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ABSTRACT 

 

 

Phospholamban (PLN) is an integral membrane protein that regulates the sarco(endo)plasmic 

Ca
2+

-ATPase (SERCA2a) within the cardiac sarcoplasmic reticulum (CSR).  SERCA2a regulates 

intracellular Ca
2+

- handling and thus plays a critical role in initiating cardiac contraction and 

relaxation.  It is believed that dysregulation of SERCA2a is a contributing factor in human heart 

failure patients.  Even though there have been substantial advancements in understanding heart 

failure pharmacological therapies, patient prognosis remains poor.  Nitroxyl (HNO), a new 

candidate heart failure drug therapy, has been shown to enhance overall cardiovascular function 

in both healthy and failing hearts, at least in part, by increasing Ca
2+

 re-uptake into the CSR.  

Previous research has shown that activation of SERCA2a by HNO is PLN-dependent; however, 

the mechanism of action of HNO remains unknown. We propose that HNO, a thiol oxidant, 

modifies one or more of the three PLN cysteine residues (C36, C41, C46) affecting the 

regulatory potency of PLN toward SERCA2a. To test this hypothesis, a series of PLN mutants 

were constructed containing single, double and triple cysteine substitutions.  Using the 

baculovirus expression insect cell system, each PLN cysteine mutant was expressed alone and 

co-expressed with SERCA2a in insect cells and isolated in cellular endoplasmic reticulum (ER) 

microsomes.  Samples were treated with Angeli’s salt (an HNO donor) to determine the role of 

each PLN cysteine residue in the mechanism of SERCA2a activation by nitroxyl.  Using a 

standard phosphate activity assay and SDS-PAGE/immunoblot techniques, we determined that 

the PLN cysteine residues at positions 41 and 46 are important in HNO activation of SERCA2a.  

Both SERCA2a + 41C PLN and SERCA2a + 46C PLN microsomal samples showed a ΔK0.5 of 

~0.33 μM and evidence of reversible HNO induced disulfide bond formation.   These studies 

provide important new insight into the mechanism of action of HNO on cardiac SR and thereby 

help evaluate the drug as a candidate therapy for congestive heart failure.  
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CHAPTER I 

 

INTRODUCTION 

 

General heart physiology 

 The heart is one of the most important organs in the entire human body.  This involuntary 

muscular organ is responsible for pumping life-sustaining blood via a 60,000 mile long network 

of vessels.  The organ works ceaselessly, beating an average 100,000 times a day to keep the 

body supplied with fresh oxygen and nutrients.  The human heart is divided into four main 

chambers: two upper chambers, called atria, and two lower chambers, called ventricles.  In 

essence, the heart acts as a double pump. The function of the right side of the heart is to collect 

deoxygenated blood in the right atrium from the body and deposit it into the right ventricle to 

pump into the lungs.  The left side of the heart receives the oxygenated blood from the lungs 

through the left atrium where the blood moves to the left ventricle which pumps the blood out to 

the body.  The rhythmic beat of your muscular heart is controlled by a cascade of biological 

processes that begins with a cardiac action potential and ends with myocyte contraction and 

relaxation.  This fundamental physiological control is called excitation-contraction (EC) 

coupling (1). 

 

Normal E-C Coupling – The calcium transient 

Cardiac EC coupling forms the biophysical underpinnings of the heart beat and is 

intimately related to calcium homeostasis (2).  The regulation and maintenance of Ca
2+

 

homeostasis within the cardiomyocyte is a crucial process as it enables the chambers of the heart 

to contract and relax.  A diagram showing the key proteins involved in normal EC coupling can 

be seen in Figure 1-1.  At the beginning, the calcium transient is initiated in response to an action 

potential generated by the atrioventricular node in which extracellular Ca
2+ 

enters the cell 

through depolarized-activated L-type Ca
2+

 channels (1, 3, 4).  The influx of Ca
2+

 instigates the 

release of stored Ca
2+

 from the sarcoplasmic reticulum (SR) via the spatially proximate 

ryanodine receptors (RyR2), a term called calcium induced calcium release. The combination of 

Ca
2+

 influx and release from the SR raises the free intracellular Ca
2+

 concentration, allowing 

Ca
2+

 to bind to troponin C which then activates the actin-myosin contractile machinery.  Unlike  
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Figure 1-1. Ca
2+

 transport in ventricular myocytes. 

Inset shows the time course of an action potential, Ca
2+ 

transient and contraction measured in a rabbit ventricular 

myocyte at 37°C.  This figure was taken directly from Bers, 

D. M. (2002). "Cardiac excitation-contraction coupling." 

Nature 415: 198-205. Fair use determination attached. 
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different muscle types that depend completely on Ca
2+

 SR storage, the extracellular calcium is 

needed in order for the heart to have a more forceful contraction.   Relaxation results from a 

closure of release channels, and removal of Ca
2+

 from the sarcoplasm.  There are four ways in 

which Ca
2+

 can be transported out of the cytosol: SR Ca
2+

-ATPase, sacrolemmal Na
+
/Ca

2+
 

exchange, sarcolemmal Ca
2+

-ATPase or the mitochondrial Ca
2+

 uniport. The majority (~75%) of 

Ca
2+

 leaves through the SR Ca
2+

-ATPase (SERCA) (3-5). 

Calcium homeostasis can also be regulated by β-adrenergic receptor signaling.  

Sympathetic stimulation of the heart via β-adrenergic signaling increases contractility (inotropy) 

and relaxation rate (lusitropy).  β-adrenergic receptor agonist stimulation activates a GTP-

binding protein that stimulates adenylyl cyclase to produce cAMP, which in turn activates 

protein kinase A (PKA).  PKA then phosphorylates several proteins related to EC coupling, 

including phospholamban (PLN), L-type calcium channels, ryanodine receptors, and myosin 

binding protein (2).  The lusitropic and inotropic effect of PKA is mediated by phosphorylation 

of PLN and the ryanodine receptors respectively (6).         

 The sarcolemma (muscle cell plasma membrane) is one of the main components of EC 

coupling as this is the site where calcium enters and leaves the cell through a distribution of 

various channels and pumps.  One of the main structural specializations of the sarcolemma is the 

formation of membranous tubules (transverse or t-tubules) that transverse the sarcoplasm.  These 

t-tubules help to bring the extracellular environment in close proximity to the cell for quick 

depolarization.  As depicted in Figure 1-1, the sarcolemma (t-tubules) are surrounded by the 

sarcoplasmic reticulum.  The sarcoplasmic reticulum is the enlargement of smooth endoplasmic 

reticulum that consists of terminal and longitudinal components.  The terminal cisternae are 

adjacent to the walls of the sarcolemma formed t-tubules to form a dyadic cleft with the face of 

the cleft composed of mostly Ryanodine receptors (RyR).  The longitudinal SR consists of 

primarily the SR proteins, SERCA2a, and the associated regulatory phosphoprotein, 

phospholamban (PLN).   

 Because SERCA2a and PLN play a central role in myocardiac contractility, the 

molecular mechanisms of regulation have been the subject of intense investigation for many 

decades (7).  As stated above, SERCA2a actively transports Ca
2+

 into the SR thus regulating 

Ca
2+

 concentration, SR Ca
2+

 load, and the rate of cardiac contraction and relaxation of the heart. 

As a major regulator of  intracellular Ca
2+

 homeostasis, any changes in expression and activity 
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levels of either SERCA2a and or PLN has shown to lead to decreased SR Ca
2+

 content and a 

variety of pathological conditions including cardiac diseases (7-11).    The Mahaney lab focuses 

our efforts on understanding the interaction of SERCA2a and PLN, therefore these proteins will 

be discussed in further detail, including their role in cardiac dysfunction.    

   

SERCA 

 There are three separate genes that encode the SERCA family of calcium pumps 

SERCA1 found in fast twitch skeletal muscles, SERCA2 (a/b) found in smooth and cardiac 

muscle, and SERCA3 a ubiquitous form (12).  These isoforms have approximately the same 

number of amino acids (~110kDa) and have 75-85% sequence identity with the majority of 

variability occurring at the C-terminus (13).  Because it is relatively straightforward to purify, the 

fast twitch Ca
2+

 pump, SERCA1, was the first pump to be studied in detail and thus is the most 

understood.  In addition, SERCA1 is also the only P-type ion ATPase for which a detailed 3D 

structure is known.  In 2000, high resolution structures of several confirmations of SERCA1 

were published by Toyoshima and Nomura (14).  From these studies, it has been confirmed that 

the SERCA Ca
2+

 pump consists of a single polypeptide chain folded into four major domains 

(Figure 1-2).  There is a transmembrane domain (M), comprised of 10 transmembrane helices 

and the two calcium binding sites, three cytosolic domains; the actuator domain (A), the 

phosphorylation domain (P) and the nucleotide domain (N) (14, 15).  The links between the A 

and M domains and the N and P domains are thought to be flexible to allow for the large scale 

movements needed for the catalytic cycle conformational changes (16). 

 The catalytic cycle of SERCA pumps are based on the transformation between two major 

conformational states, designated as E1 and E2 (5, 17) (Figure 1-3).  In the E1 confirmation, the 

two transmembrane Ca
2+

 binding sites face the cytoplasm and are of high affinity for calcium.  In 

the E2 confirmation, the Ca
2+

 binding sites face the luminal side of the membrane and there is a 

low affinity for calcium.  The first step in the cycle consists of the binding of either cytosolic 

ATP or 2 Ca
2+

 ions to the E1 conformation.  This creates the 2Ca
2+

-E1-ATP formation which 

then undergoes phosphorylation to form 2Ca
2+

-E1-P.  Next, there is a major conformational 

change to a lower energy 2Ca
2+

-E2-P form whereby the Ca
2+

 binding sites are converted to a 

low-affinity state and reorient themselves towards the luminal side of the membrane.  The cycle  
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  Figure 1-2. Architecture of the sarcoplasmic reticulum Ca
2+

-

ATPase.  α-helices are represented by cylinders and β-strands 

by arrows. Color changes gradually from the N terminus (blue) 

to the C terminus (red). Three cytoplasmic domains are labeled 

(A, N and P). Transmembrane helices (M1-M10) and those in 

domains A and P are numbered. The model is orientated so that 

transmembrane helix M5 is parallel to the plane of the paper. 

Reprinted by permission from Macmillian Publishers Ltd: 

Nature (Toyoshima et. al.“Crystal structure of the calcium 

pump of sarcoplasmic reticulum at 2.6 Ǻ resolution” 405(6787), 

647-655), copyright (2000). 
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Figure 1-3.  The Ca
2+

-ATPase catalytic cycle 

The numbers (1-6) in the diagram indicate the step in 

the process.  The cytoplasm and lumen are labeled 

within the image to orient the cycle to the 

membrane. 
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ends with the release of Ca
2+

 and phosphate and a major conformation change back to the E1 

state. 

 SERCA2a (997 amino acids), a splice variant of the SERCA2 gene, is the main isoform 

in the SR of cardiac muscle and the major enzyme responsible for regulating Ca
2+

 cycling.  

Similar to the other SERCA pumps, the cardiac isoform is a Ca
2+

 pump powered by ATP 

hydrolysis.  The main function of SERCA2a is to actively transfer Ca
2+

 from the cytosol of the 

cardiomyocyte into the lumen of the sarcoendoplasmic reticulum to stimulate cardiac relaxation 

(14). This process is under the reversible regulation of phospholamban.    

 

Phospholamban 

 In cardiac muscle, SERCA2a is regulated by the small integral membrane phosphoprotein  

phospholamban (PLN) (15, 18) thereby making PLN a key regulator of Ca
2+

 pump kinetics and 

cardiac contractility (18).  PLN is a 52-amino acid amphipathic protein of 6.1 kDa with a 

hydrophilic N-terminus and a hydrophobic C-terminus.  The 52 amino acids are organized into 

three physical and functional domains.  Domain Ia (residues 1-20) and domain Ib (residues 21-

30) comprise the cytosolic domain and is mostly α-helical and carries a net positive charge.  

Domain II is the transmembrane domain (residues 31-52) which is made up of solely uncharged 

residues and is α-helical in conformation as well (19).  PLN is highly conserved in most species 

and can be found in slow twitch skeletal, cardiac muscle and some smooth muscle.  However, 

PLN is not present in fast twitch skeletal muscle because of the absence of the β-adrenergic 

signaling pathway.   

 The complete primary sequence was discovered by Fuji et. al. in 1989 by amino acid 

sequencing and cDNA cloning revealing a monomer of ~6 kDa (20).  Further studies in lipid 

bilayers revealed that PLN exists mainly as a homopentamer in a dynamic equilibrium with the 

monomer form (21).  By performing alanine-scanning mutagenesis, the quaternary structure of 

PLN was determined to be a coiled-coil stabilized by a heptad repeat of leucine and isoleucine 

(leucine-isoleucine zipper) within the transmembrane domain (18, 21-23) (Figure 1-4 “A”).  In 

addition to the leucine-isoleucine zipper, Karim et. al demonstrated the importance of the three 

transmembrane cysteine residues (positions 36, 41, 46) to the pentameric stability of PLN.  Of 

particular importance is the cysteine at residue 41 as their work showed that PLN quaternary 

structure is intolerant of bulky amino acid (i.e. Phe or Ser) changes at this position (20, 22).   
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Figure 1-4. PLN pentameric structure and helical wheel 

representation. (A) PDB rendering of PLN pentameric structure 

based on 1fjk. The red line marks the luminal side of the ER 

while the blue line marks the cytoplasmic side. (B) Helical 

wheel model of PLN.  This figure was taken directly from 

Karim, C. B., Paterlini, M. G., Reddy, L. G., Hunter, G. W., 

Barany, G., and Thomas, D. D. (2001) Role of cysteine residues 

in structural stability and function of a transmembrane helix 

bundle, Journal of Biological Chemistry 276, 38814-38819. 

(accessed on May 25, 2012).  Used with permission of ASMB, 

letter attached. 

B 

 

A 
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Determination of a high-resolution structure of PLN transmembrane domain by X-ray 

crystallography or NMR is handicapped by the hydrophobic nature of the peptide, thus the 

current understanding of PLN structure is based on several reported models and theories.  Figure 

1-4 “B” shows the most recent helical wheel model of PLN.  In this model, the leucine and 

isoleucine residues occupy positions a and d.  Cys-36 and Cys-41 are at positions g and e, 

respectively, whereas Cys-46 faces the lipid environment at position c.  The pentameric structure 

of PLN appears to occlude the sulfhydryl side chain of cysteine 41 supporting the work reported 

by Karim et. al. showing the addition of bulky side chains prevents the assembly of PLN 

pentameric structure by disrupting the transmembrane domain hydrophobic packing (24). 

 Although the majority of PLN exists in the pentamer, previous studies show only the 

monomeric form of PLN regulates SERCA2a (18, 21).  Most of the PLN transmembrane helix 

residues contribute to the interaction with SERCA (23); at positions that are important in Ca
2+

 

binding (19, 25-27).  The cytosolic domain of PLN also interacts with the stalk and nucleotide-

binding domain of SERCA thereby blocking long-range Ca
2+

-dependent conformational changes 

needed to activate the enzyme to for ATP-dependent Ca
2+

 cycling
 
(19, 28).  Figure 1-5 depicts 

the current theory on PLN:SERCA2a regulation. 

 It is well accepted that PLN has the greatest affinity for the E2 state, or calcium free state, 

of SERCA2a. Dephosphorylated PLN binding to SERCA2a stabilizes this state, which thereby 

inhibits the transition to the E1 calcium bound state (29).  This inhibition of SERCA2a by PLN 

leads to a decrease in apparent Ca
2+

 affinity without an effect on the maximal velocity (Vmax) or 

calcium binding cooperativity (2).  Phosphorylation of PLN alters the PLN-SERCA2a 

interaction, relieving the Ca
2+

-ATPase inhibition and enhancing relaxation and contractility rates 

(18, 30, 31).  During β-adrenergic stimulation of the heart, PLN is phosphorylated by protein 

kinase A (PKA) at Ser
16

 and by Ca
2+

/calmodulin-dependent protein kinase at Thr
17

.  

Experimentally, the effects of PLN phosphorylation can be mimicked using the anti-PLN 

monoclonal antibody, 2D12, which uncouples PLN from SERCA2a. 
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Figure 1-5.  Regulatory features of the PLN-SERCA interaction.  Two 

steps can be dissected in the reversible inhibition of sarco(endo)plasmic 

reticulum Ca2+-ATPase (SERCA) activity by phospholamban (PLN): first, 

the association/dissociation of pentameric PLN (Kd1), and second, the 

association/dissociation of monomeric PLN and SERCA (Kd2). The 

phosphorylation of PLN and Ca
2+

 binding to SERCA are driving forces for 

the dissociation of the PLN–SERCA complex, thereby activating SERCA. 

Phosphorylation of PLN dissociates functional interactions, but is less 

effective than Ca
2+

 binding to SERCA in breaking up physical interactions.  

Reprinted by permission from Macmillian Publishers Ltd: Nature Reviews 

(MacLennan and Kranias .“ Phospholamban: A crucial regulator of cardiac 

contractility” 405(6787), 647-655), copyright (2003). 
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Pathological E-C coupling 

 Abnormal changes in any of the key proteins that are involved with EC coupling and 

calcium homeostasis usually causes major problems with myocardial functionality.  There are 

many different heart failure model studies that disagree about whether certain factors such as 

SERCA expression are increased, decreased, or unchanged (32-34).  In general heart failure is 

characterized by myocyte loss or impaired function of viable myocardium which usually reflects 

alterations in signaling pathways that modulate EC coupling  (35, 36).  Many studies have 

measured cardiac SERCA expression and function and show a general decrease in function 

across the board.  On the other hand, PLN has not been found to be altered in heart failure, thus 

becoming over regulatory leading to a decreased Ca
2+

 affinity of SR Ca
2+

 transport (2).  There is 

other data that suggests the phosphorylation state of PLN may be reduced in heart failure which 

would further reduce Ca
2+

 sensitivity of SERCA2a and slow Ca
2+ 

transport back into the SR (37).  

Despite the discrepancy between heart failure models, there is a general agreement that 

alterations of key proteins involved in EC coupling can contribute to heart failure. 

 The term heart failure as defined by the American Heart Association is a chronic, 

progressive condition in which the heart muscle is unable to pump enough blood through the 

heart to meet the body’s needs for blood and oxygen.  This term is often used interchangeably 

with many other types of heart diseases that display impaired cardiac function.  One of the most 

common types of heart failure, which generates from altered EC coupling proteins, is congestive 

heart failure (CHF).      

  

Congestive Heart Failure 

Congestive heart failure (CHF) resulting from cardiomyopathy is a serious condition and 

a principal cause of death and disability in children and adults.  As blood flow out of the heart 

slows, blood returning to the heart through the veins backs up, causing congestion in the body’s 

tissues.  There are many causes that can encourage the development of CHF which range from 

lifestyle choices, environment, diabetes, and obesity.  Recent studies suggest that overregulation 

by PLN is a contributing factor to CHF (5, 8, 11, 12, 38, 39).  The most common cause of CHF 

is dilated cardiomyopathy which affects 40 people in every 100,000.  The true incidence of CHF 

is probably underestimated as many cases go untreated.  CHF is the leading cause of heart 

transplantation with an associated healthcare cost of $200 million per year in the United States 
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(35).  Statistics from the American Heart Association (2008) show that at age forty, a person’s 

lifetime risk of developing CHF is 1 in 5 (40).     

The clinical course of CHF, despite the underlying cause, is progressive with roughly 

50% of individuals reported to die within 5 years of diagnosis without a transplant (35).  Longer 

survival can be accomplished through drug therapies such as angiotensin-converting enzyme 

inhibitors and beta blockers.  Yet, despite advances in current drug therapies, the prognosis 

patients with CHF remains poor (41).  Treatment of CHF with positive inotropic (contractility 

enhancing) agents led to therapies that initially improved the condition but increased the 

mortality rate (42, 43).  Thus, there has been a large imitative to find effective and safe 

pharmacological agents. 

 

Nitroxyl (HNO) 

 This proposal focuses on nitroxyl (HNO) a novel class of drugs that have shown new 

pharmaceutical properties for combating CHF.  Nitroxyl (HNO) is the one electron reduction 

product of nitric oxide (NO) and exists in a protonated form at physiological pH (41).  Since the 

1980s, nitric oxide chemistry has been investigated extensively and found to have key roles in 

mammalian physiological and pathophysiological processes (44).  The chemistry and 

pharmacological relevance of nitrogen oxides such as NO, NO2, and ONOO
-
 have been well 

established in the literature and found to have biological relevance.  However, understanding of 

the chemistry and biological relevance of the one-electron reduced species, nitroxyl (HNO), 

remains in its infancy. 

 For an up to date review on the pharmacology of nitroxyl see references (44-48).  In 

summary, nitroxyl is found to be a weak acid (pKa >11) with an atypical acid-base equilibrium 

because of the different electron spin states of HNO/NO
-
.  HNO is in a singlet state (all electrons 

are paired) while NO
-
 is in a triplet state (2 unpaired electrons in different orbitals) making 

deprotonation uncommon.  Endogenous production of HNO has been refuted by the low (-0.4V) 

reduction potential of NO to HNO.  Within a cell, the most prevalent reaction from HNO at nM 

concentrations is a dimerization into hyponitrous acid followed by decomposition into nitrous 

oxide and water.  The existence of this reaction makes working with HNO problematic without a 

HNO donor.  There are several avalible HNO donors including Piloty’s acid, nitrosocarbonyls, 

cyanamide, and acyloxynitroso compounds.  For the purpose of this research, we plan to use the 
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most common HNO donor Angeli’s Salt (sodium trioxodinitrate) (Figure 1-6 “A”).  At pH >4 

Angeli’s Salt (AS) spontaneously decomposes to generate 1 equivalent of HNO and NO2
-
.  At a 

pH < 4, AS converts to a NO donor.  Studies using AS should account for potential nitrite 

effects. 

 In terms of HNO kinetics, it has been shown that HNO has a high reactivity with a large 

variety of biological species. The HNO reaction depends on one of two things: (1) the 

concentration of the target and (2) the reaction rate of HNO with those targets.  It was postulated 

that the fate of HNO in a cell would be the high concentration of glutathione (GSH).  In contrast, 

it was determined that high levels of HNO can deplete a cell of almost all GSH.  But, in some 

yeast models, low levels of HNO selectively modify thiols without altering GSH concentration.  

From these studies, it was determined that only certain thiols may be selectively active towards 

HNO.  Nagasawa and co-workers (49) showed the earliest demonstration of the thiophilic 

reactivity of HNO (Figure 1-6 “B”).  The initial formation of N-hydroxysulfinamide occurs via 

an attack of the nucleophilic sulfur atom on the electrophilic nitrogen atom of HNO.  The N-

hydroxysulfinamide can further react with an excess thiol to give either an intra- or inter-

molecular disulfide bond and hydroxylamine.  Other major biological targets of HNO include 

metalloproteins (i.e. ferric hemes, copper) (46) (weak association) and metal-oxygen species 

(oxymyoglobin) resulting in the oxidation of iron(50). Several additional studies have 

demonstrated the potential biological importance of HNO being  a vasorelaxant (51) and an 

inhibitor of aldehyde dehydrogenase (49).   

 

HNO- A Pharmacological agent for CHF 

Much of the recent excitement regarding HNO biology and chemistry results from 

Paolocci and co-workers (6) in failing hearts.  They reported that HNO has the unique ability to 

increase left ventricular contractility and simultaneously lower cardiac preload (pressure 

stretching the heart ventricle) and diastolic pressure (relaxation) without increasing arterial 

resistance (6, 45, 52).  It has also been shown that HNO is able to improve heart function by 

directly enhancing calcium cycling (53) by stimulating the ryanodine receptor (Ca
2+

 induced 

Ca
2+

 release channel) and the sarco(endo)plasmic reticulum Ca
2+

 ATPase independent of the β- 

adrenergic pathway.  Yet, despite the fact that HNO improves overall cardiac function, the 

chemistry and molecular mechanism by which HNO works in cardiac SR proteins is not well  
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Figure 1-6.  Angeli’s Salt decomposition and HNO 

reactivity. 

 

Angeli’s Salt 

A 

B 
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understood.  Thus, it is important to evaluate the effects of HNO on Ca
2+

 transport in order to 

evaluate it as a therapy for CHF. 

 

PLN is important in HNO stimulation of SERCA2a 

 Within the hydrophobic amino acids that comprise the transmembrane region of PLN, 

there are three proximal cysteine residues at positions 36, 41, and 46 (see Figure 1-7).  Karim et. 

al. (18, 24)  reported that these residues contribute to PLN pentamer formation, and particularly 

cys-41, but the these residues do not appear to be important for PLN inhibitory function.    

Froehlich et. al (54) reported that HNO stimulates SERCA2a in the presence of wild-type PLN, 

but not in the absence of PLN.  Furthermore, treating SERCA2a + PLN containing membranes 

with dithiothreitol (DTT) after HNO reversed the HNO-dependent stimulation.  Finally, when 

coexpressed with a null-cysteine PLN mutant, HNO had no effect on SERCA2a activity.  These 

results strongly support the hypothesis that activation of SERCA2a by HNO is PLN-dependent 

and that the cysteine residues in the transmembrane domain of PLN play a critical role in 

SERCA2a activation. The fact that HNO-induced activation of SERCA2a can be reversed by 

DTT (54) suggests that disulfide bond formation may be important in activating Ca
2+

 uptake.  

HNO is a potent thiol oxidant, with the ability to modify a cysteine residue to a sulfinamide, but 

will readily form disulfide bonds in the presence of a proximal cysteine (44, 45) (Figure 1-6).  

SDS-PAGE and immunoblot analyses (54) have not shown a significant amount of PLN inter-

molecular cross-links (i.e., dimers, trimers, tetramers, high MW aggregates) upon treatment with 

HNO.  This suggests the possibility that HNO promotes the formation of “forbidden” intra-

molecular disulfide bonds within PLN.  As described by Wouters et al. (55), these disulfide 

bonds are considered “redox switches” that can reversibly distort the local structure of a helix.  If 

so, such a disulfide bond would therefore disrupt the contact interaction between PLN and 

SERCA2a.  If true, this would be a novel finding for the role of redox signaling on the regulation 

of SERCA2a by PLN, apart from the potential role of HNO as a therapeutic agent for controlling 

SERCA2a function.  An alternate possibility is that HNO uncouples PLN from SERCA2a by 

acting directly on SERCA2a sulfhydryls.  This effort is being investigated in the Mahaney 

laboratory.  Since the experimental evidence strongly points towards PLN as a primary target for 

HNO action, this project will focus on PLN cysteine modification by HNO, and move toward 

SERCA2a modification as dictated by the ongoing results in the overall study.   
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  Figure 1-7. Illustration of PLN highlighting transmembrane cysteines.  

Adapted and reprinted by permission from Macmillian Publishers Ltd: Nature 

Reviews (MacLennan and Kranias .“ Phospholamban: A crucial regulator of 

cardiac contractility” 405(6787), 647-655), copyright (2003). 
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Research Significance and Objectives 

 The goal of this project is to understand the effects of nitroxyl (HNO) on the principal 

cardiac Ca
2+

 cycling protein, the Ca
2+

-ATPase (SERCA2a), and its regulation by phospholamban 

(PLN).  Clinical studies have shown HNO improves cardiac function by stimulating Ca
2+

 cycling 

in cardiomyocytes (6, 46, 53, 56), but the mechanism by which it works is still unknown.  

Previous studies in the Mahaney lab show that HNO increases SERCA2a activity in the presence 

of PLN, but HNO has little or no effect on SERCA2a activity in the absence of PLN (54), 

suggesting a central role for PLN in HNO stimulation.  It is therefore important to ask if HNO 

modifies PLN in a way that affects its ability to regulate the Ca
2+ 

pump.   HNO is a potent thiol 

oxidant, which converts sulfhydryls to hydroxysulfinamides that readily interact with a second 

thiol to form a disulfide bond and hydroxylamines (44, 45).  There are three proximal cysteines 

(positions 36, 41, 46) in the transmembrane domain of PLN. We hypothesize that HNO, a thiol 

oxidant, modifies one or more of the three PLN cysteine residues (C36, C41, C46) affecting the 

regulatory potency of PLN toward SERCA2a.  However, it is important to first determine which 

PLN cysteine residue(s) is (are) modified by HNO in its mechanism of action.  To answer this 

question (which is fundamental for testing the overall hypothesis) we constructed PLN cysteine 

mutants, expressed, and conducted a combination of biochemical, kinetic and SDS-

PAGE/immunoblotting studies on HNO treated SERCA2a in the presence and absence of PLN 

cysteine mutants.   We used our baculovirus insect cell expression system to express the PLN 

cysteine mutants individually and co-expressed with SERCA2a. Studies using native skeletal SR 

vesicles were included as well as expressed wild-type PLN and null cysteine PLN for 

comparison.  We used Angeli’s Salt (Na2N2O3, sodium trioxodinitrate) as an HNO donor (57, 

58).  Our studies followed these specific aims: 

 

Aim 1: Generate a series of PLN cysteine mutants containing a single or double cysteine 

mutation at positions 36, 41, 46.  

Starting with null cysteine PLN (A36/A41/A46 PLN), cysteines were added one at a time to 

create three single PLN cysteine mutations:  36C, 41C, and 46C via site-directed mutagenesis.  

In addition, three double cysteine PLN mutations: 36/41C, 36/46C, and 41/46C were created 

using the same methodology.  PLN cysteine mutants were expressed individually and co-

expressed with SERCA2a using the baculovirus insect cell system.  The coexpressed SERCA2a 
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and PLN samples were tested to determine cysteine mutant PLN regulatory potency toward 

SERCA2a. 

 

Aim 2: Correlate the effects of HNO on PLN cysteine modification with HNO-dependent 

SERCA2a activation.   

[Ca
2+

]-dependent activity assays were used to determine how the modification of individual 

cysteines in PLN affected PLN-dependent stimulation of ATPase activity.  Immunoblotting was 

be used to test for HNO-dependent disulfide bond cross links between PLN cysteine mutants 

and/or PLN-SERCA2a cross links.   

 

 HNO has great potential as a novel therapeutic agent in the treatment of congestive heart 

failure.  It is therefore essential to understand the biochemical and molecular effects of HNO on 

cardiac muscle cell proteins, in order to properly consider it as a therapy for CHF.  By focusing 

on the effects of HNO on the PLN-SERCA2a interaction, we hope to demonstrate a physical 

methodology whereby the same approach could be applied to other key regulatory proteins 

involved in calcium cycling such as the ryanodine receptor, dihydropyrodine receptor, or 

troponin C, and other Ca
2+

 handling proteins.  The results of this study provide important new 

insight into the mechanism of action of HNO on the regulatory interaction of PLN with 

SERCA2a as a potential CHF therapeutic agent. 
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CHAPTER II 

 

MATERIALS AND METHODOLOGY 

 

General Instrumentation 

Unless otherwise noted, all laboratory reagents were purchased from Fisher Scientific 

(Pittsburgh, PA) or Sigma-Aldrich (St. Louis, MO).    Light absorption was measured with a 

Beckman Coulter DU® 800 Spectrophotometer (Atlanta, GA) or Molecular Devices Spectra 

Max M5 (Sunnyvale, CA), depending on the protocol.  Fluorescence was measured using the 

Molecular Devices Spectra Max M5 Multi-Mode Microplate Reader (Sunnyvale, CA).  The pH 

of solutions was determined using an Accumet Basic AR15 pH meter from Fisher Scientific.  

PCR amplifications were performed using a DNA thermocycler from Perkin-Elmer Cetus 

(Norwalk, CT) or Eppendorf Mastercycler® ep (Hamburg, Germany), depending on availability.  

Bacterial and cell cultures were harvested by centrifugation on a Beckman Coulter Allegra™ X-

12R or Avanti™ J-30I centrifuge equipped with a SX4750A ARIES™ rotor in the Allegra™ X-

12R or either the JA30.5 or JLA16.2.5 rotor in the Avanti™ J-301.  All rotors were supplied by 

Beckman Coulter. Cells were lysed with a Polytron® PT-MR 3100 homogenizer (Bohemia, NY) 

with a PT-DA 3012/2EC probe or alternatively, a Sonic Dismembrator, Model F60, equipped 

with a high voltage ultrasonic convertor from Fisher Scientific.  All acrylamide gel 

electrophoresis was performed with Bio-Rad (Hercules, CA) equipment.  Depending on the 

application, either the mini Trans-Blot® Cell or Protean II xi Cell was used powered by the 

PowerPac Basic or PowerPac HC respectively.  This equipment was used for SDS-PAGE and 

western blotting.   For preparative electrophoresis, Bio-Rad Model 491 Prep Cell was used 

powered by the PowerPac Universal. Agarose gel electrophoresis was performed on Bio-Rad 

Mini-Sub® Cell GT.  Microcentrifuge tubes and pipet tips were from Fisher Scientific and VWR 

(San Diego, CA) or Molecular BioProducts (San Diego, CA), respectively. 
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Materials 

 

Materials for molecular biology, enzyme expression and characterization 

All custom oligonucleotide primers were synthesized by Integrated DNA Technologies 

(Coralville, IA).  QuickChange XL Site-Directed Mutagenesis Kit and Pfu Turbo DNA 

Polymerase were supplied by Stratagene (La Jolla, CA). ACCUZYME™ mix, a PCR master mix 

from Bioline (London, UK) was used for regular PCR reactions. The Bac-to-Bac® Baculovirus 

Expression System which included DH10Bac™ E.coli and Cellfectin® was obtained from 

Invitrogen.  Within this system, proteins of interest were cloned into the pFastBac™1 vector.  

JM109 Competent E. coli cells were purchased from Stratagene. Insect cells were maintained 

using both NUNC™ Brand disposable flasks (part of Thermo Fisher Scientific) and Kimax® 

Baffled Culture Flasks. AgarPlaque Plus Agarose (now BD BaculoGold™) from BD 

Biosciences (San Diego, CA) was purchased for plaque assays. S.O.C media (Super Optimal 

broth with Catabolite repression) was from Invitrogen (Carlsbad, CA). QIAprep™ Spin 

Miniprep kit and QIAfilter™ Plasmid Midi kit were supplied from QIAGEN (Valencia, CA).  

DNA sequencing was performed at The Georgia Genomics Facility (Athens, GA) or the Core 

Laboratory Facility in the Virginia Bioinformatics Institute (Blacksburg, VA).  To determine 

viral titers, a rapid titer kit was used from Clontech (Mountain View, CA).  Bovine Serum 

Albumin was from Fisher.  Fetal Bovine Serum was purchased from Atlanta Biologicals 

(Lawrenceville, GA).  PVDF (polyvinylidine fluoride) and Nitrocellulose membranes for protein 

transfer were purchased from Bio-Rad.  Anti-Phospholamban (2D12) and Anti-SERCA2a (2A7-

A1) mouse monoclonal antibodies were from Affinity BioReagents (Rockford, IL).   Goat anti-

mouse HRP (Horseradish peroxidase) conjugate was from Bio-rad.  JM109 ultracompotent 

E.coli cells were from Invitrogen.  Insect cell lines Sf21 and Sf9 (Spodoptera frugiperda) and 

High 5 (Trichoplusia ni) were obtained from Invitrogen.  The culture media and reagents to 

maintain the insect cell culture was purchased from Invitrogen (Carlsbad, CA) using the 

GIBCO® product line. 
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General Methods 

 

Solutions and procedures for growth of cells 

 The growth and maintenance of the Sf9, Sf21 and High Five™ insect cells lines were 

prepared as described in the Invitrogen™ User manual Growth and Maintenance of Insect Cells 

Lines (8 June 2009). All handling of the insect cells lines were done under sterile conditions in a 

laminar flow hood.  Cultures of either cell line were initiated from a frozen stock into the 

appropriate cell culture media.  High Five™ cells were thawed into Express Five® SFM and 

Sf9/21 cells in Grace’s Insect Medium, Unsupplemented. A table outlining the steps to initiate 

and culture cells from a frozen stock can be seen below.  

Step Action 

1 Remove cells from liquid nitrogen or dry ice. 

2 Thaw cells into desired medium. 

3 Let cells attach for 30-45 minutes. 

4 Remove medium (with DMSO) and add fresh medium. 

5 Grow to confluency and passage. 

6 Subculture until cells are doubling every 18-24 hours and are 95% viable. 

7 Freeze down several vials of low passage cells as backup. 

 

 The initiation of all cell lines began in as an adherent culture using NUNC™ flasks. Both 

adherent and suspension cultures were maintained of all cell lines at various times using the 

respective medium for each line.  Adherent cells were maintained in 25cm
2
 and 75cm

2
 flasks 

within an incubator set at 27°C.  Once these cells reached confluency, a technique referred to as 

sloughing, was used to subculture the cells in a 1:5 dilution to maintain log phase growth.  This 

technique involves streaming medium over the attached monolayer using a sterile Pasteur 

pipette.  Invitrogen recommends this technique as it dislodges the monolayer with the least 

manipulation and mechanical force. Full details describing the technique can be seen in the 

manual.  The adherent cell lines must be established before beginning a suspension culture.  

Suspension cultures were maintained using Kimax® baffled culture flasks placed in a 27°C 

shaker at 70-80 RPM.  Suspension cultures were passaged back before they reached a density of 

2.0 to 2.5 x 10
6
cells/ml and dilute back to 0.7 to 1.0 x 10

6
cell/ml to maintain log phase growth.  

Pluronic® F-68 was added to the suspension medium in a final concentration of 0.1% in Sf9 and 

Sf21 cells as a surfactant to decrease shearing. Suspension cultures could be maintained in a 

volume up to a 2000 ml baffled flask.  To increase the flask size, enough culture volume was 
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transferred at 2 x 10
6
cells/ml to seed the larger flask with at least 1 x 10

6
cells/ml.  For general 

insect cell maintenance, fresh cell culture medium was always equilibrated to room temperature 

before use.  A cell log was kept to monitor the density and viability of each culture using a 

hemacytometer.  Every month, each of the cells lines were renewed as the viability of the cells 

drastically decreases after this time period.  If any of the cultures were found to become 

contaminated or the one month period has come, a new culture is initiated. For the growth of 

Escherichia coli (E.coli) cells, Luria-Bertani (LB) liquid medium and LB agar plates as well as 

antibiotic solutions were prepared as described in the appendices of Molecular Cloning: A 

Laboratory Manual (Sambrook, Fritsch et al. 1989) unless otherwise specified.   

 

Site-directed mutagenesis   

Mutant variants of phospholamban were generated using the QuikChange® XL Site-

Directed Mutagenesis kit according to the manufacturer’s protocol. In synopsis, 6 sets of 

mutagenic primers (5’ – 3’ and 3’ – 5’) were designed using the QuikChange Primer Design 

website by Agilent Technologies (http://www.genomics.agilent.com). The template plasmid was 

a null cysteine (cysala) PLN cDNA in the double stranded expression vector, pFastBac™1 

(already provided).  The mutagenic primers created point mutations to revert the Ala at positions 

36, 41, and 46 back to a cysteine one at a time and two at a time.  (A36C, A41C, A46C, 

A36/41C, A36/46C, A41/46C)  Mutagenic primers, 125 ng each, were added to 5 µl of 10X 

reaction buffer, 5 µl (2ng/µl) dsDNA template, 1 µl dNTP mix, 3 µl of QuikSolution, and sterile 

double deionized water was added to a final volume of 50 µl. Next, 1 µl of PfuTurbo DNA 

polymerase (2.5 U/µl) was added to the mixture in thin-walled PCR tubes and incubated in a 

thermal cycler as follows.  An initial denaturing step of 1 minute at 95°C was followed by 18 

cycles of a) 50 sec at 95°C b) 50 sec at 60°C, c) 5 min at 68°C.  The last step was a continuation 

of the extension period at 68°C for 7 minutes.  Following temperature cycling, the reaction tubes 

were kept at 4°C until further use.  To digest the parent strand of DNA, which was the 

methylated strands lacking the desired mutation, 1 µl of the Dpn I restriction enzyme (10 U/µl) 

was added to each reaction tube and incubated for 1 hour at 37°C. The mutant vector was then 

transformed into XL10-Gold® Ultracompetent E. coli cells (gentotype: Tet
R
Δ (mcrA)183 

Δ(mcrCB-hsdSMR-mrr)173 endA1 supE44 thi-1 recA1 gyrA96 relA1 lac Hte [F’ proAB 

http://www.genomics.agilent.com/
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lacl
q
ZΔM15 Tn10(Tet

R
) Amy Cam

R
]) for amplification and repair of nicked plasmids per 

manufacturer’s instructions. 

 

Plasmid isolation and sequence verification 

Each XL10-Gold® transformation was plated on LB agar plates containing 10µg/ml 

ampicillin for selection of the pFastBac™1 1 vector. The transformation plates were incubated at 

37°C for > 16 hours.  The expected colony number is between 10 and 1000 colonies.  Selected 

colonies were used to inoculate, via a sterile inoculating loop, 5 ml of LB media containing 10 

µg/ml Amp for the mutated pFastBac™1 vector.  Following an overnight incubation in a shaking 

incubator at 37°C 225 rpm, plasmid DNA was isolated from each culture using a QIAprep™ 

Spin Miniprep kit as directed by the manufacturer.  On occasion, the starter 5 ml LB cultures 

would be used to create a larger 100 mL culture to isolate a higher number of plasmids using the 

QIAfilter™ Plasmid Midi kit. The plasmid DNA was eluted with 50 µl of double deionized 

water.  A portion of the eluate which contained at least 3 µg of isolated plasmid was submitted to 

the Georgia Genomics Facility or to the Virginia Bioinformatics Institute’s (VBI) Core 

Laboratory Facility for sequencing of the DNA mutagenic insert.  Instead of using commercial 

primers, template specific sequencing primers were designed and given to the sequencing 

facilities.  These primers flanked the regions just outside of the mutagenic sequence.  Only 

plasmids with the intended mutations were kept for further use.   

 

Baculovirus Expression System 

The Bac-to-Bac® Baculovirus Expression System (Invitrogen) was used to generate 

recombinant baculovirus. Baculoviruses are the most prominent viruses known to affect the 

insect population, particularly insects of the order Lepidoptera.  The baculovirus isolate that was 

used to express phospholamban mutants and SERCA2a was Autographa californica multiple 

nuclear polyhedrosis virus (AcMNPV).  The major difference between the naturally occurring in 

vivo infection and the recombinant in vitro infection is that the naturally occurring polyhedrin 

gene within the wild-type baculovirus genome is replaced with a recombinant cDNA.  During 

the very late phase of infection, the inserted heterologous genes are placed under the 

transcriptional control of the strong polyhedrin promoter.  Thus, recombinant product is 

expressed in place of the naturally occurring polyhedrin gene.  Because the baculovirus 
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expression system is eukaryotic, phospholamban was processed, modified, and targeted to the 

appropriate sarcoplasmic reticulum.  Baculoviruses have emerged as an accepted system for 

overproducing recombinant proteins in eukaryotic cells for several reasons. Primarily, the 

baculovirus system is eukaryotic which allows for the protein modification, processing, and 

transport systems in higher eukaryotic cells unlike bacterial expression systems.  Also, the 

majority of overproduced protein remains soluble in insect cells, in contrast to the insoluble 

proteins from bacteria.  Lastly, since the viral genome is large, it has the capability to 

accommodate large segments of foreign DNA.  Currently, the most widely used baculovirus 

expression system utilizes a lytic virus known as Autographa californica nuclear polyheedrosis 

virus (AcMNPV).  This virus is a large double-stranded DNA virus that infects arthropods. (59) 

This method was developed by researchers at Monsanto, and is based on the site specific 

transposition of an expression cassette into a baculovirus shuttle vector or bacmid and 

propagated in E.coli (60).  The DH10Bac cells contain a baculovirus shuttle vector (bacmid) with 

a mini-attTn7 site to allow for transposition between the mutant PLN pFastBac™1 into the 

bacmid.  At the time the recombinant viruses were created, the Bac-to-Bac® Baculovirus 

Expression System Manual Version D (6 April 2004) was followed. 

 

Generation of recombinant bacmid 

The resulting pFastBac™1 which contains the mutagenic PLN DNA sequence from site-

directed mutagenesis are now considered the recombinant pFastBac donor plasmid.  These 

recombinant plasmids were transformed into Max Efficiency® DH10Bac™ competent E. coli 

cells (genotype: F
-
 mcrA Δ(mrr-hsdRMS-mcrBC) ϕ80lacZΔM15 ΔlacX74 recA1 araD139 

Δ(ara,leu)7697 galU galK λ- rpsL nupG/bMON14272/pMON7124) as directed by the 

manufacturer.  A 5 µl aliquot of the purified pFastBac construct was added to 100 µl of 

DH10Bac competent cells and the mixture incubated on ice for 30 minutes.  Afterwards, the cells 

were “heat-shocked” (incubated in a controlled water bath) at 42°C for 45 seconds then 

immediately put back on ice.  Next, 900 µl of S.O.C. media was added to the cells and the 

mixture incubated at 37°C with horizontal shaking at 225 rpm for 4 hours.  A 10-fold serial 

dilution of the resulting culture was prepared with S.O.C medium and 100 µl of each dilution 

was spread on LB agar containing 50µg/ml kanamycin, 7µg/ml gentamicin, 10µg/ml 

tetracycline, 100µg/ml Bluo-gal, and 40µg/ml IPTG and the plates incubated for 48 hours at 
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37°C.  White colonies (≥10) were picked and restreaked on a fresh LB agar plate containing 

50µg/ml kanamycin, 7µg/ml gentamicin, 10µg/ml tetracycline, 100µg/ml Bluo-gal, and 40µg/ml 

IPTG to verify phenotype.  Plates were incubated overnight at 37°C.  Liquid LB medium (5 ml) 

containing 50µg/ml kanamycin, 7µg/ml gentamicin, 10µg/ml tetracycline was inoculated, via a 

sterile inoculation loop, from a single colony with a confirmed white phenotype.  After an 

overnight incubation (~8 hours) at 37°C, the 5 ml starter culture was diluted 1/1000 (200 µl 

starter in 100 ml LB) in fresh LB medium containing the selective antibodies listed above. The 

culture was placed in a 37°C incubator for 12- 16 hours shaking at ~300 rpm. Afterwards, the E. 

coli cells were harvested by centrifugation at 6,000 x g for 15 min at 4°C and the QIAfilter™ 

Plasmid Midi kit was used to isolate and purify the recombinant bacmid. Alternatively, the pellet 

was kept at -20°C until ready.  To verify transposition, the isolated bacmids were analyzed by 

PCR. For each reaction, 12.5 µl of ACCUZYME was combined with 1.25 µl of both M13 

forward and reverse primers, 1µl bacmid DNA (0.1 µg/µl), and brought to 25 µl with 10.25 µl 

with ddH2O.  Reactions were performed in a thermal cycler programmed as follows: an initial 

denaturation step of 3 min at 93°C followed by 30 cycles of a) 45sec at 94°C b) 45 sec at 55°C c) 

5 min at 72°C for extension.  The reaction was concluded with a 7 minute incubation at 72°C for 

further elongation.  PCR products were analyzed using agarose gel electrophoresis loaded with a 

1kb DNA ladder from Promega (Madison, WI). If transposition had occurred the expected 

product was ~2,470 bp while the bacmid alone would have shown ~300 bp. 

 

Generation of recombinant baculovirus 

  Once a confirmed recombinant bacmid that contains the gene of interest is isolated and 

purified, it is ready to transfect insect cells to produce a recombinant baculovirus.  Sf21 cells 

were used to create the baculoviral stocks following the manufacturer’s protocol with minor 

adjustments for optimization.  In summary, all transformations began with a 6-well (35 mm) 

plate that contained 9 x 10
5
 cells in 2 ml Unsupplemented Grace’s Insect Cell Culture Medium, 

containing 50 U/ml penicillin streptomycin per well..  The cells used were plated from the 

current viable Sf21 suspension culture. During the one hour cell attachment period at 27°C, the 

bacmid DNA:Cellfectin® complexes were made.  Cellfectin reagent is a 1:1.5 (M/M) liposome 

formulation of the cationic lipid N,N,N,N -- Tetramethyl – N,N,N,N – tetrapalmitylspermine 

(TM-TPS) and dioleoyl phosphatidylethanolamine (DOPE).  Bacmid samples were diluted to 
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500 ng/µl in 1X TE buffer.  Two microliters of each bacmid samples was mixed with 100 µl of 

unsupplemented Grace’s medium. This was added to a dilution of 6 µl Cellfectin® reagent in 

100 µl of unsupplemented Grace’s medium.  The combined diluted bacmid:Cellfectin® mix was 

incubated for 30 min at room temperature.  Meanwhile, the attached cells were washed one time 

with 2 ml unsupplemented Grace’s medium.  After the wash media was removed, the DNA:lipid 

complexes were added to each well containing cells and incubated at 27°C for 5 hours.  After 5 

hours, the DNA:lipid complexes were removed and 2 ml of complete growth media was added to 

the cells.  The plate was returned to the 27°C incubator for a minimum of 72 hours or until signs 

of viral infection were seen.   

 

Isolating P0 viral stock and amplifying to P1 and beyond 

 Budded viruses should be released into the medium 72 hours after infection.  Beginning 

at this time point, the cells were checked daily for visual signs of infection.  Typical 

characteristics of infected cells include cell lysis, detachment, granular appearance, and cessation 

of cell growth. For this reason, each transfection reaction always had a control well for 

comparison.  Once the cells have shown signs of transfection, the medium containing virus was 

collected from each well and transferred to a sterile 15 ml conical.  Cells were centrifuged at 500 

x g for 5 minutes in which afterwards the clarified supernatant was transferred to a clean 15 ml 

conical and stored at 4
o
C.  This was considered the P0 stock of each virus. The titer of the P0 

stock was assumed to be 1 x 10
6
 pfu/ml.  From this assumption, new Sf21 cells plated in NUNC 

25 cm
2
 flasks were infected with the P0 virus stock at an MOI of 0.1.  MOI refers to the number 

of virus particles per cell. The flasks were placed in a 27°C incubator until signs of infection 

were seen (72+ hours) and then harvested by centrifugation as described above.  This stock 

became the P1 passage of each virus.  At this point, the titer of each virus was determined by one 

of two methods described below.    After the titer was determined, further passages of each virus 

were done in succession (P2, P3, P4, etc) in the same manner using an MOI of 0.1 to infect new 

Sf21 cells.  This was done to obtain higher titers needed for the expression studies.  After each 

passage, the titer was determined.  Much of this work was done by Lesly De Arras who was a 

laboratory technician at the time this was performed. 
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Determination of viral titer 

 The concentration of infectious viruses in each samples, or titer, was determined using 

the widely accepted viral plaque assay.  All steps in the viral plaque assay were performed in a 

sterile ventilated hood.  To perform the plaque assay, 10 fold dilutions of each virus stock (P1 

and above) were prepared as indicated in the chart below. 

Dilution Instructions 

10
-2 

Add 5 µl virus to 495 µl medium 

10
-4 

Add 5 µl virus to 495 µl medium 

10
-5 

Add 150 µl virus to 1.35 ml medium 

10
-6 

Add 300 µl virus to 2.7 ml medium 

10
-7 

Add 250 µl virus to 2.25 ml medium 

10
-8 

Add 150 µl virus to 1.35ml medium 

 

 Cells were plated at a density of ~3 x 10
6
 Sf21 cells into 60 mm NUNC petri dishes (8 plates 

needed per virus) with a total volume of 4 ml and allow to attach.  The plates were labeled with a 

corresponding dilution factor starting with 1 plate for 10
-5

, 10
-8

 and control, 2 plates for 10
-6

 and 

10
-7

, and 1 plate for 0.5 x 10
-6

.  Once the cells had attached, all but 1 ml of medium from each 

plate was removed using a sterile aspirator.  One milliliter of each viral dilution (0.5 ml for 0.5 x 

10
-6

 plate) was added to the appropriate plate in a slow circular motion, a drop at a time.  All of 

the plates were incubated at room temperature for 1 hour.  During the one hour incubation 

period, plaquing medium (mixture of culture medium and agarose) was prepared.  An 

appropriate amount of AgarPlaque Plus agarose was autoclaved and mixed with room 

temperature Grace’s culture medium right before use.  All viral medium was aspirated off the 

plates and 4 ml of the plaquing medium was added.  This step was done quickly as to avoid 

desiccation of the cell monolayer.  The agar was allowed to harden and each plate was wrapped 

in parafilm to prevent evaporation.  All plates were incubated at 27°C for 6 days for the plaques 

to develop.  A neutral red overlay was added to facilitate the counting of plaques by staining.  To 

10 ml of medium 1 mg of neutral red was added and mixed with an appropriate volume of 

autoclaved AgarPlaque Plus agarose.  Three milliliters of the red agar was added to each plate 

and the plaques were counted visually with the help of a light box.  The following formula was 

used to calculate the titer, or plaque forming units per ml of each viral stock.   



28 

 

titer (pfu/ml) = number of plaques x dilution factor x (1/ ml of inoculum per well)   

 

A quicker method to determine viral titers was used when available.  The BacPAK™ 

Baculovirus Rapid Titer Kit from Clontech Laboratories is specially suited for AcMNPV-based 

baculovirus systems.  The kit utilizes a standard immunoassay for viral envelope glycoprotein 

(gp64) to identify virally infected cells in two days instead of the 6-7 days for a plaque to form.  

Titers were determined by antibody detection of the glycoprotein antigens.  Because this method 

is not dependent on the ability of the virus to replicate in infected cells only on the ability to 

infect and express a virally-encoded protein, hence titers are expressed in IFU/ml or infectious 

units per ml.  The protocol was followed per manufacturer’s instructions using the choice of the 

paraformaldehyde instead of formyl buffered acetone at step 1 while the additional reagents 

needed where purchased from Sigma-Aldrich (St. Louis, MO) and used as specified. 

 

Expression of recombinant protein and the creation of microsomes 

 Protein expression and isolation of phospholamban using the baculovirus system has 

been optimized from established protocols (61) All expression of recombinant proteins, 

including wild-type SERCA2a and cysteine mutant PLN, were expressed in High Five™ cells 

grown in suspension 1 x 10
6
cells/ml (log-phase) in recommended GIBCO® Express Five® SFM 

culture media supplemented with 10 U/ml Heparin. For expression of SERCA2a alone, an MOI 

of 10 was used whereas for co-expressions of SERCA2a and PLN, an MOI of 15 was used for 

SERCA and 5 for PLN.  The appropriate amount of virus was added to pelleted cells using the 

mentioned MOI and known viral titers.  The virus was allowed to incubate with the cells for 1 

hour before diluting back to original suspension volume.  Afterwards, the baffled flask(s) were 

placed back into the 27°C incubator with shaking at ~40 rpm for 48 hours to allow viral 

replication.  After 48 hours, virus-infected cells in a 300 ml suspension (500 x 10
6 

cells) were 

transferred to a 500 ml conical centrifuge tube and pelleted at 600 x g for 15 minutes at 4°C in 

the Allegra™ X-12R centrifuge.  The resulting supernatant was decanted into a waste container 

and the pellet was washed twice with 150 ml of ice-cold PBS containing 137 mM NaCl, 2.7 mM 

KCl, 4.5 mM Na2HPO4, and 1.4 mM KH2PO4 (pH 7.4) by centrifugation for 15 minutes at 600 x 

g (4°C) with the same centrifuge as before.  The washed cells were then resuspended in 30 ml of 

Buffer 1 (10mM NaHCO3, 0.2 mM CaCl2) then 30 ml of Buffer II (60 mM MgCl2, 0.5M 
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Sucrose, 60 mM Histidine, 0.3M KCl, pH 7.2) was added to resuspended cells.  The following 

protease inhibitors were added to this suspension in 60 µl aliquots: 2 µg/ml Leupeptin, 0.1 mM 

Pefabloc, 1 µg/ml Pepstatin A, and 10 µg/ml Aprotinin.  The suspended cells plus inhibitors 

were homogenized for 90 seconds using the Polytron® PT-MR 3100 homogenizer at 18,000 

rpm.  During this step, the cells were placed on ice to prevent with denaturation.  Before 

homogenization, the probe was washed at full speed with ice cold ddH2O to help the probe not 

transfer heat.  The homogenized cells were allowed to rest for about 15 minutes on ice to allow 

the foam to dissipate. After resting, the homogenate mixture was distributed equally into two 

JA30.5 centrifuge tubes avoiding as much foam as possible.  The mixture was centrifuged at 

3,000 x g for 20 minutes at 4°C to remove any large debris in the Avanti™ J-30I refrigerated 

centrifuge. The supernatant was collected and 15 ml of 3 M KCl was added.  This mixture was 

them poured into new clean JA30.5 centrifuge tubes and centrifuged for 20 minutes at 9,000 

rpm, 4°C.  The supernatant was collected and the High-Five insect cell microsomes were pelleted 

by centrifugation for 40 minutes at 26,000 rpm, 4°C in a Beckman Ti45 rotor.  The pellets were 

resuspended in 1-2 ml of 10 mM Imidazole, 250 mM sucrose (pH 7.2) and stored in 0.25 mg 

aliquots at -80°C.     

 

Determination of protein concentration 

 Protein concentrations were determined with the method of Biuret assay (62), using 

bovine serum albumin as a standard (Sigma).  A protein standard curve was generated by 

detecting the absorbance at 540 nm produced from a linear gradient of 0 -340 µg of BSA.  This 

standard curve was used to determine the unknown concentration of total microsomal protein.  

The percentage of the total protein concentration for SERCA2a or phospholamban expressed in 

microsomes developed from a baculovirus has been  previously determined by (63).  In a 

SERCA2a only microsomal preparation, SERCA2a makes up 8.3% of total protein whereas in a 

co-expressed sample, SERCA2a comprises 3% and Phospholamban 0.26% (1:1.6 mole ratio).  

Although the total protein concentration determined by the biruet assay is greater than 

SERCA2a, this figure was used to calculate ATPase activity. The average yield per 600 ml of 

infection was 30 mg of microsomal protein. 
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Expression and Purification of Phospholamban from E. coli 

 In addition to using the baculovirus method, phospholamban was expressed and purified 

from E. coli cells. Using this method allows us to study the effect of the mutant PLN in a pure 

environment without the background noise of the other ATPases when using the baculovirus 

system.  Detergent micelles are able to show the same kinetic profile as microsomes which allow 

us to direct compare the results from wither preparation method.  There are certain questions that 

could only be answered using this purified system because of the plethora of native cysteines in a 

cell environment which would prohibit DTNB, and mass spec work.  This was done using an 

established method and protocol from Diana Bigelow’s laboratory (64).  From previous work 

done by the Bigelow lab, the PLN gene from genomic DNA of a porcine heart was amplified by 

PCR and inserted in the pGEX-2T plasmid expression vector from Pharmacia (Piscataway, NJ).  

In this vector, there is a tac promoter that is chemically inducible, and the gene product is fused 

to glutathione S-transferase which allows for purification of PLN by conventional strategies to 

isolate soluble proteins.  Site-directed mutagenesis was employed to create a null cysteine variant 

of PLN in the pGEX-2T vector.  The null cysteine PLN pGEX-2T vector was graciously 

supplied to the lab for further experimentation.  From the supplied null cysteine PLN pGEX-2T 

construct, site-directed mutagenesis was employed using the QuikChange® XL Site-Directed 

Mutagenesis kit to create the single and double cysteine mutants as described previously using a 

newly designed set of primers that were specific to the vector. 

 

Expression of GST-PLN fusion protein 

Cultures of JM109 E. coli cells (genotype: e14
-
(McrA

-
) recA1 endA1 gyrA96 thi-1 

hsdR17 (rK
-
mK

+
) supE44 relA1 Δ(lac-proAB) [F’ traD36 proAB lacl

q
ZΔM15] were grown in 

sterile LB with shaking at 37°C.  JM109 cells were transformed with mutant cysteine PLN in 

pGEX-2T vectors using the heat shock method described previously in the baculovirus system.  

Transformed JM109 cultures were grown with shaking at 37°C with 100 µg/ml Ampicillin in 

2000 ml flasks containing 500 ml LB.  Isopropyl β-D-thiogalacto-pyranoside was added at a 

final concentration of 0.5 mM when the culture reached an OD600 of 0.3-0.4 (log-phase growth).  

In addition, we also used BL21 (DE3) pLysS-T1
R
 Competent Cells (genotype: F

-
 ompT hsdSB(rB

-

mB
-
) gal dcm λ(DE3) tonA pLysS (Cm

R
)) to express GST-PLN fusion proteins via 
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transformation with pGEX-2T vector.  The growth, transformation, and expression of these cells 

were followed per manufacture protocol (Sigma-Aldrich).  

 

Solubilization of GST-PLN fusion protein 

After 5 hours, cells were harvested from cultures by centrifugation at 2,000 x g for 10 

minutes. The cells are washed once by resuspending in 50 ml TBS and centrifuged at 12,000 x g 

for 10 minutes.  Afterwards, 30 ml cell lysis buffer (200 µg/ml Lysozyme (Sigma) in 20 mM 

Tris, pH 7.5) was added to resuspend the cells and left to incubate at room temperature for 15- 30 

minutes.  Subsequently, the suspension was sonicated using 5 second bursts using a probe 

sonicator (-----) at 5 output control for 10 minutes or until the solution was no longer viscous.  

The non-soluble proteins were harvested by centrifugation at 15,000 x g for 15 minutes.  The 

resulting pellet was solubilized in 20 ml of 1% (w/v) Sarkosyl (Sigma) in 20 mM Tris, pH 7.5 

and left at room temperature for 30 minutes, shaking gently.  The solubilized proteins were 

centrifuged at 15,000 x g for 15 minutes to remove nonsolubilized material.  The resulting 

supernatant was saved that contained the GST-PLN and kept at -20°C for later use. 

 

Preparative gel electrophoresis 

 Purification of the GST-PLN fusion protein was achieved by preparative electrophoresis 

using the Bio-Rad Model 491 Prep Cell.  Preparative electrophoresis refers to a procedure that is 

able to purify at least a few milligrams of protein at a time as distinguished from analytical 

electrophoresis at the microgram level.  Up to 50 mg of total protein from the saved supernatant 

was loaded onto a discontinuous SDS-PAGE column gel (37 mm) with a 4% stacking gel and a 

9% resolving gel.  Electrophoresis was performed at a constant 12 W using the Bio-Rad 

PowerPac Universal for 10 hours.  Proteins were eluted from the preparative gel with elution 

buffer consisting of 10 mM Tris (pH 8.5), 2 mM β – mercaptoethanol.  The eluted proteins 

travelled through supplied tubing connected to a peristaltic pump which led to an automated 

fraction collector (Bio-Rad Model 2110) set to collect 50 drops per tube.  Column fractions were 

analyzed for protein content with Coomassie blue staining on 9% SDS slab gels in addition to 

immunoblots with anti-PLN antibody (2D12).  Fractions that contained GST-PLN (33-kDa) were 

pooled and thrombin, a protease, digestion was performed by adding thrombin (from human 

plasma) in a ratio of 35 U/mg GST-PLN.  The digestion takes ~40 hours at room temperature.  
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The products of thrombin cleavage were lyophilized and resuspended in 8-10 ml SDS-boiling 

buffer (10 mM Tris, pH 6.8, 4% SDS, 200 mM DTT, 0.2% bromophenol blue, 20% glycerol).  

Heat mixture in boiling water bath for 15 minutes and let cool to room temperature before 

loading onto a discontinuous SDS-PAGE column gel (28 mm) with a 4% stacking gel and a 12% 

resolving gel.  Electrophoresis was performed at a constant 8 W for 8 hours.  PLN was eluted 

and collected from the preparative column gel with elution buffer as described above.  Column 

fractions containing only PLN, confirmed by Western immunoblotting were pooled and 

lyophilized. 

 

Characterization of mutant PLN microsomes    

 

SDS-PAGE 

 The amount of expressed SERCA2a and PLN in the insect cell microsomes is quantified 

by gel electrophoresis and immunoblotting using methods developed by Porzio et al. (51).  Insect 

cell microsomes were solubilized at 37°C for 5 minutes in a dissociation medium that contained 

137 mM Tris-HCl (pH 6.8), 4.4% SDS, 22% glycerol, and 0.0025% bromophenol blue before 

electrophoresis.  SDS-PAGE was conducted in a Bio-Rad Mini Protean II System using either a 

hand-poured continuous 12% polyacrylamide gels or manufactured gradient (10-20%) 

polyacrylamide gels (BIO-RAD).  Each gel was run at the constant voltage specified by the 

manufacturer until the dye front reached the bottom of the cassette.  Precision-Plus 

(Kaleidoscope) prestained molecular weight markers (BioRad) were used as standards. 

 

Western blotting to transfer proteins 

 The proteins within the SDS-PAGE gels were transferred to a membrane for further 

analysis using a wet-transfer electrophoretic procedure according to the instructions provided by 

the manufacturer.  After SDS-PAGE, described above, the gel was equilibrated in transfer buffer 

(25 mM Tris, 192 mM glycine) for 10-15 minutes along with a nitrocellulose or PVDF 

membrane (Bio-rad).  PVDF membranes were activated by soaking in 100% methanol before 

adding to the transfer buffer.  The Bio-Rad Trans-Blot Cell cassette transfer apparatus was setup 

according to the manufacturer’s user guide.  Electrophoresis was performed at a constant 90 V 

for 25-30 minutes at 4°C using a Bio-Rad PowerPac Basic power supply.   
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Immunological detection of proteins 

The immobilized proteins transferred onto a polyvinylidene difluoride (PVDF) or 

nitrocellulose membrane were exposed to monoclonal antibodies that were conjugated to 

enzymes that were detectable through a colorimetric assay.  After the electrophoretic transfer, the 

membranes were placed in a try containing 10 ml of 2% BSA used as a blocking buffer.  Each of 

the primary antibodies were prepared in the 2% BSA in a 1:5,000 dilution and added to the 

membranes. The membranes were probed with anti-SERCA2a mouse monoclonal antibody 2A7-

A1 for detection of SERCA2a or with anti-phospholamban mouse monoclonal antibody 2D12 

for the detection of phospholamban.  Following the one hour incubation on a horizontal shaker, 

the antibodies were decanted and saved at 4°C.  The membranes were washed with 2 x 10 ml 

TBS buffer and 2 x 10 mL TBA plus 0.1% (v/v) Tween-20.  After washing, a 10 ml solution 

containing the Goat-Anti-mouse HRP conjugate (1:2,500) in 2% BSA was added to the 

membranes.  The membranes were incubated with the secondary antibody for 30 minutes at 

room temperature with horizontal shaking. After decanting and storing the secondary antibody, 

the membranes were washed with TBS in the same manner as described above.  HRP Color 

development buffer (Bio-Rad) was mixed according to the manufacturer and added to the 

membranes until bands of purple appeared indicating the location of the secondary antibody and 

therefore SERCA2a and/or PLN. Rinsing the membrane with ddH2O terminated the colorimetric 

reaction.   

 

ATPase Characterization Methods 

 

Malachite green assay for inorganic phosphate detection 

The ATP hydrolysis activity of SERCA2a in insect cell microsomes is measured 

colorimetrically using an inorganic phosphate liberation assay (65) adapted from the procedure 

of Lanzetta et. al (49). The enzyme is suspended (0.05 mg/ml) in a buffer containing 100mM 

KCl, 3mM MgCl2, 1mM EGTA and varying amounts of [CaCl2] in increments of 0.1 mM 

providing buffered [Ca
2+

]free levels between 30nM and 2.4µM.  At time zero, 5mM MgATP is 

added to start the reaction.  At serial times after the ATP initiation, a 50 µL aliquot is removed 

from the incubation tube and added to a culture tube containing 1.6 ml of malachite green 

ammonium-molybdate reagent.  The reaction was quenched with 200μL sodium citrate to 



34 

 

stabilize color development.  After about 30 minutes of color stabilization, the absorbance is read 

at 660 nm (see reaction equation below).   

 

 

Malachite-green ammonium molybdate phosphate reaction. 

 

A phosphate standard curve was also generated by adding predetermined amounts of 

phosphate to the malachite green ammonium-molybdate reagent.  The standard curve allowed us 

to convert the absorbance readings at each [Ca
2+

]free level to µmol Pi.  The specific activity of 

SERCA2a at each [Ca
2+

]free level was calculated by the total phosphate produced per unit time 

per mg of protein.  On average, each ATPase assay was done using 0.0025 mg of microsomal 

protein with 30 minute duration. The resulting [Ca
2+

]-dependent activity curve is sigmoidal 

because of the cooperative binding of calcium.  All ATPase data was analyzed using OriginPro 

version 8.5.1.  To obtain the fit, we used the pre-set non-linear curve DoseResp function which 

creates a dose-response curve with variable Hill slope given by a parameter ‘p’.  This function 

uses the following formula: 

       
      

              
 

From this data, we were able to extrapolate the maximum enzyme activity (Vmax) and apparent 

Ca
2+

 affinity (K0.5), two of the key parameters affected by PLN regulation.  

 The malachite green phosphate assay was used to assess SERCA2a activity after various 

treatments.  In order to assess if co-expressed SERCA2a + PLN microsomes display proper 

coupling and PLN regulation, microsomes were treated with an anti-PLN antibody 2D12 to 

physically uncouple PLN from SERCA2a. A 500 μl aliquot of 0.2 mg/ml microsomal protein 

was treated with 10 μl of 2D12 (Pierce) for 10 minutes on ice. Following 2D12 treatment, the 

subsequent steps in the phosphate assay are identical.   
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 To assess the effect of HNO on SERCA2a and PLN, we used the HNO donor Angeli’s 

Salt to treat the insect cell microsomes.  The white Angeli’s Salt powder (MW 121 g/mol) was 

weighed in a micro centrifuge tube to the amount of 2.0-5.0 mg, and ice cold 10 mM NaOH was 

added to make a 100mM stock solution.  At this point, serial dilutions of Angeli’s Salt in 10mM 

NaOH were made to suit the experiment with a cautious effort to keep all stock concentrations 

on ice.  The microsomes were treated by adding 1 μl of AS to a microcentrifuge tube containing 

100 μl of 0.2 mg/ml protein.  This reaction was left at room temperature for 15 minutes.  If a 

larger volume of protein was treated, a 1:100 dilution of AS to microsomal protein was always 

followed.  After AS treatment, SERCA2a ATPase activity was measured following the 

phosphate assay described above.     
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CHAPTER III 

 

CREATION OF PHOSPHOLAMBAN CYSTEINE MUTANTS 

 

Preliminary Research 

 

 Cloning null cysteine PLN ORF into pFASTBac1 

 Wild type PLN contains three native cysteines residues at positions 36, 41, and 46.  The 

goal of this research was to understand the role of each PLN cysteine residue in the mechanism 

of action of HNO on SERCA2a.  To do this we decided to start with a null cysteine PLN 

construct, where the native cysteine residues were replaced with alanine residues. Our strategy 

was to create PLN constructs with individual cysteines at each of the three positions, and double 

cysteine constructs containing a cysteine at two of the native positions.  Experiments using these 

PLN cysteine mutants would be combined with similar studies using the wild-type and null 

cysteine PLN.  Null cysteine canine PLN cDNA in a pAcSG2 baculovirus transfer vector 

(Pharmingen) was a gift from Rasvan Cornea, PhD (University of Minnesota) to the Mahaney 

laboratory.  Dr. Mahaney enzymatically removed the PLN null cysteine cDNA from the pAcSG2 

vector and subcloned it into to the multiple cloning region of the pFastBac1™ baculovirus 

transfer vector (Invitrogen), for use within the Bac-to-Bac insect cell expression system used in 

the laboratory.  Although Invitrogen offers a wide array of baculovirus expression vectors, this 

particular vector was chosen because it does not express a fusion protein to allow for 

purification.  The prominent features of the pFastBac1 baculovirus vector are depicted in Figure 

3-1. 

 Dr. Mahaney used Gene Runner v3.0 to design unique oligonucleotides for site-directed 

mutagenesis experiments with the purpose of adding back a single cysteine via point mutations at 

each of the three transmembrane positions to the null cysteine (alanine) PLN background.  
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Figure 3-1. pFASTBac™1 Vector Map. 

Depiction of pFastBac1™ vector with key features: polyhedrin 

promoter site (PPH), SV40 polyadenylation signal, and the Tn7L 

and Tn7R mini Tn7 elements that permit transposition of the gene 

of interest into the baculovirus genome.  The complete sequence 

of this vector is available from the website: www.invitrogen.com.   

 

http://www.invitrogen.com/
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There were also plans to create double cysteine mutations in which two of the alanines would be 

changed back to the original cysteine.  Site-directed mutagenesis experiments were performed as 

described in Chapter II.  After sequencing the resulting PCR products, none of the designed 

primers were able to introduce the point mutations back into the cDNA, thus a new approach was 

planned.   

 

Baculovirus expression system 

 

Creating point cysteine mutations in pFASTBac1 

 Starting from the null cysteine PLN ORF in pFastBac1, mutagenic oligonucleotides were 

designed using the Stratagene QuikChange Primer Design Program.  A total of five sets of 

forward and reverse primers were designed for each cysteine mutation, three creating a single 

cysteine point mutation with the last two creating double cysteine point mutations.  Although our 

goal was to create six PLN cysteine mutants, three single and three double, the number of base 

pairs between the codons for positions 36 and 46 were too far apart to create a single mutagenic 

primer.  Therefore, to create this mutation, a two step mutagenesis was completed where position 

46 was mutated first and the designed mutagenic primer for position 36 was used to add the 

second cysteine.  All primers required for site-directed mutagenesis of PLN amino acid residues 

are listed in Appendix A.  As described in Chapter II, we used the PCR-based mutagenesis 

method Quikchange (Aligent Technologies).  The resulting cDNA constructs were individually 

transformed into competent XL Gold E.coli cells (Aligent Technologies) to amplify the cDNA, 

which was isolated and purified.  The average DNA concentration recovered 0.4-0.7 µg/µl.  All 

reactions were sequenced to verify successful point mutations using the mutagenic sequencing 

primer (5’-ATAACCATCTCGCAAATA-3’).  Since the mutations were created in a null 

cysteine (alanine) PLN background, the nomenclature for each of the PLN mutant are as follows: 

36C, 41C, 46C, 36/41C, 41/46C, and 36/46C, see Table 3-1. 

  



39 

 

 

 

 

 

 

 

 

 

 

  

Construct Nomenclature 

Cys36Cys41Cys46 Wild Type (WT) 

Ala36Ala41Ala46 Null Cys PLN 

Cys36Ala41Ala46 36C 

Ala36Cys41Ala46 41C 

Ala36Ala41Cys46 46C 

Cys36Cys41Ala46 36C/41C 

Cys36Ala41Cys46 36C/46C 

Ala36Cys41Cys46 41C/46C 

 

Table 3-1. Nomenclature of PLN cysteine mutations 
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Generation of recombinant bacmid DNA 

 Once the gene of interest was cloned into the pFastBac1 donor plasmid and the site-

directed mutagenesis was completed and verified via sequencing, the result was a recombinant 

donor plasmid for each PLN cysteine mutation.  The transformation of each PLN cDNA 

construct into DH10Bac E.coli cells was the next step to creating bacmid DNA.  The heat shock 

method was used to combine the cysteine mutant donor plasmid and the E.coli cells as described 

in Chapter II.  The DH10Bac cells contain a baculovirus shuttle vector (bacmid) with a mini-

attTn7 site to allow for cDNA transposition between the mutant PLN pFastBac™1 donor 

plasmid into the bacmid.  At this point, the E. coli containing the recombinant bacmid was plated 

on LB agar including selective antibiotics, Bluo-gal and IPTG for positive selection of 

transformed and transposed E. coli.  A single colony with the confirmed phenotype was selected 

for each PLN cysteine mutant and liquid LB medium was inoculated to create a starter culture 

for each.  The E. coli cells were grown and harvested in a large enough quantity isolate and 

purify the recombinant bacmid as described in Chapter II.  Average bacmid DNA concentrations 

ranged from 0.2-0.5 µg/µl. To verify transposition, the isolated bacmids were analyzed by PCR 

using M13 oligonucleotide primers which hybridized to the bacmid adjacent to the cDNA 

recombination site and subjected to subsequent agarose gel electrophoresis. The PCR results for 

each mutant can be seen in Figure 3-2. If transposition occurred correctly the expected PCR 

product was expected to be ~2,470 bp, while the bacmid alone would have produced a PCR 

product of ~300 bp.  Each of the PLN cysteine mutant bacmids displayed the expected product 

band. 

 

Creation of recombinant baculovirus 

 Recombinant baculoviruses are widely used to express heterologous genes in cultured 

insect cells, particularly insects of the order Lepidoptera.  The purified bacmid DNA containing 

each of the site-specific transposed cysteine mutant variants of phospholamban cDNA was used 

to transfect Spodoptera frugiperda (Sf9) cells. Per the Invitrogen manual, transfected cells were 

kept in a 27
o
C humidified incubator and signs of viral infection were visually inspected daily.  

Beginning at 72 hours post infection the virally-infected insect cells appeared lysed and showed 

signs of clearing in the monolayer using an inverted phase microscope at 250-400X 

magnification.  Once the transfected cells showed these signs of late stage infection, the cell  
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[INSERT FIGURE 3-2] 

 

  

Figure 3-2. Confirmation of PLN cDNA incorporation into recombinant 

baculovirus.  Recombinant bacmid PCR products were separated on 1% agarose gel, 

and stained with EtBr.  Lane assignments 1 and 8 contain a 1kb DNA ladder 

(Promega), 2-5 A36C PLN, 6-7 A41C PLN, 9-11 A46C PLN, 12 A36/41C PLN, 13 

A36/46C PLN, and 14-15 A41/46C PLN.  All PLN cysteine mutant samples showed a 

band around 2500 bp which coincided with the expected PCR product size of 

~2,470bp.  
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medium was collected and processed as described in Chapter II.  This was now considered the 

P1 (e.g., Passage 1) viral stock.  A P1 viral stock was made for each of the six phospholamban 

cysteine mutants along with stocks for null cysteine phospholamban, and wild-type 

phospholamban.   At this point, each of the viral stocks was amplified by infecting additional 

insect cells, and the resulting viral titer was determined for each baculovirus by plaque assay or 

rapid titer assay (Clontech).  Table 3-2 shows a representative titer of each virus that determined 

via the rapid titer method.  The titer of the initial viral stock generally ranged from 1 x 10
6
 to 1 x 

10
7
 plaque forming units (pfu)/ml.  Amplification of the virus allowed for production of a P2 

(e.g., Passage 2) viral stock with a titer ranging from 1 x 10
7
 to 1 x 10

8
 pfu/ml.  Optimal protein 

expression requires a virus stock solution with a titer of at least 1 x 10
8
 pfu/ml. It is for that 

reason that all viruses were amplified at least once while many were amplified up to five times to 

create a P5 (e.g., Passage 5) stock.  As the passage number increased with each mutation, the 

titer values sis show signs of decrease but not enough to affect infection.  Over the course of the 

research project, all virus stocks were kept in sterile pyrex jars at 4
o
C for a maximum of 6 

months.   

 In addition to expressing the PLN cysteine mutant proteins alone for individual study, our 

goal was to coexpress the PLN constructs with the Ca
2+

-pump (SERCA2a) to determine how 

HNO treatment modifies the regulation of SERCA2a by phospholamban.  For this purpose, we 

used a wild-type SERCA2a baculovirus construct that was previously developed in the 

laboratory (Waggoner, 2003). 
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Mutation pfu/ 10-3 dilution pfu/ 10-4 dilution pfu/ 10-5 dilution pfu/ml 

A36C 136 14 2 6.0 x 107 

A41C 298 35 3 1.0 x 108 
A46C 120 13 1 5.0 x 107 
A36/41C * * 20 8.0 x 108 
A36/46C * * 50 2.0 x 109 
A41/46C * * 60 3.0 x 109 

 

Table 3-2. Representative viral titers (pfu/ml) for the PLN 

cysteine mutant recombinant baculoviruses, determined using the 

rapid titer assay.  These titers represent one viral prep from each 

mutation. (*) indicates the number of plaques in the culture well 

were too high to accurately count. 
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Protein expression using High Five™ cells 

 Protein expression and isolation of SERCA2a and phospholamban using the baculovirus 

system has been optimized from established protocols (61).  All expression of recombinant 

proteins, including wild-type SERCA2a and cysteine mutant PLN were expressed in High 

Five™ cells.  Because the baculovirus system is eukaryotic, both phospholamban and SERCA2a 

were processed and modified with all naturally occurring post translational modifications and 

trafficked to the endoplasmic reticulum (66).  Each of the cysteine mutants were expressed alone 

and coexpressed with wild-type SERCA2a. The final conditions for protein expression are 

detailed in Chapter II. 

 

Confirmation of expressed PLN cysteine mutants via SDS-PAGE 

 Determination of a proteins molecular weight (MW) migration via polyacrylamide gel 

electrophoresis (PAGE) in the presence of sodium dodecyl sulfate (SDS) is a universally 

accepted method in biomedical research.  Original results with SDS-PAGE have showed that the 

subunit structure of PLN can include five major electrophoretic mobility forms after complete 

dissociation of the holoprotein (67).  When PLN is not dissociated via boiling, a major monomer 

and homopentamer form can be detected.  The apparent MW’s for both the pentamer and 

monomer form of PLN deviate from the formula MW with gel shifts (i.e. migration on PAGE 

that does not correspond to formula MW).  The pentamer has been established to migrate 17% 

faster than the formula MW while the monomer migrates 48% slower than the formula MW (68).  

The formula molecular weight for both the pentamer and monomer units of PLN are 30 and 6.1 

respectively, yet the literature acknowledges the apparent MW on SDS-PAGE as 29 and 9 

respectively (67).  

  Each of the cysteine mutants of phospholamban were expressed alone in order to study 

the effects of HNO on the pentamer- monomer equilibrium and to test for the formation of 

disulfide bonds upon nitroxyl treatment.  The presence and expression level of phospholamban in 

the microsomes was determined using SDS-PAGE and subsequent immunoblotting.  PLN 

expressed in insect cell microsomes were detected using an anti-PLN primary antibody (2D12) 

(Figure 3-3).   

 Similar to results in the literature, microsomal WT-PLN migrates as both a pentamer and 

monomeric species with a higher percentage of the protein existing in the pentameric form.  In 
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contrast, 36C PLN and 46C PLN seem to only show monomeric species of the protein with no 

other higher molecular weight oligomers seen.  The 41C PLN sample shows similar 

characteristics to wild-type PLN in that both a pentameric and monomeric form of the protein are 

clearly apparent; however the equilibrium is clearly shifted toward the monomeric form.  In all 

cases, for the single cysteine PLN mutants, the levels of protein expression appeared to be much 

less that the wild-type. 

 The current model in the literature shows the pentameric form of PLN held together by a 

leucine-isoleucine zipper with additional stabilization from the cysteine at position 41 (18).    In 

this model originally proposed by Simmerman et. al. (22), the cysteines at position 36 and 41 are 

adjacent to the leu-ile zipper structure (see Figure 1-?); such that a bulky mutation (i.e. Phe, or 

Ser) at either site would more than likely perturb pentamer formation.  Since each of our PLN 

mutations only contained a simple alanine in place of the cysteine; there was no indication that 

the ability to form a pentameric oligomer would be disturbed via steric hindrance.  Therefore the 

previous results showing an absence of pentamer formation in the 36C and 46C PLN mutants led 

to further experimentation to prove or disprove the ability of these samples to form a pentamer.   
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[INSERT FIGURE 3-3] 

 

  

Figure 3-3. Immunoblot of single cysteine PLN. 0.12 mg of each insect 

cell microsomal sample was loaded onto a 12% denaturing polyacrylamide 

gel and separated as described in chapter III. The gel dissociation media 

contained 6.5% SDS final.  Proteins were electrophoretically transferred to 

a PVDF membrane treated with primary antibody 2D12, and detected using 

a Protein A-HRP color reagent system.  The lanes are labeled within the 

figure.  
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Effect of SDS concentration on SDS-PAGE results 

 After we conducted an in depth literature search on phospholamban penatmeric stability, 

the level of SDS in the sample loading buffer came into question.  In 2009, Rath et. al 

investigated SDS binding capacity within membrane proteins to further elucidate atypical 

membrane protein SDS-PAGE migration(68).  They found that membrane proteins are capable 

of differential solvation by SDS that may result in replacing protein-detergent contacts with 

protein-protein contacts, implying detergent binding and folding are intimately linked.  In the 

polyacrylamide gel electrophoresis system used to analyze the PLN cysteine mutants, the source 

of SDS comes from the gel loading buffer.  As the original loading buffer which contained 6.5% 

SDS as a final concentration did not allow for the formation of pentamers, we decided to test a 

range of lower concentrations to see if pentamer formation was possible.   

 At 6.6% SDS, the pentamer-monomer migration pattern of wild-type PLN and 41C PLN 

samples did not seem affected.  The non effect on the atypical migration pattern of WT-PLN 

would be expected as all important amino acids are still intact.  There has also been previous 

work showing the importance of the cysteine at position 41 for pentamer stability (18).  Since the 

cysteine at this position is unreactive because of the occlusion of the sulfhydryl group, the higher 

concentration of SDS does not seem to be able to affect the pentamer-monomer equilibrium.  

Yet, once the concentration of SDS was lowered to at least 2.2% final both 36C and 46C PLN 

showed the capability of forming the pentamer, see Figure 3-4.  

 It is plausible that without the cysteine at position 41 stabilizing the pentamer formation, 

the higher SDS treatment in these samples resulted in more of a protein-detergent interaction 

impeding the oligomeric formation.   Lowering the concentration of SDS in the loading buffer 

may have allowed for these PLN mutant samples to have protein-protein contacts, instead of 

protein-detergent contacts.    With this new found information, all subsequent gel electrophoresis 

experiments used the following 2X sample buffer composition of: 137mM Tris-HCl (pH 6.8), 

4.4% SDS, 22% glycerol, and trace bromophenol blue.  This change allowed us to study the full 

effect of HNO on the pentamer- monomer relationship between all PLN mutant samples and 

WT-PLN.  
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Figure 3-4. Effect of electrophoresis SDS concentration on PLN 

pentamer formation. Anti-phospholamban immunoblots show WT-PLN 

has the ability to form pentamers at low (2.2%) and high (6.5%) SDS. But 

36C PLN (A) and 46C PLN (B) are only able to form pentamers  at a lower 

amount of SDS.  Similar to WT-PLN, 41C PLN (not shown) has the ability 

to form pentamers at both SDS concentrations.   



49 

 

SDS-PAGE analysis on all expressed PLN mutant samples 

 Once the electrophoresis conditions were optimized, each of the microsomal protein 

preparations was analyzed for their pentamer –monomer equilibrium as compared to wild-type 

PLN.  Figure 3-5 shows an immunoblot in which a representative preparation for each PLN 

cysteine mutation was subjected to PAGE and immunoblotting as described in Chapter II, and 

detected with the anti-PLN antibody 2D12.  The only similarity shared amongst all expressed 

mutants, regardless of the cysteine position, was the presence of both the pentameric and 

monomeric form of PLN.   Microsomes expressing 41C, 36/41C, and 36/46C PLN display a 

pentamer-monomer pattern similar to WT-PLN.  These samples show the pentamer-monomer 

equilibrium shifted more towards the pentameric form as evidenced by the much darker 

pentamer bands detected with PLN antibody. This pattern was expected in the WT-PLN sample, 

as previous literature has shown that only a small percentage of PLN is in the active monomeric 

form (21, 69).  In contrast, microsomal samples 36C and 46C showed the opposite trend where 

the monomeric form of PLN shows a greater expression.  This is evident by the robust color 

development at the expected monomeric molecular weight and a faint band seen at the molecular 

weight corresponding to the pentameric form of PLN.  Quite the opposite, 41/46C PLN migrates 

as more of the pentamer form than the monomeric form.  All these data reconfirm the importance 

of a cysteine at position 41 for pentameric stability.  It seems that to ensure the formation of a 

pentamer, PLN must have at least two cysteines present (ie. 36/46C PLN, WT-PLN) or have at 

least a cysteine at position 41.   

 The literature has shown that introducing a mutation at a key leucine or isoleucine residue 

within the transmembrane domain of PLN results in monomeric super inhibitors as compared to 

the WT-PLN (70). The rationale is that the more monomeric or active form of PLN is available 

to bind to the Ca
2+

-pump the more PLN has an opportunity to inhibit enzymatic activity. 

Thinking forward to the Ca
2+

-ATPase activity experimentation with the cysteine mutations, we 

would expect to see 36C and 46C PLN show a higher inhibitory effect as compared to the WT-

PLN since there is apparently more monomeric PLN available.  We can look at the ΔpKCa in the 

next section to see if this theory corroborates with previous literature theory.  
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[INSERT FIGURE 3-5] 

 

  

Figure 3-5. Effect of PLN cysteine mutation on the PLN pentamer-

monomer equilibrium.  All of the PLN cysteine mutations show a 

migration pattern similar to the WT-PLN displaying both the pentameric 

and monomeric units.  It can be seen that the cysteine at position 41 plays a 

significant role in PLN pentamer stability as this mutant shows the highest 

pentamer formation in comparison to microsome samples containing a 

cysteine at positions 36 and 46. 0.2mg of each insect cell microsomal 

sample was loaded onto a 12% denaturing polyacrylamide gel and separated 

as described in chapter III. Proteins were electrophoretically transferred to a 

PVDF membrane treated with primary antibody 2D12 and detected using a 

Protein A-HRP color reagent system.  The lanes are labeled within the 

figure.  
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Co-expression of cysteine mutants with SERCA2a 

 Karim (18) and MacLennan (19) have indicated that the three cysteine residues have no 

direct role in the mechanism of Ca
2+

-ATPase regulation by PLN.  However, if bulky side chains 

(like Phe) are substituted for the cysteines, and especially cysteine 41 (22), then PLN regulation 

of Ca
2+

-ATPase is diminished.  This suggests that AS/HNO modification of one or more PLN 

thiols, particularly cysteine 41, may affect PLN regulation of the Ca
2+

 pump.  In order to 

elucidate effects of phospholamban cysteine modification on the regulatory potency of PLN on 

the sarco(endo)plasmic reticulum Ca
2+

-ATPase, we co expressed the Ca
2+

 pump with each of the 

PLN cysteine mutants.   

 The baculovirus expression system allowed for the creation of co-expressed proteins in 

which two separate viruses were added simultaneously to co-infect a batch of insect cells.  The 

end result should theoretically be a microsome that contains a functionally coupled SERCA2a 

and PLN (65).   As described in Chapter II, there is a body of literature that has optimized the 

MOI factors needed for each virus in order to obtain the correct stoichiometry between 

SERCA2a and PLN to mimic the native myocyte.  Although the optimum MOIs determined for 

each individual protein was a good starting point for co-infection, conditions still had to be 

optimized to our laboratory.   

 After several co-expression attempts using the established procedure developed by 

Waggoner (65), it became evident that each PLN mutant and SERCA2a co-expression had to be 

individually optimized as certain conditions would work for some co-expressions and not others.  

More than 50% of all co-expression attempts ended in malfunction as either one of the two 

proteins did not express, or if expressed, SERCA2a was not functionally active, and/or PLN was 

not coupled with the enzyme as determined by an enzyme assay.  These protein samples were 

not usable in data collection.  The following are some of the parameters that were altered to 

optimize the protein preparatory protocol: multiplicity of infection factor for each virus, length of 

viral incubation, type of insect cell used (High Five or Sf21), duration of viral infection, speed of 

cell homogenization, the order in which viruses were added to the cells, and the length and force 

of centrifugation spins. 

 With the completion of each co-expression protein harvest, the presence of each PLN and 

SERCA2a was determined by an immunoblot with primary antibodies raised against each 

protein, 2D12 and 2A7-A1 respectively.  Once it was determined if each protein was present, an 
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Ca
2+

 dependent ATPase functional assay (details in Chapter II) assessed whether or not 

SERCA2a was active and if PLN was functionally coupled with SERCA2a.    After multiple 

attempts, only 1-2 successful co-expressions were created with the single and double cysteine 

PLN mutants and SERCA.     

 

Immunoblot analysis of PLN and SERCA2a co-expression 

 Using primary antibodies raised against PLN and SERCA2a, we were able to detect the 

presence of both SERCA2a and PLN in a single microsome but also to examine if there were 

changes in the migrational pattern of either protein resulting from protein-protein interactions.  

The data shows when SERCA2a is coexpressed with the single cysteine PLN mutants, there is a 

change in PLN pentamer-monomer dynamics (see Figure 3-6).  As shown in the literature wild-

type PLN shows an identical pentamer-monomer relationship regardless of the presence of 

SERCA2a (71).  In our microsomes, even though the WT-PLN co-expression displays the 

expected pentameric and monomeric PLN bands (~30kDa and 7 kDa respectively) as seen in 

lanes 1 and 2, notice that in the presence of SERCA there is a smaller monomer band and a 

slightly darker pentamer.  PLN mutant 36C (lanes 3 and 4) shows only a monomeric PLN unit 

when co-expressed with SERCA2a contrary to the expression of both the pentamer and 

monomer forms being identified when the mutant is expressed alone.  Both the expected 

pentamer and monomeric band are present in PLN mutant 41C (lanes 5 and 6) when expressed 

alone and/or with SERCA2a.  Although the data shows a clear decrease in the expression level of 

41C PLN when co-expressed with SERCA2a, when expressed individually, 41C PLN shows a 

high expression level similar to WT-PLN.  In regards 46C PLN (lanes 7 and 8), there was no 

difference seen in the migration pattern with the addition of SERCA2a.  In both cases, 

individually expressed and co-expressed, 46C PLN showed only the monomeric form of the 

protein.  This result is different from previous immunoblots with 46C PLN showing the 

capability to form a pentameric unit when the SDS concentration is lowered.  

 A repeat of this same experiment using different microsomes expressing the sample 

proteins showed a completely different result (see Figure 3-7).  Here, there is evidence that each 

of the single cysteine mutants show a pentamer and monomer form of PLN co-expressed with 

SERCA2a.    There is no obvious difference between the three samples (lanes 2-4) in regards to 

the expression level of either protein.  However, there is a clear preference for the monomeric 
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form of PLN.  We were also able to show the co-expression pattern of SERCA2a and PLN 

amongst the double cysteine mutants (lanes 5-7).  Each of these samples showed the expected 

band ~110kDa for SERCA2a and both the pentamer and monomeric bands at the correct 

molecular weight for PLN.  The difference between these results can be attributed to variation 

amongst individual protein preps.  We acknowledge that each microsomal protein preparation 

was completed at various times often with different batches of cells and different viral passages.  

It is for this reason that multiple experiments were done with each protein prep and the results 

were always referenced back to look for similarities and common trends.   
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[INSERT FIGURE 3-6] 

 

  

Figure 3-6. Effect of SERCA2a+PLN co-expression on PLN migration pattern.  

The presence of SERCA2a in the coexpressed microsomes altered the oligomeric 

dynamics of PLN in cysteine mutant samples.  In lanes 1 and 2, it is clear that WT-PLN 

migrates as both a pentamer and monomer despite the presence of SERCA2a.  41C PLN 

showed pentameric units when expressed alone but not with SERCA2a, whereas 36C-

PLN showed only a trace of pentamer.  46C PLN shows no difference in migration 

pattern despite coexpression. 0.2mg of each insect cell microsomal sample was loaded 

onto a 12% denaturing polyacrylamide gel and separated as described in chapter III. 

Proteins were electrophoretically transferred to a nitrocellulose membrane treated with 

primary antibodies 2D12 (PLN) or 2A7-A1 (S2a) and detected using a Protein A-HRP 

color reagent system.   The lanes are labeled within the figure.  
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Figure 3-7. Effect of SERCA2a+PLN co-expression on PLN migration pattern.  

In comparison to Figure 4-6, WT-PLN (lane 8)  and all three single cysteine PLN 

mutants (lanes 2-4) migrate as both a pentamer and monomer when coexpressed with 

SERCA2a.  This pattern of stable SERCA2a and pentamer/monomer PLN expression is 

also seen in the double cysteine PLN mutants (lanes 5-7).  0.2mg of each insect cell 

microsomal sample was loaded onto a 12% denaturing polyacrylamide gel and 

separated as described in chapter III. Proteins were electrophoretically transferred to a 

nitrocellulose membrane treated with primary antibodies 2D12 (PLN) or 2A7-A1(S2a) 

and detected using a Protein A-HRP color reagent system.  The lanes are labeled within 

the figure.  
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Functional characterization of co-expressed PLN cysteine mutants with S2a 

 After it was determined which microsomes expressed both PLN and SERCA2a via 

immunoblot analysis, a functional characterization of the PLN:SERCA2a complex was 

completed.  ATP hydrolysis activity of SERCA2a in insect cell microsomes was measured 

colorimetrically by an inorganic phosphate liberation assay (details can be found in Chapter II).  

Using a phosphate standard curve, the absorbance readings at each [Ca
2+

]free level were 

converted to µmol free inorganic phosphate.  Since the initial protein concentration is known, the 

specific activity of SERCA2a can be calculated.  The resulting [Ca
2+

]-dependent activity of 

SERCA2a displays a sigmoidal curve because of the cooperative binding of calcium.  All 

activity data was fit using the Hill equation, which reports the maximum enzyme activity (Vmax) 

and apparent Ca
2+

 affinity (K0.5), two of the key parameters affected by PLN regulation.  To 

determine if the coexpressed mutant PLN was actively coupled to SERCA2a, the activity assay 

was done after the addition of an anti-PLN antibody, 2D12.  The addition of this antibody creates 

a “no-PLN” control in which PLN responds in a similar fashion to native phosphorylation 

thereby relieving inhibition.  This should result in a shift of the Ca
2+

-ATPase activity curve, as 

evidence by a decrease in the K0.5 value.  Thus, SERCA2a displays an increase in the apparent 

[Ca
2+

] sensitivity due to relief of PLN. 

 The relief of PLN inhibition upon the addition of 2D12 as shown in ATPase activity 

assay data (Figure 3-8) confirms effective coupling of each single cysteine mutant PLN and 

SERCA2a microsome.  In all cases, upon the addition of 2D12, the inhibitory function of PLN is 

relived by a confirmed shift in apparent SERCA2a Ca
2+

 affinity as defined by ΔpKCa.  SERCA2a 

plus 36C PLN shows a decrease in the K0.5 by 56% while SERCA plus 41C and 46C PLN show 

a decrease in K0.5 by 23% and 45% respectively.  It has been accepted that in native 

cardiomyocytes or native cardiac SR vesicles, relief in PLN inhibition by PKA or CAM-KII 

phosphorylation is shown by a decrease in the calcium K0.5 by about 50% (65).  Additionally, it 

has also been shown that insect cell microsomes and cardiac SR have nearly identical Ca-

ATPase kinetics behavior as affected by PLN (65).  Therefore, it is with this knowledge that we 

accept these co-expressions as adequate for further analysis to study the effects of HNO on PLN 

and SERCA2a.  If HNO modifies PLN in a way that affects physical coupling, HNO treatment 

may have the same effect as treatment with 2D12.  Note that even though all samples confirm 

successfully coupling of PLN and SERCA2a, 36C and 46C PLN have a significantly larger 
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percent ΔpKCa than 41C PLN.  This may mean that the 36C and 46C PLN are more easily 

dissociated from SERCA than 41C PLN.  Nevertheless, this demonstrates that the substitution of 

cysteines in PLN does not prevent PLN from regulating the Ca
2+

-ATPase.  These results are 

consistent with previous findings that there supporting previously reported data (24).  

 Although the goal of this project was to create microsomes expressing single cysteine or 

double cysteine PLN mutants with SERCA2a, we are unable to report any functional data on any 

of the double cysteine PLN co-expressions at this time.  We have been unable to create a 

microsomal sample that expressed both PLN and SERCA2a with the proper activity profile.  

This inactivity was determined via the same inorganic phosphate liberation assay used for the 

single cysteine mutant co-expressions. With the absence of Ca
2+

-ATPase activity, it was 

unfeasible to test whether PLN functionally regulated SERCA2a within the microsomal sample.  

A minimum of three separate attempts were made for each co-expression to make viable 

microsomes after which the initiative was put on hold.   Because these samples are imperative to 

fully understanding the mechanism of HNO on the PLN cysteines, current members of the lab 

are working on successfully creating these samples.     
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Microsomal Ca-ATPase K
0.5

 (μM) values  

Sample Type  Control  2D12   ΔpK
Ca

  

S2a + WT-PLN  0.60±0.03  0.30±0.04  0.30±0.03  

S2a+36C  1.2±0.05  0.65±0.03  0.50±0.04  

S2a+41C 0.74±0.04  0.63±0.05  0.11±0.04  

S2a+46C  1.4±0.05  0.62±0.06  0.76±0.05  

 

 

 

 

 

 

 

 

 

 

  

Figure 3-8. Kinetics of S2a+ single cysteine PLN. The conditions for incubating the 

microsomes with 2D12 (anti-PLN antibody) and assaying ATPase activity of SERCA2a are 

given in Chapter III. The relief of PLN inhibition upon the addition of 2D12 as shown in 

ATPase activity assay data confirms effective coupling of each single cysteine mutant PLN 

and SERCA2a within the microsome. All data sets have been normalized to their relative Vmax 

values to facilitate a direct comparison of the [Ca
2+

]-dependence of each sample. Best fit 

parameters are given in the table below with (±) denoting standard deviation error. 
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Discussion- Baculovirus expression system 

 Starting in a null cysteine background, the proposed six PLN cysteine mutations [36C, 

41C, 46C, 36/41C, 36/46C, 41/46C] were created and expressed individually and coexpressed 

with SERCA2a using the baculovirus expression system.  Although we reached our goal of 

creating each of the six individual microsomal preparations, the total percentage of successful 

SERCA2a + PLN co-expressed preparations was low.  The average co-expression microsomal 

prep, regardless of the PLN mutation, would produce one of the two proteins or express an 

inactive SERCA2a.  A successful co-expression was defined by testing the microsomes for 

overall SERCA2a activity, functional regulation of SERCA2a by PLN, and expected migration 

patterns for both proteins.  If the microsomal prep produced both PLN and SERCA2a as 

evidenced by an immunoblot using their appropriate antibodies, yet PLN was not functionally 

coupled to SERCA2a or SERCA2a displayed no activity, this was considered an unsuccessful 

prep.   

 The baculovirus expression system has been used for many years as a standard in labs to 

create recombinant proteins with relatively easy success (72, 73).  The Mahaney lab is no 

exception, and has had success in the past (1999-2003) creating active SERCA2a and PLN co-

expressed microsomes using the protocol established though this laboratory (65). However, 

starting in ~2007 we began to encounter some difficulty in recreating previously successful 

preps.  After referencing the Invitrogen insect cell growth manuals, speaking with technical 

service representatives, and consulting other faculty members that use the system, we determined 

there are several possibilities to why we encountered such difficulty.   

 The first important aspect in successfully using the baculoviral expression system is viral 

competency.  Using a low passage, high titer virus (preferably plaque-purified) is instrumental to 

creating functional and active recombinant proteins.  After time, we realized that our current 

viral stocks may have been passaged too many times to maintain adequate virility.  New viruses 

were made using “master” stocks (P5/P6) of either PLN or SERCA2a which had been kept at 

4
o
C for upwards of six months.  Although the titers of these new viral preps were usually in 

usable range of 5 x 10
7
 to 1 x 10

8
 pfu/ml, it is possible that the key virility factors had 

deteriorated over time thus prohibiting successful recombinant protein expression. In an effort to 

maintain a healthy stock of all SERCA2a and PLN viruses, the lab is currently in the process 

discarding all old viruses and bringing up new stocks from viral plaques.  There are some 
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promising new viruses in which we plan to use in the creation of co-expressed SERCA2a and 

double cysteine PLN mutants.     

 Secondly, an Invitrogen technical service representative brought to our attention a 

possibility of viral competition.  The insect cells used in the baculovirus expression system have 

multiple viral receptors on the cell surface, effectively allowing more than one virus to enter and 

infect the cell simultaneously. Apparently, in some cases, one virus can be naturally stronger 

than the other not allowing the second virus to enter the cell.  This phenomenon could explain 

why we always were able to detect PLN within the microsome but only 30% of the attempts 

showed SERCA2a.  In an effort to avert this problem, both viral stocks were pre-mixed before 

infecting the cells instead adding each virus one at a time as suggested in Unit 16.11.11 of the 

Current Protocols Molecular Biology (74).   Unfortunately, this technique did not increase the 

likelihood of success.  The next step was to conduct a full scale investigation into the MOI used 

for each virus to determine if the viral competition could be ablated.  In the end, we found the 

original MOI factors reported by Waggoner et. al. (65) to be suffice and we created microsomes 

that expressed both SERCA2a and each of the double cysteine PLN mutations (Figure 3-7).   

  Because none of the above co-expressed microsomes displayed any SERCA2a activity 

we now believe that the loss of important virility factors in the SERCA2a virus is the primary 

factor that has contributed to the stagnant pace of creating successful co-expressions.  There is no 

evidence that the mutations within PLN effects viral competency as the same issues have 

impacted the creation of SERCA2a + WT-PLN microsomes also. In addition to the above 

speculations, there are other factors that may have impacted co-expression.  It may be necessary 

to also adjust lysis and homogenization conditions to maintain protein integrity.  In general, 

larger proteins tend to be more unstable, and the incubation time for maximal expression is not 

always the optimal time for maximal intact protein.  Shorter infection times that lead to less 

protein tend to give more intact and active complexes (74). Taking all of these setbacks into 

account, we naturally began to question the use of the baculovirus expression system and look 

for alternative methods to study the effect of HNO on SERCA2a and PLN.  The literature has 

shown the use of reconstituted membranes (75-77) and a more direct analysis using  purified 

proteins to study SERCA2a and PLN regulation is effective in obtaining accurate and 

reproducible results.  The following section begins the discussion of the pGEX2T system in 

which we attempted to employ these methodologies.  
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pGEX2T expression system 

 Although the baculovirus expression system is a widely accepted technique used to create 

large quantities of active recombinant proteins, the presence of the native insect proteins must be 

taken into account during data analysis.  Within the scope of this project, there are limitations to 

using this system to fully understand the effects of HNO on only PLN and/or SERCA2a as HNO 

has the ability to interact with other proteins in the system.  It is for this reason that the pGEX2T- 

E.coli PLN expression system was employed to generate large amounts of purified WT and 

mutant PLN, for individual study and for co-reconstitution with SERCA2a.  Purified mutant 

PLN sample allows for exploration of disulfide bond or cysteine modification upon HNO 

treatment, in the absence of the other cysteine containing proteins.   

 A pGEX2T plasmid vector already containing a null cysteine PLN sequence was 

graciously given to the laboratory from Dr. Diana Bigelow (University of Washington) in 2005.  

Figure 3-9 shows the pGEX2T vector map with the PLN insert and other important construct 

features. Dog null cysteine cDNA was cloned into the expression vector in frame with the GST 

gene to create a GST-PLN fusion protein.  This E. coli expression system takes advantage of 

GST being a large soluble protein which allows to easy purification of the small hydrophobic 

protein PLN attached as a fusion.  To verify that there were no abnormalities within the plasmid, 

the vector was sent off for sequencing using the following primer [5’-

TGGCAAGCCACGTTTGGTG-3’] to the University of Georgia.  Once validity was confirmed, 

five sets of primers were designed to introduce the three transmembrane cysteines back in the 

same convention as the baculovirus system [36C, 41C, 46C, 36/41C, 36/46C, 41/46C PLN].  A 

list of all site-directed mutagenesis primers for the pGEX2T system can be found in Appendix A.  

After verification of mutagenesis by sequencing, recombinant JM109 E. coli was grown in 

standard Luria-Bertani medium supplemented with ampicillin and inoculated for expression from 

an overnight culture.  When cultures reached an optimal density, expression was induced by 

adding IPTG and harvested via centrifugation.  Sequential lysis, DNA fragmentation, and re-

solubilization ended in a supernatant that should be highly enriched in GST-PLN fusion protein.  

At this point, the highly enriched GST-PLN fusion protein was run on a preparative 

electrophoresis unit for the first round of electrophoretic purification.  Once the dye front had  
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[INSERT FIGURE 3-9] 

  

Figure 3-9. pGEX2T-PLN vector map.  The 153 bp cDNA was 

cloned between BamHI and EcoRI sites of the expression vector pGEX-

2T resulting in plasmid pGEX-2T-PLN 
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eluted from the gel, an additional 150 fractions of elutate were collected to capture the GST-

fusion protein.     

 To test the new protocol, the initial experiments were done using the transformed 36C 

PLN cDNA into the pGEX2T vector.  After the steps were taken to obtain the supernatant as 

described above, neither GST nor PLN were detected within the collected fraction range which 

was indicated on the protocol (~50-75 fractions after the dyefront).  Specific protein content was 

determined by immunoblot analysis using GST and PLN primary antibodies while a biuret assay 

was used to quickly select fractions that contained a large amount of total protein.  Once all 150 

fractions were analyzed, it was clear that the migration and elution of the assumed GST-PLN 

fusion protein was different from what was expected as PLN detection was found within the dye 

front fractions.  Alas, there was no evidence of the GST-PLN fusion construct as SDS-PAGE 

and subsequent immunoblotting with 2D12, the primary PLN antibody, showed PLN migrating 

at 7 kDa which is the molecular weight for monomeric PLN.  The expectation was to see PLN 

migrate with GST at ~55 kDa confirming the GST-PLN fusion construct.  When we examined 

the insoluble protein fractions we realized that the GST-PLN fusion protein accounted for none 

of the proteins found.  The pGEX2T vector provides a specific protease factor recognition site 

which allows the specific removal of GST from a fusion protein.  Since most of the soluble 

protein in the collected fractions was only PLN and not the GST-PLN fusion protein the addition 

of thrombin did not change the amount of soluble PLN protein contained in the fractions.   

Unfortunately, none of the PLN confirmed fractions showed a detectable signal with the anti-

PLN antibody when run on a denaturing polyacrylamide gel and transferred to a nitrocellulose 

membrane.  We speculated that the amount of PLN detected was just a background amount and 

the addition of IPTG did not induce the majority of the constructs.   

 Since the pGEX2T-PLN transformed JM109 cells did not successfully produce a GST-

PLN fusion protein, we decided to try a different E.coli strain, BL21, a gift from Dr. Pablo 

Sobrado. A control experiment where pGEX2T-36C PLN transformed BL21 cells were not 

induced by IPTG was setup alongside experimental transformed BL21 cells in which IPTG was 

added according to protocol. Using this line of cells, both GST and PLN were detected via an 

immunoblot after the first preparative electrophoresis within a range of collected fractions 

(Figure 3-10).  The control (non-induced) cells were expected to not show any viable detection 

of either GST or PLN as the expression of GST is controlled by lactose promoter.  Contrary to 
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the experimental design, the control cells expressed both GST and PLN.  In comparison to the 

experimental GST-36C PLN, there is a noticeable decrease in the expression of GST when IPTG 

was not added to the control.  The 2D12 immunoblot shows a comparable PLN expression 

between both control and GST-36C PLN experimental group.  It can thus be concluded that PLN 

is constitutively expressed in the cell with or without the induction by IPTG.  Even though the 

experimental group shows positive for GST and PLN, there was not a formation of a GST-fusion 

protein. The GST moiety is 26kDa; therefore the expected MW for the GST-PLN fusion protein 

should be ~32 kDa.  Via SDS-PAGE and subsequent immunoblotting with 2D12, PLN did not 

migrate at 32 kDa but migrated at the expected molecular weight for PLN (~6 kDa).  Similar to 

the JM109 experiments, there was no detection of GST-PLN fusion proteins.  We tried varying 

expression conditions with the change of E. coli strains and varied the conditions for inductions.  

None of these conditions yielded a significant increase in the GST-PLN fusion protein.  

Eventually, the effort to create a purified mutant PLN was placed on hold until the protocol was 

optimized. 

 

Discussion – pGEX2T expression system 

 

 The preparation of glutathione-S-transferase (GST) fusion proteins as a tool for the 

synthesis of recombinant proteins in bacteria has been widely used as a tool in biochemical 

research.  One of the main reasons for the use of these systems is the ease in which the GST-

fusion protein can be affinity-purified without denaturation.  Our lab was gifted a pGEX2T 

vector (IPTG-inducible GST fusion expression vector) where the null cysteine PLN cDNA was 

already cloned (Figure 3-9).  Many bacterial strains could be have been used with this vector, but 

we decided to first use JM109 cells which are commonly used for cloning.  The failure to induce 

protein expression in the JM109 cells more than likely resulted in poor optimization of the 

induction.  In addition to the troubleshooting techniques tried, we could have titrated the amount 

of IPTG added, altered the time during log-phase growth at which the IPTG was added, lowered 

the temperature of bacterial growth, or induced for longer or shorter periods of time (78).  

Nevertheless, after consulting a faculty expert in bacterial protein purification, we were 

encouraged to try a different strain of E. coli that was better suited for our purpose.   

 The gifted BL21 E. coli was a commercial available bacterial strain designed for protein 

expression with a protease-deficient genetic background.  Although the expectation to generate a 
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high yield of GST-36C PLN fusion protein was not met, the use of the BL21 cells did allow for 

expression of both GST and PLN as determined by a quick immunoblot on the supernatant.  

Because both proteins were detected, but not together, there is a possibility that the GST-PLN 

fusion protein was formed in the cell but cleaved by endogenous proteases before further 

processing.  Although the BL21 cell genotype is supposed to be protease deficient, the addition 

of protease inhibitors to the protocol would help to eliminate any premature cleavage.  There is 

also a possibility that majority of the GST-PLN fusion protein was in the insoluble fraction.  As 

insolubility was not an originally foreseen issue, the insoluble fraction was not tested, but will be 

in future trials. In addition to the aforementioned techniques to increase fusion protein 

expression, we will also consider optimization of the lysis and sonication steps.  

 One of the main reasons for using the pGEX-2T vector to express and purify PLN in 

E.coli was the possession of a standardized and verified protocol (64) from the lab of Diana 

Bigelow.  While we were not able to reproduce this protocol, there are other options available 

that will support our goal to create purified PLN.  The use of GST fusion proteins was originally 

developed for gene expression in E. coli, but has recently become widely used in the baculovirus 

expression system (79, 80).  To express the protein as a GST fusion, the pAcGHLT-A, -B, and –

C vectors are commercially available (Pharmingen).  This vector produces an N-terminal GST 

fusion protein which can be purified by selectively binding the protein of interest on immobilized 

glutathione and then eluting the protein by competition with a solution of reduced glutathione.  

Since our lab is well equipped to handle the baculovirus expression system, this switch might be 

advantageous.  Another option within the baculovirus expression system is to express the protein 

as a poly-histidine fusion protein.  There are several available vectors: pAcHLT (Pharmingen), 

pFASTBacHT (Invitrogen), and pBac-2cp (Novagen).  The use of either option will effectively 

move the project forward in the event that the E. coli system does not work.   
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Figure 3-10. Immunoblot-BL21 E. coli cells testing for GST-36C PLN fusion.  BL21 

cells were transfected with a pGEX2T vector that contained 36C PLN in the multiple 

cloning site.   Following standard protocol, two flasks of the transfected BL21 cells were 

brought up to 2L volume. The control cells were not induced via the addition of IPTG 

while the 36C PLN experimental cells were induced.   Figure shows the results of 2 

immunoblots in which 10µL of each final supernatant were placed in duplicate on a 

nitrocellulose membrane and both GST and PLN were detected using their respective 

antibodies.  Despite the lack of IPTG, the control cells express both GST and PLN.  The 

BL21 cells transfected with pGEX2t-36C PLN also showed both GST and PLN expression.     
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CHAPTER IV 

FUNCTIONAL CHARACTERIZATION OF THE EFFECT OF NITROXYL ON PLN AND 

SERCA2A IN INSECT CELL MICROSOMES 

 

Effect of PLN mutants on Ca
2+

-ATPase activity as a function of HNO 

 The functional effects of HNO on the PLN cysteine mutants coexpressed with SERCA2a 

were studied by measuring the calcium dependence of ATPase activity (Figure 4-1) prior to and 

following treatment with Angeli’s Salt.  The mutants tested initially were 36C, 41C, and 46C 

PLN as active SERCA2a coexpression was not obtained in the 36/41C, 36/46C, and 41/46C PLN 

microsomes.  Recombinant baculoviruses containing the coding region for the cysteine mutant 

dog PLN or dog SERCA2a were used to co- infect High Five™ insect cells at a predetermined 

MOI to create a final microsome that contained SERCA2a functionally coupled to PLN that 

kinetically mimicked the native SR membrane (81).  For simplicity, only the data from a single 

microsomal prep is shown in Figure 4-1 as a representative sample for all other preps.  As 

described in Chapter IV, SERCA2a ATPase activity displays a sigmoidal dependence on [Ca
2+

] 

which, using the Hill equation (methods), can provide the maximum activity of the sample at 

saturating Ca
2+ 

(Vmax) and the [Ca
2+

] required for half-maximal activity (K0.5).  Wild-type PLN, 

and each of the three single cysteine PLN variants functionally inhibit SERCA2a by increasing 

the K0.5 for SERCA2a.  PLN itself doesn’t inhibit Vmax, only the [Ca
2+

] dependence of SERCA2a 

activity (29).  The effects of HNO on the K0.5 and Vmax are summarized in the Table 4-1.  Upon 

the addition of 0.1 mM Angeli’s Salt, there was a significant loss (>50%) of ATPase function in 

each of the three co-expressed samples (middle panel, ●), compared to the control, untreated 

samples (middle panel, ■).  At saturating calcium, the Vmax decreased by 75.8% in the SERCA2a 

+ 36C PLN sample and 61.9% in the SERCA2a + 46C PLN sample.  The SERCA2a + 41C PLN 

sample displayed the lowest decrease in Vmax at 55.6%.  Angeli’s Salt treatment shifted the K0.5 

values showing a 0.33 μM change for SERCA2a + 41C and SERCA2a + 46C and a 0.12 μM 

change for SERCA2a + 36C PLN.  Table 4-1 also shows the K0.5 and Vmax data for SERCA2a + 

WT-PLN and SERCA2a microsomes collected by a previous graduate student, Vidhya 

Sivakumaran.  The same incident of decreased Ca
2+

-ATPase activity upon in the addition of 
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Angeli’s Salt can be seen in the SERCA2a+WT-PLN sample as well, indicating that the presence 

of mutations within PLN, themselves, is not the cause of the Vmax effect.   

 Waggoner et. al. (2004) (65) have shown that SERCA2a expression is depressed in cells 

that are co-infected with PLN, due to virus competition at cell surface receptors.  However, 

SERCA2a and its regulation by PLN are near exactly the same as SERCA2a + PLN in active 

cardiac SR membranes (82).  To remove these expression differences and allow direct 

comparison of the SERCA2a data with and without PLN, we typically normalize the curves to 

the maximum SERCA2a activity value.  For the present data, we also normalized the + AS 

treated data to allow its comparison to the untreated data also (Figure 4-1, top panels).  We also 

included activity data from the SERCA2a + PLN samples treated with anti-PLN antibody (but 

not AS/HNO) to uncouple PLN from SERCA2a, to show SERCA2a activity free of PLN 

inhibition, for comparison to SERCA2a + PLN samples treated with AS/HNO.  Coexpressed 

SERCA2a + PLN microsomes treated with 2D12 show SERCA with a greater apparent Ca
2+

 

affinity (red curves,●), compared to untreated SERCA2a + PLN samples (black curves,■), where 

the SERCA2a activity curve is shifted to the right relative to that of the 2D12 curve.  According 

to our hypothesis, if HNO modifies PLN in a way that affects physical coupling with SERCA2a, 

HNO treatment should have the same effect as treatment with 2D12.  Incubation with AS at a 

concentration of 0.1mM (blue curves,▲) shows activity curves that are almost identical to the 

2D12 activity curve for the 41C PLN and 46C PLN samples, whereas there was almost no 

change for the 36C- PLN sample.  This implies that PLN cysteines at positions 41 or 46 are 

important for AS activation of SERCA2a. Moreover, it demonstrates that the cysteine at position 

36 is not or not as necessary for HNO activation of the pump.  
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FIGURE 4-1. HNO effect on Ca
2+

-ATPase Activity of S2a + single cysteine PLN 

mutants. SERCA2a was coexpressed with each PLN single cysteine mutant using the 

baculovirus-High Five insect cell expression system and isolated as insect cell microsomes.  

The SERCA2a ATPase activity of each sample was assayed at 37°C, using 5 mM MgATP 

and various [Ca
2+

]free levels between 30nM and 15µM.  Samples were preincubated in the 

absence (control, ■) or the presence of either 2D12 (2D12, ●), or 0.1mM AS/HNO 

(AS/HNO, ▲) for 15 minutes at room temperature.  The bottom panel shows raw SERCA2a 

ATPase specific activity expressed in terms of mg of SERCA2a, according to the amount of 

total protein in the High Five cells for each sample.  The top panel shows the specific 

activities normalized to the Vmax calculated from fitting the raw data to the Hill equation. 

Errors denote the spread of triplicate determinations for a single experiment using a single 

preparation of expressed protein.  Experimental repeats using difference preparations gave 

similar results. Best fit parameters are given in Table 5-1.  
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 V
max

  
-AS  

V
max

  
+AS  

K
0.5

  
-AS  

K
0.5

  
+AS  

Sample 
Type  μmol mg SERCA2a

-1
 min

-1
  (µM)  

SERCA2a 
alone  

0.85±0.06  0.43±0.05  0.34±0.40  0.34±0.30  

SERCA2a 
+ WT-PLN  

0.68±0.05  0.37±0.03  0.48±0.50  0.18±0.30  

SERCA2a 
+ 36C PLN  

0.23±0.02  0.05±0.03  1.2±0.07  1.1±0.05  

SERCA2a 
+ 41C PLN  

0.23±0.03  0.10±0.05  0.96±0.10  0.62±0.09  

SERCA2a 
+ 46C PLN  

0.18±0.04  0.07±0.02  1.2±0.09  0.92±0.07  

 

 

  

  

Table 4-1.  Kinetic parameters for SERCA2a + PLN ATPase activity. The 

data in Figure 4-1 was fit using the Hill equation, which reports the maximum 

enzyme activity (Vmax) and apparent Ca
2+

 affinity (K0.5) values seen in this 

table. (±) denotes standard deviation error. SERCA alone and SERCA + WT-

PLN data were obtained from the dissertation of Vidhya Sivakumaran. 
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Angeli’s Salt concentration effects Ca
2+

-ATPase activity at saturating Ca
2+

 

 In the first set of experiments, we measured the effect of 0.1 mM AS on the [Ca
2+

] 

dependence of SERCA2a coexpressed with each of the single cysteine PLN mutants in insect 

cell microsomes (Figure 4-1 and Table 4-1). Although normalization of the ATPase activity data 

shows that cysteines at positions 41 and 46 are important in HNO activation of SERCA2a, there 

was also an unexpected Vmax effect seen in all samples.  This data prompted a set of additional 

ATPase experiments to further examine the effect of HNO on the insect cell microsomes.  In 

rationale, if the data from these studies are to be used to support a potential pharmacological 

therapy for heart failure patients, it is important to investigate inactivation of the key enzyme 

using the drug of interest. 

 Instead of re-testing each of the coexpressed insect cell microsomes, we decided to focus 

on SERCA2a + 41C PLN. one of the two coexpressions that displayed activation of SERCA2a 

via HNO.  We measured the effect of various Angeli’s Salt concentrations on the activity of 

SERCA2a +41C PLN microsomes via the colorimetric phosphate assay as described in Chapter 

II (Figure 4-2).   Samples were preincubated either without or with (1.0μM, 2.5μM, 10μM, or 

0.1mM) Angeli’s Salt for 10-15 minutes prior to the initiation of the reaction via 5mg ATP.     

 As expected, SERCA2a + 41C PLN displayed a sigmoidal dependence on [Ca
2+

] at each 

HNO treatment concentration.  The K0.5 and Vmax values (Table 4-2) of the 0.1 mM AS curves 

were nearly identical to those obtained from the [Ca
2+

]-dependent ATPase activity in the first set 

of experiments (Table 4-1).  The effect of 10μM AS/HNO on SERCA2a +41C PLN microsomes 

was similar to the 0.1mM AS/HNO treatment in terms of Vmax and K0.5 values (0.10±0.07 μmol 

mg SERCA2a
-1

 min
-1

 and 0.67±0.01 μM).  Once the AS/HNO treatment concentrations began to 

reach 1.0-2.5 μM range, there was a relief in ATPase activity as evidence by the restoration of 

the Vmax values closer to the control (no AS treatment) showing only a 21% decrease in activity.  

However, once the activity data is normalized, the lower AS/HNO concentrations showed very 

little to no change in the calcium sensitivity of SERCA2a (K0.5 values Table 4-2).  SERCA2a + 

41C PLN microsomes treated with 10 μM AS shifted the Ca
2+ 

activation curve to the left, 

resulting in a 38% decrease in the K0.5 value as compared to the control.  As observed, this data 

suggests that SERCA2a activation by HNO can be achieved using a concentration range of at 

least 10 μM to 0.1mM AS.   In addition, decreasing the AS treatment concentration to below ten 
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micromolar does allow for the relief of SERCA2a Vmax inhibition, but is not strong enough to 

induce SERCA2a activation. 

 

Discussion – Effect of HNO levels on Ca
2+

-ATPase activity 

 The general purpose of this study was to investigate more fully whether the activation of 

the SR Ca
2+

 pump by HNO is mediated by the thiol residues in PLN and to identify which of the 

3 cysteine residues are involved.  Incubation with AS at concentrations of 0.1 to 0.25 mM was 

shown to activate Ca
2+

 uptake in cardiac SR vesicles and cardiomyocytes (53).  Given that we 

observed SERCA2a enzyme inhibition at those levels of AS we elected to treat our microsomes 

with μM amounts of AS in an effort to match the previously reported findings.  However, once 

the concentration of AS treatment was below 10μM, there was little inhibition of Vmax, but there 

was no significant increase in SERCA2a calcium sensitivity (Figure 4-2).   While speculating a 

reason for this significant difference in data, it was concluded that the variation in cellular 

microenvironments between the insect cell microsome and the cardiomyocytes was a key factor. 

 To date, there have been many studies comparing the in vitro, in vivo, and ex vivo effects 

of HNO donors (for example, refs. (50, 52, 83, 84)) in which it has been determined that HNO 

reactivity can be accessed based on the redox situation of the cellular environment (46).  Cells 

and tissues are comprised of heterologous mixtures containing varied concentrations of GSH and 

other metals.  In the cellular compartments such as the cytosol or mitochondria, where there is a 

rich concentration of GSH (1-10mM), HNO would be expected react with the GSH and have 

little opportunity to react with other targets.  In the cell membrane, where the concentration of 

GSH is substantially lower, HNO would have a longer lifetime to allow for modification of a 

target.  The in vivo systems of myocytes and whole hearts are dramatically different than isolated 

microsomes as there are other factors such as cellular pathways, proteins, and other structural 

elements which HNO can interact before reaching the targeted SERCA2a and PLN.  Thus, we 

suspect the reported concentration of AS in these studies (0.1-0.25 mM) did not fully reflect the 

actual concentration that reached the target proteins.  In contrast, the SERCA2a and PLN in our 

microsomes were exposed to the full 0.1 mM AS.  It was clear that further study was needed to 

find the correct range of AS concentration to use with the microsomes that would elicit the same 

Ca
2+

 pump response as observed in cardiomyocytes.         
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Figure 4-2. SERCA2a+41C PLN ATPase Activity as effected by AS/HNO.  SERCA2a 

was co-expressed with 41C PLN in High Five insect cell microsomes and further treated with 

various levels of AS as described in Chapter III.  The data are plotted as specific ATPase 

activity (µmol mg
-1

 min
-1

) versus the log of free calcium (M). Decreasing the [AS] relieved 

SERCA2a Vmax inhibition (top panel), but also decreased the apparent shift in the [Ca
2+

] 

dependence of SERCA2a activity that followed AS modification of PLN (bottom panel). 

Error bars denote the standard deviation of triplicate experiments.  Experimental repeats 

using difference preparations gave similar results. The same effect was observed in S2a+46C 

PLN (not shown).  
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 Vmax K0.5 

 (μmol mg SERCA2a
-1

 min
-1

) (μM) 

Raw data   

Control 0.22±0.05 1.1±0.01 

1.0 μM 0.19±0.06 0.88±0.01 

2.5 μM 0.18±0.04 0.87±0.01 

10.0 μM 0.12±0.06 0.58±0.01 

0.1 mM 0.10±0.07 0.70±0.02 

Normalized data   

Control - 0.88±0.02 

1.0 μM - 0.78±0.01 

2.5 μM - 0.88±0.02 

10.0 μM - 0.55±0.02 

0.1 mM - 0.67±0.01 

 

 

 

 

 

 

  

Table 4-2.  Kinetic parameters for SERCA2a+41C PLN ATPase 

activity.  The data in Figure 4-2 was fit using the Hill equation, which 

reports the maximum enzyme activity (Vmax) and apparent Ca
2+

 affinity 

(K0.5) values seen in this table. (±) denotes standard deviation error. 
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Influence of Angeli’s Salt on SDS-PAGE migration pattern of PLN cysteine mutants 

 As established in Chapter IV, the apparent MWs for both the pentamer and monomer 

form of PLN deviate from the formula MW with gel shifts.  The pentamer has been established 

to migrate at an apparent MW of 29 kDa and the monomer at 9 kDa (67).  Under normal 

conditions, the pentamer and monomer are the major mobility forms that migrate on an SDS-

PAGE.  However, upon complete dissociation of PLN via boiling or other methods, the other 

three major electrophoretic mobilites (dimer, trimer, and tetramer) exist between the pentamer 

and monomer.  The use of SDS-PAGE will allow us to gain insight into HNO ability to induce 

potential chemical changes within PLN.  If our hypothesis is correct, HNO (as donated by AS) 

should potentially form a disulfide bond between two free thiol groups either an intramolecularly 

(within a monomer) or intramolecularly (between monomers).  This change will be evident by 

the appearance of the intermediate electrophoretic PLN mobilites as determined by SDS-PAGE 

and subsequent immunoblotting as described in Chapter II. 

  Insect cell microsomes expressing each single cysteine PLN mutant (36C, 41C, 46C) 

were pretreated with a final concentration of (0, 1.0, 2.5, or 10 μM) AS for ten minutes and then 

mixed in a 1:1 ratio with gel loading buffer containing either no DTT (-DTT) or 6 mg/ml DTT 

(+DTT).  30 micrograms of each sample were electrophoretically separated on a 12% denaturing 

continuous polyacrylamide gel, then transferred to a PVDF membrane. The PLN migration 

pattern was detected using an anti-PLN antibody, 2D12 and compared to molecular weight 

standards. The 9 kDa PLN monomer species visible in Figure 4-3 does not change in any of the 

cysteine mutants regardless of AS or DTT treatment.  Visually scanning up the blot from the 

monomer, there were no other electrophoretic mobilites detected in any of the single cysteine 

PLN mutants until the 25 kDa pentamer form is reached.  Similar to the monomer form, there 

was no change in the appearance of the pentamer plus the addition of neither HNO nor DTT 

treatment.  The apparent differences in pentamer abundance between each of the single cysteine 

PLN was not attributed to AS treatment as these results are similar to Figure 4-5.  Residues 41C 

and 46C are important for stabilization of the pentamer (24) which is why there is more of a 

pentamer band detected compared to 36C PLN.  

 Additionally, the same experiment was completed with the individually expressed double 

cysteine PLN microsomes.  Here, since there are two available thiol groups within each PLN 

monomer there is a possibility to form intramolecular disulfide bonds unlike the single cysteine 
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mutants. In a similar fashion, insect cell microsomes expressing each double cysteine PLN 

mutant (36/41C, 363/46C, 41/46C) were pretreated with a final concentration of (0, 1.0, 2.5, or 

10 μM) AS for ten minutes and then mixed in a 1:1 ratio with gel loading buffer containing 

either no DTT (-DTT) or 6 mg/ml DTT (+DTT).  30 micrograms of each sample were 

electrophoretically separated on a 12% denaturing continuous polyacrylamide gel, transferred to 

a PVDF membrane. The PLN migration pattern was detected using an anti-PLN antibody, 2D12 

and compared to molecular weight standards.  In the absence of DTT treatment, the presence of a 

monomer, dimer, and pentamer were observed in each of the three double cysteine PLN mutants 

(36/41C, 36/46C, 41/46C).  Only the dimer mobility disappeared when the microsomes were 

treated with DTT after the Angeli’s Salt. Upon first consideration, we can conclude that the 

apparent dimer formation in PLN is caused by HNO and it is held together by a disulfide bridge 

as DTT made the dimer disappear.  However, the dimer was also present in the control (no AS 

treatment) lane, therefore it was not the result of HNO treatment.   

 Lastly, we investigated the effect of HNO to chemically modify the PLN cysteine 

mutants in the presence of SERCA2a.  Using these coexpressed SERCA2a + PLN microsomes, 

we were able to answer questions of whether HNO causes disulfide crosslinks to form between 

SERCA2a and PLN in addition to the original hypothesis that HNO causes disulfide bonds 

within PLN individually.  Co-expressed microsome samples were treated and prepared as in the 

previous experiments.  Once the proteins were separated and transferred to a PVDF membrane, 

one membrane in each set was incubated in the anti-SERCA2a antibody, 2A7-A1, while the 

other was incubated in the anti-PLN antibody, 2D12.  Although we have established that certain 

levels of HNO do not cause an effect in PLN mobility within single cysteine mutants (Figure 4-

3), in Figure 4-5, we can observe similar mobility patterns.  In each of the three coexpressions, 

there is no change in the migration pattern of SERCA2a between control and AS treatments.  

The 2D12 blots of SERCA2a +41C PLN and SERCA2a + 36C PLN shows no change in the 

pentamer and monomer mobility pattern of PLN.  Only the monomer form of PLN was detected 

on the 2D12 blot of SERCA2a + 46C PLN (Figure 4-3, C) despite the appearance of both major 

electrophoretic species in previous experiments.  This could be the result of the low sensitive 

detection methods or variation between microsomal preps. There was no evidence of PLN-

SERCA2a crosslinking as there was no PLN detected at the molecular weight of SERCA2a (not 

shown).   
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[INSERT FIGURE 4-3] 

  

Figure 4-3. Immunoblot- Single cysteine PLN mutants ± AS/HNO.  2.0 mg/ml of High 

Five™ microsomes containing each of the three single cysteine PLN were treated with AS for 

10 minutes at room temperature with a final concentration of (0, 1.0, 2.5, 10 µM), lanes 

labeled.  Following AS treatment, the treated microsomes were mixed in a 1:1 ratio with a gel 

loading buffer containing either no DTT (-DTT) or 6 mg/ml DTT (+DTT).  30μg of each 

microsome were electrophoresed on a 12% continuous gel and transferred onto a PVDF 

membrane.  PLN was detected using the anti-PLN monoclonal antibody 2D12.  Molecular 

weight standards are shown in the most left lane in each gel.  
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Figure 4-4. Immunoblot- Double cysteine PLN mutants ± AS/ HNO.  2mg/ml of 

High Five™ cell microsomes containing recombinant double cysteine PLN were treated 

with AS for 10 minutes at RT with a final concentration of (0, 1.0, 2.5, 10 µM), lanes 

labeled.  After the treatment with AS, the microsomes were mixed in a 1:1 ratio with a 

gel loading buffer containing either no DTT (-DTT) or 6 mg/ml DTT (+DTT).  30 

µgrams of each microsome were electrophoresed on a 12% continuous gel and 

transferred onto a PVDF membrane.  PLN was detected using the anti-PLN monoclonal 

antibody 2D12.  Molecular weight standards are shown in the most left lane in each gel.  
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Figure 4-5.  Immunoblot- SERCA2a + single cysteine PLN mutants ± AS/ HNO.  2mg/ml 

of coexpressed High Five™ cell microsomes containing SERCA2a and single cysteine PLN 

were treated with AS for 10 minutes at RT with a final concentration of (0, 1.0, 2.5, 10 µM), 

lanes labeled. The three panels represent the following microsomal coexpressions: (A) S2a+ 

36C PLN (B) S2a+41C PLN (C) S2a+46C PLN. After the treatment with AS, the microsomes 

were mixed in a 1:1 ratio with a gel loading buffer containing either no DTT (-DTT) or 6 mg/ml 

DTT (+DTT).  30 µg of each microsome sample was electrophoresed on a 12% continuous gel 

and transferred onto a PVDF membrane.  PLN was detected using the anti-PLN monoclonal 

antibody 2D12 while SERCA2a was detected using the anti-S2a antibody 2A7-A1.  Molecular 

weight standards are shown in the most left lane in each gel.  

 

A 

B 

C 
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Immunoblot resolution of HNO induced covalent bond formation  

 In previous SDS-PAGE experiments, insect cell microsomal samples were treated with 

Angeli’s Salt at various concentrations and separated to detect potential HNO induced PLN 

intermediate migration species.  In the event that any intermediate PLN migration species was 

caused by a disulfide bond, the addition of DTT after AS treatment should make any disulfide 

formed bands disappear on an immunoblot using anti-PLN antibody.  However, since we were 

not able to detect any change in the migration pattern of PLN upon AS or DTT treatment, we 

decided to employ another treatment method to detect and/or confirm the presence of covalent 

disulfide bond links between PLN.  Prior to loading the microsomes onto a denaturing gel, 

samples were incubated in boiling water after treatment with AS and/or DTT.  Once heated 

above 90
o
C PLN can easily dissociate into the five major electrophoretic mobilites: pentamer, 

tetramer, trimer, dimer, and monomer as detected on SDS-PAGE.  Because PLN is stabilized by 

a non-covalent leucine-isoluecine zipper, heat is able to disrupt the bonds.  If HNO truly creates 

a disulfide bond connecting two or more PLN residues, then there should be a resistance in PLN 

dissociation upon boiling.  

 Similar to the previous blots, each single cysteine mutant was pre-incubated with either 

10 μM Angeli’s Salt or post-incubated with 6mg/ml DTT.  Figure 4-6 shows the results for the 

various treatment conditions (marked by “+”) in each microsomal sample.  Beginning with 36C 

PLN, there was no change in the migration pattern of PLN between the control (no treatments) 

nor the lane plus 10μM AS.  This confirms the previously reported data in Figure 4-3.  When the 

36C PLN microsomes were boiled, there was no dissociation into other oligomeric forms other 

than the already present pentamer and monomer bands.  Pre-treatment of 36C PLN microsomes 

with AS before boiling does not change the migration pattern.  Again, similar to Figure 4-3, the 

post-treatment of DTT following AS did not cause any visible changes in 36C PLN.  The 

addition of boiling after both AS and DTT treatments also showed no change in the pentamer or 

monomer bands of 36C PLN.   

 The data for 41C PLN seen in lanes 2, 3, 6 and 7 (Figure 4-6 “41C”) are also consistent 

with the previously reported immunoblot data shown in Figure 4-3.  In summary, there was no 

visible change in the migration pattern plus the addition of AS or DTT.  There was a noticeable 

increase in the appearance of the pentamer band upon AS treatment (lane 3).  It is questionable 

whether there was also a quantifiable decrease in the 41C PLN monomer upon AS treatment, as 
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the levels appeared to stay consistent.  There was also a difference observed when the 41C PLN 

microsomes were subjected to boiling after +/- AS treatment.  Without any AS treatment, the 

41C PLN microsomes migrated only as a monomer when boiled.  This was the case in the 

absence and presence of DTT.  However, once the 41C PLN was pretreated with 10 μM AS and 

followed by subsequent boiling, the pentamer withstood dissociation and remained present 

indicating the presence of a covalent bond.  The addition of DTT did not appear to change the 

presence of the pentamer.  When the 41C PLN microsomes were treated with AS, DTT and 

boiled, the majority of PLN was only seen in the monomer form. 

 The results for 46C PLN (Figure 4-6 “46C”) were similar to that seen in the 41C PLN 

microsomes.  Boiling caused a dissociation of PLN into primarily only the monomeric form of 

PLN.  Incubating the microsomes in 10 μM AS prior to boiling seemed to protect PLN from 

dissociation.  The pre-treatment of 46C PLN microsomes followed by DTT did not change the 

apparent migration pattern with or without boiling similar to 36C PLN.  This data is concurrent 

with the immunoblots shown in Figure 4-3.  From this data, we can observe that only in the 41C 

PLN microsomes did the pentamer dissociate upon boiling.  To gain a better understanding of 

these bonds, we repeated the same experiments using the double cysteine PLN mutant 

microsomes. 

 Figure 4-7, shows the immunoblot data of the double cysteine PLN mutants under the 

various treatment conditions of 10 μM AS, DTT, and/or boiling.  In each of the three panels, the 

lanes labeled with only the AS and DTT treatments show a migration pattern that was consistent 

with the data in Figure 4-4.  Pre-incubation with 10μM AS as compared to the non-treatment 

control did not cause a shift and change in PLN migration pattern.  Logically, the lanes plus and 

minus DTT after AS did not show any changes either.  For all three microsomal samples, the act 

of boiling prior to loading onto the SDS gel, showed almost a complete dissociation of PLN into 

only the monomer form.   Only 36/41C PLN showed remnants of the pentamer and another 

migration form underneath this band which could be labeled a tetramer.  In this 36/41C sample, 

the pre-incubation of AS prior to boiling caused these faint bands to nearly disappear and only 

the monomer is seen distinctively.  None of the double cysteine mutants show a migration of 

PLN that was able to withstand boiling which would be indicative of a covalent bond formation.      
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Figure 4-6. Immunoblot- Single cysteine PLN mutants treated with various 

conditions. The first lane in each panel shows molecular weight standards with the 

corresponding masses (kDa) on the left.  AS/HNO (+) signifies whether the microsomal 

protein were treated with 10µM AS/HNOfinal at room temperature for 10 minutes.  DTT (+) 

signifies the microsomal samples were treated with 6 mg/ml DTT.  Treatment with AS/HNO 

always preceded DTT treatment.  Boil (+) signifies the submersion of the sample in boiling 

water for a duration of 1 minute after all treatments.  30 µgrams of each microsome sample 

were electrophoresed on a 12% continuous gel and then transferred onto a nitrocellulose 

membrane.  PLN was detected using the anti-PLN monoclonal antibody 2D12. 
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Figure 4-7. Immunoblot- Double cysteine PLN mutants treated with various 

conditions. The first lane in each panel shows molecular weight standards with the 

corresponding masses (kDa) on the left.  AS/HNO (+) signifies the microsomal protein 

samples were treated with 10µM AS/HNOfinal at RT for 10 minutes.  DTT (+) signifies 

the microsomal samples were treated with 6 mg/ml DTT.  Treatment with AS/HNO 

always preceded DTT treatment.  Boil (+) signifies the submersion of the sample in 

boiling water for a duration of 1 minute after all treatments.  30 µg of each microsome 

were electrophoresed on a 12% continuous gel and transferred onto a nitrocellulose 

membrane.  PLN was detected using the anti-PLN monoclonal antibody 2D12.  

 



84 

 

Discussion – Using SDS-PAGE to study HNO effect on PLN mobility 

 At first glance, there seems to be some inconsistencies between the SERCA2a activity 

data in Figure 4-1 and the immunoblot data shown in Figures 4-3 – Figure 4-7. The activation of 

SERCA2a + 41C PLN and SERCA2a + 46C PLN via AS/HNO treatment does not correlate with 

the observed oligomeric stability using the same AS treatment levels.  There were no changes 

observed in the migration patterns of PLN or SERCA2a upon AS treatments in any of the PLN 

cysteine mutants created [36C, 41C, 46C, 36/41C, 36/46C, 41/46C].  This raises the possibility 

that SDS-PAGE assay used in this study does not accurately reflect the PLN oligomeric stability 

in the microsomal membranes even though this method has been used in the past to study PLN 

and estimate subunit structures (85, 86).  Usually, accurate molecular weight values are difficult 

to obtain for small proteins based solely on the results of SDS gel electrophoresis, especially 

when the protein of interest is located in a membrane.  However, previous analyses of PLN 

oligomeric stability using spectroscopic probes in lipid bilayers has shown that SDS-PAGE is 

very accurate in determining the oligomeric distribution of oligomers for PLN and its mutants 

(66, 71). 

 PLN is a multimeric protein that has an ability to dissociate into five major mobility 

forms (67).  Wegener and Jones (1984) were to visualize all five forms of PLN on a denaturing 

polyacrylamide gel using a partially purified sample solubilized in 1.25% SDS and subjected to 

boiling for 1 minute prior to electrophoresis.  However, when they changed the solubilization of 

the partially purified PLN sample to 2.5% SDS, just the monomeric form of PLN appeared.  

Moreover, they found that boiling highly purified PLN in a lower concentration of SDS (0.8%) 

was sufficient to convert PLN to no more than the monomeric form, however higher 

concentrations of SDS were required for the same effect in the partially PLN fraction.   

 We realized early in the project that SDS concentration played a major role in the 

visualization of other PLN mobility forms.  Unlike the WT-PLN microsomes, the 36C and 46C 

PLN microsomes were sensitive to the higher levels of SDS and did not show any mobility form 

other than the monomer.  While we decreased the final SDS concentration in our dissociation 

buffer from 6.5% to 2.2%, this might have not been enough of a decrease to visualize the 

formation of intermediate mobility forms within the microsomes.  There were many 

immunoblots that showed a possible PLN dimer or trimer mobility upon HNO treatment, yet the 

bands were not clear enough to make an assertion.  One of the current goals of the lab is to 
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perform an SDS titration study to empirically determine the lowest level of SDS required to 

visualize all other mobility forms in each PLN cysteine mutant sample.  

 In addition to the SDS investigation, a reconsideration of the immunoblot detection 

method and gel composition might assist in discernment of PLN mobility forms upon HNO 

treatment. The colorimetric detection method currently employed in the lab is not as sensitive as 

other chemiluminescent, radioactive, or fluorescent detection methods.  Since most of the PLN 

electrophoretic mobilities are separated by only a few kDa, finding a system that will result in 

better separation and sensitive detection will be important to fully understand the role of HNO on 

PLN cysteines. 

 In the event that SDS optimization and an increase in immunoblot detection sensitivity 

does not allow for the visualization of higher oligomeric PLN species upon AS treatment, our 

hypothesis indicating the formation of disulfide bonds within PLN as the HNO mechanism is not 

fully disproven.  A limitation to using SDS-PAGE to analyze HNO modification on PLN is the 

inability to visualize potential intramolecular disulfide bonds.  An intramolecular disulfide bond 

between PLN cysteines within a single monomer would lower the amount of free thiols able to 

form any intermolecular disulfide bonds and thus additional mobilites such as dimers and 

trimers.  Any HNO induced PLN modifications that are intramolecular could be verified by 

HPLC or a DTNB titration assay using a purified PLN sample (see Chapter VI).   

 It is also possible the mechanism of HNO modification on PLN does not include the 

complete formation of disulfide bonds but rather stops at producing a hydroxysulfinamides on 

each of the free thiols.  An HNO induced production of a hydroxysulfinamides is a chemical 

modification that could alter the way PLN regulates SERCA2a, thus still being in line with our 

hypothesis.  But, similar to the intramolecular bonds, we would need a purified PLN sample in 

order to determine which residues were modified by HNO to form this intermediate species.   

 Overall, there are some limitations to using SDS-PAGE analysis to study HNO 

modification of PLN cysteines in insect cell microsomes.  Previous research has shown that one 

cannot completely depend on SDS-PAGE to assess oligomeric stability and inhibitory potency of 

PLN (87) as there is a lack of quantitative correlation the two.  Spectroscopic studies have shown 

that the Ca
2+

-ATPase depolymerizes PLN consistent with the migration pattern change observed 

in Figure 3-6.  WT-PLN which is usually 10-20% monomer in SDS (88) is 40% monomeric in 

the presence of Ca
2+

-ATPase (89).  However, there are PLN mutants in which a decrease in 
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pentameric stability as evidence by SDS-PAGE has negligible inhibitory activity on SERCA2a 

(69).  In simple terms, although some PLN cysteine mutants may have greatly decreased 

pentameric stability (36C and 46C), that does not translate into greater inhibitory activity.  Karim 

et. al. discovered that the cysteine residues within PLN are not required for pentamer formation 

however specific chemical properties of the thiol groups do play a significant role in pentamer 

stability (24).  Therefore, any chemical modification of these thiol groups by HNO would be 

expected to have an effect on PLN pentamer stability. 
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CHAPTER V 

SUPPORTING EXPERIMENTATION  

HNO versus nitrite 

 At physiological pH, Angeli’s Salt decomposes into an equimolar amount of HNO and 

nitrite.  Studies of AS decomposition in the myocyte yielded 25% nitrite generation after 16 

minutes and identical results with 0.1 to 1 mM AS (53).  Because our microsome experiments 

utilize 0.1 – 1.0 mM AS, about 25 to 250μM NO2
-
 is expected at the time of functional analysis.  

Since both products are present in the microsomal sample after Angeli’s Salt treatment, we 

decided to design a set of control experiments.  The goal was to determine whether the presence 

of nitrite had any effect on the microsomes, to help us know whether the AS effects on 

SERCA2a and PLN are due solely to the HNO.  Previous Mahaney lab members performed 

Ca
2+

-ATPase activity assays on SERCA2a + WT-PLN microsomes treated with a range of nitrite 

(up to 10mM) and found nitrite induced no effect on the Vmax or K0.5 values of SERCA2a (not 

shown (Jackson et. al, unpublished observations)).  For further confirmation, nitrite treated 

SERCA2a + WT-PLN microsomal samples were subjected to SDS-PAGE and immunoblotting 

to examine the effect of nitrite on migration pattern on SERCA2a and PLN (Figure 5-1).  At 

physiological treatment levels, there was no change in the migration pattern of SERCA2a or 

PLN compared to the non-treatment control.  When all of the generated data is considered, it is 

clear that any effect on SERCA2a activation after treatment with Angeli’s Salt is due to the 

presence of HNO and not nitrite.  This data supports previous reports indicating the non effect of 

nitrite using Angeli’s Salt as an HNO donor (53).  
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Figure 5-1. Immunoblot- Effect of nitrite on SERCA2a+WT-PLN microsomes. 

SERCA2a +PLN in insect cell microsomes were co expressed in High Five cells; 

microsomal fractions were isolated and subjected to treatment with nitrite at the 

indicated concentrations.  Following treatment, 0.12 mg of the microsome samples were 

loaded on a 12% continuous polyacrylamide gel and subjected to SDS PAGE and 

immunoblotting. Top panel shows SERCA2a blot using 2A7-A1 antibody and the 

bottom panel shows the PLN blot using 2D12 antibody. The 1kb protein ladder (Bio-

Rad) is shown in the most left lane.  
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Analysis of HNO effect on Wild-type S2a+PLN microsomes 

 Wild-type SERCA2a and PLN microsomes were created in order to assist in elucidating 

the role of the PLN cysteine mutants in their potential involvement in SERCA2a activation upon 

HNO treatment.  Although studying the effect of HNO on wild-type S2a+PLN microsomes 

cannot conclusively confirm the role of cysteines in activation, the data will serve as a baseline 

value for cysteine mutant data comparison.  Most of the ATPase activity data generated studying 

the effect of HNO on SERCA2a + WT-PLN was completed by Vidhya Sivakumaran, a previous 

graduate student.  To summarize her work, she confirmed that SERCA2a activation by HNO is 

PLN dependent by showing a K0.5 shift in the SERCA2a activity curve upon Angeli’s Salt 

treatment similar to treating SERCA2a + PLN microsomes with anti-PLN antibody 2D12 (90).  

To follow up on her studies, SERCA2a + WT-PLN microsomes were subjected to SDS-PAGE 

and subsequent immunoblotting following glutathione pretreatment and Angeli’s Salt treatment 

at various concentrations.  This study was done to help determine a PLN sulfhydyl role in the 

mechanism of HNO action.  

 From previous knowledge, we know that HNO is highly thiophilic and targets thiol 

groups on selective proteins (44).  In an effort to confirm that the effects seen on microsomal 

SERCA2a and/or PLN sulfhydryl groups are due to HNO, studies were performed in the 

presence of glutathione (GSH).  We hypothesized that by enriching the reaction thiol content, the 

probability of competitively trapping HNO before it could target the critical thiol residues on 

PLN would be enhanced.  In theory, if HNO treatment induces the formation of a disulfide bond 

or other chemical modification within PLN, then the presence of GSH before HNO treatment 

should prevent these HNO generated modifications. 

 SERCA2a + WT-PLN (2mg/ml) insect cell microsomes were pretreated with 10mM 

GSH and subsequently subjected to AS treatment at 0.1, 1.0, and 10mM.  SDS-PAGE followed 

by immunoblot analysis was used to assess any changes in the migration pattern of SERCA2a 

and/or PLN due to the addition of AS with (+GSH) or without (-GSH) GSH pre-treatment 

(Figure 6- 2).  In the non- pretreated samples, the results show a reciprocal correlation between 

the concentration of AS/HNO and the gradual disappearance of both monomeric SERCA2a (110 

kDa) and PLN pentamers.  As the concentration of AS increases, there is a decrease in SERCA2a 

and PLN pentamer levels, whereas the monomeric form of PLN is unaffected.  At the two 

highest levels of AS used (1 and 10mM) we also observed some non-specific binding of both 
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SERCA2a and PLN.  Pre-treatment with GSH preserves SERCA2a migration at all AS treatment 

levels with the slight exception of the very high 10mM treatment.  The anti-PLN blot shows that 

GSH pre-treatment affects the pentamer/monomer ratio.  At 0, 0.1, and 1.0 mM AS treatment, 

only the monomeric form of PLN is present.  The 10mM AS treatment shows PLN migrating as 

both the pentamer and monomer.  In addition, GSH treatment prevents the formation of the 

higher molecular weight non-specific binding of PLN at the top of the gel.   

 The results show that GSH pretreatment was able to reverse the AS-dependent change in 

SERCA2a and PLN migration.  This confirms a role for PLN (and SERCA2a) cysteines in the 

mechanism of action of HNO.  Furthermore, the results provide insight into the inhibitory effects 

of AS on SERCA2a activity even at levels as low as 0.1 mM AS, we observe a shift in 

SERCA2a migration away from the 110 kDa (monomer) form toward the highly aggregated 

form that does not enter the gel.  Mahaney and Thomas (1991) reported a direct correlation 

between calcium pump aggregation and loss of enzyme activity.  Here, in the presence of GSH, 

AS treatment (0-250 μM) has no inhibition effect on SERCA2a activity (Jackson et. al., 

unpublished observations), similar to the result shown in Figure 5-2, where AS had no effect on 

SERCA2a migration.  Therefore, we conclude that PLN cysteines are modified during AS 

treatment, and that SERCA2a cysteine modifications by AS may be responsible for the observed 

inhibition of SERCA2a activity at higher levels of AS.  

 To confirm these conclusions, an additional experiment was completed in which WT-

PLN microsomes were subjected to AS treatment followed by DTT before SDS-PAGE.  With all 

three cysteines present, there is an increased chance that HNO can promote the formation of 

intra-molecular disulfide bonds or inter-molecular disulfide bonds within PLN.  Because the 

migration pattern of PLN changes in the presence of SERCA (89), the results were not expected 

to match the co-expressed microsomal data in Figure 5-2 but provide an additional view of HNO 

modification on PLN.  WT-PLN insect cell microsomes were pretreated with AS at 0.1, 1.0, and 

10 mM for 20 minutes at room temperature. Before loading, the treated microsomes were mixed 

in a 1:1 ratio of gel loading buffer containing no DTT (-DTT) or 6 mg/ml DTT (+DTT).  After 

immunological detection of PLN using the appropriate antibodies, it is clear that HNO induces 

the formation of disulfide bond crosslinks within PLN (Figure 5-3).   Although faint, PLN dimer 

bands were visualized in all of the AS treatments starting at 0.1 mM AS.  At 10 mM AS, two 

intermediate mobilites were seen on the blot.  It would be premature to label these mobilites as 
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dimers, trimers, or tetramers as it is difficult to tell from the gel separation. Nevertheless, an 

argument can be made that these migration mobilites are the results of disulfide bond crosslinks 

as their appearance dissipates once DTT is added to the treated microsomes.  The no treatment 

control lanes showed no higher MW forms, which further confirms the HNO induced results.  

This is consistent with Sivakumaran et. al. (unpublished results) that shows AS treatment of WT 

PLN induces the formation of trimer and tetramer forms of PLN within cardiomyocyte samples. 

Clearly additional microsome studies will help clarify this result. 
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Figure 5-2. Immunoblot- Effect of glutathione on HNO treated SERCA2a + WT-PLN.  

SERCA2a +PLN insect cell microsomes were pre-treated with 10mM GSH and subsequently 

subjected to AS treatment at the indicated concentrations.  As a control, a portion of the same 

microsomal prep was not pre-treated with GSH and only received the AS treatment.  A total of 

0.12 mg of protein was loaded on a 12% continuous polyacrylamide gel and subjected to SDS 

PAGE and immunoblotting.  The bottom panel (B) shows the 2D12 (anti-PLN) blot while the 

upper panel (A) shows the 2A7-A1 (anti-SERCA2a) blot.  The 1kb protein ladder (Bio-Rad) is 

shown in the most left lane. 
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Figure 5-3. Immunoblot- WT-PLN ± AS/HNO.  2mg/ml of recombinant High 

Five cell WT-PLN microsomes were treated with AS for 20 minutes at RT with a 

final concentration of (0, 0.1, 1.0, 10 mM) as labeled on the lanes.  30 micrograms 

of each treated sample were loaded on a pre-cast10-20% gradient polyacrylamide 

gel (BIO-RAD), subjected to electrophoresis and transferred onto a nitrocellulose 

membrane.  PLN was detected using the anti-PLN monoclonal antibody 2D12.  The 

1kb protein ladder (Bio-Rad) is shown in the most left lane.    
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Effect of HNO on null cysteine PLN microsomes 

 In 2007, Froehlich et. al established that the activation of SERCA2a by HNO was PLN 

dependent and that the thiols within PLN are critical to this process (54).  It is for this reason; we 

decided to create a null cysteine PLN (Ala
36

Ala
41

Ala
46

) sample to further test whether the PLN 

cysteine residues are the key to the proposed HNO functionality in the heart.  Null cysteine PLN 

(Ala-PLN) has been previously characterized in other laboratories where the reported findings 

indicate that null cysteine PLN has complete SERCA2a regulatory capacity without altering 

SERCA2a kinetics (91) and exhibits a complete destabilization of the pentamer resulting in only 

a monomer migrational mobility (24).  With the absence of PLN thiols, we suspect that HNO 

treatment will not elicit any effect on PLN stability or oligomerization.  

 As described in Chapter II, the null cysteine PLN microsomes were created using the 

baculovirus expression system after three point mutations were introduced in the pFASTBac™1-

WT-PLN vector via site-directed mutagenesis.  The null cysteine PLN microsomal sample was 

treated with various levels of Angeli’s Salt for 10 minutes followed by SDS-PAGE and 

subsequent immunoblotting (Figure 5-4).   Despite increasing levels of AS treatment, the 

CysAla PLN microsomes only migrate as the monomeric form of PLN.  There was no 

observed change between the control and the AS treated samples, further confirming the 

evidence that PLN cysteines are important for pentamer stability and thiols are important for 

HNO-mediated PLN effects.  In order to further confirm the role of PLN cysteines in the 

activation of SERCA2a by HNO, the lab is working on creating a microsomal co-expression of 

SERCA2a + null cysteine PLN.  A co-expressed microsomal sample will allow for AS treated 

activity assays.  
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  Figure 5-4. Immunoblot- Null cysteine PLN ± AS/HNO.  2mg/ml of 

recombinant High Five™ cell null cysteine PLN microsomes were treated 

with AS for 10 minutes at RT with a final concentration of (0, 0.1, 1.0, 10 

mM) as labeled on the lanes.  30 micrograms of each treated sample were 

loaded on a 12% continuous polyacrylamide gel, subjected to 

electrophoresis and transferred onto a PVDF membrane.  PLN was 

detected using the anti-PLN monoclonal antibody 2D12.  The 1kb protein 

ladder (Bio-Rad) is shown in the most left lane.  

 

 



96 

 

Effect of HNO on SERCA2a + L37A PLN microsomes  

 Wild-type PLN exists in pentameric and monomeric forms, but the introduction of a 

mutation in a Leucine or Isoleucine amino acid residue on one face of the PLN transmembrane 

helix, such as Leu37 to Ala (L37A) or Ile40 to Ala (I40A), leads to a 94% monomer formation 

(21).  These mutations have been shown to enhance the inhibitory function of PLN, by 

increasing greatly the monomeric fraction, supporting the theory that monomeric PLN is the 

inhibitory SERCA2a species (92).  As a result, it was of interest to determine whether HNO 

effected the more potent inhibition of SERCA2a by superinhibitory monomeric form of PLN.    

 As previously described, SERCA2a ATPase activity displays a sigmoidal dependence on 

[Ca
2+

] which, using the Hill equation (methods), can provide the maximum activity of the sample 

at saturating Ca
2+ 

(Vmax) and the [Ca
2+

] required for half-maximal activity (K0.5).  Insect cell 

microsomes coexpressed with SERCA2a and L37A PLN were incubated in the absence (control, 

■) or presence of either 2D12 (anti-PLN antibody,●), 0.1 mM AS (▲), or 1.0 mM AS (▼) 

(Figure 5-5).  The top panel shows the activity data normalized to the maximum value while the 

bottom panel shows the raw activity data.  The effects of HNO on the K0.5 and Vmax are 

summarized in the table within the bottom panel of Figure 5-1.  As suspected, the ΔpKCa value 

for the S2a + L37A microsomes upon 2D12 treatment was 34% higher as compared to the S2a+ 

WT-PLN sample, supporting the previously reported data noting the superinhibitory effect of 

this particular mutation.  Upon the addition of 0.1 mM or 1.0mM Angeli’s Salt, there was a 

significant loss (~40%) of ATPase function in the co-expressed sample (bottom panel, ▼▲), 

compared to the control, untreated samples (bottom panel, ■).  This data is consistent with the 

reported ATPase activity findings for all of our insect cell microsomes, including WT and 

mutant PLN.  At saturating calcium, the Vmax decreased by 47.8%  and 33.2% for AS treatments 

of 0.1mM and 1.0 mM respectively.  In contrast to the negative correlation trend seen in the PLN 

cysteine mutant microsomes, the higher level of AS treatment did not result in a lower Vmax.  To 

better show the effect of AS on SERCA2a K0.5 values, as affected by PLN, the data were 

normalized to the maximum activity value. Upon normalization of the activity data, it is clear 

that only 1.0 mM AS causes the increase in calcium sensitivity in SERCA2a as evidence by the 

shift in the Calcium curve and a ΔpKCa similar to the 2D12 curve.  A treatment with 0.1 mM AS 

which showed the most effect in certain SERCA2a plus cysteine mutant PLN microsomes did 

not have any apparent effect on the SERCA2a + L37A PLN.  These results suggest a positive 
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correlation between the amount active PLN monomer and the concentration of AS needed to 

cause an effect.  Since SERCA2a +L37A PLN microsomes contain mostly monomeric PLN, and 

only the higher concentration of AS increased the apparent calcium sensitivity of SERCA2a, the 

data suggest that the ability of PLN to form pentamers (or higher MW oligomers) is important 

for the HNO effect on SERCA2a activity.  

 In an effort to gain a full perspective on the effect of HNO on SERCA2a + L37A, we 

subjected the sample to Angeli’s Salt and DTT treatments followed by the standard SDS-PAGE 

and immunoblot procedures (Chapter II).  Insect cell microsomes coexpressed with SERCA2a 

and L37A PLN were incubated in the absence or presence of 6 mg/ml DTT preceded by and AS 

treatment of either 0.1 mM or 1.0 mM AS (Figure 5-6).  Regardless of AS or DTT treatment, 

there was no change in the migration pattern of SERCA2a (~110 kDa).  However, there were 

changes observed in the PLN migration pattern between the two AS treatments.  As expected, 

the majority of PLN migrated as a monomer in the control (0 mM AS) microsomes.  In the 

absence of DTT, SERCA2a + L37A PLN treated with 0.1mM AS showed a near identical PLN 

migration pattern as the control.  Yet, when SERCA2a + L37A PLN microsomes were treated 

with 1.0 mM AS, PLN aggregates were detected at the top of the gel (not shown), and the 

pentamer mobility disappeared leaving only the monomer.  With the addition of DTT, the 

appearance of the pentamer at 0.1 mM AS was diminished while there was a restoration of the 

pentamer and an increase in the monomer band at 1.0 mM AS.  At first glance, we can presume 

that the addition of 1.0 mM AS induced PLN association via disulfide bond links because of the 

decreased monomer, absent pentamer and large aggregate binding reversed by DTT.  These 

results support the activity data in Figure 5-5.  We did not see much of a loss of monomeric 

L37A at 0.1 mM, so there is not much of an effect of AS on the enzyme activity.  At 1.0 mM AS, 

there is less apparent inhibitory PLN, therefore there is less L37A PLN to interact with 

SERCA2a resulting in a shift in the K0.5 as seen in Figure 5-5.  Since the level of PLN expression 

was not quantitated, the correlation between the activity data and the immunoblot cannot be 

absolutely definitive, but the consistency builds a solid case for the effect of HNO on this 

sample.         

  



98 

 

Figure 5-5/ Table 5-1. SERCA2a+L37A PLN ATPase Activity as affected by 

AS/HNO.  SERCA2a was co-expressed with L37A PLN in High Five insect cell microsomes. 

Samples were preincubated in the absence (control, ■) or the presence of either 2D12 (2D12, 

●), 0.1mM AS/HNO (AS/HNO, ▲) , or 1.0mM AS/HNO (▼) for 15 minutes at room 

temperature.  The left panel shows raw SERCA2a ATPase specific activity expressed in terms 

of mg of SERCA2a, according to the amount of total protein in the High Five cells for each 

sample.  The top right panel shows the specific activities normalized to the Vmax calculated 

from fitting the raw data to the Hill equation. The addition of AS/HNO at either level 

decreases the Vmax similar to S2a+WT-PLN.  Decreasing the [AS] results in a loss of the 

apparent shift in the [Ca
2+

] dependence of SERCA2a activity.  All WT-PLN data listed in the 

table was collected by a previous graduate student, Vidhya Sivakumaran.  
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Figure 5-6.  Immunoblot- SERCA2a + L37A PLN.  2mg/ml of recombinant High Five cell 

SERCA2a + L37A PLN microsomes were treated with AS for 20 minutes at RT with a final 

concentration of (0, 0.1, 1.0 mM) as labeled on the lanes.  30 micrograms of each treated sample 

were loaded on a pre-cast10-20% gradient polyacrylamide gel (BIO-RAD), subjected to 

electrophoresis and transferred onto a nitrocellulose membrane.  PLN was detected using the 

anti-PLN monoclonal antibody 2D12.  The 1kb protein ladder (Bio-Rad) is shown in the most 

left lane.    
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Effect of HNO on SERCA1 

 The Ca
2+

-ATPase of skeletal muscle sarcoplasmic reticulum is denoted as the first 

isoform of the three isoforms found in the body.  Much like the cardiac isoform, SERCA2a, 

SERCA1 is also an integral membrane protein that is responsible for actively transporting Ca
2+ 

ions from the cytoplasm to the lumen of the sarcoplasmic reticulum to promote muscle 

relaxation.  Most other details about these two forms of SERCA are very similar with a 96% 

homology at the amino acid level.  However, unlike SERCA2a, PLN does not actively regulate 

the function of SERCA1 as the protein is not expressed in skeletal muscle. To gain a further 

understanding of the mechanism by which HNO activates SERCA2a, we decided to employ 

studies using crude skeletal SR preps naturally devoid of phospholamban.     

 SERCA1 activity was assessed using crude skeletal SR preparations as described in 

Chapter II.  In congruence with the other activity data obtained using insect cell microsomes, 

there is an AS- dose-dependent inhibition of Vmax observed upon AS treatment (Figure 5-7 A).  

The Vmax values ranged from 1.6 μmol mg
-1

 min
-1

(control) to 0.15 μmol mg
-1

 min
-1 

resulting in a 

90% drop in Vmax upon 10mM AS treatment.  Treatment with 1.0 mM AS showed a 45% 

decrease in Vmax, followed closely by 0.01 at 36% and finally 0.1 mM AS at 21% decrease.  

Although there was a Vmax effect, there was not a change in the apparent calcium sensitivity of 

SERCA1 with all curves having a relative K0.5 of ~0.6 μM.  In addition, gel mobilities of 

SERCA1 were assessed in a Tris-Glycine SDS-PAGE system (Figure 5-7 B).  Irrespective of AS 

treatment, each sample showed a major band at the expected SERCA molecular weight 

(~110kDa).   

 These control studies provide important support for our SERCA2a microsomal data.  The 

results from all of the control studies build a strong case for the necessity of PLN in HNO-

mediated SERCA2a activation.    Like SERCA2a, SERCA1 has a number of reactive cysteine 

residues that, when modified, result in significant enzyme inhibition.  A future goal of the lab for 

this project is to better understand which SERCA cysteine(s) are modified by AS, in hopes of 

finding ways to minimize HNO inhibition of SERCA.  This would greatly increase the utility of 

HNO as a drug to stimulate Ca
2+

 cycling in cardiomyocytes.     
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Figure 5-7. Effect of AS/HNO on SERCA1 ATPase Activity and migration 

pattern.  (A) SERCA1 activity was assessed using crude skeletal SR preparations as 

described in Chapter III.  The samples were treated with various levels of AS for 10 

minutes at RT.  The data are plotted as specific ATPase activity (µmol mg
-1

 min
-1

) 

versus the log of free calcium (M). AS/HNO inhibits SERCA1 in a concentration –

dependent manner but treatment does not affect Ca
2+

 sensitivity. Decreasing the 

[AS] relieves SERCA1 Vmax inhibition but does not change the apparent shift in the 

[Ca
2+

] dependence of SERCA1.  (B)  Immunoblot of SERCA1 prep treated with 

various levels of AS/HNO. There is no effect on the migration pattern of SERCA1 

upon treatment with AS/HNO.  SERCA1 was detected using anti-SERCA antibody.   

 

A 

B 
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Chapter VI 

 SUMMARY AND FUTURE DIRECTIONS 

 

 The interaction between cardiac sacroplasmic Ca
2+

-ATPase (SERCA2a) and 

phospholamban (PLN) is a key regulating factor in modulating the cardiac excitation-contraction 

coupling mechanism.  In heart failure models, deviations in the inhibition of SERCA2a by PLN 

have been associated with anomalies in cardiac function.  More recently, it has been proposed 

that modulation of the interaction between SERCA2a and PLN can be used as a potential 

pharmacological approach for heart failure.  The aim of this research was to further study the 

therapeutic potential of the HNO donor Angeli’s Salt by elucidating the mechanism by which it 

is able to modulate the SERCA2a: PLN interaction.  HNO has been shown previously to 

uncouple PLN from SERCA2a, resulting in a stimulation of SERCA2a activity (6, 54, 90).  

These studies provided evidence that PLN cysteine residues were the key to HNO activation of 

SERCA2a.  However, it was not known which of these PLN cysteines were responsible for this 

effect.  Therefore, the goal of this study was to determine the role of each PLN cysteine in the 

mechanism of SERCA2a stimulation by HNO.   

 Our hypothesis stated that HNO uncouples PLN from the Ca
2+

-ATPase via PLN disulfide 

bond formation making PLN unable to regulate the Ca
2+

-ATPase, thus stimulating activity.  For 

this purpose, we used the baculovirus expression system to express microsomes containing 

SERCA2a coexpressed with six different PLN cysteine mutant variants.  In a null cysteine 

(CysAla) PLN background, we replaced each alanine residue with a cysteine in all of the three 

cysteine transmembrane positions [36C, 41C, 46C, 36/41C, 36/46C, 41/46C].  The functional 

activities of SERCA2a in these microsomes was tested by an enzyme assay while the detection 

of physical changes were assessed using both the activity assay and an immunoblot technique.   

 In summary, we have supported previously reported literature by showing that HNO 

activation of SERCA2a is PLN dependent and that PLN cysteines are instrumental in this 

process.  At various concentrations of Angeli’s Salt (HNO donor) there were no changes 

observed in the PLN migration pattern of null cysteine PLN (Figure 5-4) or SERCA1 calcium 

sensitivity using native skeletal SR vesicles (SERCA1) (Figure 5-7).  Our results using SERCA1 

(no PLN) suggest HNO acts as an irreversible inhibitor of SERCA2a, decreasing Vmax by 

decreasing the concentration of active enzyme units.  The enzymes not inhibited by HNO have 
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the same Ca
2+

 sensitivity as control enzymes, as evidence by the lack of ΔpKCa upon the addition 

of HNO.  This theory was also supported by our SERCA2a +L37A PLN results (Figure 5-5 and 

Figure 5-6) that showed a positive correlation between the amount active PLN monomer and the 

concentration of AS needed to cause an effect.  Thus, the data suggest that the ability of PLN to 

form pentamers (or higher MW oligomers) is important for the HNO effect on SERCA2a 

activity.  That is, PLN molecules must be in close proximity (or in contact) to facilitate the 

formation of disulfide bonded PLNs.   

 We have also been able to successfully determine which PLN cysteines are important in 

the mechanism of HNO activation of SERCA2a.  Using the techniques described in Chapter II, 

we have concluded that the PLN cysteines at positions 41 and 46 are key residues in the 

mechanism of HNO activation of SERCA2a by PLN.  At certain levels of AS treatment, 

SERCA2a + 41C and SERCA2a + 46C PLN microsomes displayed a sigmoidal activity curve 

that had a ΔpKCa similar to that of WT-PLN and 2D12 treated microsomes (Figure 4-1).  In 

addition, the formation of HNO- induced covalent disulfide bonds was confirmed in 41C PLN, 

46C PLN and WT-PLN.  At 10 μM AS, the pentamer of 41C and 46C PLN microsomes were 

protected from dissociation after boiling but not in the presence of DTT (Figure 4-6).  

Furthermore, HNO-induced intermediate PLN migration mobilites (dimers-tetramers) were 

observed at 0.1-10 mM AS treatment.  These species were not observed in the control or DTT 

treated samples confirming the disulfide bond.    

 Although these results clearly suggest HNO modification of PLN activity via disulfide 

bond formation, we are also aware that HNO could chemically modify PLN in a way that was 

undetectable using the techniques at our disposal.  In addition to disulfide bond formation 

between two thiol groups, HNO could interact with a free thiol group to only form the 

intermediate hydroxysulfinamide.  The presence of a hydroxysulfinamide would sterically 

perturb the interaction of PLN and SERCA2a independent of disulfide formation.  If HNO 

interacts with PLN in this path, we would theoretically still observe SERA2a activation in co-

expressed microsomes but observe no change in the migration pattern of PLN upon HNO 

treatment.  However, if DTT reverses the HNO effect on SERCA2a activity, this would argue in 

favor of a disulfide bond and against sulfinamide formation, since DTT can’t convert the 

sulfinamide back to a free sulfhydryl.  Our data suggests that the mechanism in which HNO 

interacts with PLN is via disulfide bond formation.  Without a purified PLN sample and the 
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double cysteine PLN mutants, we are not able to discern if these disulfide bonds are formed 

intra- or inter-molecularly. The current efforts to develop the SERCA2a + double cysteine PLN 

mutants and purify PLN for a reconstituted system will assist in clarification of the exact 

mechanism by which HNO modifies these residues.   

Our studies were carried out using insect cell microsomes, which is a complex and 

heterogeneous environment.  In order to understand how each PLN cysteine is modified (or not) 

and how this modification affects PLN function, one would need to study PLN in a purified 

system.  However, that would take you further away from the native membrane system, with the 

possibility that the results would not completely translate to HNO action in vivo.  Nevertheless, 

this is a basic biology attempt to help us fully understand how HNO truly interacts with proteins 

in the heart to create the HNO effects.  Although we were not able to recreate the positive 

inotropic results that have been previously published in studies using whole hearts and/or 

isolated myocytes, the results of my research show that PLN cysteines are important in the 

mechanism of HNO induced activation of SERCA2a.  Looking ahead, we will continue to 

investigate the role of HNO on PLN cysteines using various methods to quantify cysteine 

modification and assess the activity of SERCA2a via additional enzyme assays.  In order to 

attribute observed changes to the effect of HNO and not Angeli’s Salt, we also plan to use other 

HNO donors (93).  Our first priority is the creation of the double cysteine PLN mutant 

microsomes and purification of PLN cysteine mutants for reconstitution in synthetic membrane 

systems (methodology in Chapter II). We will also use these new samples to study the effect of 

PLN cysteine mutants on SERCA2a protein-protein interaction and conformation changes, as 

affected by HNO. These details are outlined in the future work section below.  

 

Future Work 

 

Quantitation of PLN cysteine modifications 

 If HNO interacts with any PLN cysteines via our proposed mechanism to form disulfide 

bonds or hydroxysulfinamides, there would be a change in the amount of free/unreactive thiols.     

The Ellman’s reagent or DTNB (5,5’-dithiobis-(2-nitrobenzoic acid)) is the most widely used  

chemical in biochemical research to quantify the number of thiol groups in proteins.  Free thiols 

react with the compound by cleaving the disulfide bond to give 2-nitro-5-thiobenzoate (NTB
-
), 
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which ionizes to NTB
2-

 dianion in water.  The dianion has a yellow color that can be quantified 

in a spectrophotometer at 412nm using an extinction coefficient of 14.2 x 10
4
 M

-1
cm

-1
.  This 

reaction is rapid and stoichiometric, with the addition of one mole of thiol releasing one mole of 

NTB (94).  This assay will be the most effective in quantifying free PLN thiols once the protein 

is purified.  It would be difficult to accurately attribute HNO induced changes in thiol 

concentrations to only PLN using the microsomes generated by the baculovirus expression 

system because of the large amount of thiol containing proteins in these preparations.  Therefore, 

we plan to use this assay with purified PLN (mutant and WT) reconstituted in model bilayers 

using the protocol developed by Karim et al. (25).  Any sulfhydrl modified by HNO treatment 

(disulfide bond or sulfinamide) will not react with DTNB.  By measuring the DTNB labeling of 

WT-PLN versus the cysteine mutants, we will be able to determine the site(s) of HNO reactivity.  

In order to determine an accurate account of which cysteine residues are modified by HNO, we 

will need to employ mass spectrometry techniques such as matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometer (MALDI-TOF) or N-terminal sequencing. 

 

Supplementary ATPase activity measurements 

 The malachite-green ammonium molybdate activity assay is a proven and reliable 

technique used by many standard biochemistry labs to measure the amount of free inorganic 

phosphate produced by an ATP hydrolyzing enzyme.  However, since each assay can only 

measure one sample and treatment condition at a time, there is more room for experimental 

variations due to temperature fluctuations and other human error.  Therefore, in addition to the 

established activity assay, we plan to employ a higher throughput measurement of Ca
2+

-ATPase 

activity by an enzyme-linked NADH assay performed in a microtiter plate (200 μl total volume 

per well).  We have obtained an established protocol from Razvan Cornea (University of 

Minnesota) who has successfully used this assay to measure Ca
2+

-ATPase in reconstituted 

membranes (75).  In summary, each well will contain 0.2-0.6 μg of Ca
2+

-ATPase along with a 

buffer containing 50 mM inidazole, pH 7.0, 0.1 M KCl, 5 mM MgCl2, 0.5 mM EGTA, 0.5 mM 

phosphoenolpyruvate, 2.5 mM ATP, 0.2 mM NADH, 2 IU of pyruvate kinase, 2 IU of lactate 

dehydrogenase, and 1-2 μg of calcium ionophore (A23187).  The calcium ionophore is added 

such that no transported calcium is retained in the vesicles allowing the ATPase to operate freely 

and uninhibited by the finite calcium capacity.  Each assay is done in triplicate at 12 different 
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free calcium concentrations.  The decay of NADH absorbance is monitored at 340 nm on a 

SPECTRAmax microplate spectrophorometer to determine the rate of ATP hydrolysis.  This 

assay has the advantage of being faster and more efficient allowing for multiple activity curves 

including the control and experimental to be run on one plate.   

 

Reconstitution of PLN in synthetic membranes 

 The use of synthetic membranes to study the interaction between SERCA and PLN has 

been demonstrated by many labs (for example see refs. (24, 64, 75, 91)).  To start the process of 

reconstitution, purified samples of our PLN cysteine mutants is required (see Chapter II for 

methodology). Once the purified PLN samples are obtained, reconstitution of PLN with SERCA 

into lipid membranes will be done using established protocols (76).  Before reconstitution, the 

SDS in the purified PLN samples has to be exchanged for C12E9 using DEAE-cellulose 

chromatography.  This is accomplished by adding ~2 mg of purified PLN in 10 ml buffer (20 

mM MOPS, pH 7.0, 5% C12E9,) onto a DEAE-cellulose column (0.5 bed volume).  PLN is eluted 

with 20 mM MOPS, pH 7.0, 5% C12E9, and 0.2 M NaCl.  To reconstitute, 1 mg of extracted SR 

lipids are mixed with 30 µg of purified PLN in C12E9, followed by the addition of 30 µl of 10% 

1-O-octyl-β-D-glucopyranoside.  Affinity-purified Ca
2+

-ATPase (100µg) in C12E9 is mixed with 

detergent –lipid micelles at a Ca
2+

-ATPase to PLN molar ratio of 1:5.  The detergent is removed 

by the sequential addition of 3 portions of 80 µg Biobeads SM2 with stirring in 3 hours.  The 

final reconstituted vesicles are concentrated by centrifugation at 100,000 x g for 30 minutes after 

removal of the Biobeads. 

 As discussed briefly in chapter III, the use of insect cell microsomes can be limiting in 

that the system can limit the types of experiments and thus questions that can be answered.  It 

would be beneficial to have a reconstituted system in which Ca
2+

-ATPase measurements can be 

made on membranes having identical concentrations of Ca
2+

 pump in the absence or presence of 

PLN like Reddy et. al (75, 76).  This is difficult to achieve in cardiac SR samples where the (-) 

PLN control is usually estimated by phosphorylating PLN or by treatment with 2D12 which has 

been shown to only partially reverse the effect.  In addition, the use of microsomes does not 

allow for fine control of SERCA2a and/or PLN expression level.  Being able to change the level 

of either protein could be beneficial in modeling difference disease states in which the levels of 

SERCA2a and PLN are varied.  The reconstitution system would allow for well-defined protein 
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levels and accurate measurements.  The use of synthetic membranes is a catch 22 because it 

allows for a closer investigation of PLN and SERCA2a but this technique is even further away 

from the native cardiac environment.  I believe that both are needed to fully understand the 

complexity of the effects on SERCA2a and its regulation by PLN. 

 

SERCA2a protein-protein interaction and confirmational changes 

 We originally proposed to investigate if HNO-treated PLN cysteine mutants inhibit 

SERCA2a conformational changes and protein-protein interactions compared using fluorescence 

spectroscopy and electron paramagnetic resonance spectroscopy.  These experiments have been 

moved to future studies due to limited quantity of microsomal protein created versus the amount 

of microsomal protein required per assay. With the revitalization of the baculovirus system 

planned, the lab should now be able to successfully create enough microsomes to perform the 

experiments.      

 

Fluorescence spectroscopy using IAEDANS  

 In 2007, Waggoner et. al. showed that wild-type PLN inhibits the SERCA2a E2 to E1 

conformational transition as it preferentially binds to the E2-like state of SERCA2a using 

fluorescent spectroscopy (29).  We proposed to repeat these studies using our PLN cysteine 

mutants ± HNO treatment.  The fluorescent probe that we plan to use is 5-(2-

((iodoacetyl)amino)ethyl) aminonaphthalene-1-sulfonic acid (IAEDANS). The fluorescent 

intensity of IAEDANS bound to SERCA2a will change based on the SERCA2a conformational 

state due to the differences in exposure of the probe to the aqueous environment.  Therefore, this 

probe can be used to measure the SERCA2a E2 to E1(Ca2) transition as affected by the mutant 

cysteine PLN ± HNO treatment.   

 The Mahaney lab has previously established an IAEDANS labeling protocol for 

expressed microsomal proteins (29).  Out of all microsomal proteins, this method labels only 

SERCA2a in a stoichiometric ratio of one probe per enzyme. The IAEDANS probe covalently 

binds to Cys
674

 which is located in the phosphorylation domain of SERCA2a.  Once labeled, the 

enzyme is suspended in a buffer (100 mM KCl, 3 mM MgCl2, 50 mM MOPS, pH 7.0, 25
o
C) 

containing no Ca
2+

 and 1 mM EGTA.  The initial fluorescence intensity (Fo) of the E2 state is 

then measured at the λmax of the probe, 465nm.  Afterwards, 1mM CaCl2 is added to the sample, 
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which results in a jump in ionized [Ca
2+

] to a saturated level and shifts the SERCA2a to the 

E1(Ca2) state and the new fluorescent intensity is recorded (Fi).  The difference in fluorescent 

intensity between E2 and E1 states (ΔF/Fo; |Fo-Fi| normalized to the initial fluorescence intensity, 

(Fo) is expressed as a percent change to facilitate direct comparison between sample types.  As a 

control, each co-expressed PLN cysteine mutant will be measured without HNO treatment.  

There is no evidence that HNO will chemically interact with the IAEDANS probe, nor is it likely 

that HNO will react with the sulfhydyl to which the IAEDANS probe is bound (45). If it is 

determined that HNO does affect the probe, we can utilize fluorescein isothiocyanate (FITC) as 

the fluorescent probe instead of IADEANS. Since FITC binds to SERCA2a at Lys
514

 there 

should not be any interference with HNO treatment. 

 

Electron paramagnetic resonance spectroscopy (EPR)   

 Using saturation transfer EPR (ST-EPR) the Mahaney lab has shown that PLN inhibits 

SERCA2a by disrupting the protein-protein interactions within an enzyme oligomer, important 

for optimal activity (9).  In this technique, a malemide spin probe will be attached to the 

SERCA2a such that the motion of the probe reflects the global rotation of the SERCA2a.  We 

will be able to test if the PLN cysteine mutants affect SERCA2a rotational mobility upon HNO 

treatment.  If HNO uncouples PLN from the SERCA2a we would expect to see increased 

amplitude for the E2-E1 conformational change and SERCA2a rotational mobility, similar to 

that of the SERCA2a in the absence of PLN.  By testing individual cysteine mutants, we will 

determine which PLN sulfhydryls are central to the HNO mechanism.  In combination with the 

activity studies, this data should confirm or refute our hypothesis on the physical mechanism of 

HNO stimulation of SERCA2a. 

 The Mahaney lab has already established a labeling protocol for the SERCA2a in 

expressed microsomes.  This method labels only SERCA2a in a stoichiometric ratio of 1.2 moles 

MSL per mole of enzyme.  EPR studies will be conducted at 25
o
C, to match the conditions of the 

activity and fluorescent assays allowing for direct correlation.  PLN inhibition of the SERCA2a 

is more pronounced at lower ionized Ca
2+

 (EGTA) levels therefore our experiments will focus on 

this range of free calcium.  Each co-expressed PLN cysteine mutant sample will be studied with 

and without HNO treatment.  The Angeli’s Salt concentration used to treat the samples will be 

the same levels used in the activity assays to correlate these sets of data.  
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Is HNO the solution to heart failure? 

 In complex disease states such as cardiovascular disease, many complex pathways are 

involved and altered.  Despite continuing therapeutic progress, there is still an unmet need to 

develop effective treatments aimed at decreasing the morbidity and mortality of heart failure.  

Although HNO has shown great potential as a pharmacological agent for heart failure it would 

be premature to think that an HNO centered therapy could improve all cardiovascular diseases.  

So far, HNO (as donated by Angeli’s Salt) has shown to improve calcium cycling by interaction 

with a number of key proteins involved in controlling excitation/contraction coupling.  These 

include the ryanodine receptor, which promotes Ca
2+

 release from the SR to stimulate cardiac 

muscle contraction, Troponin C, which responds to the increase cell Ca
2+

 levels and promotes 

myosin binding to actin for force generation, and PLN, which regulates Ca
2+

 transport into the 

SR and therefore muscle relaxation via SERCA2a.  Thus, patients who suffer from 

cardiovascular diseases that involve impairment of left ventricular function and/or dysregulation 

of SERCA2a and PLN would theoretically benefit the most.  The reported enhancements in 

cardiac function due to HNO have all been independent of the β- adrenergic system activation 

which has been implicated as the cause for the high mortality rates.  Thus, there is no argument 

that the use of HNO to enhance the lives of patients suffering from certain cardiac failure would 

not be promising. But, because of the lack of knowledge in regards to the mechanism of action 

surrounding HNO, other types of therapy have emerged that target key calcium handling proteins 

and taken the forefront in becoming the next heart failure therapy. 

 A promising therapeutic strategy that has gained momentum in the last few years is the 

use gene therapy.  For a complete review of the current heart failure gene therapy initiatives, go 

to references (95-97).  To summarize, the advances in the understanding of the molecular basis 

of myocardial dysfunction have made the use of gene therapy a reality for combating congestive 

heart failure. The goal of gene therapy is to restore the function of cardiomyocytic signaling 

pathways that are consistently shown to be defective in heart failure such as β-adrenergic 

signaling and calcium cycling (98).  The majority of gene therapy initiatives have been designed 

to improve cardiac function using SERCA2a as a target because of its importance in calcium 

cycling. To date, adenovirus-mediated gene transfer of SERCA2a to failing human 

cardiomyocytes have showed restored calcium transient and improved contraction and relaxation 

velocity to the level of non-failing myocytes (99).  There has also been a recent successful 
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completion of a phase II clinical trial of intracoronary gene therapy of sarcoplasmic reticulum 

Ca
2+

-ATPase in patients with advanced heart disease (100).  These studies propel the case for 

gene therapy initiatives as a safe and effective method for heart failure treatment.  

 The use of small molecules to target PLN has also become a recent therapeutic approach 

to target the Ca
2+

 handling pathway in the failing heart.  This year (2012), Tilgmann et. al. first 

reported the design of novel inhibitors of PLN (101).  In addition to PLN inhibitors, the small 

molecule, Istraroxime, was discovered in 2006 and has shown to be a novel inotropic agent that 

enhances SERCA2a activity in heart failure models (102).  Together, these findings open another 

perspective for the pharmacotherapy of heart failure.  

 I believe that these therapeutic areas of gene therapy and novel inhibitors are expanding 

rapidly and will undoubtedly lead to other targets for gene therapy approaches.  The completion 

of successful phase I and II clinical trials and successful inhibition of key proteins suggests that 

these forms of therapy will be available much sooner than a HNO approach.  This does not 

discount the work done to understand the pharmacological significance of HNO within the 

cardiomyocyte as we have gained considerable knowledge about excitation/contraction coupling 

and NO biology through these studies.  As I alluded to earlier, there cannot be a one size fits all 

approach to cardiovascular treatments as there will always be limitations.  For example, a 

limitation to using a gene therapy approach is that only one molecule can be targeted at a time; 

however, a limitation to using the HNO donor Angeli’s Salt is that any sulfhydyl containing 

protein can be modified.  Further studies are needed in both areas of research to fully evaluate 

them as effective therapeutic approaches to combat heart failure.           

  

Conclusion 

In experimental heart failure models, modulation of the interaction between SERCA2a 

and PLN has shown to be a potential therapeutic approach. Nitroxyl (HNO) has been shown to 

disrupt normal SERCA2a:PLN regulation in a positive way that increases SERCA2a activity in 

normal and failing hearts.  It was our goal to elucidate the mechanism by which HNO causes this 

effect in cardiomyocytes. Through our studies, we conclude that PLN cysteines are critical in the 

mechanism of HNO-mediated activation of SERCA2a.  These results are consistent with 

previous studies that show HNO activation of SERCA2a is PLN and thiol dependent (54).  The 

results further establish the identity of PLN cysteine residues 41 and 46 as the sites that are 
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modified in the mechanism of HNO.  These cysteines are probably involved in intramolecular 

disulfide bonds or hydroxysulfinamide formation.  Further experimentation is needed to clarify 

which modification occurs.  The techniques presented in this study are sensitive to the 

concentration of Angeli’s Salt used to elicit a response as shown by the differences in our results 

and that of the original work stating HNO induced SERCA2a activation.  Nevertheless, this 

study establishes the feasibility for application of these techniques to the analysis of other 

proteins within the SR that regulate excitation-contraction coupling.  Furthermore, this study 

demonstrates the importance of experimental evidence in understanding the use of HNO as a 

potential pharmacological agent in combating congestive heart failure.   
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Appendix A: 

Oligonucleotide Primers for Site- Directed Mutagenesis 

 

 Site-directed mutagenesis procedures are outlined in Chapter II: Materials and 

Methodology. The following table of primers was used to create PLN cysteine mutant variants in 

the baculovirus (pFASTBac™1) and pGEXT2T –vector system for expression of recombinant 

proteins. The underlined segments refer to the position of the new cysteine codon to be generated 

with mutagenic primers.  As a reminder, 36/46C PLN primers were not created and are therefore 

not listed because a primer could not be created to span the distance between the two locations.  

Results showing HNO effect on the oligomeric stability and migration pattern using the mutant 

variants are discussed in Chapter IV.  These mutant variants were also co-expressed with 

SERCA2a in insect cell microsomes and use to understand the effect of HNO on PLN and 

SERCA2a activation, those results can also be seen in Chapter III.  In Table A-1, all primers are 

listed, both forward (5’ - 3’) and reverse (5’ - 3’, reverse complement). 
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Variant Primer Oligonucleotide Sequence (5’-3’) Template 

36C Forward 

Reverse 

CTTCAGAACCTATTTATCAATTTCTGTCTCATCTTAATAGCCCTCTTGCT 

AGCAAGAGGGCTATTAAGATGAGACAGAAATTGATAAATAGGTTCTGAAG 

pGEX2T 

41C Forward 

Reverse 

CCTATTTATCAATTTCGCTCTCATCTTAATATGCCTCTTGCTGATTGCC 

GGCAATCAGCAAGAGGCATATTAAGATGAGAGCGAAATTGATAAATAGG 

pGEX2T 

46C Forward 

Reverse 

CATCTTAATAGCCCTCTTGCTGATTTGCATCATCGTGATGC 

GCATCACGATGATGCAAATCAGCAAGAGGGCTATTAAGATG 

pGEX2T 

36/41C Forward 

Reverse 

CCTATTTATCAATTTCTGTCTCATCTTAATATGCCTCTTGCTGATTGCC 

GGCAATCAGCAAGAGGCATATTAAGATGAGACAGAAATTGATAAATAGG 

pGEX2T 

41/46C Forward 

Reverse 

CTCATCTTAATATGCCTCTTGCTGATTTGCATCATCGTGATGCT 

AGCATCACGATGATGCAAATCAGCAAGAGGCATATTAAGATGAG 

pGEX2T 

36C Forward 

Reverse 

TCTTCAGAACCTATTTATAAATTTCTGTCTCATTTTAATATGTCTCTTGTTGATCTG 

CAGATCAACAAGAGACATATTAAAATGAGACAGAAATTTATAAATAGGTTCTGAAGATTTTG 

pFASTBac™1 

41C Forward 

Reverse 

CTATTTATAAATTTCGCTCTCATTTTAATATGTCTCTTGTTGATCGCCATCATTGTG 

CACAATGATGGCGATCAACAAGAGACATATTAAAATGAGAGCGAAATTTATAAATAG 

pFASTBac™1 

46C Forward 

Reverse 

GCTCTCATTTTAATAGCTCTCTTGTTGATCTGCATCATTGTGATGCTTCTCTGAAGATCTAGAG 

CTCTAGATCTTCAGAGAAGCATCACAATGATGCAGATCAACAAGAGAGCTATTAAAATGAGAGC 

pFASTBac™1 

36/41C Forward 

Reverse 

TTCAGAACCTATTTATAAATTTCTGTCTCATTTTAATATGTCTCTTGTTGATCTG 

CAGATCAACAAGAGACATATTAAAATGAGACAGAAATTTATAAATAGGTTCTGAA 
pFASTBac™1 

41/46C Forward 

Reverse 

TCGCTCTCATTTTAATATGTCTCTTGTTGATCTGCATCATTGTGATGCTTCTCTGAGATC 

GATCTCAGAGAAGCATCACAATGATGCAGATCAACAAGAGACATATTAAAATGAGAGCGA 

pFASTBac™1 

WT-

PLN 
Forward 

Reverse 

CAAAATCTTCAGAACCTATTTATAAATTTCTGTCTCATTTTAATATGTCTCTTGTTGATCTG 

CAGATCAACAAGAGACATATTAAAATGAGACAGAAATTTATAAATAGGTTCTGAAGATTTTG 

pFASTBac™1 

 

 

 

 

 

 

 

 

 

Table A-1. Primers for site-directed mutagenesis  
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