[151]. The present study introduces them as agents to 

perturb the structure and function of membrane proteins. Using lipids with anionic, 

zwitterionic, and cationic headgroups, we controlled the surface electrostatics and tuned 

successfully the structural dynamics of an integral membrane protein complex. Compared 
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to altering the protein structure through direct chemical modifications such as 

mutagenesis, phosphorylation, lipidation, methylation, and crosslinking, this method 

preserves the chemical integrity of the proteins involved. Although the present study 

focuses on charge variation, it is clear from the data that charge is not the only headgroup 

property that affects structural dynamics and function in the SERCA-PLB system – the 

two anionic lipids do not cause identical effects; neither do the two cationic lipids. 

Nevertheless, despite substantial variation in headgroup size and shape, the correlations 

of structure and function with charge are clear (Fig. 25).  

 

Conclusions 

We have systematically controlled the structural dynamics of an integral membrane 

protein complex, SERCA-PLB, by varying the membrane surface charge. Both in the 

absence of SERCA (measured by EPR of spin-labeled PLB) and bound to SERCA 

(measured by TR-FRET from SERCA to PLB), we found that PLB is in equilibrium 

between a dynamically disordered and extended R state, and an ordered membrane-

associated T state. Compared with uncharged lipids, negative membrane surface charge 

shifts PLB toward the T state and increases SERCA inhibition, while positive charge 

shifts PLB toward the R state and decreases SERCA inhibition. TR-FRET measures the 

T/R structural equilibrium directly in the SERCA-PLB complex, while simultaneously 

and independently measuring SERCA-PLB binding. The results show that the observed 

functional effects are not caused by changes in the affinity of PLB for SERCA. Thus the 

correlation between SERCA function and PLB’s T/R structural equilibrium is established 

directly in the SERCA-PLB complex, independently of PLB phosphorylation or 
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mutation. This work resolves crucial questions about the SERCA-PLB regulatory 

mechanism and, more generally, demonstrates the utility of lipid headgroup charge as an 

effective research tool to control membrane protein structural dynamics by perturbing 

electrostatics without changing the chemical composition of the protein. 

 

Materials and Methods 

 
Sample preparation and assays 

SERCA was purified from rabbit skeletal muscle using reactive red in 0.1% 

octaethylene glycol monododecyl ether (C12E8) [116]. Purified SERCA was labeled with 

AEDANS as previously described [116] and flash frozen in sucrose buffer (300 mM 

sucrose, 20 mM 3-(N-morpholino) propanesulfonic acid (MOPS), pH 7.0, 4o C). The 

dye-to-protein ratio was determined by measuring the absorbance at 334 nm (ε = 6100 M-

1cm-1) in a denaturing buffer (0.1 M NaOH, 1% sodium dodecyl sulfate). Solid-phase 

peptide synthesis and HPLC purification were used to prepare AFA-PLB, as previously 

reported [45, 49]. Fluorescence Labeling at the N-terminus was accomplished by 

incorporation of Fmoc-Lys(Dabcyl)-OH during peptide synthesis. Fmoc-TOAC-OH 

(2,2,6,6-tetramethylpiperidine-1oxyl-4-amino-4-carboxylic acid) was incorporated in the 

AFA-PLB sequence at position 11, as previously reported [152]. Characterization was 

accomplished by mass spectrometry (MALDI-TOF) and Edman protein sequencing. PLB 

concentrations were measured with the BCA assay (Pierce) and by amino acid analysis. 

Functional reconstitution of SERCA and/or PLB was performed as described previously 

[45, 153], adapted for systematic variation of lipid composition. The final molar ratio of 

SERCA/PLB/lipid was 1/10/700, with either one or both proteins present. The molar lipid 
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composition was PC/PE/L = 4/1/1, where L = PS (-), PG (-), PC (0), EPC (+) and TAP 

(+). 

Ca-ATPase activity was measured at 25°C as a function of pCa using an enzyme-

linked ATPase assay in a microplate reader [116]. The data were fitted by  

where Vmax is the maximum ATPase rate, pKCa is the apparent Ca2+ affinity, and nH is the 

Hill coefficient. The inhibitory potency of PLB was defined as the decrease in the 

apparent Ca2+ affinity of SERCA: 

 
EPR 

EPR spectra were acquired with a Bruker EleXsys E500 spectrometer equipped with 

a 4122 SHQ cavity. A quartz dewar and Bruker N2 temperature controller were used to 

maintain the samples at 25 ± 0.1°C. Spectra were acquired using 12.6 mW microwave 

power, 100kHz modulation frequency with 1 G peak-to-peak amplitude, and a 120 G 

sweep width. Mole fractions of populations, resolved by rotational dynamics, were 

determined by fitting the spectra to numerical simulations [45]. 

 
FRET 

Fluorescence waveforms were acquired using a high-performance time-resolved 

fluorescence (HPTRF) spectrometer constructed in this laboratory[125], which uses 

direct waveform recording (DWR) rather than the conventional method of time-

correlated single-photon counting (TCSPC). As shown previously, when identical 

samples are studied, this DWR instrument offers 105 times higher throughput than 

 V = Vmax / [1 + pCa) - (pK CaH10 n ]  , Eq. 12 SERCA activity 

 ∆pKCa = pKCa(-PLB) - pKCa(+PLB) Eq. 13 Inhibition  potency of PLB 
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TCSPC, while providing at least comparable performance in signal/noise, accuracy, and 

resolution of distinct components[125]. AEDANS-SERCA was excited using a passively 

Q-switched microchip YAG laser (NanoUV-355; JDS Uniphase), at 355 nm with a pulse 

repetition frequency of 10 kHz. The high energy (1 µJ / pulse) narrow (~ 1 ns full width 

at half maximum) laser pulses are highly uniform in shape and intensity. Emitted photons 

pass through a polarizer set to the magic angle (54.7°), followed by an interference 

bandpass filter (Semrock 470/22 nm), detection with a photomultiplier tube (PMT) 

module (H5773-20, Hamamatsu), and digitization (Acqiris DC252, time resolution 0.125 

ns ). TR-FRET waveforms were analyzed as described previously[117] and described in 

SI. For all FRET samples analyzed, two Gaussian distance distributions were necessary 

and sufficient to fit the data (Fig. 27). 

 

Supplemental Information 

TR-FRET data analysis. Fluorescence waveforms were analyzed using a non-linear 

least-squares fitting as described previously [117, 125]. The observed donor-only 

waveform FDobs(t) was fitted by a simulation FDsim(t), consisting of a multiexponential 

decay FD(t) convolved with the instrument response function IRF(t) (Fig. 22a, acquired 

from light scattering).  

 

FD(t) = ∑
=

n

i 1

Ai exp(-t/τDi) , 

FDsim(t) ∫
+∞

∞−

IRF(t-t′) FD(t′) dt′, 

Eq. 14 Convolved Fluorescence Waveform 

where τ Di are the donor-only fluorescence lifetimes. The ensemble-average lifetime is 

given by   
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〈τ D〉 = ∑
=

n

i 1

Ai τ Di / ∑
=

n

i 1

Ai Eq. 15 Average fluorescence lifetime 

The observed donor + acceptor waveform FD+Aobs(t) was sometimes fitted to a 

multiexponential function using the same approach. The ensemble-average FRET 

efficiency, which is equivalent to the result of a steady-state fluorescence measurement 

[141], is given by  

 〈ED+A 〉 = 1 – 〈τ D+A〉 / 〈τ D〉 . Eq. 16 

To resolve structural states, a distribution of donor-acceptor distances ρ(r) was assumed:  

 FDA(t) = ( ) ∑∫
=

+∞

∞−

⋅
n

i

R
1

ρ Ai exp{(-t/τ Di)(1+[R0i/R]6)}dR, Eq. 17 Fluorescence decay with a D-A Dis tance Dis trib utio n 

where R0i is the lifetime-weighted Förster distance [117](in Å):  

 R0i
6 = 97806Jκ2 n-4

kradτDi Eq. 18 Weighted R0 

where J is the overlap integral between the donor emission and acceptor absorption 

spectra, n is the refractive index (1.4), κ2 is the orientation factor (2/3, assuming random 

orientation), krad is the radiative decay rate for the donor. The value of krad, which is 

assumed to be invariant for each donor, is the ratio of the quantum yield QD over the 

average lifetime of the donor 〈τ D〉 (Eq. 15) and was measured previously to be 0.0257 ns-

1 for AEDANS1. Eq. 18 follows directly from the Förster theory’s assumption[117, 154] 

that the energy transfer rate constant kT (= R0i
6
R

-6/τ Di) depends on the donor-acceptor 

distance R but not on the donor-only lifetime τ Di. Here we also assume that the 

orientation factor κ2 does not change from one structural state to another, but this is 

justified by low fluorescence anisotropy values that were observed. R0 between 

AEDANS-SERCA and Dabcyl-PLB is 3.2 nm [116].  
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The distance distribution ρ(r) (Eq. 17) was assumed to be a sum of n Gaussian 

components, each corresponding to a structural state of the SERCA-PLB complex, with 

its central distances Rj, widths FWHMj, and mole fractions xj  

The observed waveform FD+Aobs(t) was fitted by FD+Asim(t): 

 

FD+A(t) = (1 – Xb)FD(t) + XbFDA(t),  

( ) ( ) ( ) tdtFttIRFtF ADAsimD
′′⋅′−= +

+∞

∞−

+ ∫ ,  Eq. 20 Fluorescence decay and binding 

where Xb is the fraction of donor-labeled SERCA bound to and transferring energy to 

acceptor-labeled PLB. Thus binding (Xb) is determined independently of the mole 

fractions of resolved structural states (xj in Eq. 19). 

 

Donor-only fluorescence decays are best fit with 3 exponential 

components.  

The donor-only fluorescence decay FD(t) (Fig. 26a), was fitted with a multiexponential 

function (Eq. 14), with the result that three lifetime components are necessary and 

sufficient to fit the data (Eq. 14, n = 3), based on the residual plots (data – fit, Fig. 26b) 

and the χ2 values (sum of residuals at each data point, Fig. 26c).  The results show clearly 

that the fit is improved by increasing n from 2 to 3, but not by increasing n from 3 to 4. 

The fitting results are summarized in Table 2. The donor-only fluorescence lifetime is not 

sensitive to the lipid environment (Table 3), presumably because the labeling site (Cys 

 

ρ(R) = ∑
=

n

j 1
 x j σj

-1(2π)-1/2 exp(-[(R-Rj)/(2σj)]
2 , σj = FWHMj/[2*(2 ln 2)1/2], 

∑
=

n

j 1
 x j = 1. 

Eq. 19 Gauss ian Dis tance Dis tribution 
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674) is elevated far from the membrane surface. Therefore, to increase precision in the 

FRET analysis, the three donor lifetime values were globally linked. The corresponding 

R0i (Eq. 18) values are listed in Table 3.  

 
Table 2. Fluorescence lifetime of AEDANS-SERCA in charged lipid 

vesicles.  Analysis was using Eq. 14 and Eq. 15 (mean ± SEM, N= 4). 
Lipid 

(charge) 
A1 τ1 A2 τ2 A3 τ3 〈τ 〉 

PS (-) 
0.418 ± 
0.016 

0.112 ± 
0.009 

0.055 ± 
0.004 

4.96 ± 
0.85 

0.527 ± 
0.018 

18.9 ± 
0.1 

10.3 ± 
0.3 

PG (-) 
0.412 ± 
0.015 

0.134 ± 
0.017 

0.055 ± 
0.003 

5.36 ± 
0.46 

0.532 ± 
0.015 

18.9 ± 
0.1 

10.4 ± 
0.3 

PC (0) 
0.403 ± 
0.009 

0.13 ± 
0.013 

0.054 ± 
0.001 

5.27 ± 
0.39 

0.544 ± 
0.009 

18.9 ± 
0.1 

10.6 ± 
0.2 

EPC (+) 
0.415 ± 

0.01 
0.124 ± 

0.01 
0.059 ± 
0.002 

4.88 ± 
0.53 

0.526 ± 
0.011 

18.8 ± 
0.1 

10.2 ± 
0.2 

TAP (+) 
0.392 ± 
0.013 

0.134 ± 
0.002 

0.056 ± 
0.003 

4.37 ± 
0.42 

0.551 ± 
0.01 

18.8 ± 
0.1 

10.7 ± 
0.2 

 
Table 3. Weighted R0 of AEDANS-SERCA  The three fluorescence lifetimes of 
AEDANS-SERCA were globally linked for all samples, and the three R0i values were 
calculated using Eq. 19 (mean ± SEM, N= 4). 

 A i τ i R0i 

1 0.407 ± 0.09 0.122 ± 0.012 15.2 ± 0.3 

2 0.052 ± 0.001 4.32 ± 0.25 27.6 ± 0.2 

3 0.541 ± 0.01 18.7 ± 0.1 35.3 ± 0.1 
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Fig. 26. Fluorescence lifetime fit of IAEDANS-labeled SERCA. (a) Fluorescence data (red), fit 
(blue) and instrument response function (black). (b) Normalized residual plots ((data – fit) / max fit 
value) of fits with increasing number of lifetime components (Eq. 14, n = 1-4), (c). χ

2
 values. 
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Two structural states are necessary and sufficient to fit the TR-FRET data. 

To resolve structural states within the SERCA-PLB complex, we used FD(t) as input 

(Table 3), to fit FD+Aobs(t) and determine the interprobe distance distribution (Eq. 17 – Eq. 

20). We tested models with one, two, and three Gaussian components (Eq. 19, n = 1, 2, 

and 3). The goodness of fit was evaluated to minimize χ2 (Fig. 27). The fit was 

consistently improved by increasing the distance components (n in Eq. 19) from 1 to 2, 

but not from 2 to 3 (Fig. 27). Thus two Gaussian distance distributions are necessary and 

sufficient to fit the TR-FRET data, and we conclude that the SERCA-PLB complex 

adopts two distinct structural states. The results are summarized in Fig. 22 and Fig. 23. 

We also fit the data with a model-independent multiexponential function as in Eq. 14, and 

found that a three-exponential function (Eq. 14, n = 3) gave as good a fit as the double-

Gaussian (Eq. 19, n = 2).  However, this fit did not allow us to quantitate binding from 

structural changes, nor did it provide a realistic physical view of this dynamic protein 

complex. This same two-Gaussian analysis was successfully applied previously to similar 

FRET data from smooth muscle myosin regulatory light chain[117] and the myosin relay 

helix[118], generating high-resolution structural information that was confirmed by 

independent molecular dynamics simulations[117] or by dipolar electron–electron 

resonance (DEER) EPR spectroscopy[118]. 
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Support-Plane Analysis.  

We analyzed the χ2 surface to estimate the uncertainty of the fitting parameters (Fig. 28). 

To generate the χ2 surface, the parameter of interested is fixed (x-axis), and all other 

parameters are allowed to vary to minimize χ2 (y-axis). The red bar represents 67% 

confidence level. Thus the uncertainties are ± 0.01 nm for R1 and R2, ± 0.015 nm for 

FWHM1, and ± 0.075 nm for FWHM2.  These uncertainties were typically comparable to 

or less than those obtained from the standard deviations of multiple experiments (Fig. 

23).  Uncertainties in widths FWHMi are typically greater than those of the center 

distances Ri (Fig. 28), and the same trend is seen in the error bars (SEM values) from 

multiple experiments (Fig. 23). 
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Fig. 27. Time-resolved FRET resolves two structural states of the SERCA-PLB complex in 
zwitterionic lipid vesicles.  
    Examples of the fluorescence waveforms of AEDANS-SERCA only (D) or co-reconstituted with 
Dabcyl-AFA (D+A) are in (Fig. 22A).  The instrument-response function (IRF in Fig. 22A) was 
convolved with simulated decays (Eq. 17 - Eq. 20), then fitted to the experimental waveforms. (a) 
normalized residual plots show that 2G (Eq. 19, n = 2) is better than 1G, while 3G doesn’t 
improve the fit. (b) The �

2
 values confirm that the 2G model is necessary and sufficient to fit the 

data.  
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Fig. 28. Uncertainty of fitting parameters estimated by χ2
 surface (“support-plane”) analysis.   

This example is in PS vesicles. The intersection between the horizontal red line and the blue χ2
 

surface represents 67% confidence level.  
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Summary  

We have investigated the correlation between the aggregation of cardiac 

sarcoplasmic reticulum Ca-ATPase (SERCA) and phosphorylation of endogenous 

phospholamban (PLB) by using time-resolved phosphorescence anisotropy (TPA). 

SERCA was labeled with a phosphorescent erythrosin-5-iodoacedamide (ErIA) dye 

specifically on the phosphorylation domain, with a significant retention of SERCA 

ATPase activity. The in vitro phosphorylation of PLB was saturated at 58 % within 4 

minutes, quantified by protein band shifts in gel densitometry. In the absence of PLB 

phosphorylation, Ca2+ increased the rotational dynamics of SERCA. Phosphorylation of 

phospholamban dramatically increased the rotational dynamics of SERCA at low Ca2+ 

concentration, but had marginal effects at high Ca2+ concentration. Analysis based on a 

uniaxial rotational dynamics model showed that SERCA consists of three rotational 

species, corresponding to three different oligomeric states, plus an immobilized large 

aggregate. Both Ca2+ in the absence of PLB phosphorylation and PLB phosphorylation at 

low Ca2+ dissociated the immobilized large SERCA aggregates, and increased the smaller 

oligomers, correlating with increased SERCA activity. The internal domain dynamics, 

manifested by the probe orientation and submicrosecond probe disorder, were marginally 

affected by Ca2+ or PLB phosphorylation. The mole fraction of the immobilized SERCA 

was non-zero when it was extrapolated to 100% PLB phosphorylation at both high and 

low Ca, showing a persistent fraction of large aggregation that could not be dissociated 

by Ca2+ or PLB phosphorylation. These results suggest that SERCA activity is correlated 

with its oligomeric states. PLB phosphorylation regulates the oligomerization of the 

cardiac SERCA in concert with Ca. 
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Introduction  

The sarco/endoplasmic reticulum Ca-ATPase (SERCA) is an integral membrane 

protein that transports Ca2+ ions into the sarcoplasmic reticulum (SR), and thereby 

initiates muscle relaxation.[2] SERCA is encoded by a family of three genes, and is 

expressed into more than 10 isoforms due to alternative splicing in a tissue and 

development specific manner.[13] SERCA1a is specifically expressed in adult skeletal 

muscle, and SERCA2a is in cardiac muscle.[17] Those two SERCA isoforms are 

structurally similar, and has identical apparent Ca2+ affinity, although SERCA1 has 

higher Ca2+ transport rate.[17]. In a widely accepted model, SERCA exists in two 

conformations, namely the high Ca2+ affinity E1 and the low Ca2+ affinity E2, that cycle 

to accomplish Ca2+ transport via differential affinity.[155, 156]  

At the basal level in cardiac muscle, SERCA is inhibited by phospholamban 

(PLB), a 52-residue amphipathic integral membrane peptide.[157] This inhibition can be 

relieved by two different mechanisms: 1) high calcium concentration; 2) phosphorylation 

of PLB, either at Ser 16 by protein kinase A or at Thr 17 by Ca/calmodulin kinase II, in 

response to β -adrenergic stimulation.[36]  

Inadequate Ca2+ update by cardiac SERCA leads to cardiomyopathy, while 

mitigation of SERCA inhibition by PLB has been shown to improve the pathological 

heart.[91] Therefore it is essential to elucidate the physical interaction mechanism 

between SERCA and PLB, thereby construct new therapeutic approaches to treat heart 

disease. The skeletal and the cardiac SERCA isoforms are used interchangeably, because 

PLB inhibits both SERCA isoforms equally.[91] 
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SERCA activity is allosterically regulated by PLB in the bound complex. Wild 

type PLB is in equilibrium between a monomer and pentamer,[56] It is generally 

accepted that the monomeric PLB binds to and inhibit SERCA with one to one 

stoichiometry, while the pentamer functions as the storage pool.[56, 158] The 

conventional model hypothesized that the relief of SERCA inhibition, either by high Ca, 

phosphorylation of PLB, mutagenesis of PLB, or addition of PLB antibodies, is achieved 

by dissociating the SERCA-PLB complex.[134, 135] But direct measurements of 

physical interactions between those two molecules using spectroscopy suggest that PLB 

remains bound to SERCA at high Ca2+ or when phosphorylated.[45, 70, 116, 136, 159] It 

is the structural dynamics of the bound PLB that regulates SERCA function.[45, 160]  

Another important physical property that regulates the SERCA function is its 

oligomeric state. The functional SERCA unit has been considered to be small oligomers, 

because SERCA solubilized in nonionic detergent hydrolyzes ATP in the same way as it 

does in native membrane.[161] Transient state kinetic studies suggested that the dimeric 

or even higher oligomeric state of SERCA is responsible for the functional transportation 

of Ca.[155, 162, 163] Alteration of the oligomeric state of SERCA is associated with the 

functional regulation of its ATPase activity. For example, in the skeletal SR, increased 

aggregation, by cross-linkers,[164] melittin,[165, 166] thapsigargin,[167] PMCA self 

inhibitory peptide,[168] cyclopiazonic acid,[169] or local anesthetic lidocaine,[170] is 

associated with decreased SERCA activity. Whereas decreased aggregation, by general 

anesthetics halothane,[171] and high salt added into melittin inhibited SERCA,[165] is 

showed to increase SERCA activity.  

Similar effects by small molecules are also found in the cardiac SR. More 
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importantly, inhibition by PLB is shown to correlate with the decreased rotational 

mobility of SERCA2a.[172] Phosphorylation of phospholamban increase the cardiac 

SERCA rotational mobility in a Ca2+ dependent manner and correlate with increased 

SERCA activity.[173]  The hallmark of this observation is the relationship between 

cardiac SERCA aggregation and the phosphorylation of PLB. However, the underlining 

molecular mechanism of the change of the rotational mobility remains to be 

characterized. 

In this work, we have used the time-resolved phosphorescence anisotropy (TPA) 

to probe the rotational dynamics of cardiac SERCA and the effect of Ca2+ and PLB 

phosphorylation. In the previous TPA study, cardiac SERCA was phosphorescently 

labeled at the nuclear binding domain, which interferes with ATP binding and inhibits the 

ATPase activity, obscuring the correlation between the SERCA2a function and its 

rotational dynamics. Here we labeled cardiac SERCA at the phosphorylation domain, 

which significantly retained the enzyme’s ATPase activity. The rotational dynamics was 

interpreted in terms of the oligomeric states of SERCA. We simultaneously resolved the 

tilt of the probe in the phosphorylation domain of SERCA in response to Ca2+ and 

phosphorylation of PLB. Our results revealed the mechanism of PLB phosphorylation 

effects in concert with Ca2+ on the SERCA2a function, on the level of the internal and the 

global rotational dynamics of SERCA2a.  

 

Materials and Methods  

Reagents and Solutions.  The fluorescent probes, erythrosin 5'-iodoacetamide 

(ErIA) and eosin 5'-iodoacetamide (EoIA) were obtained from Molecular Probes 
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(Eugene, OR).  Stock solutions (5.0 mM) of both ErIA and EoIA in N, N-dimethyl 

formamide (DMF) were prepared and stored in liquid nitrogen until use.  Phosphoenol 

pyruvate (PEP) was a purchased from Boehringer Mannheim (Indianapolis, IN).  

Adenosine 5'-triphosphate (ATP), bovine serum albumin (BSA), β-nicotinamide adenine 

dinucleotide reduced form (NADH), pyruvate kinase (PK), lactate dehydrogenase (LDH), 

catalase, glucose oxidase type IX, β-D glucose, and A23187 were purchased from Sigma 

Chemical Co. (St. Louis, MO).  Calyculin A was a product of LC laboratories (Woburn, 

MA).  Mouse monoclonal anti-SERCA2a antibody was purchased from Affinity 

BioReagents, Inc. (Golden, CO).  The monoclonal anti-PLB antibody, 2D12, was kindly 

provided by Larry Jones. 

Preparations and Assays.  Cardiac sarcoplasmic reticulum (SR) vesicles 

were prepared from the ventricular tissue of dog hearts as previously described.[174] 

Total SERCA by weight in these vesicles was 30 ± 5% as determined by densitometry 

analysis of SDS-PAGE.  Protein concentrations were assayed using the Biuret 

method.[175] The skeletal SR vesicles were prepared form the fast-twitch skeletal muscle 

of New Zealand white rabbits,[176] then purified on a discontinuous sucrose gradient to 

separate the light SR from the heavy and intermediate SR containing the calcium release 

channels.[140] Purified LSR vesicles were harvested and resuspended in a sucrose buffer 

(0.3 M sucrose, 1.0 mM NaN3, 20 mM 3-(N-morpholino)propanesulfonic acid (MOPS) 

(pH 7.0, 4oC)), flash frozen and stored in -80oC until use. SERCA counts for 80% of total 

protein by weight in LSR, determined by densitometry analysis of SDS-PAGE.  

ATPase measurements. ATPase activity was measured using a NADH-

linked, enzyme-coupled assay at 25ºC[177] in the standard buffer (60mM KCl, 1mM 
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MgCl2, 0.1 mM CaCl2, 50mM MOPS, pH 7.0) with the addition of 5-50 µg/ml cardiac 

SR, 0.15 mM NADH, 0.42 mM phosphoenol pyruvate, 7.5 I.U. pyruvate kinase and 18 

I.U. lactose dehydrogenase. 1.0 mM ATP was added to start the assay. The rate of ATP 

hydrolysis was determined by monitoring the absorbance of NADH at 340 nm.  In all 

activity measurements 1.0 µg/ml Ca2+ ionophore A23187 was added before starting the 

assay to prevent the accumulation of Ca2+ within the vesicles to inhibitory levels. 

Immunoblot of SDS-Electrophoresis. Immunoblotting of the Ca-ATPases 

or phospholamban was performed according to Reddy.[178] SDS-PAGE was done at 

25ºC, with 0.7±0.1 µg CSR loaded on 16.5% gradient SDS-PAGE (Bio-Rad) in 25 mM 

Tris, 193 mM glycine and 0.1% SDS, pH 8.3. At 4ºC, the protein on the gel was 

transferred onto polyvinylidene difluoride membranes (Bio-Rad) in 25 mM Tris, 193 mM 

glycine, 10% methanol and 0.01% SDA, for 1 hour at 200mA constant current. 

Following blocking with the binding buffer (50 mM Tris 0.2M NaCl and 0.1% Tween 20 

milk at pH 7.4), the membranes were incubated with monoclonal antibodies either to Ca-

ATPase or to PLB. After the primary binding, the membrane was washed and incubated 

for 1 hour with goat, anti-mouse antibody IgG conjugated to horse-radish peroxidase 

(Fisher Scientific). When the secondary binding is finished, the membranes were again 

washed with the binding buffer, and the immunoreactive protein bands were developed 

with 3.3’-diamino benzidine tetra hydrochloride reagent (Sigma). Quantitative analysis 

was performed by digitizing of the protein bands on the membranes using a densitometer 

(Bio-Rad) in the reflective mode, and the Molecular Analysis program. 

Labeling and Sample Preparation.  SERCA was labeled with ErIA by 

incubating 2.0 mg/ml cardiac SR with 13.6 µM ErIA in a labeling buffer (10 mM MgCl2 
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and 200 mM KCl and 60 mM MOPS, pH 7.0) for 2 hrs. at 4oC. At the end of the reaction, 

2.0 mg/ml of BSA was added to scavenge un-reacted dye for 20min on ice. The solution 

was centrifuged at 66000 rcf at 4oC for 15 min. The pellet, containing labeled SR 

vesicles, was homogenized and resuspended in a sucrose buffer (300 mM sucrose, 0.1 

mM KCl, and 0.2 mM CaCl2 and 25 mM MOPS pH 7.0).  Labeling stoichiometry was 

measured by using an extinction coefficient of 74,000 M-1cm-1 at 532 nm for ErIA.[179]  

Phospholamban Phosphorylation.  PLB phosphorylation was accomplished 

using 500 IU catalytic subunit of protein kinase A in the presence of 0.3 mM MgATP to 

start the reaction.  Calyculin A (0.05 µM) was added to inhibit dephosphorylation by 

trace amount of endogenous phosphatase. Phosphorylation was stopped by mixing the 

sample  1:1 with a gel dissociation medium (60 mM Tris, 15% SDS, 20% glycerol, 0.1 % 

bromophenol blue), and placed on dry ice.  

Time-Resolved Phosphorescence Spectroscopy.  The procedure and 

instrumentation for TPA data acquisition have been described in detail previously.[180]  

In the present experiments, 0.25± 0.05 mg/ml ErIA-labeled SR was contained in a sealed 

cuvette (0.3 x 1.0 cm) with 20 mM MOPS, 80 mM KCl, 1.0 mM MgCl2, 0.1 mM 

Imidazole, pH 7.0, plus an appropriate amount of CaCl2 to furnish the desired Ca2+ 

concentration. The free [Ca2+] was calculated using a program published by Fabiato.[181]  

Prior to TPA data acquisition, deoxygenation was allowed to proceed for 10 minutes by 

adding 100 µg/mL glucose oxidase, 15 µg/mL catalase and 5 mg/mL β-D glucose in a 

sealed cuvette.[180]  The anisotropy decay r(t) is given by: 
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where I(t)vv and I(t)vh are the time-resolved emission intensities observed through 
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polarizers oriented parallel and perpendicular to the vertically polarized excitation pulse, 

respectively.  The G factor is used to correct instrumental error and is determined by 

using the final anisotropy of ErIA-labeled BSA. 

Data Analysis.  The time-resolved emission decay was fitted to a sum of 

exponentials using the Marquardt nonlinear least-square algorithm,[182] as follows: 
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where τi is the lifetime and ai is the pre-exponential coefficient. 

The anisotropy decay was fitted to a sum of exponential plus a residual 

component in a model-independent manner[180] as follows: 
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where r0 is the initial anisotropy (at t = 0), φi is the rotational correlation time, Ai ( 

= ri/r0) is the normalized pre-exponential factor, and A∞ ( = r∞/r0) is the normalized 

residual anisotropy.  The fitting is evaluated by minimizing χ2 values, which is the sum 

of squares of the difference between the fit and the experimental data at each time point, 

and visual inspection of the residuals plot.  

The TPA decay was also fitted to a model of uniaxial rotational diffusion (URD) 

that has a more explicit molecular interpretation,[183] and have been successfully applied 

to the rotational dynamics of skeletal SERCA.[167, 179]  The anisotropy is given by:  

 
)()(

1   ,)()(

γ

4
βα

2
i

1
iI

1
ii0I

ii aeaeaStr

xxtrxrxtr

tDtD

n

i

n

i

++=

=++=

−−

==

∑∑
 Eq 24 Uniaxial Rotatio nal 

diff us ion mo del, p1 

where S is the order parameter determined by the fast internal motion of the 

protein, xI is the mole fraction of the immobile proteins, xi is the mole fraction of rotating 
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species i with rotational diffusion coefficient Di, and  
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θa (θe) is the polar angle of the absorption (emission) transition dipole relative to 

the normal to the membrane plane, and ψae is the relative azimuthal angle between the 

absorption and the emission dipoles, which is related to δ, θa and θe by  
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The initial anisotropy r0 obtained by fitting Eq 24 is related to the theoretical 

maximum anisotropy rmax of an immobilized phosphorescence probe by  
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where δ is the angle between the absorption and the emission dipoles of the probe.[167] It 

is easy to prove that rmax = aα + aβ + aγ, using Eq 25 - Eq 27. The rmax of immobilized 

ErIA was measured in a PMMA block to be 0.205,[184] corresponding to δ = 34.8°. This 

value is fixed for fitting all data sets. S is the order parameter that describes the sub-

microsecond internal motions of the protein that decrease the theoretical maximum 

anisotropy. This fast internal motion can be modeled as a “wobble in a cone” motion, 

where the probes move freely within a cone of half-angle θc surrounding an axis 

determined by the local environment of the probes. The half-angle θc of the cone is 

related to the order parameter S by[185] 
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D is the rotational diffusion coefficient defined by the Saffman-Delbrück equation 
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where a is the effective cylindrical radius of the protein inserted into the 

membrane, h and η are the thickness and viscosity of the membrane respectively, k is the 

Boltzmann constant and T is the temperature (K). It has been shown in skeletal SR that 

a
2
D = 9.3 Å2/µs, a = 28 Å and D ≈104s-1.[180] The lipid viscosity is essentially the same 

in both skeletal and cardiac SR shown by EPR and TPA results[164, 172, 180, 186] 

Results 

Labeling Specificity. The ErIA labeling stoichiometry (mole of bound ErIA 

per mole of ATPase) did not show saturation, but with 1.5 mole of added ErIA per mole 

ATPase, we usually obtained 1.0 ± 0.1 labeling stoichiometry with 2.0 hours of reaction 

at 4oC. Under this labeling condition, 

ErIA is known to specifically label 

SERCA at Cys 674.[179] Fig. 29 

shows the SDS electrophoresis of the 

EoIA-labeled SR (lane 3),  as 

illustrated by the immunoblot using 

monoclonal anti-SERCA2 antibody. To 

determine the specificity of labeling, 

EoIA was used, which has virtually 

identical reactivity to ErIA but has 

much higher fluorescence quantum 

yield, facilitating gel densitometry.[187] The coincidence of the EoIA and the SERCA 

bands suggested that the sulfhydryl-directed probe selectively labeled the SERCA in SR. 

 
Fig. 29: The sulfhydryl derivative selectively labels SERCA in 
CSR.  
  Lane 1 shows the Coomassie-blue staining of the SDS-PAGE of 
CSR. Lane 2 shows immunoblot of the labeled SERCA on SDS-
PAGE using anti-SERCA2 (mouse) monoclonal antibody and goat 
anti-mouse IgG conjugated to peroxidase to illustrate the SERCA. 
Lane 3 shows the fluorescence of the EoIA-labeled SERCA in 
CSR. The profile on the right side of Lane 3 is the densitometry of 
the scanned image of Lane 3.  
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Quantitative analysis indicated that 95 ± 2 % of the dye was attached to the SERCA. The 

ErIA-labeled SERCA prepared in this method retained 85 ± 15 % of the Ca-dependent 

ATPase activity. The SERCA lanes showed two bands. The molecular weight of the top 

band correspond to dimeric SERCA.  

Phospholamban 

Phosphorylation. It has been shown 

previously[188] that pentameric PLB exhibits a 

characteristic upward gel shift upon 

phosphorylation, and this phenomenon was 

exploited here to determine the levels of PLB 

phosphorylation during the time course. The 

time course of in vitro PLB phosphorylation 

saturated at 58 ± 5 % within 5 min (Fig. 30).  

 

Phosphorescence Intensity Decay. The emission decay (Ivv + 2GIvh) of the 

ErIA-labeled SERCA (data not shown) was best fitted to four-exponential (Eq 22, n = 4) 

with lifetimes ranging from 5 µs to 500 µs, similar to the ErITC-labeled cardiac 

SERCA.[172] 

 
Time-resolved phosphorescence anisotropy of ErIA-labeled cardiac 

SR.   The time-resolved anisotropy decay of the ErIA-labeled SERCA was fitted to 

model-independent multi-exponentials with a residual component (Eq 23). We evaluated 

the best fit based on the χ2 and the residual plot. Up to four-exponential components fit 
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Fig. 30: Phosphorylation of phospholamban saturates 
at 58% within 5 minutes.  Top: time course of PLB 
phosphorylation.  (B) Band shift of the immunoblot of 
phosphorylated pentameric PLB observed at different 
time intervals (min). Phosphorylation was performed at 
25

0
C, with 500 I.U. protein kinase A and 3 mM ATP.  

PLB bands were visualized using anti-phospholamban 
(mouse) monoclonal antibody and goat anti-mouse 
IgG conjugated to peroxidase. 
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was tested, and three-exponential components were found to be necessary and sufficient 

to fit the TPA data (Eq 23, n=3) in both skeletal and cardiac SERCA in all conditions, 

with the correlation times range from 5 µs to 1000 µs (Table 4).  

In both skeletal SR and cardiac SR, the TPA decay of ErIA-labeled SERCA was 

qualitatively similar to the previously reported ErITC-labeled SERCA,[167, 172, 189].  

The TPA decays in both SR consist of a fast rotational correlation time component φ1 (~ 

100 µs), an intermediate component φ2 (~ 101 µs), and a slow component φ3 (~ 102 µs). In 

this study, we found that the decay rates of the ErIA-labeled SR under both high and low 

Ca2+ concentration with or without phosphorylation are very similar. The biggest 

difference was in the pre-exponential factors (Ai) and the normalized residual anisotropy 

(A∞) (Table 4).  

Ca2+ increases the anisotropy decay in the unphosphorylated CSR, 

but not the phosphorylated CSR. Ca2+ has been shown to affect the TPA of the 

ErITC-labeled SERCA in the cardiac SR,[173] but its effect on skeletal SR is 
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Fig 31:  PLB phosphorylation and Ca

2+
 effects on TPA of ErIA-labeled cardiac SR.  TPA was 

performed at 25 
o
C. Left: ± phosphorylation of PLB at low Ca

2+
 (pCa 7.0). (B) ± phosphorylation of 

PLB at high Ca
2+

 (pCa 5.0).  
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negligible.[179] In the current study, we found that Ca2+ decreased the anisotropy of the 

ErIA-labeled unphosphorylated cardiac SERCA. Compare the unphosphorylated TPA 

decays (-phos, black curves) in Fig 31A with Fig 31B, the final anisotropy (r∞, defined as 

= r0 * A∞, Eq 23) was decreased by Ca. The final anisotropy was decreased from 0.053 ± 

0.002 at pCa7 where ATPase activity is low, to 0.039 ± 0.003 at pCa5 where ATPase 

activity is high (Table 4). The correlation times (φi) were not significantly affected when 

the Ca2+ was increased over the same range (Table 4). Instead, the most significant 

changes were in the pre-exponential factors (Ai) and the normalized residual anisotropy 

(A∞): Ai were increased with increasing Ca, while the normalized final anisotropy A∞ was 

decreased.  

The Ca2+ effects in the phosphorylated CSR was marginal (Table 4). The 

correlations times (φi), pre-exponential factors (Ai) and the normalized residual 

anisotropy (A∞) were not affected by Ca, opposite to the unphosphorylated CSR. This 

observation showed that the Ca2+ effects on the rotational dynamics of SERCA was also 

dependent on the PLB phosphorylation states.  

Phosphorylation effects. At the inactivation low Ca2+ concentration, 

phosphorylation significantly increased the rotational dynamics of CSR, as indicated by 

the decreased final anisotropy (Fig 31A). However, at the activation high Ca2+ 

concentration, phosphorylation did not significantly affect the rotational dynamics of the 

CSR, as manifested by the similarity of the TPA decays (Fig 31B).  

PLB effects on the anisotropy decays of cardiac SR. The final 

anisotropy (r∞) of the skeletal SR was 0.020 ± 0.001, lower than both the 

unphosphorylated and phosphorylated cardiac SR under different Ca2+ (Table 4), 
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suggesting higher rotational mobility of skeletal SERCA compare to the cardiac SERCA 

isoform. Previous study showed that the cardiac and skeletal SR have similar lipid 

composition and lipid fluidity, therefore the difference in the TPA was not caused by the 

lipid environment.[189] EPR and FRET experiments suggested that Ca, phosphorylation 

of PLB, or lipids composition do not dissociate the SERCA-PLB complex,[45, 116, 160]

thus this decrease of the rotational mobility of cardiac SERCA is most likely 

caused by PLB. Another possibility is that the cardiac SERCA alone has lower rotational 

mobility compare to the skeletal isoform even in the absence of PLB. We can’t rule out 

this possibility within the current study.  

The model independent analysis clearly showed the effects of Ca2+ and PLB 

phosphorylation on the rotational dynamics of ErIA-labeled cardiac SERCA. Detailed 

model-dependent analysis was also performed to elucidate the underlying molecular 

mechanism of the observed changes in rotational dynamics. 
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Table 4: Time-resolved phosphorescence anisotropy parameters of the ErIA-labeled cardiac SR at 25oCa
. 

ErIA-labeled Cardiac SERCA with unphosphorylated Phospholamban 

pCa φ1 φ2 φ3 A1 A2 A3 A∞ r0 
5 7.37±1.40 55±9 709±147 0.117±0.028 0.159±0.019 0.328±0.031 0.396±0.018 0.099±0.005 
7 5.63±2.70 43±5 714±123 0.079±0.022 0.144±0.009 0.274±0.020 0.503±0.014 0.106±0.002 

ErIA-labeled Cardiac SERCA with Phosphorylated Phospholamban 
5 4.27±1.77 49±26 681±155 0.126±0.034 0.117±0.037 0.391±0.041 0.366±0.011 0.107±0.012 
7 6.76±1.59 54±9 724±200 0.127±0.006 0.093±0.016 0.403±0.051 0.378±0.041 0.100±0.001 

ErIA-labeled Skeletal SERCA 

7 5.04±0.66 49±8 552±128 0.284±0.010 0.256±0.005 0.248±0.016 0.210±0.007 0.094±0.001 
a Phosphorescence anisotropy parameters were obtained using a nonlinear least-squares analysis of the 
phosphorescence anisotropy decays of the ErIA-labeled dog cardiac SERCA.  TPA experiments were performed at 
25 oC, with 0.25±0.5 mg/ml protein incubated in the standard TPA buffer (20 mM MOPS, 80 mM KCl, 1.0 mM 
MgCl2 and 0.1 mM Imidazole at pH 7.0) containing 0.495 mM and 0.103 mM CaCl2 to furnish 10 µM and 0.1 µM 
Ca2+ concentrations, respectively.[181]  The TPA decays were fitted to a sum of 3 exponential functions (Eq 23, 
n=3).  φ1, φ2 and φ3 were the rotational correlation times (µs) with the amplitudes A1, A2 and A3 respectively.  A∞ was 
the normalized residual anisotropy corresponding to immobilized species.  These values are the average of eight 
experiments.  Values in parentheses were the standard errors of the mean.  
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Uniaxial rotation diffusion analysis of TPA: It has been shown 

previously[179, 180, 190] that the TPA of phosphorescently labeled SERCA is 

dominated by its rotational motion along an axis normal to the membrane surface, which 

is best described using the uniaxial rotational model (Eq 24-Eq 29). This analysis, 

combined with high signal-to-noise TPA data, resolves the rotational diffusion 

coefficients (Di) of SERCA, the corresponding mole fractions (xi), as well as the 

orientations of the absorption and emission dipoles (θa, θe) of the phosphorescent probes 

relative to the membrane normal. The rotational diffusion coefficient is inversely 

proportional to the volume of the transmembrane segment of SERCA oligomers 

imbedded into membrane (Eq 29), so this method can resolve the size of oligomers. xI 

(Eq 24) is the mole fraction of the rotationally immobilized SERCA resulting from large 

aggregations. In order to obtain the best fit, we tested up to 4 rotational diffusion 

components to fit the TPA data, and we found that 3 rotational species was necessary and 

sufficient to achieve the best fit (Fig. 32, Eq 24-Eq 26, n = 3) of both the cardiac and 

skeletal SR under all conditions. The fitting parameters are presented in Fig. 33.  
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Ca2+ and phosphorylation induce redistribution of the oligomeric 

states of SERCA: The rotational 

diffusion coefficients (Di) in cardiac 

SR, with or without phosphorylation, 

under both physiologically relevant 

Ca2+ concentrations, were all similar 

(Fig. 33A). This suggests that the 

oligomeric state of cardiac SERCA 

was not strongly affected by either 

Ca2+ or phosphorylation of PLB. The 

distribution of the rotational species 

was, however, very sensitive to 

phosphorylation and Ca2+ (Fig. 33B). 

We concluded that the Ca2+ or 

phosphorylation of PLB redistributed 

the population of among different 

oligomeric states, rather than 

significantly affecting the sizes of the oligomeric states.  
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Fig. 32: TPA of the ErIA-SERCA is best fit by three 
uniaxial rotational components   
  (Eq 24-Eq 26, n=3). (A) The TPA decay  was 
acquired at 25 

0
C from a unphosphorylated cardiac 

SR in 10 µM Ca
2+

 concentration. (B) The χ2
 values 

and residue plots resulted from fitting the TPA decay 
to uniaxial rotational diffusion model (Eq 24-Eq 26) 
improve with n increasing from 2 until 3.  For n = 4, 

there is no further improvement of χ2
 value and 

residue plot. So 3 rotational diffusion components 
are necessary and sufficient to fit the TPA data.  
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PLB phosphorylate effects: PLB 

Phosphorylation affected the distribution of 

SERCA oligomeric states under both high 

and low Ca2+ concentrations (Fig. 33B). At 

low Ca2+ concentration where SERCA is 

activated by PLB phosphorylation, PLB 

phosphorylation greatly reduced the 

population of the immobilized SERCA (xI), 

from 0.284 ± 0.008 to 0.174 ± 0.019, and 

increased the population of the smallest 

oligomer (x1), from 0.395 ± 0.011 to 0.535 ± 

0.025. Phosphorylation also slightly perturbed 

the populations of the intermediate and large 

SERCA oligomers (x2 and x3), decreasing x2 

from 0.207 ± 0.013 to 0.123 ± 0.021, and 

increasing x3 from 0.114 ± 0.008 to 0.168 ± 

0.021. The phosphorylation effects on the x2 

and x3 were smaller than on the x1 and xI. The 

relief of SERCA inhibition was correlated 

with the increase of the small oligomeric 

states of SERCA and the decrease of the 

immobilized population. At high Ca, where 

SERCA inhibition by PLB is relieved by Ca, phosphorylation slightly affected the 
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Fig. 33: Uniaxial rotation fit results.  
  The average TPA decays generated using 
the parameters in Table 4 (also see Fig 31) 
are analyzed using uniaxial rotational 
diffusion model (Eq 24 - Eq 29). Black is 
unphosphorylated CSR, red is 
phosphorylated CSR, and blue is skeletal SR. 
(A) Rotational diffusion coefficients. (B) Mole 
fractions of the rotational species. (C) Probe 

orientation (θa, θe ) and amplitude of 

submicrosecond motion (θc).  Significance of 
phosphorylation effect: * P<.05; ** P< 0.01. 
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distribution between the two smallest oligomeric states, without affecting the population 

of the large oligomers or the immobilized SERCA (Fig. 33B).  

Ca2+ effects: In the phosphorylated cardiac SR, Ca2+ only marginally perturbed 

the mole fractions of the SERCA oligomeric states (Fig. 33B, red bars at pCa 7.0 and 

5.0), suggesting that the Ca2+ dependence of the oligomeric state of SERCA was low 

when PLB was phosphorylated. On the contrary, in the unphosphorylated cardiac SR, 

high Ca2+ concentration (Fig. 33B, black bars at pCa 7.0 and 5.0) significantly decreased 

the population of the immobilized SERCA (x1) from 0.284 ± 0.008 to 0.165 ± 0.007, and 

increased the population of the smallest oligomer (x1) from 0.395 ± 0.011 to 0.454 ± 

0.011 (Fig. 33B), suggesting a strong Ca2+ dependence of the oligomeric state of the 

unphosphorylated cardiac SERCA. Those results showed that the Ca-dependence of the 

oligomeric state of the cardiac SERCA was regulated by the phosphorylation states of 

PLB.  

Here we observed a theme in the Ca2+ dependent PLB regulation of SERCA 

activity: the relieve of SERCA inhibition, either by high Ca2+ in the unphosphorylated 

CSR, or by phosphorylation of PLB under low Ca2+ concentrations, correlates with the 

decrease of the immobilized SERCA and the increase of the smaller oligomeric state of 

SERCA. The immobilized SERCA does not transport Ca. PLB inhibits SERCA by 

aggregating SERCA into immobilized non-transporting aggregates. High Ca2+ or 

phosphorylation of PLB relives this inhibition by dissociating the immobilized aggregates 

into smaller oligomers that are capable of transporting Ca.  

PLB causes immobilization of SERCA in cardiac SR: A striking 

difference between the cardiac and the skeletal SR was the mole fractions of the 
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immobilized SERCA (xI). There was no immobilized SRECA in skeletal SR at pCa 7.0 

(xI = -0.05 ± 0.02 ), but a significant amount in both phosphorylated and 

unphosphorylated cardiac SR (Fig. 33B). Instead, the skeletal had more of the 

intermediate (x2 = 0.343 ± 0.007) and large oligomers (x3 = 0.381 ± 0.025) than in the 

CSR. Interestingly, the mole fraction of the smallest oligomer in skeletal SR was 0.332 ± 

0.012, less than what was observed in cardiac SR under all conditions. Considering that 

skeletal SR has higher ATPase activity than the cardiac SR, these results suggested that 

the intermediate and large oligomeric SERCA are both capable of actively transporting 

Ca. Previous study showed that the membrane environment is very similar between those 

two SR,[189] therefore this immobilization of SERCA in CSR was very likely due to 

PLB. Although this difference could also be due to the difference between the two 

isomeric forms of SERCA in the skeletal and cardiac SR.  

Ca2+ and phosphorylation effects on the internal conformation of 

SERCA. TPA also resolves the orientation of the absorption (θa) and emission (θe) 

dipoles of the phosphorescent dye relative to the membrane normal (Eq 24 - Eq 27), as 

well as the submicrosecond internal motion of the probe (Eq 27,Eq 28). θa and θe are 

symmetric in Eq 24 - Eq 27, therefore we assigned the lower angular value to θa and 

higher value to θe, without compromising the validity of the results (Fig. 33C). We found 

that the probe orientation is insensitive to the change of the Ca2+ or PLB phosphorylation.  

The submicrosecond motion of the probe, caused by the motion of the local 

environment, determines the order parameter S (Eq 27), which can be interpreted by a 

“wobble in a cone” model (Eq 27). Again, this submicrosecond motion of the probe was 

not significantly affected by either Ca2+ or phosphorylation of PLB (Fig. 33D), and was 
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around 37° in all conditions  

 

Extrapolation of Anisotropy to Total Phosphorylation.  So far we 

observed that both high Ca2+ and phosphorylation of PLB at low Ca2+ decreased the mole 

fraction of the immobilized SERCA (xI). Given the evidence that in vitro phosphorylation 

was not complete, we were interested in finding out how the percentage of 

phosphorylation might affect the xI.  Therefore, we performed a computational simulation 

to extrapolate the TPA decays corresponding to 100% degree of phosphorylation. We 

assumed that xi were linearly proportional to the degree of phosphorylation, and the 

immobilized fraction xI was calculated using Eq 24. The extrapolated xI was 0.094 at pCa 

7.0, and 0.169 at pCa 5.0. This simulated result suggested that 100% phosphorylation of 

PLB could not completely dissociate the larger immobilized SERCA aggregates. This 

immobilization of SERCA at complete PLB phosphorylation could be, again, due to two 

different reasons. One is PLB binding. Previous studies showed that PLB remain bound 

to SERCA, both at high Ca2+ concentration and when it’s phosphorylated. Thus this 

interaction between SERCA and PLB could be the source of the non-zero immobilization 

in cardiac SR. Another possible explanation is that, cardiac SR is partially immobilized, 

even in the absence of PLB.  
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Discussion 

Summary of Results.  We have investigated the effect of phosphorylation of 

PLB on the self-association of the ErIA-labeled SERCA in cardiac SR. The ErIA probe 

selectively labeled SERCA on the phosphorylation domain (P- domain) in CSR, and 

retained its Ca-dependent ATPase activity, superior than the ErITC probe, which labels 

the enzyme on the nuclear binding domain (N- domain) and abolishes its ATPase 

activity. The TPA studies on the two spatially separated dyes are complementary to each 

other and report the global rotational dynamics of the SERCA molecules under different 

conditions.  

At 25oC, the ErIA-labeled SERCA exhibited an anisotropy decay similar to the 

ErITC-labeled SERCA, with three correlation times plus a constant. In unphosphorylated 

cardiac SR, at micromolar concentrations, Ca2+ increased the rotational mobility of 

SERCA and decreased the residual anisotropy (r∞, Eq 23) of the ErIA-labeled SERCA 

(Fig 31). This same Ca2+ effects on the rotational mobility of unphosphorylated cardiac 

SR was also reflected in the normalized residual anisotropy (A∞): increasing Ca2+ 

monotonically decreased A∞ (Table 4). Phosphorylation of PLB increased the rotational 

mobility of ErIA-labeled SERCA in a Ca-dependent manner (Fig 31). At low Ca2+ 

concentrations, phosphorylation induced decreases of anisotropy; but the effect was small 

at high (micromolar) Ca2+ concentration (Fig 31). Those observations were consistent 

with what has been found on the complementary studies on ErITC-labeled SERCA, 

suggesting that high Ca2+ or PLB phosphorylation activates the ATPase activity by 

releasing SERCA molecules from the aggregated states (Fig 31). The agreement between 

the TPA results of the P-domain and N-domain labeled SERCA attested that the observed 
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anisotropies under different conditions were dominated by the global rotational dynamics 

of the phosphoresce-labeled SERCA, instead of local dynamics on the labeling site. 

Quantitative uniaxial rotation diffusion analysis revealed the mechanism of the 

change of rotational mobility of SERCA based on the molecular oligomerization states. 

This analysis showed that the cardiac SERCA always consists of three oligomeric 

species, and an immobilized large aggregation, under all Ca2+ and PLB conditions. The 

sizes of the oligomeric states were similar under all conditions, and were similar to that of 

skeletal SR, resulting in similar Di. In response to the change of Ca2+ concentrations, or 

PLB phosphorylation, cardiac SR underwent a redistribution of those oligomeric states 

(Fig. 33B), rather than a significant change of those oligomeric states themselves (Fig. 

33A). The principal effect of high Ca2+ in unphosphorylated cardiac SR and PLB 

phosphorylation at low Ca, which correspond to the relief of SERCA inhibition, was to 

promote the dissociation of immobilized SERCA aggregates into smaller functional 

oligomers (Fig. 33B). Thus, the design of Ca2+ transport in CSR was that the 

phosphorylation compliments the Ca2+ activation of the ATPase activity at low 

(submicromolar) Ca, by dissociating large-scale SERCA aggregates. These results, 

supporting our previous hypothesis regarding correlation between SERCA aggregation 

and enzyme activity, suggested that both Ca2+ and phosphorylation of CSR promote 

dissociation of large-scale SERCA aggregates, and thereby stimulates the ATPase 

activity. 

Since phosphorylation was not complete, we simulated the TPA decay 

corresponding to 100% of phosphorylation.  The simulated result showed that, upon 

complete phosphorylation, even though the large-scale aggregates were dissociated into 
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small enzyme units, a fraction of SERCA was always in the immobilized aggregation 

state.   

Ca2+ Effect.  The Ca-induced disaggregation of the SERCA represents one of the 

processes whereby the CSR overcomes the inhibitory effect of SERCA-PLB interaction.  

The effect of Ca2+ may be explained by structural change within SERCA. PLB might 

bind to a regulatory site in the headpiece of SERCA, separate from the high-affinity Ca2+ 

biding sites in the TM domain. Ca2+ binding induces a structural change in SERCA, 

disrupting the interaction between the regulatory site with the basic residues on the 

cytoplasmic region of PLB, thereby releasing the inhibitory effect of PLB within the 

SERCA-PLB complex. This structural rearrangement of SERCA is also responsible for 

the dissociation of large SERCA aggregates, resulting in higher activity. Previous FRET 

measurements of the SERCA-PLB complex did suggest that high Ca2+ induces a 

structural rearrangement of SERCA,[116] supporting this hypothesis. Previously reported 

studies have indicated that the same regulatory site may be also involved in the inhibition 

by lanthanides at cytoplasmic sites.[191-193] As a conclusion, high Ca2+ (micromolar 

concentration) releases the inhibitory effect of PLB-SERCA interaction, regardless of the 

phosphorylation state of the PLB, by disrupting the self-association of SERCA.  

Effect of PLB Phosphorylation.  PLB phosphorylation decreases SERCA 

immobilization at low Ca2+ concentration (Fig. 33) and activates SERCA. One of the 

possible mechanism is that, attachment of the phosphate group on the basic cytoplasmic 

domain of PLB decreases its net positive charge, resulting in decreased electrostatic 

interaction between the cytoplasmic domains of PLB and SERCA. PLB remains 

associated with SERCA due to the hydrophobic interaction in the transmembrane 
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domain. This disruption of electrostatic interaction may be translated into large-scale 

dissociation of the SERCA aggregates. One of the most interesting feature of the effect is 

that the phosphorylation-induced disaggregation occurs at low Ca, where Ca2+ alone has 

insignificant effect on either the molecular dynamics or the enzyme function of the Ca2+ 

pump. Overall, this hypothesis reveals the ingenious design of the Ca2+ transport in CSR 

in that, at high Ca2+ (micromolar concentration), Ca2+ alone can activates the Ca2+ pump 

activity by means of releasing the enzyme from immobile and less active aggregation 

state, but at low Ca2+ (submicromolar concentration) where the effect of Ca2+ alone is 

insignificant, phosphorylation of the PLB can help the CSR to overcome the inhibition of 

SERCA-PLB interaction again by means of recruiting the SERCA into mobile smaller 

enzyme units.  

 

Extrapolation of the PLB Phosphorylation effect.  The relationship 

between protein self-association and enzyme activity is even more pronounced when we 

extrapolate the TPA changes  to a 100% phosphorylation of PLB, provided with the 

evidence that the in vitro phosphorylation of CSR saturates at 58% plateau.  Complete 

PLB phosphorylation at different Ca2+ concentrations do not completely dissociate the 

immobilized SERCA aggregates.  On the other hand, the ErIA-labeled skeletal SERCA 

does not exhibit this immobilization.  This is explained by either of two mechanisms.  

First, the immobilization of SERCA in the cardiac SR could be induced by PLB, either in 

the phosphorylated or unphosphorylated form. Phosphorylation of PLB relives SERCA 

inhibition by partially dissociate those immobilized species into small functional 

oligomeric SERCA, ready for Ca2+ concentrations dependent active Ca2+ pumping. 
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Second, it may reflect that the Ca2+ pump in CSR is intrinsically less mobile than the 

enzyme in skeletal SR.  

 

Relationship to Other Work.  Our present study of the Ca2+ pump regulation 

in CSR using the ErIA probe complements previous study of the same system using the 

ErITC probe. The ErITC labeled cardiac SERCA lost its ATPase activity, compromising 

the validity of the results regarding the mechanism of function. ErIA labeled cardiac 

SERCA retains significant ATPase activity of SERCA, making it a superior probe to 

investigate the functional mechanism.  On top of that, the current URD analysis further 

interprets the TPA results in terms of molecular mechanism, validating our working 

model concerning the enzyme function and self-association of the SERCA.[172, 173]   

The SERCA self-association induced by PLB is most likely induced by the 

electrostatic interaction between the cationic cytoplasmic domain of PLB and the anionic 

headpiece of SERCA. A few other ion pumps of this class have also been shown to be 

affected by basic amphipathic peptides,[166, 173, 194-197] supporting the role of 

electrostatic interaction in the inhibition of these pumps. 

PLB regulates SERCA through two complementary mechanisms: it directly 

regulate the SERCA activity by allosteric interaction in the bound complex,[45, 142, 198] 

and regulates inter-SERCA aggregation, which correlate with ATPase activity.   

Conclusions.   

The ErIA-labeled SERCA in CSR demonstrated that PLB phosphorylation 

regulates SERCA ATPase activity in concert with Ca2+ by regulating the oligomeric state 

of SERCA.  High Ca2+ (micromolar concentration) induces disaggregation of the Ca2+ 
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pump and activates SERCA ATPase activity.  PLB phosphorylation dramatically 

decreases the self-association of the enzyme at low Ca2+ (submicromolar concentration), 

and activates SERCA.  These results, taken together, reveals the complimentary role of 

Ca2+ and phosphorylation in regulating the Ca2+ pump activity in CSR.  Further studies 

will be focused on defining the precise mechanism of self-association of the SERCA and 

its relationship to the enzymatic function and the regulation of the pump. 
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