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Abstract 

Phospholamban (PLB) reversibly inhibits the sarcoplasmic reticulum calcium 

ATP-ase (SERCA) in cardiomyocytes. When SERCA is active, it pumps calcium into the 

sarcoplasmic reticulum (SR) to reduce cytosolic [Ca++]. Calcium efflux from the cytosol 

reduces the Ca++ available to the cytosolic contractile apparatus so that the heart can 

relax during diastole. The extent of relaxation depends on the amount of calcium that 

SERCA removes from the cytosol during diastole, while the contractile force depends on 

the magnitude of the end-diastolic calcium transient. Thus SERCA inhibition affects both 

the contractile and relaxation phases of the cardiac cycle. Unphosphorylated PLB 

(uPLB) inhibits SERCA at low Ca++ concentration and phosphorylated PLB (pPLB) is 

less inhibitory, so myocardial physiology and pathology depend critically on the mole 

fraction of pPLB, Xp, equal to pPLB/(uPLB+pPLB), the concentrations of total PLB (tPLB) 

and SERCA, and uPLB/SERCA.  

Prior to our assay, neither Xp nor tPLB could be measured accurately. Previous 

measurements relied on radioactive tracers, which only measured changes in these 

parameters, or immunoblots, which did not provide acceptable precision or accuracy. 

The fundamental problems with immunoblots were due to the lack of (a) accurate 

standards for pPLB and uPLB, (b) antibodies completely specific for pPLB and uPLB, 

and (c) a mathematical relationship between the antibody selectivity, the intensities of 

the samples and Xp. I have solved these problems using purified uPLB and pPLB 

standards, produced by solid-phase peptide synthesis, by performing two parallel 

immunoblots with antibodies partially specific for uPLB and pPLB, and deriving accurate 

equations for calculating Xp and tPLB. When this method was applied to mixtures of 

known composition, it measured both Xp and tPLB with ≥ 96% accuracy. I used this 

assay on samples of pig cardiac SR and found that Xp varied widely among four animals, 

from 0.08 to 0.38, but there was remarkably little variation in the ratios of Xp/tPLB and 

uPLB/SERCA, suggesting that PLB phosphorylation is tuned to maintain homeostasis in 

SERCA regulation. I have extended this method to measure accurately the mole 

fractions of PLB phosphorylated at Ser16, Thr17 and bisphospho-Ser16-Thr17 in 

biological samples, and to analyze the PLB phosphorylation status of cardiac tissue 

samples obtained from human patients with specific cardiomyopathies. This assay can 
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be adapted to any phospho-protein, and with any other posttranslational modification 

where purified standards and partially specific antibodies are available. 
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1. Chapter 1: Introduction 

1.1 Significance 

1.1.1 Phospholamban and Heart Disease 

 Heart disease is the leading cause of death in the United States. In 2008, it 

claimed over 616,000 American lives, accounting for almost 25% of deaths [1]. Heart 

disease is also an economic problem, costing $108.9 billion in 2010 [1] - more than any 

other diagnostic group [2, 3]. As of 2006, 5.8 million people in the United States were 

living with heart failure [3]. One in five heart failure patients will die within one year of 

their diagnosis [3]. Currently, the best hope of slowing this progression and increasing 

the chance of survival amongst patients is early diagnosis [1, 4].  

The measurement of 

phospholamban (PLB) 

phosphorylation can aid in this 

early diagnosis. PLB is a cardiac 

protein that plays an integral role in 

cardiac health. It reversibly inhibits 

the sarcoplasmic reticulum calcium 

ATPase (SERCA) to impede Ca++ 

re-uptake after muscle contraction 

[6-8]. Unphosphorylated PLB 

(uPLB) inhibits SERCA while 

phosphorylated PLB (pPLB) 

attenuates SERCA inhibition [6] 

(Fig. 1). Since SERCA controls 70% of Ca++ flux in diastole in humans [8, 9], PLB 

expression and phosphoryl-ation are critical for Ca homeostasis, which ensures proper 

cardiac function during both systole and diastole in the cardiac cycle [10]. It has been 

shown that decreases in phosphorylation of PLB, increases in expression of PLB, and 

decreases in the expression of SERCA [9] lead to contractile dysfunction and heart 

failure [11]. Thus, augmenting PLB phosphorylation can provide treatment. 

  

Slide Title

Gordon, 2001   
Fig. 1. PLB phosphorylation relieves SERCA inhibition. 
 Black: no PLB, pKCa = 6.4.  Red: PLB, pKCa [5] = 6.0. Blue: 
pPLB: pKCa = 6.3, so phosphorylation shifts the curve left to 
partially restore SERCA activity. Adapted from [6]. 
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1.1.2 Significance of the Assay 

 This research describes the first method that accurately measures the mole 

fraction of PLB phosphorylation (Xp) and total PLB (tPLB). Together with the total 

SERCA level, these values have allowed calculation of the quantities uPLB/SERCA, 

pPLB/SERCA, and tPLB/SERCA. Establishing these ratios in patients without heart 

disease is paramount to establishing reference values to compare with those in subjects 

who have heart disease. They are essential in using PLB phosphorylation to chart the 

progression of heart disease, and in evaluating the efficacy of treatment strategies 

related to the PLB/SERCA complex in the heart Fig. 2.  

1.2 Normal Cardiac Function 

1.2.1 Normal Cardiac Cycle 

The heart serves two 

physiological purposes. The right 

side Fig. 2 (blue) pumps 

deoxygenated blood to the lungs 

and the left side Fig. 2 (red) pumps 

oxygenated blood to the body. 

Each side of the heart has one 

atrium, one ventricle, an inflow vein 

and an outflow artery. Pressure 

gradients drive the blood flow 

between heart chambers and 

between the heart and the body. 

On the left side, oxygenated blood 

from the lungs flows into the left 

atrium, and then to the left 

ventricle. When it reaches the left 

ventricle, the muscle stretches so 

that the pressure is below that of 

the pulmonary vein, and blood is drawn into the ventricle. This is the relaxation phase of 

the cardiac cycle (diastole). Contraction of the myocardium (systole) reduces the volume 

in the ventricle such that the pressure in the ventricle is above that of the aorta, and 

Slide Title

Gordon, 2001  

v

v

v

 
Fig. 2. Blood flow through labeled cardiac structures.  
 Arrows symbolize the path on the left side (red with black 
arrows) and right side (blue with green arrows) of the heart. 
Adapted from [12]. 
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blood is ejected from the ventricle into the aorta, the vessel that sends blood to the body 

[13]. Parallel events occur on the right side, where deoxygenated blood from the body 

enters the heart through the vena cava, travels to the right atrium, and to the right 

ventricle, and exits through the pulmonary artery to go to the lungs for oxygenation.  

1.2.2 SERCA and PLB in Normal Cardiac Function 

 The heart beat is an involuntary, coordinated contraction, initiated by the action 

potentials of the sympathetic nervous system [14]. Transformation of the action potential 

to a contractile response is accomplished by excitation-contraction coupling (ECC) [11]. 

In ECC, excitation of the sarcolemma is coupled to contraction, the mechanical power 

stroke of the myofilaments (Fig. 3), by the movement of Ca++ between the cytosol and 

other cellular compartments [8, 11]. Thus, calcium homeostasis dictates both force and 

timing in the cardiac cycle. When the action potential reaches the t-tubules Fig. 3 of the 

myocyte, L-type voltage gated Ca++ channels Fig. 3 [11] open, causing a cellular influx of 

Ca++ [11, 14] from the outside of the cell. The influx of Ca++ calcium induces the release 

Slide Title

serca

mitochondria

 
 Fig. 3. Ca++ in contraction and relaxation.  
 Arrows represent the flow of Ca++ ions. Red arrows: cardiac excitation-contraction-coupling Green arrows: 
cardiac relaxation Yellow: L-type voltage-gated Ca++channels.  SR: (sarcoplasmic reticulum). PLB 
(phospholamban). Blue: SERCA (Sarcoplasmic calcium-ATP-ase) Green NCX (Sodium/Ca++ exchanger). 
Purple circle: ATP (sarcolemmal Ca++-ATP-ase). Purple cylinder: mitochondrial Ca++ uniport. Myofilaments 
(the contractile apparatus, brown: myosin black:actin.). Adapted from [11]. 
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of Ca++ from the sarcoplasmic reticulum, through ryanodine receptors [11, 14, 15] Fig. 3. 

This calcium is destined for the contractile apparatus.  

The contractile apparatus, the sarcomere, contains actin, myosin, troponin, and 

tropomyosin. In order for the muscle to contract, the globular head of myosin must attach 

to actin and pull the actin filaments together to shorten the sarcomere [8]. However, 

without Ca++, tropomyosin, a thread-like protein, conceals the myosin binding sites on 

actin [8]. When Ca++ binds to troponin C [11], tropomyosin exposes the myosin binding 

sites on actin [14]. Myosin binds to actin, and the actin-myosin cross-bridge cycling 

ensues. During the cross-bridge cycling, myosin heads deliver a power stroke that 

shortens the sarcomere. As long as Ca++ is bound to troponin, the muscle will continue 

to contract [8].  

 In order for the muscle to relax, the contractile apparatus must be calcium free 

[11]. To this end, the mitochondrial Ca++ uniport, sarcolemmal Na+/Ca++ exchanger, 

sarcolemmal Ca++-ATP-ase, and the sarcoplasmic reticulum Ca++ ATP-ase (SERCA) 

expel Ca++ from the cytosol Fig. 3. Of these pathways, SERCA is responsible for 70% of 

Ca++ re-uptake in humans [8]. Thus, increasing SERCA activity may also compensate for 

deficiencies in the other calcium-handling proteins. SERCA actively transports Ca++ into 

the SR [8] to facilitate muscle relaxation. The resultant Ca++  electrochemical gradient 

across the SR drives passive efflux of Ca++ in to the cytosol to initiate contraction [16]. 

uPLB-induced inhibition of SERCA impairs both relaxation and contraction. In the 

relaxation phase, uPLB prevents Ca++ -uptake into the SR, leaving the contractile 

apparatus exposed to Ca++ so that it cannot relax. During contraction, it depletes the 

electrochemical gradient of Ca++ across the SR so the muscle cannot contract. 

Phosphorylation of PLB restores SERCA activity [17] so that both relaxation [8, 11]. and 

contraction [14] can occur.  

1.3 Cardiac Pathology 

1.3.1 Heart Failure 

The inability to pump enough blood to meet the metabolic demands of the body 

is defined as heart failure [14]. Heart failure is the destination of all progressive heart 

conditions, to include atherosclerosis, myocardial infarction, valvular stenosis, and 

cardiomyopathy. Cardiomyopathy refers to disease of the heart muscle itself, without 

participation from other organs. Dilated cardiomyopathy, where the ventricle is 
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permanently overstretched, is caused by systolic dysfunction. Hypertrophic 

cardiomyopathy, where copious thickening of the muscle permanently decreases the 

volume of the ventricle is caused by diastolic dysfunction. In restrictive cardiomyopathy, 

the stiffness of a normally sized ventricle prevents diastolic filling. Ischemic heart 

disease, sometimes referred to as ischemic cardiomyopathy, describes diseases of the 

coronary arteries, which can lead to either systolic or diastolic dysfunction [14]. 

1.3.2 SERCA and PLB in Heart Failure 

When SERCA activity is impaired, stroke volume (stroke volume = end diastolic 

volume x ejection fraction) decreases and cardiac output (cardiac output = heart rate x 

stroke volume) is reduced: End diastolic volume (EDV) is the amount of blood in the 

ventricle at the end of diastole. Ejection fraction (EF) is the fraction of the EDV that the 

heart pumps out during systole. Through SERCA inhibition, uPLB reduces EDV by 

decreasing the stretch of the muscle fibers (the extent of relaxation of the muscle fibers) 

or decreasing the diastolic filling time (the duration of the relaxation phase) [18]. Lack of 

diastolic stretch due to SERCA impairment can also reduce the compliance of the 

ventricular wall so that end diastolic pressure (EDP) increases [13, 14, 19]. Then, the 

reduced pressure gradient between the veins and the ventricle causes retrograde filling 

of the veins, which is ultimately reflected in lower EDV [13, 14, 19].  

SERCA impairment also affects the EF through the Frank -Starling mechanism. 

According to the Frank-Starling law of the heart, at low work-loads, the force of systolic 

contraction is directly related to the stretch of the cardiac muscle during diastole, which 

is reduced if SERCA is impaired [16]. At high work loads the EF is proportional to the 

contractility, which is reduced by decreases in the electrochemical gradient. The smaller 

the gradient, the fewer the number of sarcomeres recruited to maintain contractility [8, 

11, 13, 14].  

uPLB inhibits SERCA, precipitating the above decreases in diastolic stretch, 

diastolic filling time, and the electrochemical gradient that drives calcium release [11], 

with resultant decreases in cardiac output. Phosphorylation of uPLB [20] [17] and/or a 

decrease in tPLB expression [21] [22] [23] both attenuate SERCA inhibition [6] to 

increase or prolong SERCA activity, and maintain both passive stretch and contractility 

at a level compatible with life.  
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1.4 Phospholamban Structure and Phosphorylation 

1.4.1 PLB Equilibria 
 PLB structure can be described 

by two, dynamic equilibria, a 

monomer vs. a homopentamer and 

a rigid, L-shaped T-state vs. a an 

extended, dynamic R-state [25] 

Fig. 4. In both the monomer and 

pentamer, the abundance of the T-

state is >90% [26]. In the T-state, 

helix 1a Fig. 5 is perpendicular to 

the membrane normal [27] [28] and 

adheres to the membrane with its 

hydrophobic face [29]. In the R-

state, helix 1a is detached from the membrane and extended so that it is approximately 

parallel to the membrane normal [30] Fig. 5. Endogenously, the PLB homopentamer 

predominates [31, 32], stabilized by leucine zippers [33] and 3 cysteine residues in the 

transmembrane domain [34]. The cysteine residues can be mutated to hydrophobic 

amino acids in order to stabilize a monomeric PLB. One such mutant, C36A- C41F-

C46A-PLB, (AFA-PLB) [6], is depicted in Fig. 5. 

  

T-stateR-state

monomer

pentamer

 
Fig. 4. PLB equilibria.  
 In the T-state/R-state equilibrium the T-state dominates in both 
monomeric and pentameric PLB. In the monomer/pentamer equilibria, 
the pentamer dominates in both the T-state and R-state equilibrium so 
that pentameric, T-state PLB is the dominant form. Adapted from [24]. 



7 

 

 

1.4.2 PLB Monomer 
 Monomeric PLB is a 52 amino 

acid [36], single pass integral 

membrane protein that weighs 

6KDa [36]. EPR and NMR [27, 29] 

studies have shown that PLB has 

4 domains. They include Ia: an N-

terminal amphipathic helix above 

the membrane (residues 1–16), 

the flexible loop: (residues 17–22), 

Ib: the part of the C-terminal helix 

that is exposed to the cytosol 

(residues 23–30), and II: the part 

of the C-terminal helix that is 

embedded in the membrane 

(residues 31–52) [29] [37]. 

Phosphorylation site S16 is 

located at the C-terminus of the 

cytosolic helix and phosphorylation site T17 is located at the N-terminus of the cytosolic 

loop [29] Fig. 5. 

1.4.3 PLB Pentamer 
 Four models of the PLB pentamer were proposed; they diverge in their orientation of 

the cytosolic helix to the membrane normal. FTIR studies suggest an extended-helix 

sheet where the cytosolic domain is tilted 50-60o from the membrane normal [38]. The 

continuous helix model proposed after rotational-echo double resonance (REDOR) and 

polarized FTIR revealed a cytosolic tilt of 28o [39]; and triple resonance solution NMR 

suggests a 20o tilt of the cytosolic domain [40]. All of the above resemble the R state. 

With the addition of in gel fluorescence resonance energy transfer (FRET) [41], dipolar 

electron-electron resonance (DEER) [38], polarization inversion spin exchange at the 

magic angle (PISEMA) [26], and hybrid solution/solid state NMR,. the field has 

converged on the pinwheel structure, which resembles the T-state [42], where the 

cytosolic domain is perpendicular to the membrane normal [26, 41, 42], and some of the 

Ia

Ib

II

SR lumen

Monomeric

Cytoplasm

C36A

C46A
C41F

S16  T17

 
Fig. 5. Structure of the PLB monomer by 
hybrid NMR with identification of 
phosphorylation sites. 
 Based on frame 12 from PDB 2KB7 [29] 
adapted from [35]. 
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cytosolic residues are attached to the membrane surface [26, 42] as in the monomer 

above  Fig. 5.  

1.4.4 PLB Phosphorylation 

PLB can be phosphorylated on one or both of residues S16 and T17 [43, 44]. 

PKA phosphorylates R-state PLB [45] at S16 in response to β adrenergic stimulation, 

which activates adenylyl cyclase, cAMP and then PKA Fig. 6. PKA subsequently 

phosphorylates PLB exclusively at S16 [46]. CaMKII exclusively phosphorylates T17 

[46], but it requires supra µM Ca++ levels [44, 47]. Several in situ studies suggest that 

S16 phosphorylation is needed to relieve SERCA inhibition enough to elevate calcium 

levels in the cytosol to accommodate the Ca++-dependence of CaMKII function [44, 48]. 

However, Kranias showed that T17 phosphorylation was greater than S16 

phosphorylation in normal human hearts [49]. It is known that different etiologies of heart 

disease, such as hypertrophy [50] and acidosis [51] have elevated T17-pPLB where S16 

PLB phosphorylation remained unchanged. CamKII phosphorylation also becomes 

important after sustained β1-adrenergic stimulation because prolonged or elevated 

CamKII activity [52] causes apoptosis of myocytes [53], and other deleterious effects 

[50], independent of PKA.  
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PKA and CamKII are both in 

competition with phosphatase 1 

(PP1) Fig. 6, the major enzyme that 

dephosphorylates PLB [47], with 

phosphatase 2A and 2B playing a 

lesser role [55]. However, PKA 

counteracts PP1 when it 

phosphorylates PP1-inhibitor (PP1-

I) at T35 [55-57]. Phosphorylation 

of PP1-I induces inhibition of PP1, 

PP2A, and PP2B [55] and 

maintains phosphorylation of PLB 

[58]. 

When PLB is 

phosphorylated at S16, the 

phosphate forms a salt bridge with 

R13 [59] and also interacts with 

R14 [60]. This causes local unwinding of the 

cytosolic helix as shown by CD [61], solution NMR 

[62] and molecular dynamics simulations [59]. 

Phosphorylation of PLB thus provokes a 

hyperextension of the cytosolic helix that shifts the 

equilibrium from the T-state to the R-state [63]. 

Unwinding of the cytosolic helix also promotes 

dynamic disorder of the backbone of the whole 

cytosolic helix [62], causing it to move through an 

arc using the cytosolic loop as a hinge [64] Fig. 7. 

The physiological significance of the T to R transition is that the R-state PLB is much 

less inhibitory to SERCA than the T-state [6]. In fact, coaxing unphosphorylated PLB into 

the R-state with positively charged lipids relieves SERCA inhibition [65] while forcing 

phosphorylated PLB into the T-state with a lipid anchor [25] reestablishes SERCA 

inhibition [6]. 

 

calyculin

PP2

P

calyculin

PLB

PP1-I

PP1-I

 
Fig. 6. PLB phosphorylation, dephosphorylation and 
phosphatase inhibition pathways.  
β-adrenergic cascade (right) and CaMKII pathway (left). PLB is 
phosphorylated at S16 by stimulation of the β-adrenergic receptor (β) 
which activateds adenylyl cyclase (AC), cyclic AMP (cAMP) and then 
protein kinase A (PKA). PLB is phosphorylated by Calmodulin Kinase 
II (CamKII) in respose to high Ca++. Phospatase 1 (PP1) and 
phosphatase 2 (PP2) dephosphorylate PLB at both sites. Okadaic 
acid (OA) and calcyculin inhibit PP1 and PP2 exogenously [54]. PPI-1 
inhibits PP1 endogenously. 

 
 Fig. 7. Structural and rotational 
dynamics of 11-TOAC-AFA-PLB.  
 (a) uPLB equilibrium and (b) pPLB 
equilibrium  Phosphorylation of PLB 
promotes both a shift in the equilibrium 
toward the R-state The pPLB R-state is 
hyper-extened and more dynamic (greater 
arc) than the uPLB R-state. Adapted from 
[6]. 
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1.5 SERCA  

1.5.1 SERCA Enzymatic Cycle 

SERCA is classified as a P-

type ATP-ase because it is auto-

phosphorylated (specifically at 

D351) during its reaction cycle [67]. 

Its function is to move 2 Ca++ per 

ATP [68, 69] from the cytosol to the 

lumen of the sarcoplasmic 

reticulum (SR) [70]. ATP hydrolysis 

provides the energy for SERCA to 

traverse several conformations in 

its catalytic cycle, in order to arrive 

at the E1 and E2 conformations. 

E1, which has a higher Ca++ affinity 

than the E2 conformation [71], 

facilitates Ca++ binding [72], and faces the cytosol [70] binds 2Ca++ molecules in the 

cytosol. The E2 conformation has a lower Ca++ affinity [71], and faces the SR lumen [70], 

facilitating Ca++ release into the SR [72] Fig. 8. 

With E1 facing the cytosol and having a high Ca++ affinity [71], it is poised to bind 

2Ca++ ions from the cytosol, and then bind ATP. The 2Ca++- E1-ATP complex undergoes 

auto-phosphorylation to become 2Ca++- E1-P. The ATP hydrolysis drives two 

conformational changes. In the first, the Ca++ binding sites the Ca++- E1-P are occluded 

[73]. At this point, the presence of ADP can drive the reaction backward to the ATP-

bound state [70]. In the second, 2Ca++- E1-P flips so that the Ca++ binding sites are 

exposed to the lumen, and becomes 2Ca++- E2-P. During the transformation to the E2 

state, SERCA is obligated to release 2Ca++ into the lumen of the SR [73], forming E2-P. 

For every Ca++ ion that is transported, 1 or 2 H+ ions are co-transported [73, 74]. After 

this, the phosphate is hydrolyzed to form E2, which is in a dynamic equilibrium with E1 

[70] Fig. 8. 

  

            

        

        

H+ H+

H+ H+

 
 Fig. 8. SERCA enzymatic cycle.  
The high Ca++ affinity E1 state binds two Ca++ ions. ATP 
hydrolysis provides the energy for the conformational change 
and autophosphorylation at D351 that take the high Ca++ 

affinity E1 to low Ca++ affinity E2-P. Ca++ is released into the 
lumen, and the phosphate is hydrolyzed from the E2 
conformation. Adapted from [66]. 
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1.5.2 Structure and Isoforms of SERCA 

The SERCA gene can be alternatively spliced to obtain SERCA1, SERCA2 and 

SERCA3 isoforms [75], which can be further subdivided into (SERCA1a-b, SERCA2a-d, 

and SERCA3a-f) [75]. However, some of the newly discovered subtypes correspond 

only to mRNA and not to actual protein [75].  

SERCA1a, of fast-twitch skeletal 

muscle, is the archetypal SERCA [70], for 

which at least 44 crystal structures, 

representing different conformations and 

various ligand attachments are available 

[72]. The sarcoplasmic reticulum Ca++ 

ATP-ase isoform 1a (SERCA1a) is a 

110KDa protein [72, 78] with 994 

residues [68] that can be found in skeletal 

muscle. According to X-ray 

crystallography studies, SERCA1a is 

comprised of 4 domains: The actuator or 

anchor [73] domain (A), the nucleotide-

binding domain (N), and the 

phosphorylation domain (P) face the 

cytosol and the transmembrane domain 

(M) Fig. 9.  

The A domain is the smallest domain, comprising several N-terminal amino 

acids. It floats on top of the M2 and M3 helices. The phosphorylation of D351 controls 

the Ca++ affinity of SERCA during binding and release. The N domain is a β-sheet 

surrounded by two helices that sits between the two β-sheets in the Rossman fold [67]. 

The P-domain forms a Rossman fold, in which the N-terminal and C-terminal β-sheets 

are separated by residues in the middle of the sequence, and the phosphorylation site 

(D351) is at the C-terminal end [72]. The transmembrane domain (M) consists of 10 α-

helices  connected by short, lumenal loops, except for the long loop between helices M2 

and M3 [67]. In the M domain, the helices are of different lengths, and have different 

degrees of folding. Helices M1-M6 are clearly separated from M7-M10 [67]. The M-

domain contains the two Ca++ binding sites in α-helices M4, M5, M6 and M8 [72]. Site I 

   

A B

 
 Fig. 9. Rabbit skeletal muscle SERCA.  
 (a) without PLB and  (b) with PLB. In (a), the domains 
are labeled A, Actuator; N, nucleotide, P, 
phosphorylation, and M, transmembrane. D351, the 
phosphorylation site is labeled. In b, transmembrane 
helices are labeled 1-10, and PLB is docked onto the 
SERCA structure. K400, part of the analogous 
KGEKPV402 sequence essential to PLB binding to 
SERCA isoform 2a in skeletal muscle. Adapted from 
[76] (left) and [77] (right). 
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is located in the space between helices M5 and M6 with a small contribution from M8 

[67]. Site II is on M4 [67].  

SERCA2a is the predominant SERCA isoform in cardiac muscle [75], and also in 

slow twitch skeletal muscle and smooth muscle [79] of several species [75]. SERCA2a 

and SERCA1a have ~ 84% sequence homology [79], and are functionally similar in their 

response to changes in PLB concentration in the cardiac tissue of transgenic mice [80]. 

However, SERCA1a exhibits greater Vmax than SERCA2a [80] [81]. SERCA2a-d differ in 

the lengths of their C-termini (SERCA2a = 997 aa, SERCA2b = 1042 aa, SERCA2c = 

999 aa, and SERCA2d = 1007). SERCA2b can be found in all tissues of several 

species, SERCA 2c may be unique to humans [75]. SERCA2c mRNA was found in 

hematopoietic cells [82], and SERCA2c protein was found in the heart [75, 83]. 

SERCA2c has a lower affinity for Ca++ than SERCA2a [83].  

SERCA3 has 6 isoforms (a-f) that are found in both muscle and non-muscle 

cells, but none of them bind PLB [84].   

 

1.6 PLB/SERCA Interactions 

1.6.1 PLB Binding Domain on SERCA 
Mutagenesis of SERCA2 has established that the phospholamban binds to 

amino acids 336-412 in the P domain of SERCA [84], with the tightest connections with 

the KGEKPV402 sequence. Cross-linking studies suggest that the transmembrane 

domain of PLB binds near the M2 helix, with V49C PLB crosslinking to V89C-SERCA2a 

[85]. This is consistent with mutagenesis [77] and molecular modeling studies [86] of a 

PLB-SERCA1a interaction surface, in which PLB fits into a groove formed by helices M2, 

M4, M6 and M9. 
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1.6.2 The Mechanism of SERCA 
Inhibition by PLB 

uPLB inhibits SERCA by 

decreasing its apparent Ca affinity 

(Kca) [87]. Though a recent study of 

PLB in 2D crystals suggests that 

the PLB pentamer binds SERCA at 

an accessory site [88], EPR [32, 

89], fluorescence [90] and 

mutagenesis studies [31, 91, 92] 

have lead to wide acceptance of 

monomeric, R-state PLB, as 

opposed to monomeric, T-state, or 

pentameric PLB as the primary 

inhibitor SERCA [6].  

1.6.3 Relief of SERCA Inhibition by PLB 

Biological events that relieve SERCA inhibition include phosphorylation at S16 by 

PKA [93] Fig. 6, phosphorylation at T17 by CamKII [94] Fig. 6, decreased overall PLB 

expression [21], supra-micromolar [Ca++], and PLB oligomerization. PLB phosphorylation 

at S16 hyper-extends the cytosolic domain to the RI-state. In the Rl state, the angle 

between the cytosolic domain and the membrane normal is increased [6] [95] so that 

pPLB evacuates the inhibitory site on SERCA, [6] without dissociation from the complex 

[6, 96] Fig. 10. Parallel studies of PLB phosphorylation at T17 are lacking. Supra-

micromolar Ca++ concentration and PLB oligomerization [97] are bi-products of PLB 

phosphorylation. 

1.6.4 PLB and SERCA-Related Therapies 
PLB, PP1, and SERCA are targets for gene therapy. Administration of gene 

therapy with pPLB mimics has been successful in treating heart failure in animal models. 

For example, mimicking the charge of the phosphate at the S16 site by S16E mutation 

[98] relieves SERCA inhibition [96] and has rescued hamsters [99] from heart failure. 

Mimicking the RI-state of PLB by P21G mutation [100], and by double glycine mutation 

along the loop [101], and mimicking the pentameric state of PLB [102] are promising 

 
 Fig. 10. SERCA inhibition and relief of inhibition by PLB.  
 (a) T-state/R-state equilibrium of uPLB. (b) R-state binding to 
SERCA. (c) T-state/R-state equilibrium of pPLB where R-state has 
greater extension and dynamic range (called RI). (d) RI-state pPLB 
binds to SERCA and relieves inhibition. Figure from [6] 
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alternatives for gene therapy due to their success in competing with WT-PLB for SERCA 

binding [103] in vitro. However, in vivo studies are needed to determine counteractive 

cellular response to the mutants; Possibilities include upregulation, decreased 

phosphorylation, and increased depolymerization of endogenous PLB. PLB gene 

ablation [22] and transcriptional repression [104] have been used to increase contractility 

in rat cardiomyocytes. However, null PLB genotypes have caused lethal dilated 

cardiomyopathy in humans [105], suggestive that the optimal Xp in humans is non-zero, 

and that some degree of SERCA inhibition is required for normal cardiac function. 

Suppression of PP1, the phosphatase that dephosphorylates PLB in an effort to increase 

Xp, is also a goal of gene therapy [106]. Overexpression of SERCA has rescued animals 

from contractile dysfunction [9], and has stayed disease progression in patients in late 

stages of heart failure in phase II clinical trials [107, 108].  

The use of small molecules to increase SERCA activity has also been attempted. 

Astragalosides, for example, increase pPLB concentration, thereby reversing the heart 

failure symptoms caused by left anterior descending artery ligation in rats [20]. Six new 

small molecules that increase SERCA activity have also improved contractility in cardiac 

myocytes [109]. Istaroxime, which stimulates SERCA2 has increased both lusitropy and 

inotropy in phase II clinical trials [110] [111]. 
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1.7 Accomplishments of This Research  
This research has accomplished the quantification of the absolute mole fraction 

of phosphorylated PLB (Xp) using densitometry and western blots, with non-specific 

antibodies: Conventional western blotting methods cannot determine Xp because they 

cannot account for the non-linear relationship between intensity and total PLB on 

western blot. Until now, changes in phosphorylation has only been measured in relative 

terms, thus it is difficult to make comparisons between blots or between studies. The 

gravity of these relative ratios is difficult to interpret. For example, a 3-fold increase in Xp 

could mean an increase from 5% to 15% or from 25% to 75% phosphorylation. 

Furthermore, the relative measurements are in error because they assume specificity of 

uPLB antibodies and a linear relationship between intensity and tPLB on western blot. 

Xp values are essential to other PLB calculations. For example, PLB expression 

requires Xp calculations because the relationship between tPLB and intensity values 

depends on Xp [112]. Several studies have reported that tPLB was unaltered by cardiac 

insult [113-119], based on equal intensities for normal and pathological samples on 

western blot. However, when Xp differs between samples, equal intensities necessarily 

reflect different expression levels. Xp values allow the calculation of other parameters 

such as uPLB/SERCA, pPLB/SERCA, and tPLB/SERCA ratios, which allow correlations 

between PLB phosphorylation, PLB expression, and SERCA inhibition. 
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Chapter 2: Antibodies, Synthetic Standards, and Western Blots 
are all Required for Accurate Xp Measurements 

2.1. Absolute vs. Relative Xp 
Absolute Xp is the mole fraction of pPLB/tPLB, which can be reported as a value 

from 0 to 1. Previous studies have attempted to use western blots to measure 

phospholamban phosphorylation of a sample relative to a reference sample of unknown 

Xp and unknown tPLB concentration. In these measurements, the ratio of the intensity of 

the sample labeled with a pPLB-selective antibody to the intensity of the sample on a 

blot labeled with a uPLB-selective antibody is recorded for a reference sample, which is 

in the control group. The same intensity ratios are then measured for the experimental 

samples. The fold-increase or decrease in Xp from the reference (control) sample in 

comparison to the experimental sample is then reported [94, 113-117, 119].  

Commercial primary antibodies 

selectively bind uPLB over pPLB. We 

have shown that this preferential binding 

leads to a decrease in the apparent tPLB 

as Xp increases. As Xp increases, the 

denominator decreases, and the fold-

increase in Xp is exaggerated. Similarly, 

as Xp decreases, the tPLB denominator 

increases, and the fold-decrease in Xp is 

exaggerated Fig. 11. To accomplish accurate Xp measurements, we have used 

standards of known concentration and purity [120-122] [112] to quantify antibody 

sensitivity on western blots and equations to relate the antibody sensitivity to the 

intensities of the sample. 

 

2.2 Xp Techniques for the Measurement of PLB Phosphorylation  
Though several methods are available to quantify phosphorylation of proteins, 

they are more costly, more limited in the biological systems to which they can be 

applied, less specific for the S16 or T17 sites, and less accurate than our method.  
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 Fig. 11. Antibody selectivity affects the apparent tPLB 
and Xp in relative measurements.  
 (a)  tPLB  (b) Xp. square (Ab8A3) circle (Ab2D12), triangle 
(AbA1). In (a), the apparent/actual tPLB should be 1 because 
all samples have 12 ng of tPLB. In (b), the actual fold 
increase in Xp, using the Xp = 0.25 as a reference is 
represented by the linear curve. 
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Radioactive phosphate has been used to study PLB phosphorylation [123]. 32P 

cannot measure phosphorylation in cells and tissues because 32P administered to live 

subjects could alter the endogenous phosphate before the Xp measurement. 1D-SDS 

PAGE/Pro-Q diamond/SYPRORuby is inexpensive, but not as specific as our method, 

as it cannot distinguish between phospho-proteins of equal molecular weight or between 

phosphorylation sites [124]. Phosphate –affinity SDS Page requires more expensive 

electrophoresis reagents, requires a pH of 7, and is more labor intensive [124]. Mass 

spectrometry requires several steps, including concentration of digested 

phosphoproteins on affinity columns, uses expensive instrumentation [125], and is not 

easily applied to membrane proteins. Sandwich ELISA requires two, specific antibodies, 

one recognizing only the phosphorylated part of the protein and another recognizing only 

the unphosphorylated part of the protein [126]. Our method may be applicable to 

conventional ELISAs, with the added benefit of high throughput screening. 

 Immunoblots are the method of choice to determine relative PLB phosphorylation 

[54]. A quantitative immunoblot was attempted in 2000, by Mayer et al. [120]. They 

reported a basal Xp as 4%, which increased to 17% upon isoproterenol stimulation. 

However, they concede that their standards were somewhat unreliable, that their method 

relies on an accurate measure of the total protein loaded. and that the accuracy of their 

measurements was compromised by the inability to represent antibody sensitivity in their 

calculations [120]. In an immunoblot, antibodies are used to bind protein targets. 
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2.3 Antibodies  

2.3.1 Antibodies are Made by the Immune 
System 

An antibody is a globular protein, also 

referred to as an immunoglobulin, and is a 

member of the acquired immune system [128]. 

In vivo, antibodies function to recognize foreign 

and pathogenic material for destruction [129]. 

When viruses, fungi or bacteria enter the body, 

they are engulfed by macrophages Fig. 12 or 

dendritic cells (not shown), which are both 

antigen-presenting cells [130]. An antigen-

presenting cell digests the pathogen into 

fragments until one fragment, the antigen, 

binds to an MHC protein [128]. The 

antigen/MHC complex appears on the surface 

of the macrophage or dendritic cell in 

association with the class I or class II MHC 

proteins, prompting the macrophage to secrete 

Interleukin-1 (red dots and arrow) to activate 

the helper T-cells [128]. Then, the antibody-

MHC complex binds to the receptors on helper 

T-cells in a specific interaction with the antigen. The T-cells secrete non-specific 

interleukins (green dots and arrow), comprising Interleukin-2, Interleukin 4 (B-cell growth 

factor, and interleukin-5, (B-cell differentiation factor). These factors stimulate the 

production of B-cells, which already contain antibodies (immunoglobulins) IgM on their 

Fig. 12 [128].  

Each B-cell carries a different IgM on its surface that recognizes a specific 

antigen. The antigen will select the B-cell (clone) with the best-fit antibody on its surface. 

Antigen-binding to the membrane-bound antibodies stimulates the proliferation and 

differentiation of that B-cell clone into plasma cells that secrete the same specific 

antibodies into bodily fluids such as the blood stream, the ascites fluid, saliva and tears 

[128]. The antibodies then react with receptors on the surface of phagocytes to induce 

 
Fig. 12. Synthesis of circulating antibodies by the 
acquired immune system. 
 The macrophage engulfs the foreign particle and 
digests it until one of the fragments binds the MHC. 
The MHC appears on the cell surface, providing a 
receptor for the helper T-cell. The helper T-cell 
secretes interleukins (blue dots) that activate B-cells 
to differentiate into effector B-cells, which secrete 
antibodies into the blood. Figure from [127] 
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digestion or activate complement (C3b), which also reacts with the phagocytic receptors. 

This is called active immunity because the antibodies are made in the host. 

In the contrasting passive immunity, antibodies are produced by inoculating one host 

with a pathogen and transferring the antibodies to a second host. In this way, immunity 

is conferred to the second host. Passive immunity has many uses in medicine and basic 

research. For example, tetanus and botulism immunizations are the result of passive 

immunity, where the human is the second host [128].  

 

2.3.2 Antibody Structure and Binding 
An antibody is comprised of 2 

identical heavy chains and 2 identical light 

chains, linked by disulfide bonds (Fig. 13) 

[131]. The heavy chains weigh ~ 60kDa. 

They contain 3 constant regions and 1 

variable region. The light chains weigh ~ 

25kDa, and have 1 constant region and 1 

variable region. The variable regions of 

each chain have a hyper-variable region, 

comprised of 5-10 amino terminal residues 

form the antigen recognition site [128].  

Antibodies are of 5 classes: IgA, 

IgD, IgE, IgG, and IgM that differ in the 

constant regions of their heavy chains. 

The B-cell-bound IgM antibodies are all monomers, but secretory IgA forms dimers, and 

secretory IgM forms pentamers, making them less attractive for laboratory research. 

Additionally, IgD is in low titer in the serum, and IgE easily forms crosslinks. Thus, IgG, 

which is a monomer in both its membrane-bound and secretory form, and is the most 

abundant class in the secondary immune response is commonly used for research 

purposes [128]. 

In vivo, antibody-antigen interactions are extremely specific because the antigen 

binding site (paratope), on the B-cells, have been programed, from birth, to bind only 

specific antigen epitopes [129, 130]. The antigen binds specifically, through hydrogen 

bonds, van der Waal’s forces, and hydrophobic interactions. The number of non-

-S-S-

 
Fig. 13. Structure of an antibody.  
The heavy chain (blue) has 1 variable region (light blue) and 
3 constant regions (dark blue). The light chain (pink) also 
has a variable region (light pink) and 1 constant region (dark 
blue).The antigen binding site includes portions of the 
variable region of the heavy chain and light chain. The heavy 
chains and light chains are connected with disulfide bonds. 
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covalent interactions between the antibody and antigen determine the specificity of the 

antibody [128].  

2.3.3 Antibodies in Basic Science Research 
The properties of antibodies that are secreted into the plasma make them 

suitable for identifying proteins: The diversity of B-cell clones [132] makes antibodies 

suitable for almost any protein target. The specificity of one antibody to the protein 

target, which serves as the antigen, allows the identification of a target protein [128]. 

Antibodies can be labeled (with dyes) such that the number of proteins can be detected 

and quantified. Since antibodies are produced when any foreign material enters its host, 

they can be produced in large amounts by inoculating an animal host with a synthetic 

protein, a chemical, or an antibody from a different host [131]. 

To this end, antibodies against protein targets are raised in various mammalian 

species. The antigen for these antibodies can be a synthetic or recombinant peptide, 

attached to a molecular carrier [131]. The molecular carrier is required because the 

peptide is non-immunogenic. In other words, it can react with its specific antibody, but it 

cannot generate an immune response. The hapten cannot bind to the MHC proteins, 

and thus, cannot, by itself, be presented to the helper T-cell [128]. The epitope that the 

helper T-cell recognizes is on the carrier protein, and not on the peptide, but the B-cell 

recognizes the epitope on the protein [128].  

In order to produce an antibody, the animal of choice must be inoculated with the 

protein once, to stimulate the primary immune response, and again, 3 weeks later [131], 

to stimulate a secondary immune response, generated by the memory B-cells created 

during the primary immune response [128]. During the primary immune response, the 

memory B-cell proliferates in anticipation of repeated exposure to the antigen. During the 

second exposure, the more numerous B-cells produce greater amounts of IgG [128]. 

The serum is then isolated from the blood by centrifugation, and called anti-serum [131].  

The antibodies that are isolated from the anti-serum will be polyclonal: Polyclonal 

antibodies contain several different clones of B-cells for the same antigen [128, 131]. 

The variety of B-cells carry antibodies to a variety of epitopes, from different parts of the 

protein [128, 131]. As epitopes are only 5-10 amino acids long [131], some of these 

clones may also bind to epitopes on other proteins.  

If instead, the antigen is injected into the spleen of a mouse or rabbit, and, after 

immunogenesis, the spleen is removed, the plasma cells from the spleen can be fused 



21 

 

 

to multiple a myeloma cell line to obtain a hybridoma (hybrid of the myeloma and B-

cells). In this cell culture, each cell represents one clone, from which a monoclonal 

antibody titer can be achieved [128, 131]. The clones (B-cells) can be isolated using 

ELISA, western blots, or flow cytometry to retain the clone containing antibodies with the 

desired epitope, defined as monoclonal. Monoclonal antibodies are produced by only 

one B-cell. The monoclonal hybridoma can produce large amounts antibody and can be 

frozen and stored for multiple uses [128, 131].  

Monoclonal antibodies are more useful in research than their polyclonal 

counterparts because they are specific to only one epitope on the target protein [128, 

131]. However, if the epitopes on the target proteins are similar enough, varying by one 

conservatively mutated amino-acid side chain, or by a post-translational modification, 

cross reactivity may still occur. Thus quantitation of proteins with different isotypes or 

phosphorylation status may present the problem of antibody cross-reactivity. 

Increased specificity can be accomplished by exposing the antigen to the host 

multiple times. With each exposure, somatic hyper-mutation occurs. In this process, the 

DNA of the paratope is mutated so that it conforms to the structure of the antigen 

epitope. The improved hyper-variable regions are more attractive to the antigen, and are 

selected more frequently than the previous antibodies [128].  

Our method circumvents the problem of cross-reactivity with the use of protein 

standards, paired antibodies and linear equations [112]. 

 

2.3.4 PLB Antibodies and Epitopes 

PLB has been isolated in human, rat, mouse, dog, rabbit, pig, chicken, zebrafish, 

puffer fish, and recently in rainbow trout. Using the human sequence as a standard, rat, 

mouse and rabbit have K27N mutations. Dog and pig have E2D and K27N mutations. 

The epitopes for 2D12Ab, 285Ab, and A1Ab are known to be aa 9-17 for 2D12Ab, aa 7-

 

   

Human mekvqyltrs airrastiem pqqarqklqn lfinfclili cllliciivm ll 
Rat   .......... .......... ......n... .......... .......... .. 
Mouse .......... .......... ......n... .......... .......... .. 
Dog   .d........ .......... ......n... .......... .......... .. 
Rabbit.......... .......... ......n... .......... .......... .. 
Pig   .d........ .......... ......n... .......... .......... .. 
 

 
 Fig. 14. Phospholamban sequences for different species.  
The difference between the human sequence and the identical rat, mouse, and rabbit sequence is K2N, and the 
difference between human and identical pig and dog sequences are E2D and K27N. 
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16 for A1Ab (Badrilla, Millipore), and aa 9-19 for 285Ab. The PLB standards synthesized 

for our experiment included pig uPLB, human uPLB, pig S16-pPLB, human S16-pPLB, 

human T17-pPLB, and human S16-T17-bis-pPLB. The epitopes for 2D12Ab, 285Ab, and 

A1Ab are known to be aa 9-17 for 2D12Ab, aa 7-16 for A1Ab (Badrilla, Millipore), and aa 

9-19 for 285Ab. The epitope for P-17Ab (Santa Cruz) is proprietary, but it is 9 aa, 

including T-17. Thus, the epitope may include amino acids from aa 9-25. These epitopes 

occur outside the regions of mutation, so that human and pig pPLB and uPLB standards 

can be used interchangeably for Xp measurements in human, rabbit, rat, mouse, pig, and 

dog.  

In western blots, S16 standards from either pig or human could be used 

interchangeably to measure Xp from any of the 4 animals because the mutations E2D 

and K27N do not affect the 285 epitope. Similarly, human-T17-pPLB or human S16-T17 

–bis-pPLB standards from could be used to measure Xp from any of the 4 animals 

because the mutations E2D and K27N do not affect the P-17Ab epitope. The epitope for 

8A3Ab has not been characterized. Therefore 2D12Ab was substituted for 8A3Ab for 

blots where Xp from pig species was calculated along with Xp from rabbit, mouse, and 

rat, because it is known that 2D12Ab does not bind in the region of the mutation sites 

E2D and K27N, and, unlike AbA1, does include the T17 phosphorylation site in its 

epitope. 

 

 

2.4: Synthesis and Purification of Protein Standards 
Synthesis of human or pig PLB was accomplished using automated FMOC solid-

phase peptide synthesis of the appropriate sequence Fig. 14 as previously described 

[133], Manual incorporation of Fmoc-p-S16 and/or pT17 was verified by the ninhydrin 

test. Characterization was attained by MALDI-TOF-MS. Mass spectral data were 

acquired with a Bruker Biflex III matrix-assisted laser desorption/ionization time-of-flight 

(MALDI-TOF) system equipped with a N2 laser (337 nm, 3-ns pulse length) and a 

microchannel plate (MCP) detector. Data was collected in linear mode, positive polarity, 

with an accelerating potential of 19 kV. Each spectrum is the accumulation of 100–400 

laser shots. The samples were co-crystallized with the matrix 3,5-dimethoxy-4-

hydroxycinnamic acid (sinapinic acid).  
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The mass spectrum of 

acetylated wild-type uPLB is shown 

in Fig. 15. The apparent molecular 

weight was 6122 amu as compared 

to the actual molecular weight of 

6123.5 amu, a difference of 1 amu, 

so the sample was extremely pure. 

 

 

 

 

The mass spectrum of 

acetylated wild-type pPLB, 

phosphorylated at S16, residues 12-52 

is shown in Fig. 16. The apparent 

molecular weight was 4849.6 amu as 

compared to the actual molecular 

weight of 4866 amu, a difference of 16 

amu. The 16 amu difference most likely 

represents an oxygen atom. 
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Fig. 15. Mass spectrum of acetylated wild-type uPLB. 
  The apparent molecular weight was 6122 amu  
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Fig. 16. Mass spectrum of acetylated wild-type pPLB, 
residues 12-52. 
  PLB was phosphorylated at residue S16. 
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HPLC purification was 

accomplished on a C-18 column 

(Vydac, 218TP54) with solvent A as 

water +0.1% TFA and solvent B as 

isopropanol + 0.1% TFA. The crude 

peptide was dissolved in 50% TFA. 

Peptide elution was achieved with a 

linear gradient. Fractions containing 

peptides were lyophilized to yield full-

length PLB (15.4% yield based on 

starting resin) and TM–AFA–PLB (22% 

yield based on starting resin). After the 

lyophilization, the purified peptide was 

dissolved in of (tetra-methyl-flouro-

ethanol) TFE Fig. 17.  

2.5 Western Blot Method 
1. Electrophoresis separates the proteins by molecular weight. Proteins are 

denatured, coated with negative charge by SDS, and then loaded onto a porous gel. If 

quantitation is desired, standards of known concentration of the target protein must be 

loaded at this step. A current is passed through the gel so that the proteins (negatively 

charged) travel toward the cathode. Larger molecular weight proteins travel slower 

through the pores, and thus travel a shorter distance than smaller molecular weight 

proteins. Proteins can thus be identified by their mobility shift (distance travelled)  
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Fig. 17. HPLC of CH3CONH-WT-PLB. 
 Peak A is the solvent A peak. Peak B is 30% CH3CONH-WT-
PLB. Peak C is the product, which is 76-100% CH3CONH-WT-
PLB. 
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The molecular weights of uPLB and 

pPLB are too similar for appreciable 

separation during electrophoresis Fig. 18, 

so more sophisticated techniques are 

required to distinguish between them. In 

mixtures of uPLB and pPLB, this negligible 

gel shift disappears because the uPLB and 

pPLB bands overlap. The gel shift between 

the uPLB and pPLB pentamers depends on 

the length of the gel, but the overlap 

depicted in Fig. 18 pertains to most 

commercial gels. 

Step 2: Proteins are transferred to a 

PVDF or nitrocellulose membrane with a 

current that runs perpendicular to the plane 

of the gel. In this step, all of the proteins on the gel are transferred to the membrane. 

Step 3: Incubating the membrane in a blocking agent ensures that only the 

protein of interest will be labeled. 

Step 4: Label with primary antibody. 

Ideally, the primary antibody is specific to 

the protein of interest. However, all of the 

commercial antibodies that bind to uPLB 

also bind to pPLB. If these uPLB antibodies 

bound pPLB with the same affinity as uPLB, 

then they could be used to calculate tPLB in 

a traditional, quantitative western blot, but 

all of them bind uPLB with a different level 

of preference. Primary antibodies are 

identified by the protein that they target and 

by the animal in which they were raised. For 

example, we used rabbit, anti-pPLB to label 

pPLB and mouse-anti-PLB to label uPLB 

Fig. 19.   

 

 
Fig. 18. SDS gel of recombinant PLB pentamer (A) and 
PLB monomer (B).  
 The small gel shift between the uPLB (left) and pPLB 
(right) pentamers disappears in mixtures where the bands 
coalesce. The uPLB (left) and pPLB (right) monomers will 
also coalesce if a mixture is electrophoresed. Figure from 
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Immediate detection by 
LICOR Odyssey
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Fig. 19. Antibody labeling procedure for western blot.  
 A) and B) The primary antibody binds to the protein 
(PLB). Secondary antibody that is raised in the same 
animal as the primary antibody binds to the primary 
antibody. A) secondary antibody is attached to a 
fluorescent label. B) secondary antibody is attached to an 
enzyme (HRP) that catalyzes a precipitation reaction with 
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Step 5: Label with secondary antibody. The secondary antibody binds to the 

primary antibody. It can be from any animal, have been raised against the animal of the 

primary antibody. For example, the secondary antibody for mouse, anti-PLB must be an 

anti-mouse antibody in order that it binds to the primary antibody Fig. 19.  

Step 6: Detect the intensity of the band on the western blot. The secondary 

antibody is conjugated to a means of detection, such as radioactivity, a precipitation 

reactant, or a fluorescent dye. We used di-amino-benzamidine-conjugated IgG (DAB-

IgG) for one paper [134] and later switched to IR-dye-conjugated-IgG. DAB-IgG requires 

the addition of the enzyme horse-radish peroxidase (HRP) and peroxide after incubation 

with the secondary antibody. The HRP catalyzes a reaction between the DAB and the 

peroxide that leaves a brown precipitate at the site of the secondary antibody Fig. 19B. 

The reaction is stopped by the addition of water. The IR-dye-conjugated antibodies are 

ready for detection immediately after they are added Fig. 19B. 

Step 7: Analysis by densitometry. Analysis of western blots is accomplished by 

densitometry. Due to the specificity of the primary antibody, visible bands are created 

only for the protein of interest. The other proteins are not detected because the primary 

antibody does not bind to them. The density of each band is recorded by the appropriate 

software. The relative density of the bands is proportional to the density of the secondary 

antibody, which is proportional to the concentration of the primary antibody, which is 

proportional to the concentration of the protein of interest. For a range of concentrations 

of protein and antibodies, this relationship is linear. Thus it is possible to compare the 

band densities in two different samples to determine their relative amounts of protein.  
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Because the uPLB antibodies are 

non-specific, this relationship is non-linear 

for uPLB. Since none of the PLB antibodies 

bind uPLB and pPLB with the same affinity, 

the relationship between the intensity of the 

uPLB + pPLB antibodies and tPLB 

concentration is non-linear Fig. 20. As a 

result of assuming that the above 

relationships are linear, qualitative 

measurements of changes in Xp and tPLB 

are exaggerated Fig. 20. The extent of 

these effects depends on the actual Xp of 

the sample, the affinity differential of the 

antibody, and on the incubation conditions. Thus, cross-study comparisons cannot be 

made. 

Step 8 Quantitation by western blot: When the relationship between density and 

concentration is linear, a density vs. concentration curve (standard curve) can be 

constructed from the density of the standards of known concentration loaded in step 1. 

Then, the density of the samples can be interpolated to determine the concentration of 

the target protein in the sample. 

The lack of a commercial antibody specific for uPLB or an antibody that is 

impartial to the phosphorylation state of PLB complicates Xp measurements. The 

measurement of Xp requires the concentrations of pPLB and uPLB, the concentrations of 

pPLB and tPLB, or the concentrations of uPLB and tPLB, but none of the antibodies 

available can measure either uPLB or tPLB independently. Thus, accurate and absolute 

Xp measurements require that both uPLB and pPLB standard curves are constructed for 

one blot, and that two such blots with two antibodies of different selectivity are 

performed. Then, a system of equations using the slopes of the 4 standard curves and 

the intensities of the samples is solved to obtain Xp. This method is detailed in chapter 4. 
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Fig. 20. tPLB measurements depend on Xp.  
A) tPLB depends on Xp: as Xp increases, the 
intensity of the uPLB + pPLB antibody decreases, 
even though the amount of tPLB is the same 
because the antibody has a higher affinity for uPLB 
than pPLB. The result of this is that pPLB has a 
lower intensity reading than uPLB. B) Xp(app) is 
exaggerated as Xp increases because tPLB(app) 
(the denominator of Xp), appears to decrease. A) 
and B) The extent of these effects varies with the 
antibody chosen, because each antibody has a 
different affinity for uPLB. A1, (triangle), has the 
most equal affinity, followed by 2D12 (circle), 
followed by 8A3 (square). 
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Chapter 3: Insulin-dependent Rescue from Cardiogenic Shock is 
not Mediated by Phospholamban Phosphorylation 

3.1 Summary 
We used immunoblots to determine whether inotropic and lusitropic effects of 

high-dose insulin (HDI) in cardiogenic shock, induced by a β blocker (BB) or a calcium 

channel blocker (CCB), are mediated by phosphorylation of phospholamban (PLB). PLB 

is a membrane protein that regulates calcium uptake into the sarcoplasmic reticulum 

(SR), by inhibition of the cardiac calcium pump (SERCA2a). Phosphorylation of PLB 

relieves SERCA inhibition, thus enhancing diastolic relaxation and preload. Methods: 

Our Institutional Animal Care and Use Committee approved this research. Swine 

myocardia from 6 groups were flash-frozen immediately upon death or sacrifice. Groups 

1-6 received: (1) no medications, (2) HDI and glucose only, (3) toxic propranolol 

infusions and saline resuscitation, (4) toxic propranolol infusions and HDI resuscitation, 

(5) toxic verapamil infusions and saline resuscitation, (6) toxic verapamil infusions and 

HDI resuscitation. Groups 3-6 were resuscitated for 4 hours. Tissue samples from all 6 

Groups were analyzed by quantitative immunoblots, using antibodies to both 

unphosphorylated PLB (uPLB) and phosphorylated PLB (pPLB), to determine the total 

PLB content and the fraction of PLB phosphorylated. Results: There were no differences 

in either pPLB or total PLB in cardiac tissue among any of the 6 Groups. However, 

infusion of a pig with the β-adrenergic agonist, isoproterenol, produced enhanced PLB 

phosphorylation. Conclusion: The mechanism by which high-dose insulin produces its 

inotropic and lusitropic effects in CCB- and BB-induced cardiovascular toxicity, resulting 

in resuscitation, is not due to changes in phosphorylation of PLB or a change in the total 

PLB in the sarcoplasmic reticulum (SR). 
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3.2 Introduction  
High-dose insulin (HDI) is an accepted treatment modality in calcium channel 

blocker (CCB) and beta-blocker (BB) toxicity [135, 136]. Insulin is a well-known cardiac 

inotrope, and when used in the setting of CCB- and BB-induced cardiotoxicity, this effect 

is potent [137, 138]. The inotropic effects of insulin have been demonstrated in cardiac 

ischemia, cardiac surgery, and in sepsis-induced myocardial dysfunction [139-141]. 

Insulin also has positive effects on ventricular, diastolic relaxation (lusitropy) without 

changing myocardial oxygen requirements. In the systemic, pulmonary, and coronary 

vasculature, insulin functions as a vasodilator [142, 143]. The intracellular mechanisms 

of inotropy and lusitropy are unknown. In a canine model of verapamil toxicity, high-

stressed myocardium heavily favored glycolysis over β-oxidation of the usual fatty acid 

substrate, to meet energy demands [138]. Insulin promotes cellular glucose uptake by 

activating glucose transporters on the cell membrane. Insulin increases glucose as an 

energy substrate during stress to improve myocardial energy production by: activating 

calcium and potassium channels, regenerating cytosolic ATP levels and enhancing 

aerobic metabolism [144]. 

Previous studies have shown that phospholamban (PLB) is the primary regulator 

of calcium uptake into the cardiac sarcoplasmic reticulum (SR), because it controls the 

cardiac calcium pump (SERCA2a), responsible for 70% of calcium uptake in humans 

[145]. In its unphosphorylated state, PLB inhibits SERCA2a, but phosphorylation of PLB 

relieves this inhibition. Increased SERCA function produces increased uptake of 

intracellular calcium into the SR, which promotes ventricular relaxation during diastole, 

and results in higher SR calcium stores [6]. The enhanced stretch of sarcomeres in 

diastole allows for increased pre-load, which may directly increase inotropy. Higher SR 

calcium stores allow for increased calcium release during contraction, also enhancing 

inotropy. PLB phosphorylation is primarily regulated via β-adrenergic stimulation of 

cAMP dependent PKA and Ca++/calmodulin-dependent protein kinase [11, 145].  

The phosphatidyl inositol 3-kinase (PI3K) pathway is one of the three major 

intracellular signaling pathways affected when insulin binds to its cell-surface receptor. It 

has recently been shown that verapamil toxicity can deregulate the PI3K pathway, and 

that HDI can re-activate the PI3K pathway, provided that insulin dosage far exceeds 

physiologic concentrations [146]. Cross-talk between the cAMP/PKA pathway and the 

PI3K pathway has also been shown [147]. It is unknown whether the inotropic/lusitropic 
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mechanism of HDI in CCB or BB toxicity is mediated ultimately by PLB phosphorylation 

and subsequent restoration of the cardiac, calcium pump (SERCA) activity [148]. 

Therefore, in the present study, we have used quantitative immunoblots, employing 

antibodies to both phosphorylated and unphosphorylated PLB, to determine whether 

HDI treatment, in these states of cardiogenic shock, is mediated by phosphorylation of 

PLB.  Phosphorylation of PLB should result in positive downstream effects, including 

increased SERCA activity, greater calcium stores in the sarcoplasmic reticulum during 

relaxation, greater calcium transients in the cytosol during contraction, increased 

diastolic lusitropy and increased systolic inotropy. In previous studies, negligible 

changes in levels of PLB phosphorylation were detected in isolated pig SR membranes, 

subject to various cardiac challenges [149, 150]. However, it is possible that the time 

required to isolate SR membranes in these studies allowed endogenous phosphatase 

activity to mask changes in PLB phosphorylation. Therefore, in the present study, we 

analyzed flash-frozen tissue that was rapidly processed in the presence of phosphatase 

inhibitors, and we used positive controls to validate these procedures. 
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3.3 Methods  
Surgical Protocols  

Our Institutional Animal Care and Use Committee approved this research. 

Healthy, 12-week, Yorkshire pigs, weighing 27-35 kg, were sedated and anesthetized, 

during the entire protocol. Instrumentation included placement of a tracheostomy tube 

for ventilation, a pulmonary artery catheter placed via an internal jugular vein, femoral 

arterial and venous catheters, and another catheter in the urinary bladder. This enabled 

continuous cardiac output measurements, as determined by the thermodilution 

technique, as well as pulmonary artery and central venous pressure measurements. 

Arterial blood gas, pH, and mean arterial pressure were continuously monitored, and 

pCO2 was maintained near the baseline value. Nitrous oxide and isoflurane anesthesia 

were titrated by monitoring both reflexes and bi-spectral analysis values, to minimize 

cardiac depression. The heart was immediately harvested at the first of two events: 

mortality or the end of a 4-hour resuscitation protocol. Within 5 minutes, representative 

samples from the aorta, the walls of the left and right ventricles, and the intraventricular 

septum were flash frozen in liquid nitrogen, and stored at -80° C. A total of 12 pigs were 

divided into six groups, consisting of two each, as follows. 

 

Negative Controls 
Group 1 served as controls. These two pigs did not receive any medications, 

other than anesthesia for the purpose of harvesting tissue samples. Group 2 consisted 

of two pigs that received an insulin and glucose infusion for 4 hours. 2 units/kg/hr of 

insulin were infused at time zero, followed by an additional 2 units/kg/hr every 10 

minutes, until a maximum of 10 units/kg/hr of insulin was reached, at 40 minutes. 

Glucose, in the form of D50, was infused and titrated to maintain this level at 60-120 

mg/dl. Group 2 samples served as an additional control, and allowed us to study the 

effects of high-dose insulin and glucose, on normal pig hearts. 

 

Reversal of Propranolol Toxicity with HDI-mediated Resuscitation 
Group 3 and 4 both consisted of 2 pigs that received propranolol, but Group 3 

was resuscitated with saline while Group 4 was resuscitated with HDI. An initial bolus of 

propranolol (0.5mg/kg) was administered. Then, propranolol was infused at 



32 

 

 

0.25mg/kg/min until toxicity was reached. Toxicity was defined as the time when the 

product of the heart rate (HR) and mean arterial pressure (MAP) decreased to 75% of 

the baseline product. At this point, the propranolol infusion rate was decreased to 

0.125mg/kg/min, to simulate continued absorption of an oral overdose. In both groups, a 

normal saline resuscitation bolus of 20ml/kg of 0.9% saline was administered, over the 

next 10 minutes. This methodology has been used in previous models [137]. Group 3 

continued a baseline saline resuscitation for 4 hours. However, HDI infusion replaced 

the saline in Group 4, titrating from 2 to 10 units/kg/hr. Glucose, in the form of D50, was 

infused and titrated to maintain a concentration of 60-120 mg/dl (as outlined in Group 2) 

and continued, until the first of death or 4 hours.  

 

Reversal of Verapamil Toxicity with HDI-mediated Resuscitation 
Group 5 and 6 both consisted of 2 pigs that received verapamil, but Group 5 was 

resuscitated with saline while Group 6 was resuscitated with HDI. In both groups, a 

verapamil bolus of 0.5 mg/kg/hr was increased by 0.5 mg/kg/hr every 10 minutes until 

the point of toxicity, defined as in Groups 3 and 4. At this time, the infusion rate was 

decreased by 50%. In both Groups, a normal saline resuscitation bolus of 20ml/kg of 

0.9% saline was administered, over the next 10 minutes. Group 5 continued with a 

baseline saline infusion, until the first of death or 4 hours. Group 6 was given an insulin 

infusion, titrating from 2-10 units/kg/hr. Glucose, in the form of D50, was infused and 

titrated, with the goal of maintaining this level between 60-120 mg/dl, as outlined in 

Group 2 and Group 4, and continued until the first of death or 4 hours. 

 

Tissue Extraction 
Frozen tissues were extracted at 4oC in a buffer containing 2% SDS, 1mM PMSF, 

1mM Benzamidine, 10mM NaF, 1mM DTT, 1mM EDTA, 1mM EGTA and 50mM Tris-HCl 

(pH 7.2). 2nM calyculin was added to extraction buffer just prior to use. 1g of tissue was cut 

with a knife, and homogenized in 5mL of extraction buffer with a polytronic homogenizer. 

The homogenates were centrifuged at 15,000g (11,200 rpm in an SS-34 rotor) for 10 

minutes, and the protein-containing supernatant was stored at -20oC (short-term), and at 

-80oC (long-term). This extract represented more than 60% of the total protein, as 

measured by the biuret assay, using bovine serum albumin as a standard. 
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SDS-polyacrylamide Gel Electrophoresis (SDS-PAGE) and Western Blot 
Electrophoresis was carried out on a Criterion apparatus (Bio-Rad), on 15% 

polyacrylamide, containing 0.1% SDS slab gels (1.5mm thick), using the discontinuous 

buffer system of Laemmli [151]. Samples (40µg) were mixed in a 1:1 ratio with sample 

buffer (125mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 10% β-mercaptoethanol, 0.01% 

bromophenol blue), and boiled for 2 min. before loading the sample on the gel. 

Standards of unphosphorylated PLB (uPLB) and S16-phosphorylated PLB (pPLB) were 

prepared by solid-phase peptide synthesis [152]. Prestained, broad- range protein 

molecular weight SDS-PAGE standards (Bio-Rad), with molecular mass ranging from 7 

to 205 kDa, were used as standards. The samples were electrophoresed at constant 

voltage (100V), for 80 min. 

 

Western Blot Detection of Phospholamban 
The proteins separated by electrophoresis were electro-transferred to PVDF 

membranes (Bio-Rad), according to the method of Towbin et al [153]. The western blot 

transfer was performed in the presence of Tris-glycine buffer (25mM Tris, pH 8.3, and 

192mM glycine, containing 10% methanol), in a Transblot cell (Bio-Rad), at 280 mA 

constant current, for 50 min at 4°C. The membranes were blocked with 2% non-fat dry 

milk, for 1 hour, and then washed for 10 minutes, 3 times, with PBS, containing 0.1% 

Tween 20. The membranes were incubated with either of two primary antibodies, 1D11Ab 

or 285Ab, in blocking buffer. Anti-PLB monoclonal antibody 1D11, binds both 

phosphorylated and unphosphorylated PLB. Anti-phosphoserine PLB polyclonal antibody 

285, which only binds PLB phosphorylated at serine 16. Both were produced and purified 

as described previously [154]. 1D11Ab or 285Ab (7.2mg/mL) was diluted between 

1:2000 and 1:3000. After 1 hour incubation, excess primary antibody was washed for 10 

minutes, 3 times, with PBS, containing 0.1% Tween 20. The blots were subsequently 

incubated with secondary antibodies. 1D11 was incubated with 1mg/mL stock solution of 

horseradish peroxidase-conjugated goat anti-mouse IgG (H+L)-HRP (Southern Biotech. 

Associates, Inc.), diluted between 1:1000 and 1:2000, in blocking buffer, without sodium 

azide, for 1h, at RT. 285Ab was incubated with goat anti-rabbit IgG –HRP (Sigma), 

diluted between 1:1000 and 1:2000, in blocking buffer, without sodium azide, for 1h, at 

RT. Excess secondary antibody was washed for 10 minutes, 3 times, with PBS, containing 

0.1% Tween 20. The antigen-antibody complexes were visualized by staining for 
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peroxidase activity with 3, 3’ diamino-benzidine tablets (DAB) (Sigma), as a substrate. The 

color-reaction was stopped by washing with deionized water. The immunoblots were 

scanned by a densitometer, using the reflectance mode, and the bands were quantitated 

using the volume (area x density) analysis method. 

 

3.4 Results 
Validation of Methodology 

We first performed control experiments to demonstrate that we can detect uPLB 

and pPLB in porcine cardiac tissue. Synthetic, unphosphorylated PLB (uPLB) and 

phosphorylated PLB (pPLB), were used as standards (first six lanes of Fig. 21). 285Ab 

only detects pPLB (Fig. 21 top), while 1D11Ab detects both uPLB and pPLB, with a slight 

preference for uPLB (Fig. 21, bottom). Both antibodies have approximately linear 

sensitivity in the range of 6 to 25 ng of PLB.  Thus, 285Ab and 1D11Ab provide accurate 

measures of pPLB content and uPLB content, respectively. Our ability to detect both forms 

of PLB in porcine cardiac tissue is 

illustrated in the right two lanes of Fig. 21, 

which represent samples taken from the 

right ventricles of control pigs. For the pig 

that was given no medications (“-“), 

negligible pPLB, equal to or below the 

background, was detected (Fig. 21, top), 

but the total PLB was substantial (Fig. 21, 

bottom, 17.50 ng PLB/μg). Thus, less 

than 1% of PLB was phosphorylated, for 

the pig receiving no medications. As a 

positive control, another pig was given 

isoproterenol, which is known to induce 

phosphorylation of PLB via the β-

adrenergic receptor, with downstream 

signaling through protein kinase A (PKA) 

[155, 156]. The pig received isoproterenol 

5 µg/min for two hours, resulting in the 

+pPLB
285Ab

1D11Ab

right ventricle                                 
uPLB   

 
Fig. 21: Western immunoblot, isoproterenol control.  
Primary antibodies are 285Ab (top, specific for pPLB) 
and 1D11Ab (bottom). Lanes 1-6 are synthetic uPLB 
and pPLB standards (6 ng, 12 ng and 25 ng). For tissue 
samples, “-“ indicates no medications, while “+” 
indicates isoproterenol administration (see text). 
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HR increasing from 90 to 175/min. The pig was sacrificed, and the cardiac tissues were 

harvested and analyzed, as described in Methods. Isoproterenol had no significant effect 

on the total amount of PLB, in the right ventricle (Fig. 21, bottom right, “+”), but it did 

produce a significant level of pPLB (Fig. 21, top right, “+”), corresponding to 1.1 ng/μg total 

protein, showing that 6.25% of the PLB was phosphorylated.  

 

Pig Survival Data 
Although survival was not a study aim, both pigs in Group 2 (insulin and glucose 

alone) survived for 4 hours. In Group 3 (propranolol and saline), one pig died after 86 

minutes of resuscitation and the other survived for 4 hours. In Group 4 (propranolol and 

HDI), both pigs survived for the total 4 hours of resuscitation. In Group 5 (verapamil and 

saline), both pigs died; one at 60 minutes, the other after 105 minutes of resuscitation. In 

Group 6 (verapamil and HDI), one pig survived the 4-hour resuscitation. The other died 

at 210 minutes. In summary, 3 of the 4 pigs resuscitated with HDI survived, and 1 of the 

4 saline-resuscitated pigs survived. 

 

Resuscitation from Cardiogenic 
Shock  

Fig. 22 demonstrates results of 

the average cardiac output measured 

for two pigs from each group during 4 

hours of resuscitation. Time “0” on the 

X-axis is the point of toxicity as 

defined in methods, and the data from 

each group was standardized to 100% 

(baseline) for easier interpretation of 

the data. Group 1, given no 

medications, is not shown, because it 

was used to establish the baseline for 

pPLB in Fig. 23 and not to establish 

baseline cardiac output. The cardiac 

output control (Group 2, Fig. 22, black) was given only HDI and glucose, without induced 
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Fig. 22: HDI improves cardiac output after toxicity.  
 Cardiac output (L/min), expressed as % of the value at 
time 0 (point of toxicity, as defined in text), at which 
resuscitation was begun with either saline (open symbols) 
or HDI (closed symbols). Black: control (HDI and glucose 
only). Red: toxicity induced by propranolol. Cyan: toxicity 
induced by verapamil. 
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toxicity. Groups 3 and 4 (red) show that propranolol induces severe toxicity, which is 

reversed by HDI/glucose resuscitation, as reported previously [137]. The curve for Group 

3 (red, open circles) is likely high, due to inadvertent excess saline administration, during 

resuscitation phase, in one of these pigs. Groups 5 and 6 (cyan) show that verapamil 

induces severe toxicity, which is reversed by HDI/glucose resuscitation. The results 

show clearly that resuscitation with high-dose insulin can rescue porcine myocardia from 

BB- and CBB-induced cardiogenic shock, as evidenced by the return of cardiac output to 

a level comparable to that of controls. 

 

 

Immunoblots from Groups 1-6. 

 

 

  

 

  
 

*     **      
uPLB                     pPLB right ventricle

A

B

C

pPLB right ventricle

*     **      

285Ab              B 1D11Ab                      B

 

Fig. 23: Western immunoblots of samples in Groups 1-6. Left: 285Ab.  
 Right (285Ab as shown in Fig. 21).  Lanes 1-3: synthetic pPLB standards. Right: 1D11Ab, Lanes 1-3, 
synthetic uPLB standards. Lanes 4-6, synthetic pPLB standards. For right ventricular tissue samples, A: * 
normal control (Group 1), ** insulin and glucose (Group 2). B: * * propranolol only (Group 3), ** propranolol and 
insulin (Group 4), C: *verapamil only (Group 5), ** verapamil and insulin (Group 6). 
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Immunoblots were performed on harvested cardiac tissues. Because PLB content 

was consistently found to be highest in the right ventricle, analysis focused on those 

samples. The total PLB content, measured with 1D11Ab, was essentially unchanged (4.4 

ng/µg) by any of the treatments (Fig. 23, right). Tissues were evaluated for their pPLB 

content by immunoblot, with Ab285 (Fig. 23, left). Fig. 23A shows that phosphorylated 

PLB (pPLB) was not significantly above background, in the samples corresponding to 

Group 1, normal control (*), and Group 2, insulin plus glucose (**). Fig. 23B shows that 

there was no change in pPLB after either inducing cardiogenic shock with propranolol (*), 

Group 3, or treating propranolol-induced shock with HDI (**), Group 4. Similarly, Fig. 23C 

shows that there was no change in pPLB after either inducing cardiogenic shock with 

verapamil (*), Group 5, or treating verapamil-induced shock with HDI (**), Group 6. Similar 

results were obtained for the other four tissues studied.  In summary, propranolol-induced 

cardiogenic shock, verapamil-induced cardiogenic shock, and HDI-mediated reversal of 

cardiogenic shock all failed to affect PLB content or PLB phosphorylation. 

In light of the surprising observation that pPLB was observed only in the case of 

isoproterenol treatment (Fig. 21), we performed control experiments to determine 

whether the results were affected by phosphatase activity during tissue extraction. 

Synthetic pPLB (25 ng) remained reactive to antibody 285 even after 1 hour incubation 

with tissue-extract-containing phosphatase inhibitors at 37○C (not shown). Thus, PLB 

phosphorylation was not masked by endogenous phosphatase activity.   

 

3.5 Discussion 
Several previous studies have sought to determine the underlying mechanisms of 

the inotropic properties of insulin therapy on the heart. Initial work, looking at these effects 

in toxicity-induced myocardial depression from CCB and BB toxicity, has focused on 

myocardial energy-substrate mechanisms, including glucose and lactate uptake, and 

pyruvate dehydrogenase activation. Under normal conditions, the heart uses primarily free 

fatty acids, which account for 80% of ATP production [157]. Under conditions of stress, 

glucose becomes the preferred substrate. Insulin, in high doses, dramatically increases 

intracellular glucose transport in cardiogenic shock, and is associated with increased 

inotropy [158]. This process is activated by mitogen-activated protein kinase, a major 

intracellular insulin-signaling pathway [146]. Translocation of GLUT 4 complexes to the 

cellular membrane is induced by insulin by both GTPaseTC10 activity and the PI3K 
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pathway [159]. Glucose can also be transported into myocardial cells by the less abundant 

GLUT 1, which is not insulin sensitive, and allows for glucose uptake, in the absence of 

insulin [157]. Previous work in BB-toxic pigs, demonstrating insulin in doses up to 10 

units/kg/hour, markedly increases cardiac output to levels greater than measured in the 

resting, pre-toxic state, led our group to hypothesize that mechanisms other than energy-

substrate and metabolism may be involved in this process [137]. 

 Intracellular calcium is essential for cardiac, electrical activity, and is the direct 

activator of the myofilaments that cause myocardial contraction. Events that lead to calcium 

mishandling in the cell are primary causes of contractile dysfunction in the heart [11]. The 

abrupt rise in free, intracellular calcium comes primarily from Ca++ influx, through the L-type 

calcium channels, during the action-potential. This triggers calcium release from the 

sarcoplasmic reticulum, through its release channels, the ryanodine receptors (RyR). 

Ventricular relaxation is primarily under control of PLB, which regulates the uptake of free 

calcium, back into the SR, by SERCA2a. The most direct and potent control of PLB is 

through activation of the β-adrenergic receptor, by which adenyl cyclase increases cyclic 

AMP (cAMP). cAMP, in turn, activates protein kinase A (PKA) [160]. PKA phosphorylates 

several proteins, including PLB, RyR, L-type calcium channels and troponin I. 

Phosphorylation of PLB is the predominant mechanism of increased lusitropy, mediated by 

accelerating SR calcium uptake [161]. PLB phosphorylation increases inotropy by 

recovering the function of SERCA2a, which pumps calcium into the SR from the cytosol, 

thus increasing SR calcium stores. When calcium stores are released, during muscle 

contraction, the calcium transient is increased, with a resultant increase in the force of 

cardiac contraction.  

 Activation of the β-adrenergic receptor, with subsequent activation of PKA and 

phosphorylation of PLB at Serine-16, results in relief of SERCA inhibition [160]. PLB can 

also be phosphorylated at Threonine-17, in response to activation of Ca++/calmodulin-

dependent kinase II, which may also be modified by β-adrenergic stimulation [114, 160]. 

However, serine-16 is the predominant site of PLB phosphorylation, both at baseline and 

after cardiac challenge [150, 154]. 285Ab is specific for phosphorylation of 

phospholamban at serine-16. Future studies with antibodies specific for threonine-17 

phosphorylation will be illuminating. 
 Cross-talk between the PI3K and the cAMP/PKA pathway has been established 

[162]. Moreover, the effect of PI3K signaling on cardiac contractility may require activation 
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of the cAMP/PKA pathway [147]. Conversely, inhibition of PI3K signaling does not appear 

to have any effect on β1 receptor-mediated PLB phosphorylation at Serine-16 by 

cAMP/PKA. Enhanced PI3K signaling does appear to have an anti-adrenergic effect on β1-

induced calcium influx through L-type Ca++ channels [147]. The nature of this interaction in 

the BB- or CCB-toxicity model, as in the present study, is unknown. We assumed that if 

high-dose insulin impacted upstream events, such as the PI3K pathway or other 

signaling cascades, it would be reflected in the downstream phosphorylation of PLB.  

Our results clearly demonstrate that the mechanism through which HDI exerts its 

inotropic and lusitropic effects is not mediated by phosphorylation of phospholamban at 

serine-16 Fig. 23. Similarly, negligible changes in levels of pPLB were detected in 

isolated, pig SR, subject to other cardiac challenges [149, 150]. There was no serine-16 

PLB phosphorylation in any of the HDI-resuscitated pigs, whether made toxic by BBs or 

CCBs Fig. 23. Despite these negative results in Groups 1-6, cardiac tissue was obtained 

to compare the effect of a known activator of the β1-adrenergic receptor, isoproterenol, 

alone Fig. 21. This result validates the methodology used. PLB phosphorylation was 

detected, indicating the undetectable P-serine-16 in Groups 1-6 was a valid result (Fig. 

21). It is remarkable that no pPLB was detected in any cardiac tissue samples (Fig. 23), 

except for those treated with isoproterenol (Fig. 21). However, this observation is 

consistent with the literature, in which quantitative measures of PLB phosphorylation are 

rare, and the highest reported value for the baseline level is 4% phosphorylation of PLB 

in ferret myocardia, which increase to 13% upon isoproterenol administration [120].  

 

3.6 Conclusions 
Neither phosphorylation of PLB (at serine-16) nor change in total PLB content is 

the mechanism by which high-dose insulin exerts its inotropic and lusitropic effects, in 

CCB- and BB-induced cardiovascular toxicity. Thus, it is unlikely that these resuscitative 

effects are mediated by the cAMP/PKA pathway, either directly or indirectly, through 

cross-talk with the PI3K pathway. 
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Chapter 4: Accurate Quantitation of Phospholamban 
Phosphorylation by Immunoblot 
 

4.1 Summary  
We have developed a quantitative immunoblot method to measure the mole fraction 

of phospholamban (PLB) phosphorylated at Ser16 (Xp) in biological samples. In 

cardiomyocytes, PLB phosphorylation activates the sarcoplasmic reticulum calcium 

ATP-ase (SERCA), which reduces cytosolic Ca++ to relax the heart during diastole. 

Unphosphorylated PLB (uPLB) inhibits SERCA at low [Ca++] and phosphorylated PLB 

(pPLB) is less inhibitory, so myocardial physiology and pathology depend critically on Xp. 

Current methods of Xp determination by immunoblot provide moderate precision but poor 

accuracy. We have solved this problem using purified uPLB and pPLB standards, 

produced by solid-phase peptide synthesis. In each assay, a pair of blots is performed 

with identical standards and unknowns, using antibodies partially selective for uPLB and 

pPLB, respectively. When performed on mixtures of uPLB and pPLB, the assay 

measures both total PLB (tPLB) and Xp with accuracy of 96% or better. We assayed pig 

cardiac SR and found that Xp varied widely among four animals, from 0.08 to 0.38, but 

there was remarkably little variation in Xp/tPLB and uPLB/SERCA, suggesting that PLB 

phosphorylation is tuned to maintain homeostasis in SERCA regulation.  

 

Keywords: Phospholamban, phosphorylation, SERCA, heart failure, western blot, Xp 
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4.2 Introduction 
Phospholamban Phosphorylation and Heart Disease 

Heart disease is the number one cause of mortality in the United States across all 

demographics, and the incidence is rising [4]. In cardiac sarcoplasmic reticulum (CSR), 

phospholamban (PLB) phosphorylation acts as a molecular switch that activates SERCA 

(SR Ca-ATP-ase). Active SERCA increases the calcium gradient across the SR during 

diastole [6], accelerating relaxation and leading to a more forceful systolic contraction 

[11]. In the presence of unphosphorylated PLB, SERCA is inhibited at submicromolar 

Ca++, but beta adrenergic phosphorylation of PLB relieves this inhibition [163-166]. 

Because SERCA activity is reduced in many instances of heart failure [148, 167, 168], 

SERCA activation is a widely pursued goal for development of new therapies [108]. 

SERCA inhibition can be relieved by PLB phosphorylation, either at S16 by β-adrenergic 

activation of PKA [164, 169-171] or at T17 by CaMKII [164], but S16 phosphorylation is 

more important physiologically [54, 114, 120, 150]. In heart failure, phosphorylation of 

PLB may be reduced [168, 172], thus it is desirable to increase the fraction of PLB that is 

phosphorylated (Xp) so that SERCA remains in its active state. PLB phosphorylation at 

S16 has been examined [6], mimicked [98-100, 173], and altered [55, 174], with the goal 

of developing therapies for heart failure, but the rational development and testing of 

these therapies is limited because PLB phosphorylation has not been measured 

accurately in biological systems. In the present study, we have solved this problem. 

Quantitation of Xp in healthy versus failing myocardium is needed to establish 

correlations between PLB phosphorylation and cardiac function. These correlations will 

aid in development of prognostic indicators for differential diagnosis and in treatment of 

heart failure. For example, it has been shown that the R9C mutation in PLB leads to 

dilated cardiomyopathy [175]. This mutation hinders binding to PKA, thus decreasing 

phosphorylation [42], but this effect has not been defined in a quantitative measurement 

of Xp, so its role in the disease mechanism remains unclear. Thus Xp measured from 

biopsied heart tissue (from animal models or patients) would provide crucial insight into 

the etiology and stages of heart failure, and into the efficacies of therapeutic 

interventions. 

There is one method that has been shown to measure Xp accurately – quantitation of 

radioactivity after reaction of PLB with γ-32P-ATP in the presence of PKA [123]. However, 

this method requires an accurate measurement of total PLB (tPLB), and it is limited in 
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accuracy by the unknown basal phosphorylation state of PLB in most tissue samples. 

Thus it has usually been used accurately only to analyze simple systems containing 

purified proteins [32]. It seems clear that a method involving quantitative immunoblots is 

the method of choice. 

 

Existing Methods Lack Accuracy 
However, the properties of PLB have prevented accurate measurement of 

endogenous Xp by previous immunoblot/densitometry techniques. Phosphorylation of 

PLB causes only a very slight shift in SDS-PAGE, and this shift is complicated by the 

multiple oligomeric forms of PLB that are observed [32, 120, 123, 176]. The ideal 

solution would be a pair of antibodies specific for pPLB and uPLB, respectively. 

Fortunately, there is a commercially available antibody, designated Ab285, that is almost 

completely specific for pPLB [122]. Unfortunately, an antibody that is completely specific 

for uPLB has not been reported. Instead, commercial antibodies that bind uPLB cross- 

react with pPLB to varying degrees [41, 122, 154, 177]. For example, Ab1d11 [120, 122, 

145], AbA1 [178] [179], Ab8A3 [41] [180], and Ab2D12 [177] all bind both uPLB and 

pPLB, with different degrees of selectivity [177].  

As we show below, antibodies that are completely specific for uPLB and pPLB are 

not strictly required for an accurate assay of Xp. The most important requirement is a 

source of reliable standards, of known purity and concentration, for both uPLB and 

pPLB, so that the selectivity of antibodies can be quantitated on immunoblot. Primarily 

as a result of this lack of reliable standards, previous Xp measurements have not been 

accurate. 

  

The Present Study 
We describe here a quantitative immunoblot method, involving the use of extremely 

pure synthetic standards for pPLB and uPLB that measures both Xp and tPLB with high 

accuracy and precision. In our approach, western blots with identical standards and 

samples were performed, one labeled with Ab285 (almost completely specific for pPLB) 

and the other with an antibody that is partially selective for uPLB. Following quantitative 

densitometry of the two immunoblots, a system of simultaneous equations is used to 

solve accurately for Xp. Using mixtures of standard samples of uPLB and pPLB, the 
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method is shown to be accurate (less than 5% error), and the method is then used to 

determine Xp in samples from pig cardiac sarcoplasmic reticulum. 

 

4.3 Methods 
PLB Standards 

Solid-phase peptide synthesis and HPLC purification were used to prepare porcine 

uPLB and pPLB standards with > 95% purity, as previously reported [25, 34, 133, 152]. 

PLB phosphorylation was accomplished by incorporation of p-Ser at position S16 as 

Fmoc-Ser(PO(OBzl)OH)-OH (EMD Chemicals) during peptide synthesis. 

Characterization was accomplished by mass spectrometry (MALDI-TOF) and Edman 

protein sequencing. [25, 34, 133, 152]. PLB concentrations were measured with the BCA 

assay (Pierce) [6, 25] and by amino acid analysis [25]. 

 

Antibodies  
Primary antibodies included Ab8A3 [41] [180] (gift from Diana Bigelow, University of 

Kansas), Ab2D12 [177] (Abcam, Cambridge, MA), AbA1[178] [179] (Millipore, Billerica, 

MA), and Ab285 [121] (Merck, Westpoint, PA). The first three were monoclonal mouse 

antibodies. Ab285 is a polyclonal rabbit antibody raised against a cytosolic fragment of 

pSer16-PLB. Fluorescent dye-conjugated secondary antibodies, used to visualize and 

quantitate immunoblots, were goat anti-mouse IR-800CW and goat anti-rabbit IR-680LT 

(LI-COR Biosciences). 

 

Electrophoresis and Western Blot 

PLB was dissolved in Laemmli buffer (Biorad) with 5% β-mercaptoethanol, separated 

by SDS-PAGE on 10-20% Tris-Tricine gels (Biorad) at constant voltage (120 V) for 90 

minutes at 25 oC, and transferred to 0.45 micron Immobilon-FL PVDF membranes 

(Millipore) in Towbin transfer buffer [153] for 50 minutes at constant current (300 mA), 

blocked overnight in pure Odyssey blocking buffer (LI-COR Biosciences), and rinsed for 1 

minute in ddH2O. Membranes were then incubated in primary antibody for 1 or 2 hours (at 

concentrations recommended by the manufacturer) in blocking buffer consisting of 50% 
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Odyssey blocking buffer and 50% TBS containing 0.1% Tween 20 (TBST). The primary 

antibody was washed from each blot 3 times for 15 minutes with TBST, before adding 

secondary antibody at a dilution of 1:15,000 for 35 minutes. The membrane was then 

washed 3 times for 15 minutes with TBST, and the blots were stored in TBS. Proteins were 

detected and analyzed using LI-COR Odyssey, using the 700 nm channel for the IR-

680LT and the 800 nm channel for the 800CW (LI-COR Biosciences). Analysis by 

densitometry was accomplished with Odyssey software. The resolution was 169 μm and 

the focus offset was 0.0 mm. Boxes were drawn around an area that encompassed all PLB 

bands (monomeric and oligomeric). The background was local, determined as the average 

or median of the intensities at the top and the bottom of the box. The greatest linearity was 

obtained at a border width of 1 pixel. 

 

SERCA Quantitation  
10 mg of pig CSR was dissolved in 1mL of Laemmli sample buffer (Biorad) 

containing 4% β-mercaptoethanol, loaded on a 4-20% Tris-HCl gel and electrophoresed 

at 120V for 90 minutes at 25 oC. The gel was stained overnight with a solution containing 

0.1% coomassie brilliant blue, 40% methanol, 40% H2O, and 16% acetic acid, and then 

destained for 1 hour in a solution containing 20% methanol, 5% isopropanol, 10% glacial 

acetic acid and 65% H2O. The mass % of SERCA was calculated by densitometry with 

USCANIT software.  

 

Analysis of Pig Cardiac SR 
Pig cardiac SR was prepared from the ventricle of a fresh pig heart, placed on ice 

within 10 seconds of sacrifice, obtained from Lindenfelser’s Meats, Inc (Monticello, MN). 

One ventricle was dissected and homogenized in a blender with 250 mL of 

homogenization buffer containing 10 mM NaHCO3, 10 mM Tris-HCl (pH to 7.2 with 

KOH), 0.8 M Benzamidine, 1mg/L Aprotinin, 1mg/L Leupeptin, 1 M PMSF and 1mg/L 

pepstatin A. The homogenate was centrifuged at 4˚ C for 20 minutes at 11,000 x g 

(8,500 rpm in a JA-14). The pellets were discarded and the supernatant was filtered with 

cheese cloth. The volume of the supernatant was measured, and enough KCl was 

added to make a 0.6 M KCl solution, which was incubated at 4o C with gentle stirring for 
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1 hour, then centrifuged at 4 oC, for 45 minutes at 100,000 x g (36,000 rpm in Beckman 

45Ti rotor). The pellet was resuspended using a hand homogenizer, in 15 mL of sucrose 

buffer (10% sucrose, 20 mM MOPS and 1 mM NaN3, pH to 7.0 with KOH, 25 g/L 

aproprotinin, 25 g/L leupeptin, 50 g/L benzamidine, 0.1 M PMSF, and 0.1 g/mL pepstatin 

A) and centrifuged again for 45 minutes at 100 000 x g. The pellet was resuspended in 1 

mL sucrose solution per 40 g of wet weight of tissue with a hand homogenizer. The 

homogenate was then aliquoted into microfuge tubes (~0.5 mL/tube) flash frozen; and 

stored at -80 oC. Electrophoresis and immunoblots were carried out as described above.  
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Derivation of the Fraction of PLB Phosphorylated 
The measured intensity for one band in a western blot using antibody i is given by  

 Ii = Σεijck   Eq. 1 
Beer’s  

εij is a proportionality constant (fluorescence units per ng PLB) that describes the slope 

of the standard curve for uPLB (j = u) or pPLB (j = p). The variable ck is the 

concentration of uPLB (k = u) or pPLB (k = p) in the unknown sample. As shown below, 

calculating cu and cp requires that one antibody (i = a) preferentially binds uPLB, and the 

other antibody (i = b) preferentially binds pPLB, satisfying the condition εau > εap and εbu < 

εbp). Thus, for our system involving two species (uPLB and pPLB) and two antibodies (a 

partially selective for uPLB and b partially selective for pPLB), Eq. 1 expands to 

 
Ia = εaucu + εapcp  

Ib = εbucu + εbpcp 

Eq. 2 
Ia 

Solve for cu and cp:  

cu = [Ibεap-Iaεbp]/[εapεbu-εauεbp] 

cp = [Iaεbu-Ibεau]/[εapεbu-εauεbp] 

Eq. 3 
cPboth 

Calculate tPLB and Xp:  

tPLB = cp + cu 

Xp = cp/tPLB 

Eq. 4 
Xpboth 
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Statistical Analysis 
Statistical analysis was performed using Origin 8.1. For validation of the method, the 

accuracies of Xp and tPLB values, performed on known mixtures of standards, were 

calculated as Xp(app)/Xp and tPLB(app)/tPLB, so that 100% accuracy is given by a ratio 

of 1.00. Precision is expressed as the coefficient of variation (CV = standard 

deviation/mean). For analysis of true unknowns (pig CSR), values are reported as mean 

+ SEM, and one-way ANOVA was used to compare mean values, with a P-value of < 

0.01 considered significant. Exact values are reported for P ≥ 0.01. Slope correlation 

coefficients (from linear regression) are expressed as Pearson’s r. 
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4.4 Results 
Densitometry for Oligomeric Forms of PLB 

PLB has been shown to exist as a mixture of monomers and oligomers (mainly 

pentamers), in both native lipid bilayers and on SDS-gels [32, 120, 121, 134, 181], and 

oligomerization is enhanced by phosphorylation [32, 134]. Therefore, it is essential to 

determine the effect of the PLB oligomeric state on quantitation by western blot, since it 

is entirely possible that an antibody would bind less effectively to the five protomers in a 

PLB pentamer than to the isolated monomer. Fortunately, it has been shown that 

heating PLB samples to 100oC in SDS solution, just before electrophoresis, greatly 
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Fig. 24. PLB oligomeric state does not affect immunoblot intensity.  
Typical immunoblots and standard curves are shown for samples pre-heated to 100o (red) and unheated 
(blue) for uPLB (“u” on blots, circles on graphs) or pPLB (“p” on blots, squares on graphs) are shown for 
Ab285, Ab8A3, Ab2D12, and AbA1. Corresponding western blots are above each graph.  
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decreases the extent of oligomerization observed on the gel [176]. Therefore, PLB 

standard curves were analyzed by western blot with and without this pre-heating 

procedure (Fig. 24). Heating substantially decreased the extent of PLB oligomerization, 

but there was no significant effect on the observed immunoblot intensity from any of the 

antibodies (Fig. 24), demonstrating clearly that these immunoblot intensity values are 

independent of PLB’s oligomeric state. 
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Validation of Methodology 

Fig. 25 documents the accuracy and precision of our method. Each immunoblot 

(e.g., Fig. 25A) contains a complete set of synthetic standards (both uPLB and pPLB) 

and “unknown” mixtures. Fig. 25B shows how the proportionality constants (εij in Eq. 1) 

are determined from standard curves, quantifying each antibody’s sensitivity to uPLB 

and pPLB. For antibody a (Ab8A3, Ab2D12, and AbA1), εau > εap, confirming that 

antibody a prefers to bind uPLB over pPLB. Conversely, antibody b (Ab285) greatly 

prefers to bind pPLB (εbu < εbp) (Fig. 25B). Fig. 25C and Fig. 25D show that the values of 

Xp and tPLB, determined for the “unknown” mixtures from these blots using Eq. 4, are 

extremely accurate -- no more than 10% error in all cases. One-way ANOVA showed no 

significant variation among the mean values for Xp(app) or tPLB, for any of the antibody 

pairs 

0.00 0.25 0.50 0.75 1.00
0.8

0.9

1.0

1.1

1.2

 

 

 

0.00 0.25 0.50 0.75 1.00
0.8

0.9

1.0

1.1

1.2

 

 

X P
(a

pp
)/X

P

XP

uPLB       pPLB       0.00   0.25     0.50     0.75     1.00

Ab2D12

AbA1

Ab8a3

285

Antibody b

Antibody a

tP
LB

(a
pp

)/t
PL

B

uPLB       pPLB       0.00     0.25    0.50    0.75      1.00

0

20

40

60

80

0
1
2
3
4
5
6

0 5 10 15
0

20

40

60

80

0 5 10 15
0

5

10

15

 

 

 

 

 

 

 

 

   

 

PLB (ng)

285 8a3

2D12 A1

PLB (ng)

Ib

Ia
Ia

Ia

A B

C D

XP

εbu

εbp εau

εap

εau

εap

εau

εap

 

Fig. 25. Validation of the method used to determine Xp and tPLB.  
 (A) Western blots of 5, 10, and 15 ng of uPLB or pPLB standards, and 12 ng of uPLB/pPLB 
mixtures (duplicates) of known Xp (0.00 to 1.00, as indicated). (B) Typical standard curves from A for 
uPLB (squares) and pPLB (circles), from blots incubated with the indicated primary antibody. 
Resulting slopes (proportionality constants εij in Eq. 1 and Eq. 2) are indicated. (C) Accuracy and 
precision of Xp values: Xp(app)/Xp + SEM, for mixtures of known Xp. Antibody a is Ab8A3 (square), 
Ab2D12 (circle), AbA1 (triangle). (D) Accuracy and precision of tPLB values: tPLB(app)/tPLB + 
SEM, for the same mixtures as in C. 
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This high degree of both accuracy and precision is particularly remarkable in light of 

the large variability observed for the relative sensitivities of antibodies in separate blots 

(Table 2). Thus a key requirement of our method is that standards and unknowns are all 

run on each individual blot a or b, with identical standards and unknowns run on both 

blots a and b.   

 

Table 1. Accuracy of Xp and tPLB in known mixtures 

 Ab8A3 Ab2D12 AbA1 ANOVA 

Xp 0.98 ± 0.06 1.04 + 0.04 1.05 + 0.01 P = 0.98 

tPLB 1.10 ± 0.03 1.07 + 0.03 1.06 + 0.05 P = 0.07 

Note: Ab285 was used as the pPLB-selective antibody b. The uPLB-
selective antibody a is given in the top row. Values in columns 2 
through 4 indicate accuracy (apparent/actual) + precision (coefficient 
of variation = SD/mean). P > 0.01 indicates no significant variation (n 
= 8 measurements for each value of Xp for a total of 40). 

 

Table 2. KUP, antibody specificity 

Ab 
Kup n 

(blots) Mean CV 

285 0.033 129% 5 

8A3 7.47 47% 4 

2D12 4.59 36% 4 

A1 2.11 26% 4 

Note: KUP = εiu/εip, where i = a or b. CV = coefficient of 
variation = SD/mean). Primary antibody incubation times 
were varied from 1 to 2 h. 
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Potential Sources of Systematic Error 
Lack of uPLB and pPLB 

standards and assumptions made 

about antibodies create systematic 

errors in tPLB and Xp 

measurements. Without standards, 

accurate measurements cannot be 

made. When standards are used, 

Eq. 4 must be used to achieve 

accuracy, without simplifying 

assumptions. For example, if it is 

assumed that antibody a reacts 

equally with uPLB and pPLB (εau = 

εap) in determination of tPLB, tPLB 

is underestimated in the presence 

of any pPLB, which leads to 

overestimation of Xp (Fig. 26, Method 1). If it is assumed that antibody a is completely 

specific for uPLB (εap = 0), tPLB is systematically overestimated and Xp is systematically 

underestimated (Fig. 26, Method 2). If it is assumed that antibody b (Ab285) is 

completely specific for pPLB (εbu = 0), tPLB and Xp are both overestimated (Fig. 26, 

Method 3). In the current method Fig. 26, Method 4), all εij values were quantitatively 

included in calculations (Eq. 4). Our method returns Xp and tPLB accurately, with all 

three choices of antibody a, while the systematic errors in Methods 1-3 depend on the 

choice of antibody a (Fig. 26), due to different values of KUP (Table 2). 

 

 
 
 
 
 
 
 

1 2 3 4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5

1 2 3 4

 

 

 

 

  
 

Ap
pa

re
nt

/a
ct

ua
l

XPtPLB

Method Method  
Fig. 26. Comparison of methods for measuring Xp and 
tPLB for the same sample.  
 (Xp = 0.5). The line at 1.00 indicates the accurate value. The 
antibody a (partially selective for uPLB) was Ab8A3 (squares), 
Ab2D12 (circles), or AbA1 (triangles). Methods 1 through 4 and 
their assumptions are described in the text. Only Method 4 
(ours) returns accurate values for both tPLB and Xp.  
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Application to Pig Cardiac 
Sarcoplasmic Reticulum (CSR) 

Xp and tPLB were measured in 

cardiac sarcoplasmic reticulum 

prepared from 4 different pigs (Fig. 

27). Standard curves were used to 

calculate proportionality constants 

εij, and Eq. 4 was used to solve for 

Xp and tPLB. Mixtures of synthetic 

standards were used as controls 

(“Xp control”), yielding accurate 

values for Xp and tPLB (data not 

shown), verifying the results of Fig. 

25. Xp values were determined 

with high precision (SEM ≤ .01 for 

all four pig samples), but there was 

considerable variation among the 

four pigs, ranging from 0.08 ± 0.01 

to 0.38 ± 0.01 (Fig. 27, Table 3). 

Similarly, tPLB values were 

determined with high precision, but 

varied widely among the four pigs, 

from 3.32 + 0.01 nmol/mg to 13.0 + 

1.1 nmol/mg (Table 3). 

Concordantly, ANOVA showed that 

Xp and tPLB both showed 

statistically significant variation among the four pigs (Table 3). However, a striking linear 

correlation between Xp and tPLB was observed (Pearson’s r = 0.99), such that CSR 

containing higher levels of tPLB also have a higher Xp (Fig. 27B, Table 3).  

 We quantitated the SERCA content in the pig CSR samples using coomassie 

stain (data not shown). We thus obtained the molar concentrations of SERCA, as well as 

those of tPLB, uPLB, and pPLB in the four CSR samples. Combining these 

measurements, we determined the molar ratios of tPLB/SERCA, uPLB/SERCA, and 
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Fig. 27. Application to pig cardiac SR.  
 (A) Western blots of standards (2.5, 7.5 and 15ng), control 
mixtures (Xp = 0.25, 0.5 and 0.75), and 0.5µg of pig CSR from 
pigs 1-4 from left to right. (B) tPLB vs. Xp (C) PLB/SERCA 
ratios vs. Xp for uPLB, pPLB, and tPLB.  
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pPLB/SERCA (Table 3, Fig. 27C). For all four samples, the tPLB/SERCA ratio was 

consistently greater than 2 (as reported previously in rabbits and rats [180], and 

uPLB/SERCA was consistently greater than pPLB/SERCA. Both tPLB/SERCA and 

pPLB/SERCA showed statistically significant variation among the pigs (P < 0.01), but it 

is remarkable that uPLB/SERCA was essentially constant, showing no significant 

variation among the four pigs (P = 0.230) (Table 3, Fig. 27C). The Ca-dependence of 

SERCA enzymatic activity was also found to be essentially invariant among the four pigs 

(Table 3). 

 

4.5 Discussion 
We have established an immunoblot method for the measurement of Xp (the fraction of 

PLB that is phosphorylated at S16) and tPLB (the total PLB level). This method is 

extremely accurate (> 96% for Xp, > 90% for tPLB, as shown in Fig. 25 and Table 1 

Table 3 Application to pig CSR 

 Pig 1 Pig 2 Pig 3 Pig 4 Mean ANOVA 

Xp  0.08 + 0.01 0.14 + 0.01 0.23 + 0.01 0.38 + 0.01 0.21 + 0.03 P < 0.01 

tPLB (nmol/mg)  3.32 + 0.01 5.79 + 0.10 6.70 + 0.20 13.0 + 1.1 7.34 + 1.03 P < 0.01 

uPLB (nmol/mg) 3.07 + 0.08 4.98 + 0.08 5.18 + 0.18 8.09 + 0.69 5.48 + 0.52 P < 0.01 

pPLB (nmol/mg) 0.25 + 0.01 0.80 + 0.03 1.52 + 0.04 4.96 + 0.43 1.84 + 0.53 P < 0.01 

SERCA (nmol/mg)  1.48 + 0.01 2.22 + 0.01 2.03 + 0.01 3.74 + 0.04 2.37 + 0.24 P < 0.01 

pPLB / SERCA (mol/mol)  0.17 + 0.01 0.36 + 0.01 0.75 + 0.02 1.32 + 0.11 0.65 + 0.13 P < 0.01 

tPLB / SERCA (mol/mol) 2.25 + 0.05 2.60 + 0.04 3.31 + 0.09 3.48 + 0.14 2.91 + 0.14 P < 0.01 

uPLB / SERCA (mol/mol) 2.08 + 0.05 2.24 + 0.03 2.56 + 0.09 2.16 + 0.18 2.26 + 0.05 P = 0.230 

pKCa 5.90 + 0.01 5.88 + 0.04 5.87 + 0.06 5.89 + 0.01 5.88 + 0.01 P = 0.97 

Values are mean + SEM. P < 0.01 indicates significant variation among the four pigs. pKCa is the pCa value giving half-

maximal Ca-ATP-ase activity. n = 5 measurements per pig for all values except pKCa, where n = 2. 



55 

 

 

 

The key to the accuracy of this method is the use of purified synthetic standards of uPLB 

and pPLB, along with antibodies that are partially selective for each, and rigorous 

calculations (Eq. 4). Without these features, substantial systematic errors result (Fig. 26).  

When the method was applied to pig CSR obtained from different animals (Fig. 27), 

the Xp values were observed to be quite variable, ranging from 0.08 to 0.38 for four 

animals. Values of tPLB also varied widely, but there was a remarkably precise linear 

correlation between tPLB and Xp (Fig. 27B). We also measured SERCA content and used 

it to calculate PLB/SERCA ratios. While pPLB/SERCA and tPLB/SERCA varied widely, 

there were no significant variations in uPLB/SERCA among the four pigs (Fig. 27, Table 

3). The regulation of SERCA by PLB, as indicated by Ca dependence of ATP-ase activity, 

was also invariant among the four pigs (Table 3, pKCa). 

 

Features of Our Method 
The key features of our method are calibration within each immunoblot and a 

rigorously accurate calculation of Xp and tPLB with Eq. 4, which combines two 

immunoblots. Calibration requires that both uPLB and pPLB standards of known 

concentration and phosphorylation state are available to generate standard curves and 

determine a unique set of proportionality constants for each blot. Due to variability of KUP 

among immunoblots (Table 2), standards and samples must be run on the same blot. In 

order to use Eq. 4 to calculate Xp and tPLB reliably, the two blots (a and b), must have 

identical standards and unknowns, and blots a and b must be incubated with two 

antibodies with opposite selectivity for uPLB and pPLB. If any of these features are 

missing, differences in antibody selectivity and sensitivity of isolated experiments 

introduce systematic errors into Xp(app) and tPLB(app) calculations Fig. 26. Indeed, 

most measurements of PLB phosphorylation have lacked standards for uPLB and pPLB, 

so measurements were relative, inherently lacking accuracy [94, 113, 114, 116, 117, 

119]. For example, a sample that has 4 times more phosphorylation than a control may 

represent an increase from 0.03 to 0.12 (probably having little physiological effect) [120] 

[155]or from 0.25 to 1.00 (probably having a substantial physiological effect) [119]. There 

is only one paper in the literature in which standards of both uPLB and pPLB were used, 

along with a pair of antibodies with differential sensitivity, but that study did not attempt 

quantitative calculations such as those in Eq. 4 [154]. Even with standards, Fig. 26 
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illustrates how assumptions about antibody selectivity can lead to systematic errors in 

determination of both tPLB and Xp. 

This study focused on PLB phosphorylation at S16 because that site is more important 

physiologically than T17 [114], due mainly to the lower level of phosphorylation at T17 

[120]. Phosphorylation of PLB at T17 must be potentiated by S16 phosphorylation ([182]), 

and T17 phosphorylation has negligible effect after S16 has been phosphorylated [123]. 

Nevertheless, this method has the capacity to measure PLB phosphorylation at T17, using 

an antibody that is selective for T17-pPLB (commercially available from Santa Cruz 

Biotechnology, Inc. CA, USA, or Badrilla Ltd, Leeds, UK,), and threonine-17-

phosphorylated pPLB synthetic standard. 

 

Application to Biological Membranes 
We have used our method to make the first accurate measurements of Xp and tPLB 

in biological samples. We found that the fraction of phosphorylated phospholamban (Xp) 

in pig CSR is variable, ranging from 0.08 + 0.01 to 0.38 + 0.03 (Table 3). Note that even 

the greatest Xp value was less than 0.5, leaving considerable reserve for response to β-

adrenergic stimulation or response to phosphomimetic therapies [183]. The total PLB 

level, tPLB, was also quite variable, ranging from (3.32 + 0.05 nmol/mg total protein) to 

(13.0 + 1.13 nmol/mg total protein) (Table 3). Despite the wide variation in Xp and tPLB 

among the pigs, the ratio of Xp to tPLB was essentially constant (Fig. 27B), suggesting 

that PLB phosphorylation increases in order to compensate for the inhibitory effects of 

high PLB expression. To further explore this hypothesis, we measured SERCA content 

in the same pig CSR samples, then calculated molar ratios tPLB/SERCA, uPLB/SERCA 

and pPLB/SERCA (Table 3). Differences in tPLB/SERCA, pPLB/SERCA and Xp were all 

statistically significant among the four pigs (P < 0.01), as was the difference in SERCA 

content (P < 0.01), but uPLB/SERCA did not vary significantly among the four pigs, over 

a wide range of Xp and SERCA measurements (Fig. 27C, Table 3). Similarly, the Ca-

dependence of SERCA ATP-ase activity was essentially invariant (Table 3). These 

results suggest that myocytes in non-failing myocardium maintain SERCA activity by 

keeping uPLB/SERCA within a narrow range. Future studies are needed to test this 

hypothesis more rigorously. For example, freshly harvested tissue should be 
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homogenized and analyzed quickly, using phosphatase inhibitors to ensure that the 

phosphorylation status of PLB is captured accurately [114]. 

 

Potential Applications to Research in Physiology and Pathology 
Now that we can quantitate cu, cp, Xp, tPLB, and SERCA with accuracy and 

precision, many questions concerning the role of PLB in cardiac function and pathology 

can be addressed more quantitatively to evaluate their roles in cardiovascular physiology 

and pathology. This method should standardize Xp and tPLB measurements across 

studies, even if the blots are performed in different laboratories, where the choice of 

primary antibodies and other experimental conditions may vary. The accuracy of our 

method should normalize Xp and tPLB values across animal systems, sample 

preparations, disease states, and therapies so that cross-study comparisons can be 

made. With this method in hand, it is possible to test the hypothesis that the 

uPLB/SERCA ratio increases in heart failure, resulting in decreased SERCA activity 

(increased pKCa) [123]. Thus significant increases in uPLB/SERCA ratio may be a useful 

biomarker for heart disease and/or response to therapy in animal models of heart failure. 

The variation in Xp and tPLB (Fig. 27) suggests that it is uPLB/SERCA that should be 

measured in these models, providing reference values for comparisons during diagnosis 

and over the course of treatment.  

 

Potential Clinical Applications 
Our method has potential for clinical applications to assess changes in Xp in human 

cardiac tissue, in response to current treatments such as β-adrenergic agonists, Ca++ 

channel blockers, phosphodiesterases, and future treatments in gene and drug therapy. 

Since milligram quantities of tissue are sufficient for replicate measurements of Xp, tPLB 

and uPLB/SERCA, it is plausible that human biopsies (1-2 mm3 of tissue) [184], which 

are performed routinely under suspicion of myocarditis, cardiomyopathy and 

amyloidosis, can also be assayed for these values. Myocardial biopsy is a non-surgical 

procedure with a complication rate of <1% to the patient [184]. Accurate tPLB 

calculations can also quantitatively determine changes in PLB expression, revealing 
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factors that affect calcium regulation at the level of transcription or translation. Thus our 

method can play an important role in evaluating the success of gene or drug therapies 

for heart failure. More generally, our approach can provide a quantitative measure of any 

post-translational modification where (a) purified standards are available for both the 

unmodified and modified state of the protein and (b) antibodies are available with 

differential sensitivity to the posttranslational modification. 
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