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Abstract 

Heart disease is the leading cause of death throughout the world and one 

of the major hallmarks is dysfunctional muscle contractility. Contractility is a 

highly regulated and complex process which involves multiple proteins. This 

network can be easily disrupted by mutation or changes in protein expression 

level and thus, proteins involved in this process are key drug targets. Muscle 

contractility is controlled by the calcium concentration in the cytosol. In 

cardiomyocytes, the sarco(endo)plasmic reticulum Ca2+ -ATPase, SERCA, and 

its regulatory protein, phospholamban (PLN) are responsible for ~70% of Ca2+ 

reuptake into the SR. While unphosphorylated, PLN inhibits SERCA by lowering 

its apparent Ca2+ affinity. Upon phosphorylation by PKA at Ser16, PLN inhibition 

is relieved. Mutations or disruptions in this complex have found in many forms of 

heart disease; thus, understanding the molecular interactions between SERCA 

and PLN, along with possible regulatory molecules, is essential. 

Understanding the molecular mechanisms that occur on a beat-to-beat 

basis will be essential for developing therapeutics to treat cardiomyopathies. In 

this dissertation work, I studied the structural, biochemical and biophysical 

properties of SERCA and PLN. We found that single-stranded DNA (ssDNA), 

RNA, and DNA analogs bind the cytoplasmic domain of PLN with low nanomolar 

dissociation constants, relieving inhibition of SERCA. The relief of inhibition is 

length-dependent, while affinity is constant for oligonucleotides longer than 10 

bases. Solution and solid-state NMR experiments have provided residue specific 

information that ssDNA targets the cytoplasmic domain of PLN and does not 

affect SERCA in the absence of PLN. In-cell FRET and NMR experiments 

determined that addition of ssDNA does not dissociate PLN from SERCA. 

Additionally, I started moving this work into a sustainable, in vivo system using 

cardiomyocytes derived from induced pluripotent stem cells (iPSCs) to 

investigate the functional effects of these molecules with PLN in cell. The 
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establishment of this cell line in our laboratory will allow for future 

characterization of not only XNAs with PLN, but also experiments with any cell 

type obtainable through differentiation of iPSCs.  

Finally, early work with the R14del hereditary mutant of PLN helped to 

determine the structural changes this mutant imposes on PLN as well as when in 

complex with SERCA. We found that the R14del mutant is loss-of-function and 

also if phosphorylated, will not relieve inhibition of SERCA. We believe that the 

knowledge gained here on the SERCA-PLN complex contributes to the overall 

understanding of how calcium handling can be modulated to change protein 

function and demonstrates a novel avenue of oligonucleotide action in the body. 

miRNAs may have evolved to also directly interact with non-transcription related 

proteins to modulate their function. These results and our future experiments will 

provide a promising avenue for development of novel therapeutic regulators of 

the SERCA-PLN complex to help treat heart disease, as well as provide some of 

the needed mechanistic insight on how hereditary mutants like R14del cause 

aberrant regulation in the heart.  
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1  Introduction and Background 

1.1 Motivation and significance 

On average, the human heart beats spontaneously over 100,000 times 

per day.4 While an absolutely necessary organ for survival, the heart is a muscle 

rarely thought of unless malfunctioning. At least 12 different proteins engage in 

an extremely complex equilibrium to regulate the contraction and relaxation cycle 

of each beat.5 These proteins handle and interact with calcium ions (Ca2+) to 

modulate the overall Ca2+ concentration in the cytosol and to orchestrate the 

precise timing of events that must occur to ensure that each of the 100,000 beats 

per day is in concert with the next.  

Heart disease is a leading cause of mortality and while many treatments 

focus on treating symptoms, understanding the molecular mechanisms involved 

in the failing heart would allow for more targeted treatment.6, 7 While heart failure 

results from many different molecular causes, the deficiency in cardiac 

contractility is an identifying phenotype.8, 9 The loss in contractility could be due 

to several factors including: mishandled calcium during the excitation-contraction 

cycle, decrease in the ability of the sarcoplasmic reticulum (SR) to sequester 

calcium to the necessary extent (either through leakiness or improper re-uptake), 

mutations in sarcomere (troponin, actin, or myosin) or channel proteins 

(ryanodine receptor or the sarco(endo)plasmic reticulum Ca2+ ATPase), or 

changes in gene expression level for key proteins.8-12  

While all of these defects can cause heart failure, our laboratory focuses 

on proteins involved with sequestration of calcium back into the SR so that 

relaxation can occur, the sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) 

and its regulatory protein, phospholamban (PLN). The structural and biochemical 

interactions of SERCA and PLN can lead to either fully functioning heart muscle 

contractions in healthy individuals, or in pathological cases, cardiomyopathies. 

The work in this dissertation was motivated by the desire to understand how 
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these two proteins interact in both healthy and diseased hearts and then 

modulate these interactions to obtain a desired phenotype. Providing a full 

molecular outline of how these proteins interact under wildtype and disease 

conditions will provide the knowledge needed for rational therapeutic design in 

the future.  

1.2 Cardiac muscle calcium cycling 

Each tightly regulated heart beat is controlled by the concentration of 

calcium in the cytosol and interactions between several different proteins (Figure 

1-1).8 For a contraction to initiate, an action potential is propagated along the cell. 

The membrane depolarizes and the L-type Ca2+ channels open when the 

transmembrane potential is greater than -40mV, causing an influx of Ca2+ ions 

into the cytosol of a cardiomyocyte.5 Ca2+ ions bind calcium channels on the 

sarcoplasmic reticulum (SR) surface, known as ryanodine receptors (RyR), which 

Figure 1-1 Schematic of a cardiomyocyte. Calcium ions are depicted as blue circles. 
Proteins involved with contraction and relaxation are shown. L-type calcium channels 
allow calcium to enter the cardiomyocyte. Calcium then binds the ryanodine receptors on 
the SR surface and internal calcium is released. Contraction of actin and myosin occurs 
and calcium is removed from the cytosol through SERCA into the SR and by the sodium 
calcium exchangers at the cell membrane surface.  
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allow for calcium-induced calcium release to occur from the SR through the RyR. 

The concentration of Ca2+ ions within the SR can reach ~1 mM; the release of 

calcium from the SR will cause an overall increase of cytosolic calcium levels 

from ~100 nM to ~1 µM.5, 13 Calcium ions will diffuse throughout the cytosol and 

bind troponin C within the troponin complex upon this ten-fold increase in Ca2+ 

concentration.13 Upon Ca2+ ion binding, the troponin complex undergoes a 

structural rearrangement on actin exposing myosin binding sites and myosin 

heads will then engage with the actin filaments.14 Myosin heads form cross-

bridges with actin filaments and upon an ATP-driven structural power stroke of 

the myosin head, contraction occurs along the sacromere.5, 15-17 

For relaxation to occur, the cytosolic calcium concentration must return to 

~100 nM.18 Ca2+ ions are removed from the cytosol by two primary mechanisms: 

translocation back into the SR for storage through SERCA or extrusion from the 

cell through the sodium/calcium exchanger. In humans, the transport of calcium 

ions into the SR by SERCA accounts for ~70% of calcium transport after 

contraction and is the primary mechanism driving heart muscle relaxation.17, 19 

Once the overall calcium concentration in the cytosol has decreased, the muscle 

fibers relax and the excitation-contraction coupling cycle can begin again, as it 

does ~60-100 times per minute in the human heart.4, 19   

1.3 SERCA function and regulation 

SERCA and PLN are intricately involved in every heartbeat. When Ca2+ 

concentrations are high enough that contraction has occurred, SERCA is 

responsible for the removal of Ca2+ from the cytosol back into the SR so that 

relaxation of cardiac muscle can occur.19 PLN is the regulatory protein of SERCA 

and acts as a tunable rheostat for controlling the calcium transport through 

SERCA and is discussed in section 1.4. The sarco(endo)plasmic reticulum Ca2+-

ATPase (SERCA) is a large, 110 kDa, ten transmembrane helix, P-type ATPase. 

With each ATP that is hydrolyzed, SERCA can remove ~two Ca2+ ions from the 
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cytosol in exchange for ~three H+ 

ions (Figure 1-2).20 Utilizing the 

energy from ATP hydrolysis, the 

ten transmembrane helices of 

SERCA and three cytosolic 

domains undergo distinct 

structural transformations to 

transport Ca2+ ions from the 

cytosol of cardiac cells through 

SERCA’s transmembrane domain 

for release into the sarcoplasmic 

reticulum.  

The three cytosolic 

domains of SERCA are the: N, P, 

and A domains (Figure 1-2). The 

N-domain, or the nucleotide 

binding domain, is the furthest removed from the lipid bilayer and as its name 

suggests, is the region of SERCA responsible for binding ATP molecules.20 ATP 

binds in the N-domain but the triphosphate portion of the molecule extends into 

the P-domain, or the phosphorylation domain. SERCA changes conformation 

upon calcium binding and there is rapid autophosphorylation of Asp 351 by the γ-

phosphate to form the high-energy intermediate needed for calcium transport.20 

The shifts through these different conformational intermediates have been well 

documented by X-ray crystallography using different ATP mimics and 

inhibitors.20-22 Finally, the A-domain, or actuator domain, is mobile and moves 

throughout the enzymatic cycle and contains residues that are most involved in 

the dephosphorylation of Asp 351 to prepare for the next transport cycle.20  

The transmembrane domain (M-domain) of SERCA is responsible for Ca2+ 

binding and transport into the SR. There are ten transmembrane helix segments 

Figure 1-2 SERCA hydrolyzes ATP to transport ~2 
calcium ions into the lumen. PLN can bind and 
inhibit SERCA. SERCA domains shown in green 
(N), blue (P) and red (A). (Figure modified from 
PDB coordinate simulation done by V. Vostrikov). 
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(M1-10) that make up this domain.20 Ca2+ ions bind by coordinating with carbonyl 

main chain functional groups and carboxylic acid side chains.20 The two calcium 

ions are bound within the M-domain in two cavities that are thoroughly networked 

with hydrogen bonds. While not totally understood in the field, it is thought that 

there are two separate steps that lead to the luminal release of the Ca2+ ions into 

the SR. The Ca2+ ions move through the transmembrane domain by switching 

coordinating residues until ultimately, the coordinating residues have lower 

affinity for Ca2+ than for H+ ions and these will exchange and Ca2+ is released into 

the SR.20  

SERCA is primarily regulated by two small peptides: PLN and a homolog, 

sarcolipin (SLN). While SLN will not be discussed in this dissertation, it is 

important to note that the mechanisms of SERCA regulation by PLN and SLN 

have appeared to be distinct as of late. SLN may act by decoupling ATP from 

calcium transport,23, 24 whereas PLN acts to lower the apparent calcium affinity of 

SERCA. This dissertation focuses on PLN; its structure, function and ways we 

can tune PLN’s interactions with SERCA to achieve a desired functional effect. 

1.4 PLN, regulator of SERCA 

Phospholamban is a 52 amino acid, single-pass transmembrane protein 

that is comprised of four domains: Ia (residues in the cytoplasmic domain 1-17), 

the loop (residues 18-22), Ib (residues 23-31), and II (residues in the 

transmembrane domain 32-52).25 The primary function of PLN is to regulate 

SERCA. PLN can exist as both a monomer and pentamer in the membrane 

(Figure 1-3).26, 27 The monomeric form of PLN is the regulatory unit that can bind 

SERCA whereas the pentamer is thought to merely act as a ‘storage-state’ for 

the monomers.26 While in the monomeric form, not bound to SERCA, PLN exists 

in two main structural states: the R-state (relaxed) and the T-state (tense) 

(Figure 1-3). The R-state is the high-energy, conformationally excited state 

which is desorbed from the membrane surface and is highly flexible and 
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disordered. In contrast, the T-state is the low energy state which is adsorbed to 

the membrane surface and much more ordered. PLN typically exists in the T-

state, with only approximately 15-20% of the conformational ensemble exhibiting 

R-state dynamics.28 Both of these structural forms are thought to interact with 

SERCA and upon binding SERCA, cause inhibition by decreasing the apparent 

calcium affinity of SERCA.29  

PLN is able to be phosphorylated by protein kinase A (PKA) at Ser16 after 

β-adrenergic stimulation.25, 30-32 This phosphorylation of PLN results in the 

removal of PLN-mediated inhibition of SERCA. The mechanism by which 

phosphorylation relieved SERCA inhibition was highly debated in the field for 

quite some time. Many groups believed that phosphorylation resulted in the 

dissociation of PLN from SERCA, which became known as the dissociative 

model.33 Other groups assumed that phosphorylation resulted in a structural 

change in the cytoplasmic domain of PLN but that PLN and SERCA remained 

bound; that theory became known as the subunit model.34-36  

Both of these models were in dispute for quite some time. Mutagenesis 

and cross-linking data were the first to suggest that PLN bound SERCA in a 

groove far from the putative calcium entry site and ATP binding site.33, 37 This 

data suggests that the transmembrane domain of PLN binds between the 

transmembrane helices M3, M4, M6 and M9 of SERCA. The later crystal 

Figure 1-3  Equilibrium of PLN in the membrane. PLN can exist as a pentamer (left), a 
low energy monomer- T-state (middle), or a high energy monomer- R-state (right). 
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structure of the PLN transmembrane domain in complex with SERCA also 

agrees with this binding site, which is very similar to the binding site of 

sarcolipin.22, 38  However, none of the crystal structures were able to resolve the 

cytoplasmic domain of PLN, either along the membrane (T-state) or rigidly bound 

to SERCA, indicating that the cytoplasmic domain was likely too flexible to be 

crystalized.37 Due to this missing piece of data, scientists began looking for other 

structural solutions. An additional structural state was discovered by biochemical 

assays, and NMR spectroscopy where the cytoplasmic domain of PLN can exist 

in many states when in complex with SERCA. These states were the T and R 

states, which had similar flexibility as previously described and are inhibitory, and 

an additional state. This additional state is named the B-state (bound) and is a 

non-inhibitory state (Figure 1-4).  

The subunit model, where PLN remains bound to SERCA and the two 

exist in a complex equilibrium between several different conformations of PLN 

(including the B-state), has more recently been accepted in the SERCA-PLN field 

due to work from the Veglia lab including the manuscripts from Gustavsson and 

coworkers in 2013 and 2011.39, 40 Most importantly, in 2013, Gustavsson found 

that when the 

cytoplasmic domain 

of PLN was 

truncated and the 

transmembrane 

domain alone was 

allowed to interact 

with SERCA, that a 

higher level of 

SERCA inhibition 

was observed.40 

This data, along 

Figure 1-4 Figure used with permission from PNAS. Gustavsson, 
M., et. al., Allosteric regulation of SERCA by phosphorylation-
mediated conformational shift of phospholamban, 2013, 110 (43), 
17338-17343. 
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with the fact that upon PLN phosphorylation at Ser16 by PKA, PLN-mediated 

inhibition of SERCA is removed, led researchers to confirm the belief that the 

cytoplasmic domain must be a key regulatory domain that has distinct, structural 

interactions with SERCA (Figure 1-4). The R-state and T-state of PLN were 

known to be inhibitory when in complex with SERCA. Gustavsson found distinct 

chemical shift signatures of the R, T and B states with solid-state NMR. These 

indicated that a small, native population of non-inhibitory B-state exists, and that 

upon phosphorylation of PLN, the equilibrium between these conformations is 

pushed towards the non-inhibitory B-state (Figure 1-4).40  

The Gustavsson work highlights the importance of the conformational 

equilibrium between different states of PLN and how these states influence 

SERCA function. This conformational equilibrium needs to stay within a tightly 

regulated physiological window for the heart to display a healthy phenotype. This 

physiological window has been shown to be very important by several studies 

which have shown that when SERCA function is either upregulated or 

downregulated too much, pathologies results.41-43 One example of this is while 

SR and cardiac enhancements were seen for PLN-null mice, PLN-null humans 

will not survive beyond the embryonic stage, making PLN ablation a dead-end 

strategy.41 Comparatively, PLN transmembrane domain only (the regulatory 

cytoplasmic domain removed) is too inhibitory and also results in a negative 

phenotype.40  

Modulating PLN-SERCA interactions within this carefully regulated 

equilibrium was the motivation for this dissertation project. We know that the 

equilibrium cannot be drastically moved too far in either direction, so a small-

molecule therapeutic that could be tuned for the severity of each phenotype 

would be ideal. 
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1.4.1 Cardiomyopathies and treatment options through targeting 

the SERCA-PLN complex 

Heart disease is the leading cause of death world-wide.6 While there are 

many causes of disease that were mentioned in section 1.1, our lab has chosen 

to focus on the relaxation phase of cardiac contraction and the two proteins that 

are essential to this process: SERCA and PLN. There have been hundreds of 

studies to date that have examined the SERCA/PLN complex, mutations in these 

two proteins and their interactions with other cellular proteins.  The problem that 

still remains is: how can we alter this interaction in cardiomyopic hearts to 

effectively treat patients? 

Individuals with cardiomyopathies that display as impaired Ca2+ cycling 

typically have one of two problems: poor reuptake of Ca2+ into the SR or Ca2+ 

leakage from the SR, which can cause calcium waves or sparks.44  Ca2+ leakage 

from the SR is primarily through the ryanodine receptor.  Current reasons for and 

therapeutic methods to treat poor reuptake of Ca2+ into the SR will be discussed 

here.  Poor uptake of Ca2+ back into the SR after contraction has occurred can 

have several molecular causes: decreased expression of SERCA,45 mutations of 

the SERCA gene46-48, and abnormal regulation by PLN.48, 49 There have been 

several studies that have tried to resolve these issues. One of the most effective 

studies to date was done in the Hajjar laboratory and utilized the adeno-

associated virus for gene delivery to increase SERCA expression in 

cardiomyocytes.50 Unfortunately, this treatment made it through phase IIb clinical 

trials but ultimately failed in phase III.51  

Three main approaches have been used to target the SERCA-PLN 

complex and modulate their interactions for potential therapeutic use: mimicking 

the non-inhibitory, phosphorylated state of PLN,38  creating loss-of-function (LOF) 

mutants that bind SERCA with lower affinity,39 or ablating PLN expression in 

cardiomyocytes. These studies have shown that PLN mutants may work as a 

proof of concept, but have not made it through clinical trials.52, 53 Another 



 

 11 

treatment option is ablating PLN expression in cardiomyocytes to remove the 

inhibitory effect on SERCA.41,42 As mentioned previously, this method was 

promising in mice models,41 but ultimately unsuccessful if PLN is completely 

removed in larger mammals. A preferred treatment option would be a therapeutic 

that could interact on the protein level to produce a desired effect rather than 

genetic interference. 

The data outlined in this dissertation uses single-stranded oligonucleotides 

to interact directly with cardiac proteins so that the genetic expression does not 

need to be altered. These oligonucleotides function essentially as an aptamer 

therapeutics, but without a specified sequence, and would be a less invasive 

option for removing PLN inhibition of SERCA through dose dependent regulation. 

One additional point to consider is the efficacy of oligonucleotides with hereditary 

PLN mutants, which has not been investigated yet.  

There have been several hereditary PLN mutants identified that have 

been implicated in heart disease, these include: R9C, R9L, R9H, R14del, R25C, 

and L39stop.54-59 Several of these mutants have been characterized previously 

and have exhibited detrimental regulation of SERCA.60 While future work in this 

area would allow for characterizing interactions with all known mutants and 

single-stranded oligonucleotides, structural and biochemical characterization of 

the mutants themselves is also needed for comparison. In the 2012 study of 257 

unrelated patients by van der Zwaag et al., R14del was identified in 15% of 

patients with dilated cardiomyopathies.60 In this dissertation, R14del was 

characterized as a loss-of-function (LOF) mutant using biochemical assays and 

NMR spectroscopy. LOF mutants of PLN are unable to inhibit or show lower 

levels of inhibition of SERCA than wild-type PLN.  
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1.4.2 Structural and biochemical studies of the SERCA/PLN 

complex 

PLN structure alone and in complex with SERCA has been previously 

characterized by solid-state NMR and EPR extensively in the past years by many 

different laboratories.26, 30, 37, 39, 40, 61-72 Specifically, the Thomas and Veglia 

laboratories from the University of Minnesota have been very involved in 

characterizing PLN structure in biologically relevant lipid systems and in complex 

with SERCA. This previous structural characterization work paves the way for the 

work in this dissertation comparing PLN structural changes with wild-type PLN 

structure as well as correlating these changes with functional effect. As described 

in section 1.4, PLN exists as a pentamer in the membrane and the monomeric 

units dissociate and can bind SERCA to decrease SERCA affinity for calcium 

(Figures 1-2, 1-3, 1-4). As a pentamer, PLN has been well-described as a 

pinwheel, with five monomers ‘zipped’ together by the leucines and isoleuceines 

of the transmembrane domain.61, 64, 73 This pinwheel structure was extensively 

characterized by the Veglia lab in 2007 and 2011 by Traaseth and Verardi,61, 64 

the phosphorylated form in 2013 by Vostrikov,65 and by EPR in 2008 by Kelly.73  

When a monomer of PLN binds SERCA, the transmembrane domain acts 

as the inhibitory portion while the cytoplasmic domain is the regulatory domain.29 

As mentioned previously, if the cytoplasmic domain of PLN is truncated, the 

transmembrane domain alone is more inhibitory than full-length PLN.40 This led 

to the hypothesis that the cytoplasmic domain was the regulatory domain while 

different structural conformations of PLN’s cytoplasmic domain imposed different 

functional effects on SERCA. Gustavsson and coworkers characterized the 

structural changes that occur when PLN is phosphorylated at Ser16 by PKA 

using solid-state NMR.40 Using a solid-state NMR experiment that specifically 

identifies highly mobile residues, they found that upon phosphorylation, the 

cytoplasmic domain of PLN becomes more mobile.40 As mentioned in section 

1.4, when in complex with SERCA, PLN can exist in three main states in section 
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1.4 earlier: R 

(relaxed), T 

(tense) and B 

(bound) (Figure 

1-4). While bound 

to SERCA, the ‘B’ 

state of PLN is 

non-inhibitory, 

and the 

equilibrium 

between the 

states shifts 

towards the B-

state upon 

phosphorylation 

at Ser16. These 

states were all 

characterized by solid-state NMR. An example of the distinct chemical shift 

‘fingerprints’ for different PLN states can be seen in Figure 1-5. As seen in 

Figure 1-5, upon phosphorylation of Ser 16 by PKA, populations of all residues 

shift towards the B-state.40 These three different states have also seen to be 

present at different population levels with a lethal mutant of PLN, R14del and is 

discussed in chapter 7.74 This further led us to believe that population of the 

different states of PLN are intricately linked to SERCA function and could be fine-

tuned to promote a desired function.  

1.5 Structural characterization of proteins with NMR spectroscopy 

Currently, there are only two techniques that can provide site-specific, 

atomic resolution data on proteins: NMR spectroscopy and X-ray crystallography. 

Figure 1-5 In panel A, the population shift between T-state to B-state 
is seen upon phosphorylation for alanine residues. From: 
Gustavsson et. al., PNAS, Allosteric regulation of SERCA by 
phosphorylation- mediated conformational shift of phospholamban, 
110 (43), 2013.  
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While both techniques have their limitations, crystallography inherently must 

freeze a molecule into a given conformation to obtain a well-refracting crystal.75 

Proteins are highly dynamic and usually must adopt many different 

conformations in order to perform their given functions. These different 

conformers may exist at low populations under physiological conditions and 

would not be captured within a crystal.76 NMR on the other hand, is ideal for 

dynamic molecules like proteins because it can capture the dynamics of a 

system and signals from low population conformers can be captured.76 Structure-

function relations may become skewed if only one conformer of a protein is 

crystalized, whereas NMR allows for sampling of all populations and a more 

informative and realistic picture of what is occurring physiologically.75 

Additionally, membrane proteins are harder to crystalize because of the lipid 

environment they require to adopt physiologically relevant structures. Both 

proteins of interest here, SERCA and PLN, are membrane proteins.  

Membrane proteins remain high priority drug targets, with 40% of all 

potential drug targets.77 Membrane proteins are difficult to study structurally due 

to the imperfect membrane mimics that exist as well as the fact that it is difficult 

to obtain large quantities of membrane proteins and subsequently crystalize them 

to obtain high-resolution structures. It is very clear, however, that structural 

changes allow membrane proteins to perform their needed functions as well that 

mutants in membrane proteins can cause structural rearrangements that 

contribute to the abnormal function that would then occur.78-80   

However, solid-state NMR can help overcome some of these challenges.76 

Solid-state NMR allows for structural determination in more biologically relevant 

lipid systems and also allows for the protein to sample any and all biologically 

relevant conformations.81, 82  Additionally, the conditions used for samples are 

easily added or changed. Thus, solid-state NMR has become a necessary 

technique for characterizing structure-function relationships of proteins, 

especially solid-state NMR for membrane proteins.81, 82  
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The key difference between solution-state NMR and solid-state NMR is 

the rotational correlation times of the protein. In solution NMR, each protein 

molecule re-orients rapidly, on the order of nanoseconds, in the magnetic field. 

This rapid re-orientation means that the strong signals from dipolar coupling are 

rotationally averaged to zero and the chemical shift that remains is isotropic. 

However, for solid-state NMR, membrane proteins are reconstituted in lipid 

vesicles and typically have rotational correlation times on the order of micro 

seconds, thus the dipolar couplings are not averaged out to zero. Therefore, the 

observed signal is an unreadable powder pattern, which is averaged over all 

possible orientations of the nuclei in the magnetic field.83 To remove the dipolar 

couplings and achieve useful signals, solid-state NMR utilizes either magic angle 

spinning (MAS) or oriented NMR. MAS will be discussed here as it was a key 

part of this dissertation.  

MAS averages out dipolar couplings by utilizing the ‘magic angle’ of 54.7° 

with respect to the magnetic field and spinning the sample around its axis very 

quickly.82, 84, 85 Dipolar interactions have a (3cos2θ-1) angular dependence with 

respect to the magnetic field and thus, if a sample is spun quickly around its axis 

at the magic angle, this combined effect of spinning and being at the magic angle 

averages out the secular contribution of the dipolar coupling and chemical shift to 

zero (Equation 1). While the dipolar couplings can be reintroduced in different 

experiments, MAS leaves the isotropic chemical shift and no dipolar coupling 

after averaging for sharp signals corresponding to residue-specific chemical 

shifts.  

Ὀ ρ σὧέί—    (1) 

Where DIS is the dipolar coupling between two nuclei, I and S, ħ is the reduced 

Plank’s constant, γI is the gyromagnetic ratio of nuclei I and γS is the 

gyromagnetic ratio of nuclei S, r is the distance between nuclei I and S and the 

cos term averages to zero at an angle of 54.7° with respect to the magnetic field 

when spinning at high enough speeds.  
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1.5.1 MAS Experiments 

Two common MAS experiments that were used in this dissertation work  

are the rINEPT and DARR experiments. The refocused insensitive nuclei 

enhanced by polarization transfer (rINEPT) experiment does not reintroduce 

dipolar couplings and thus the experimental data contains the chemical shifts for 

all 13C and 1H correlations.86-88 The pulse sequence is shown in Figure 1-6. Due 

to the fact that dipolar couplings are removed and magnetization is transferred 

through J-coupling correlations, the resulting spectra is a molecular ‘fingerprint’ of 

all C-H correlations of mobile residues in the membrane protein. Any residue that 

is too rigid will be 

dominated by dipolar 

couplings and these 

will be broadened 

beyond detection. JC-

H is on the order of 

140 Hz and therefore 

the τ/2 period is ~1.8 

msec.88 This 

experiment is 

especially useful for 

comparing structural states of a protein with a flexible domain, like PLN. 

Chemical additions to a sample, or different mutations of the same protein can be 

compared for their relative flexibilities as long as the rest of the experimental 

conditions are identical.  

Another common MAS experiment is the dipolar assisted rotational 

resonance (DARR) experiment. DARR transfers magnetization from proton to 

carbon using dipolar interactions and thus will provide a correlated 13C-13C 

‘fingerprint’ of all immobile residues and the pulse sequence is shown in Figure 

1-7.3 In comparison with a rINEPT experiment, most dipolar interactions require 

Figure 1-6 The block diagram of the pulse sequence for the 
refINEPT experiment.94 Where the time in between each block is 
equal to τ/2 when τ is equal to (2*JIS)-1 and JIS is the J coupling 
between two nuclei in Hz.  
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residues to be close 

in space and more 

rigid so that the 

magnetization 

transfer can occur. 

The amount and 

intensities of the 

peaks will be 

dependent on the 

mixing times that are 

used and the 

dynamics of the protein residues in question. As mixing times are increased, or 

residues become less mobile, the peak intensity increases. This is a good 

complimentary experiment to rINEPT since they probe different regions of the 

protein. If we see peak intensity increases in the rINEPT, we would expect to see 

corresponding intensity decreases (or peak broadening) in a DARR experiment. 

Specific data, variations on experimental design and interpretations from these 

experiments is discussed in later chapters.  

1.6 Analytical and biochemical methods for characterizing PLN-

SERCA and PLN-oligonucleotide interactions 

In order to characterize not only the biochemical functional effect on the 

enzymatic activity of SERCA in the presence of small molecules or 

oligonucleotides, but also the binding affinity of the oligonucleotides to different 

cardiac proteins, several complimentary techniques were utilized. First, two 

analytical techniques for determining affinity will be discussed, fluorescence 

polarization and capillary electrophoresis. Then, the coupled enzyme assay used 

to determine functional effect on SERCA activity will also be discussed. 

Figure 1-7 Block diagram for DARR pulse sequence.  CP is cross 
polarization transfer using Hartman-Hahn matching conditions.  
Typical CP times are 1 msec.  The two-pulse phase modulated 
(TPPM) block is homonuclear proton decoupling for sensitivity 
enhancement. Continuous wave DARR at ω1=ω2 is irradiation of 
the radio frequency of proton (ω1) at a frequency equal to MAS 
rate (ω2) during a mixing time (τm).95  13C and 13C chemical shift 
correlations are obtained.3 
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1.6.1 Fluorescence polarization and capillary electrophoresis 

Fluorescence polarization is a spectroscopic technique that utilizes 

differences in time-averaged rotational correlation times of a fluorophore 

attached to a ligand to measure the binding affinities between the ligand and a 

binding partner. Typically, the smaller of the two molecules is fluorescently 

labeled to induce a greater change in the rotational correlation time.89, 90    

This technique utilizes the theory that dye molecules with dipoles oriented 

parallel to the electrical excitation vector will be excited by the incoming polarized 

light.90  The slower the dye molecule is rotating, the more polarization it is able to 

retain (Figure 1-8). Polarization is lost as the molecule tumbles through space, 

but there is also rotation 

around the dye 

molecules bond axis. 

Therefore, if a 

fluorescently labeled 

molecule binds another 

molecule and the overall 

complex increases in 

size, the rotational 

correlation time increases. This will produce a higher polarization value due to 

the slower rate of rotation and loss of polarization.90  

Fluorescence polarization has become an attractive technique for the 

study of many biomolecular interactions due to the small sample volume needed 

and the ease of fluorescently labeling most biomolecules. FP has been used 

extensively for this purpose in many studies.89, 91-94 The aforementioned 

sensitivity and experimental simplicity are essential for studies where samples 

are expensive and time consuming to obtain.  Most fluorescence polarization 

experiments require only ~200 microliters (pico- to nanomoles) of sample to 

create an entire binding isotherm curve and can measure binding constants in 

Figure 1-8 Fluorescence polarization schematic.  
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the low nanomolar range.95  Additionally, the experimental setup time is minimal; 

requiring only about ten minutes per sample once a research has obtained the 

fluorescently labeled molecule.95  The actual measurement in a spectrometer 

takes less than three minutes.  

Binding isotherms can be reliably fit with 8-25 polarization measurements 

to obtain a dissociation constant (Kd). To obtain a binding isotherm, samples are 

prepared by keeping the concentration of the fluorescently labeled ligand 

constant and increasing the concentration of the binding partner until the 

saturation point is reached and all fluorescently labeled molecules are bound. 

The data can be fit with the following equilibrium equations to extract a Kd 

value89, 95 

        Ὢ      (6) 

    Ὢ       (7) 

where fb is the fraction bound, [T] is the concentration of the protein target, Kd is 

the dissociation constant, P, Pf, and Pb are the polarization values for the sample, 

completely free DNA and the completely bound complex respectively.   

Fluorescence intensity may be enhanced or quenched upon binding and 

must be taken into account with FP measurements since this affects the lifetime 

of the dye and the values obtained.90, 95 In the case of an intensity change, the 

above equations can be modified in the following way96 

           ὗ       (8) 

           Ὢ        (9) 

 

where Qm is the factor of enhancement or quenching, Im and Io are the 

fluorescent intensities of the completely bound complex and completely free DNA 

respectively, fb’ is the corrected bound fraction.  When Qm is equal to zero, then 

fb’ is equal to fb.  
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Capillary electrophoresis (CE) 

is another technique that can be 

utilized to extract dissociation 

constants from a binding isotherm. 

This complimentary technique has the 

same advantage as FP in that very 

small sample volumes and amounts 

are required to obtain a full binding 

isotherm. Additionally, CE is a very 

high-resolution and high-speed 

technique.97-99 Similar to FP, the high 

sensitivity of CE is ideal for 

measuring the affinity of protein-

oligonucleotide interactions because the sample injection is ~1 nL and low 

nanomolar dissociation constants can be measured accurately.95  

Figure 1-9 shows the general diagram of a CE instrument. In a typical 

experiment, a sample is injected into the capillary using a pressure injection and 

is components are separated by charge and size.99, 100 Samples are detected 

before exiting the capillary using either UV detection or laser-induced 

fluorescence (LIF). Here, we utilized DNA molecules labeled with fluorescein and 

LIF detection.  

Separation is more specifically governed by differences in an intrinsic 

property of each charged molecule called electrophoretic mobility (µep). 

Electrophoretic mobility is defined as the velocity under an applied electric field 

and is approximated by the Debeye-Huckel-Henry theory shown in equation 10,  

                ‘
ʂÒ
         (10) 

where µep is the electrophoretic mobility, q is the charge of the molecule and r is 

the hydrodynamic radius of the molecule.  

Figure 1-9 CE set-up and instrumentation. In 
experiments with DNA, reverse polarity is 
used so that the negatively charged DNA 
migrates through the capillary.   
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 Electroosmotic flow (EOF) is a phenomenon that occurs in the narrow 

capillary due to the negatively charged silanol groups present on the capillary 

surface. These charged silanol groups attract positively charged ions in the buffer 

and create a higher concentration of positive charges close to the capillary wall 

compared with the bulk solvent. These positively charged ions are tightly 

adsorbed to the wall, and create an electric double layer where the second layer 

is more loosely bound and moves with the applied electric field. The movement 

of this layer exerts force on the bulk solution and causes movement or EOF. The 

the electrophoretic mobility of the EOF (µEOF ) is governed by the zeta potential 

(ζ), the dielectric constant (ε), and the viscosity of the buffer (η) and is shown in 

equation 11. 

    ʈ          (10) 

EOF is suppressed under certain conditions, including the addition of detergents. 

Many of the experiments discussed in this dissertation utilize detergent-

containing buffers to solubilize membrane proteins in the buffer, and thus EOF is 

largely suppressed under these conditions.  

Affinity capillary electrophoresis (ACE) can be utilized to determine affinity 

between two molecules, one of which is fluorescently labeled for detection.97, 99 

ACE can typically be performed in physiologically relevant buffers and is 

therefore useful for biological interactions.99 For ACE binding experiments with 

oligonucleotides and PLN, the oligonucleotides were labeled with fluorescein and 

concentrations were held constant. Increasing concentrations of PLN were added 

to the sample and incubated for 20 minutes before beginning the experiment. 

The change in area or height of the free oligonucleotide peak can be 

experimentally measured and used to calculate the bound fraction of aptamer 

using equation (12). The Kd is then extracted using equation (13), which is 

derived from the equilibrium that exists between free aptamer and target and the 

complex.100  
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      Ὢ          (12) 

          Ὢ       (13) 

where Afree is the height (or area) of the completely free aptamer, Aexp is the 

height of your observed experimental point, and Abound is the height of the DNA 

peak at saturating conditions, Kd is the dissociation constant, T is the 

fluorescently labeled aptamer and fb is the fraction of the bound aptamer.  

1.6.2 Coupled enzyme assays to determine SERCA activity 

Changes in SERCA activity have been linked to several diseases and 

having a way to reliably determine if addition of a small molecule or 

oligonucleotide has an effect on SERCA function was essential for this 

dissertation. A well-established method that has been utilized for determining this 

change in SERCA affinity for calcium is the coupled enzyme assay. This method 

directly measures the decrease of NADH by monitoring the absorbance at 340 

nm. First, SERCA hydrolyzes ATP to ADP. Pyruvate kinase regenerates ATP by 

transferring a phosphate from phosphoenolpyruvate  (PEP) to ADP and creating 

pyruvate.  Pyruvate can then be reduced by LDH with the oxidation of NADH to 

NAD+.  The absorbance of NADH can be monitored spectrophotometrically at 

340 nm as a function of Ca2+ concentration.  Since ATP hydrolysis is the slow-

step in this coupled reaction of pyruvate kinase, then subsequently lactate 

dehydrogenase (Figure 1-10), the rate of NADH consumption can be linked to 

Figure 1-10  Coupled enzyme scheme. 
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the rate of SERCA ATP hydrolysis.  

SERCA hydrolyzes one ATP for every two Ca2+ ions that are transported 

into the SR.20, 101  Unphosphorylated, monomeric PLN inhibits SERCA activity by 

lowering SERCA’s affinity for calcium.102, 103  By measuring the rate of hydrolysis 

of ATP at different Ca2+ concentrations, under different conditions, we can 

determine how the activity of SERCA changes.  This routine assay is commonly 

used to determine SERCA’s activity level under differing conditions including: 

different lipid bilayer compositions, PLN mutants, PLN oligomerization states and 

more.39, 104, 105 This change in this absorbance is directly linked back to SERCA 

activity by the following Hill equation:  

 

      ὠ ὠ    (14) 

 

where V and Vmax are the activity and maximal activity, n is the Hill coefficient and 

KCa
n is the calcium concentration needed to reach half maximal activity.  

1.7 Objectives of this dissertation  

Despite the extensive amount of knowledge we have about SERCA 

function, regulation, and structure, the most important questions remain: how can 

we modulate SERCA function in individuals with heart disease to promote 

healthy heart function? Should this be done by directly targeting SERCA or PLN 

at the protein level? Or is interference with protein expression needed? This 

dissertation tries to examine ways of doing this through interactions with single-

stranded oligonucleotides. The closely-regulated equilibrium between the 

SERCA-PLN complex really motivated the beginning of this dissertation work in 

that this work began with a goal of developing an aptamer to target either PLN or 

SERCA in hopes that an aptamer could be selected that would modulate SERCA 

function. Once it was determined that the random sequence, single-stranded 

DNA library bound PLN with a nanomolar dissociation constant, investigation of 
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this unique interaction begun. This dissertation is a story of this unique 

interaction between single-stranded oligonucleotides, their binding to cardiac 

proteins and function effects these interactions can have on tuning SERCA 

activity. The outlook for this work is exciting in that hopefully it will translate to 

disease phenotypes being treated with therapeutic-like single-stranded 

oligonucleotides, or similar mimics, which have direct protein interactions. 

This dissertation has been purposefully organized non-chronologically to 

provide the best context for all chapters. Chapters 2, 3, 7, and 8 are published or 

accepted manuscripts that have been re-printed with permission from the 

publishers. Chapter 4 results with phosphorothioate DNA is in manuscript 

preparation. Chapter 5 discusses some preliminary results on SERCA function 

with phosphorothioate-modified DNA and iPS derived cardiomyocytes. Chapter 6 

contains data from a collaborative project with the Metzger laboratory and data 

from this chapter is in manuscript preparation along with additional experiments 

from their laboratory. 
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Phospholamban Membrane Protein Complex Using Non-

Coding RNA and Single-Stranded DNA oligonucleotides 
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This chapter describes the outcome of a collaborative research paper carried out 
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Verardi. FRET experiments were performed by Dr. Abrol and Verardi. 
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2 Rheostatic Regulation of the SERCA/ Phospholamban Membrane 

Protein Complex Using Non-Coding RNA and Single-Stranded DNA 

oligonucleotides 

2.1 Synopsis  

The membrane protein complex between sarco(endo)plasmic reticulum 

Ca2+-ATPase (SERCA) and phospholamban (PLN) is a prime therapeutic target 

for reversing cardiac contractile dysfunctions caused by calcium mishandling. So 

far, however, efforts to develop drugs specific for this protein complex have 

failed. Here, we show that non-coding RNAs and single-stranded DNAs 

(ssDNAs) interact with and regulate the function of the SERCA/PLN complex in a 

tunable manner. Both in HEK cells expressing the SERCA/PLN complex, as well 

as in cardiac sarcoplasmic reticulum preparations, these short oligonucleotides 

bind and reverse PLN’s inhibitory effects on SERCA, increasing the ATPase’s 

apparent Ca2+ affinity. Solid-state NMR experiments revealed that ssDNA 

interacts with PLN specifically, shifting the conformational equilibrium of the 

SERCA/PLN complex from inhibitory to a non-inhibitory state. Importantly, we 

achieved rheostatic control of SERCA function by modulating the length of 

ssDNAs. Since restoration of Ca2+ flux to physiological levels represents a viable 

therapeutic avenue for cardiomyopathies, our results suggest that 

oligonucleotide-based drugs could be used to fine-tune SERCA function to 

counterbalance the extent of the pathological insults.  

2.2 Introduction 

Heart failure is the leading cause of death worldwide.6 Despite important 

advances in pharmacological and device therapies, the incidence and the 

financial impact of this devastating condition is increasing.6 Current drug 

therapies aim to manage and ameliorate patients’ symptoms rather than cure the 

disease, which has generated a growing emphasis on the development of 
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alternative approaches, including gene therapy.44, 106 As heart failure is a 

multifactorial event, several different strategies can be undertaken to reverse the 

decline of cardiac function.106 One possible approach is to improve cardiac 

contractility by targeting calcium-handling proteins.44, 107 An emerging target for 

gene therapy is the membrane protein complex between the sarco(endo)plasmic 

reticulum Ca2+-ATPase (SERCA) and phospholamban (PLN). The SERCA/PLN 

complex is a central regulator of cardiac contractility, transporting approximately 

70% of the Ca2+ ions in the human heart.17, 108 SERCA reuptakes Ca2+ ions from 

the cytosol into the sarcoplasmic reticulum lumen during diastole.17 PLN, a 52 

amino acid transmembrane protein, controls SERCA’s apparent Ca2+ affinity, 

reducing its ability to transport Ca2+ when unphosphorylated and augmenting it 

when phosphorylated at Ser16 by protein kinase A.108 Aberrant interactions 

between SERCA and PLN mutants and concomitant Ca2+ mishandling have 

been correlated with dysfunctional contractility and heart disease.48, 109 As a 

result, several approaches have been pursued to reverse these conditions; not 

only SERCA gene transfer therapy,51, 107, 110 but also siRNA,111 miRNA 

inhibition112 and aptamers,113, 114 have shown promise as therapeutic avenues. In 

particular, SERCA-directed gene therapy is the most effective strategy to 

augment Ca2+ transport and muscle contractility, either using an adeno-

associated virus to overexpress the ATPase in cardiomyocytes or targeting PLN 

to reverse SERCA inhibition.110 While the former approach is being evaluated in 

clinical trials, the latter presents challenges. In fact, PLN-knockout mice115 and 

PLN-null mutations in humans41 progress to heart failure and lethal dilated 

cardiomyopathy, respectively. Although encouraging for large animal models,116 

gene transfer of PLNS16E, a pseudo-phosphorylated mutant, hampers β-

adrenergic control of heart contractility as the mutant cannot longer be 

phosphorylated. In addition, current gene therapy methods do not allow a 

controllable response to counteract the different degrees of heart disease 

manifestations. Whereas phosphorylatable mutants mimicking the 
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phosphorylated state of PLN are being developed,35, 117 there is a critical need to 

devise more direct, viable methods to target PLN.   

Here, we report the unexpected discovery that small RNAs and single-

stranded DNAs (ssDNAs) bind with low nanomolar dissociation constants (Kd) to 

the SERCA/PLN complex, regulating the ATPase’s apparent Ca2+ affinity in a 

tunable manner. Specifically, we found that both short RNAs and ssDNAs are 

able to reverse PLN’s inhibitory effects irrespective of their primary sequence. 

The functional effects are tunable by increasing or decreasing the 

oligonucleotides’ lengths, becoming significant for sizes encompassing typical 

endogenous miRNAs and reaching a plateau at 80 bases. Solid-state NMR and 

fluorescence spectroscopy data show that ssDNA binds PLN’s cytoplasmic 

domain specifically, but does not affect SERCA in the absence of the regulatory 

protein. In particular, NMR spectra show that ssDNA shifts the conformational 

equilibrium of the SERCA/PLN complex from inhibitory to a non-inhibitory state. 

Förster resonance energy transfer (FRET) experiments in HEK cells 

overexpressing the SERCA/PLN complex show that PLN remains bound to 

SERCA upon interacting with ssDNA. These functional effects, tested in 

membrane reconstituted systems, are reproducible in mammalian sarcoplasmic 

reticulum (SR) cardiac preparations. These findings indicate that chemically 

modified, non-coding and single-stranded DNA templates with low off-target 

propensity can be exploited for developing compounds to target SERCA 

inhibition by PLN, thereby regulating Ca2+ transport in the SR. The rheostatic 

control of SERCA function achieved here opens up new possibilities for devising 

a graded response to varying extents of cardiac pathologies.110  

2.3 Results 

2.3.1 Small RNAs and ssDNAs bind PLN with low nanomolar 

dissociation constants, reversing its inhibitory effects on 

SERCA 
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Using affinity capillary electrophoresis (ACE), fluorescence polarization 

(FP), and native gel mobility shift assays, we found that short RNAs, of similar 

length to naturally occurring miRNA sequences, display low nanomolar 

dissociation constants for PLN. As an example, we report the dissociation 

constant of a random sequence RNA (50mer) to PLN in Figure 2-1A and typical 

binding curves (80mer) in Figure S 2-1. Importantly, we found that these short 

RNAs not only bind, but also reverse PLN’s inhibition of SERCA. Figure 2-1B 

shows the effect of the 50mer RNA on SERCA activity as monitored using 

coupled enzyme assays. The Ca2+ concentration at half maximal activity in the 

coupled assay curves indicates SERCA’s apparent affinity for Ca2+ ions (pKCa). 

When SERCA is 

bound to PLNWT, 

the ATPase 

activity decreases 

and the 

normalized curves 

show a 

concomitant 

reduction of the 

pKCa value. Upon 

binding the 50mer 

RNA, SERCA’s 

function is nearly 

restored (Figure 

2-1B), mimicking 

the effect of PLN 

phosphorylation 

at Ser16.25 Since 

aptamers have 

Figure 2-1  Functional effect of RNA and ssDNA on the SERCA/PLN 
complex. (a) Dissociation constants as measured by both 
fluorescence polarization and affinity capillary electrophoresis of 
both RNA and ssDNA. (b) pKCa of SERCA as measured by coupled 
enzyme assays.  Dissociation constants versus ssDNA length 
obtained from fluorescence polarization (c) and affinity capillary 
electrophoresis (d). Sequences for C and D are found in Table 1. 
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been selected to 

target specific 

proteins without off-

target effects on 

gene expression,118 

we tested the 

effects of a 50mer 

ssDNA random 

sequence. Indeed, 

we found that both 

short RNAs and 

ssDNAs have 

similar Kd values for PLN (Figure 2-1A) and restoration of SERCA function 

(Figure 2-1B).  

We also assessed the affinity of different lengths of ssDNAs with 

sequences chosen at random that had no significant secondary structures, with 

the exception of the 30mer (Table 1 and Figure 2-1C and D). We found 

sequence length to be the best indicator of affinity. Any sequence containing 

more than 10 bases had low nanomolar Kd values, while sequences containing 

10 bases or less had significantly less affinity with higher Kd values. Surprisingly, 

all of the randomly chosen sequences containing more than 10 bases exhibited 

high affinity for PLN, suggesting that this is a sequence independent interaction 

(Table 2-1).   

Sequence 

Length 

Sequence 5’Ą3’ 

5 

10 

FAM-GCT TG 

FAM-ATA GCT TGC A 

15 FAM-AGT GAT AGC TAT GGT 

20 FAM-AGC AGC ACA GAG GTC AGA TG 

30 FAM-ACT GAG CAT GGG ATA ACC GTT CTC AGA CTT 

Figure S 2-1  ssDNA affinity for PLN as measured by FP, CE and 
native gel mobility shift.  (a) Binding curve of the 80mer (FAM 
labeled) ssDNA binding PLN as monitored by fluorescence 
polarization (Kd = 3.1 ± 0.8 nM) and affinity capillary 
electrophoresis (Kd = 0.52 ± 0.08 nM) (b) Binding curve of the 
80mer (FAM labeled) ssDNA binding PLN as obtained from native 
gel mobility shift assays (Kd 2.9 ± 0.6 nM).   
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50 FAM-AGC AGC ACA GAG GTC AGA TGC AGG TAG GGT CCT ATG CGT 

GCT ACC GTG AA 

80* FAM-(N) 80 

80** AGC AGC ACA GAG GTC AGA TGC AGG TAG GGT CCT ATG CGT GCT 

ACC GTG AAAGC AGC ACA GAG GTC AGA TGATA GCT TGC A 

* A mixture of randomized 80-mer ssDNA sequences 

** 80mer used for NMR 

Table 2-1  Random ssDNA sequences used for analysis. 

The 80mer used for the binding studies was synthesized as a completely 

randomized mixture, with a 25% probability of each base being present at every 

register position. This random library allowed affinity to be determined 

independently of a specific sequence. The high affinity (low nanomolar Kd) 

between the completely randomized sequence mixture of 80mer ssDNA and PLN 

confirms the sequence independence of this interaction. Among the longer 

sequences, the 30mer demonstrated slightly weaker affinity for PLN than 

predicted based on sequence length alone. This 30mer is the only sequence 

listed in Table 1 that exhibits significant secondary structure. The weaker than 

predicted affinity suggests a thermodynamic penalty to unfold the ssDNA before 

binding PLN. To analyze 

the nature of the 

intermolecular 

interactions, we carried 

out the binding assays at 

different salt 

concentrations (Figure S 

2-2). Indeed, we found 

that the ssDNA/PLN 

interactions are 

persistent even at high 

Figure S 2-2 Salt effect on ssDNA binding affinity for PLN. 
Dissociation constants for ssDNA binding to PLN as 
measured by fluorescence polarization at different salt 
concentrations. 
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salt concentrations and remain in the nanomolar range at NaCl concentrations up 

to 200 mM.   

We then performed ATPase assays with the varying lengths of the 

oligonucleotides and found they give rise to a graded effect on ATPase activity. 

Figure 2-2A depicts the normalized SERCA/PLN activity curves upon addition of 

ssDNA at different lengths and varying concentrations of free calcium (pCa). In 

the absence of ssDNA, PLN binding results in decreased Ca2+ affinity of SERCA 

(lowest pKCa, with the brown curve shifted furthest to the right in Figure 2-2A). 

Addition of ssDNA to the PLN/SERCA complex shifts the activity curve toward 

the higher pCa, indicating that the SERCA’s apparent affinity for Ca2+ ions is 

increasing; ssDNA reverses the inhibitory effect of PLN (Figures 2-2A and B). 

The functional effect trends with sequence length, but not necessarily according 

Figure 2-2  Tunable control of SERCA 
function using ssDNA of different lengths. 
Coupled enzyme as-says in DOPC:DOPE 
lipid vesicles. (a) SERCA activity 
normalized as a function of Ca2+ 
concentration. Black is SERCA alone, 
brown is SERCA and PLN; other colors 
represent addition of different lengths of 
ssDNA. (b) pKCa values for the different 
ssDNA lengths derived from the pCa 
values at half maximum activity of SERCA. 
(c) Effects of ssDNA on pig cardiac SR 
preparations. 
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to the relative affinity of the oligonucleotides (Kd values). This is evidenced by the 

30mer, which displays a higher Kd than expected based on length alone, but still 

follows the length trend seen in the activity assays (Figures 2-2A and B). It 

should be noted at all ATPase assays were performed at saturating ssDNA 

concentrations. Thus, the length trend (Figure 2-2) observed is structural in 

origin and independent of the ssDNA concentration. Remarkably, longer 

oligonucleotides result in complete inhibition relief, an effect that mimics 

phosphorylation of PLN at Ser 16 by protein kinase A.119 With oligonucleotide 

sequences longer than 50 bases, we observed no further increase of SERCA 

activity beyond the physiological window, indicating that the effect is mediated by 

the direct interaction between ssDNA and PLN.  

To confirm the specificity of the ssDNA/PLN interactions, we incubated 

80mer ssDNA with SERCA in the absence of PLN. Under these conditions, the 

apparent Ca2+ affinity was identical to that of SERCA alone, confirming that 

ssDNA does not have an activating effect without PLN (Figure 2-2B). 

Additionally, both double-stranded DNA and a mixture of free deoxynucleotides 

(dNTP) show no effect on PLN’s inhibition of SERCA; the pKCa with either 

double-stranded DNA or free dNTPs is identical to the pKCa of the PLN inhibited 

pump (Figure S 2-3). Taken together, these data suggest that reversal of the 

inhibitory effect of ssDNAs is manifested in a length-dependent manner, with 

inhibition relief being progressively more effective with increasing sequence 

length and reaching a plateau at ~80 oligonucleotides. 

2.3.2 ssDNA disrupts PLN inhibition without dissociating the 

SERCA/PLN complex. 
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To 

probe the 

specific 

interactions 

between PLN 

and ssDNA 

both in the 

absence and 

presence of 

SERCA, we labeled SERCA with a FRET donor (AEDANS) at position Cys674 

and PLN with a non-fluorescent acceptor (Dabcyl-SE) on Lys-3. FRET sample 

preparation matched that of the coupled enzyme assay samples (see Methods). 

In the presence of the FRET pair, we detected a marked decrease in 

fluorescence signal upon formation of the complex between SERCA and PLN 

(Figure 2-3B).  Addition of an equimolar amount of 40mer ssDNA (Table 2-1) to 

the pre-formed SERCA/PLN complex under conditions similar to the activity 

assays did not change the FRET signal. These measurements were repeated 

with excess PLN, or excess ssDNA, and the results were similar to the FRET 

Figure 2-3  ssDNA does not dissociate PLN from SERCA. (a) Fluorescence spectra of 
SERCA alone and upon addition of ssDNA. (b) FRET of SERCA-PLN complex (cyan) in 
the absence and presence of ssDNA.  Upon addition of ssDNA (purple and green) the 
FRET signal does not change, indicating no structural changes within the range of the 
FRET probes.  (c) SERCA-PLN FRET at a 10:1 PLN:SERCA ratio (green). 

Figure S 2-3  dsDNA (a) and free dNTPs (b) show no effect on 
SERCA activity. 
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data with stoichiometrical amounts 

(Figure 2-3B and C).  

The enhanced FRET and shift of 

the emission maximum seen with a 10-

fold excess of PLN is indicative of more 

FRET between SERCA and PLN, 

resulting from saturating the PLN binding 

site in the ATPase (Figure 2-3C). We 

have also recorded fluorescence of 

SERCAAEDANS without PLN, but in the 

presence of ssDNA. The fluorescence 

intensity was identical to that of 

SERCAAEDANS, illustrating that ssDNA 

does not interact with the ATPase alone (Figure 2-3A). The FRET, ACE and 

fluorescence polarization data collectively demonstrate that the ssDNA interacts 

specifically with PLN irrespective of the presence of SERCA. Furthermore, 

ssDNA relieves PLN inhibition by causing a structural rearrangement of PLN 

without dissociating it from SERCA, in a manner resembling PLN 

phosphorylation at Ser16 – the endogenous mechanism for inhibition relief. 

2.3.3 ssDNA interacts with the SERCA/PLN complex in living 

cells.  

The SERCA/PLN interaction studies were also carried out in HEK cells. 

Specifically, FRET in-cell assays were used to investigate the interactions of 

ssDNA with free PLN and in complex with SERCA.73, 120 We utilized PLNAFA, a 

pentamer-destabilizing mutant with full inhibitory activity to minimize PLN 

oligomerization and detect small changes in binding affinity. Although it runs as a 

monomer on SDS-PAGE, PLNAFA has a slight tendency to form pentamers in 

membranes and exhibits a significant intra-pentameric FRET when 

Figure S 2-4  FRET between PLN-PLN in 
HEK cells. PLN-PLN FRET increased with 
protein expression up to a maximum 
(FRETmax). FRETmax decreased with 
addition of ssDNA, suggesting a transition 
away from a compact pentamer structure 
without loss of oligomerization. 
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overexpressed in living cells.  A 

cell-by-cell comparison of FRET 

with PLN expression level 

revealed a hyperbolic 

dependence of FRET efficiency 

on protein concentration for a 

population of HEK cells 

expressing the fluorescent 

proteins Cer-PLNAFA and YFP-

PLNAFA, fused at the N-terminus 

of PLN (Figure S 2-4). From 

this curve, we calculated the 

apparent dissociation constant for oligomerization (KD1) as well as the intrinsic 

FRET efficiency of the PLN oligomer (FRETmax), reporting on the inter-protomer 

binding affinity and quaternary structure changes, respectively. In the absence of 

ssDNA, we found that PLNAFA is able to form pentamers, though with reduced 

propensity compared to PLNWT.  In contrast, addition of the 50-mer ssDNA to the 

cells containing plasmids encoding for Cer-PLNAFA and YFP-PLNAFA induced a 

notable increase in the apparent PLN-PLN affinity, representing an approximately 

20% increase in PLN oligomerization (Figure S 2-4). A significant decrease in 

FRETmax was observed, which corresponds to an increase of the donor-acceptor 

distance (i.e., increased interprotomer affinity) as previously observed for PLNR9C 

and its phosphomimetic mutants.121,122 For the SERCA/PLN complex, cell 

transfection with 50-mer ssDNA had striking effects both on the binding affinity 

and the structure of the complex. Unlike the in vitro fluorescence experiments in 

which the AEDANS donor probe was attached at Cys674 in the SERCA’s P-

domain, the Cer probe placed on the A-domain of SERCA is able to detect a 

four-fold increase of PLN affinity for SERCA upon oligonucleotide addition, with a 

concomitant decrease of SERCA/PLN FRETmax (Figure 2-4). Taken with the in 

Figure 2-4  FRET experiments in living cells.  ssDNA 
increased the affinity of the SERCA/PLN interaction, 
and decreased FRETmax.  ssDNA induces a 
conformational change of the complex, increasing 
fluorescent probe separation distance. 
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vitro ATPase activity assays, these data demonstrate that ssDNA binding to PLN 

mimics both the structural and functional effects of phosphorylation on the 

SERCA/PLN regulatory complex. The decrease of FRETmax upon complex 

formation is suggestive of a structural rearrangement of PLN within the complex; 

rather than the dissociation of PLN from the ATPase. 

2.3.4 ssDNA reverses PLN’s inhibition of SERCA in cardiac SR 

preparations. 

To assess the reproducibility of the ssDNA effects observed in the 

reconstituted systems in more biologically relevant conditions, we performed the 

activity assays using crude cardiac SR preparations isolated from pig’s 

ventricles, containing the SERCA2a isoform of the ATPase (see Material and 

Methods). Since PLN is endogenously expressed in ventricles, direct addition of 

ssDNA to the heavy SR preparations containing the SERCA2a/PLN complex 

would be expected to increase the ATPase apparent Ca2+ affinity. Indeed, 

addition of ssDNA (1 µM 80mer) to the pig crude SR vesicles augmented the 

pKCa by 0.15 (Figure 2-2C). While the effect of ssDNA on SERCA activity in pig 

crude SR is somewhat lower than in the reconstituted system; this slight 

discrepancy is likely due to the challenges in determining the exact amounts of 

the SERCA/PLN complex in these native preparations, as well as their molar 

ratio and phosphorylation state. Overall, these data confirm the efficacy of 

ssDNA in relieving PLN inhibition of the mammalian SERCA2a/PLN complex 

under native conditions. 

2.3.5 NMR mapping of ssDNA binding epitope of PLN. 

To identify the specific residues of PLN interacting with the ssDNA, we 

used solid-state NMR (ssNMR) spectroscopy. We reconstituted U-13C/15N  

labeled PLN in deuterated DMPC lipid vesicles and monitored the chemical shifts 

of the backbone and side chain 13C resonances in the presence and absence of 

ssDNA (80mer). To detect the dynamic cytoplasmic domain of PLN, we used the  



 

 38 refocused [1H,13C]-RINEPT experiment,88 which is suited for protein 
Figure 2-5  Mapping of PLN residues involved in ssDNA binding.  [1H, 13C] RINEPT spectra 
of PLN in DMPC lipid vesicles in the absence (black) and presence (red) of ssDNA (80mer). 
Blue asterisks indicate lipid signals; green asterisks indicate a change in peak shape. 
Dotted circles indicate missing peaks. 
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domains undergoing fast 

reorientation (cytoplasmic domain 

of PLN) and insensitive to rigid 

domains on the NMR time scale 

(PLN’s transmembrane 

domain).123 In the free form of 

PLN, the resonances 

corresponding to the cytoplasmic 

region are all detectable.  Addition 

of ssDNA to PLN at a 1:1 molar 

ratio causes the intensities of 

several amino acids peaks in the 

[1H,13C]-RINEPT spectrum to 

decrease, with several peaks 

becoming broadened beyond detection (Figure 2-5).   

 The latter indicates the rigidification of PLN’s cytoplasmic domain and an 

increase in rotational correlation time upon ssDNA binding. In contrast, natural 

abundance 13C lipid signals are not affected by ssDNA and remain essentially 

unchanged (Figure 2-5). The most affected resonances of PLN are located at 

the N-terminal portion of domain Ia (i.e., Lys3, Val4, Leu7, Thr8/17, Arg9/13/14, 

Ala/0/11/15, Ile12/18, and Glu2/19).  To confirm that the ssDNA targets the 

cytoplasmic domain resonances, we compared the ssNMR data with solution 

NMR experiments carried out on PLN reconstituted in isotropic bicelles (q=0.33). 

Due to the large size of the bicelle/PLN complex, solution NMR [1H,15N]-HSQC 

experiments does not detect the transmembrane residues124, but it visualizes the 

cytoplasmic domain resonances. Addition of 15mer ssDNA causes extensive line 

broadening (residues Glu2, Thr8, Ala11, Ile12/18 Arg13/14, and Met20 - Figure 

S 2-5), which is in qualitative agreement with ssNMR experiments. [1H, 15N] 

TROSY HSQC of PLNAFA in the absence and in the presence of ssDNA. Taken 

Figure S 2-5  [1H, 15N] TROSY HSQC of PLNAFA in 
the absence and in the presence of ssDNA. 
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with the FRET data, the NMR 

experiments indicate that the 

transmembrane domain of 

PLN remains essentially 

unperturbed and attached to 

the ATPase, while ssDNA 

primarily targets the 

cytoplasmic domain of PLN 

interfering with its regulatory 

function of SERCA.  

Previously, we found 

that PLN bound to SERCA 

undergoes conformational 

transitions between three 

major states (Figure 2-6b): an inhibitory T state, with the transmembrane (TM) 

domain bound to SERCA and the cytoplasmic domain associated to the 

membrane; an inhibitory R state, with the TM domain bound to SERCA and the 

cytoplasmic domain unfolded and dissociated from the membrane; and a 

sparsely populated, non-inhibitory B or bound state, with both the TM and 

cytoplasmic domains interacting with SERCA.123 PLN phosphorylation at Ser16 

shifts the equilibrium toward the B state, undergoing a local structural 

rearrangement and effectively reversing PLN’s inhibition of SERCA. 

To assess the effect of ssDNA on the PLN conformational equilibrium in 

the presence of SERCA, we utilized PLNAFA, which simp lifies the interpretation 

of the ssDNA binding on the SERCA/PLN complex by eliminating the 

monomer/pentamer equilibrium. To resolve the resonances in the aliphatic region 

of the spectrum, the cytosolic domain Ia of PLNAFA was selectively labeled at 6 

different sites (Val4, Leu7, Ala11, Ala15, Ile 12, Ile18). These cytosolic residues 

Figure S 2-6  [13C, 13C] Selectively labeled DARR of 
PLNAFA with (red) and without (black) ssDNA. 6 
isotopically labeled sites are used here in the 
cytoplasmic domain of PLNAFA including: Val4, Leu7, 
Ala11, Ala15, Ile 12, and Ile18. These spectra were 
collected at 20°C with a 200 msec mixing time. 
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(in the absence of 

SERCA) display 

chemical shift 

perturbations upon 

the addition of 

ssDNA, indicating 

binding between 

ssDNA and PLNAFA 

(Figure S 2-6).   

Dipolar 

assisted rotational 

resonance (DARR) 

MAS [13C,13C] 

experiments of U-

13C/15N labeled 

PLN in complex 

with unlabeled 

SERCA were 

performed in the 

absence and 

presence of 

ssDNA (Figure 2-

6).  Specifically, 

the DARR peaks 

corresponding to 

the Ca/Cb 

correlations of the 

two Ala residues are sensitive to the conformational equilibrium between the 

different states and can be used as reporter residues (Figure 2-6). In the 

Figure 2-6 Effects of ssDNA on the conformational equilibrium of 
the SERCA/PLN complex (a) Portions of the [13C,13C]-DARR spectra 
indicating the conformational equilibrium between the different 
states of PLN as probed by the alanine residues in the cytoplasmic 
domain.  A small population of AFA PLN exists in the B (bound) 
state, upon phosphorylation, a higher population transitions to the 
B state (with a slight shift upon the phosphorylation), a further 
shift occurs upon addition of ssDNA to the D (DNA) bound state. 
(b) Proposed regulatory model of SERCA by PLN and effects of 
ssDNA. ssDNA shifts the monomer to pentamer equilibrium toward 
the oligomeric state. Phosphorylation of Ser16 shifts the 
equilibrium toward the non-inhibitory bound state (B-state). ssDNA 
shifts the equilibrium further toward a non-inhibitory D-state. 
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absence of SERCA at 20 oC, these two residues populate a major conformational 

state (T state) and a sparsely populated R state. Upon addition of SERCA, there 

is a population shift toward the bound state that is augmented upon 

phosphorylation of PLN. Upon binding ssDNA, we observe a progressive shift of 

the two Ala residues of PLNAFA toward lower fields, similar to what is observed 

with the non-inhibitory phosphorylated form of PLN. These results strongly 

support the fluorescence studies and show that ssDNA does not detach PLN 

from SERCA; rather it shifts the conformational equilibrium toward a non-

inhibitory or D (DNA bound) state in a manner similar to the phosphorylated 

state. A hypothetical model of the conformational equilibrium of the SERCA/PLN 

complex and the effects of ssDNA is reported in Figure 2-6B.  

2.4 Discussion 

Homeostatic regulation of Ca2+ ions in muscle is crucial to proper 

contractility.17 SERCA plays a central role in this delicate equilibrium and its 

function is regulated within a physiological window by PLN.123 Super-inhibition of 

SERCA by PLN mutants or hyper-phosphorylation of PLN tip the homeostatic 

balance and lead to cardiomyopathies.44, 49 So far, there have been no drugs 

developed with a direct effect on the SERCA/PLN complex. However, the 

complexity of Ca2+ transport dysregulation in heart failure calls for therapeutic 

approaches that parallel the extent of the pathology, which is yet to be achieved.   

Our study demonstrates that short RNAs and ssDNAs are able to regulate 

SERCA activity in a tunable manner by binding the cytoplasmic domain of PLN 

with nanomolar dissociation constants. Binding of ssDNA to the SERCA/PLN 

complex induces structural changes and promotes inhibition relief. Due to the 

high affinity of ssDNA for PLN, the tunability of the effects is not concentration-

dependent, but rather length-dependent, with a range from 5 nucleotides, 

exhibiting minimal effects on SERCA activity, to 80 nucleotides, conferring a 

nearly complete relief of inhibition. The binding of the ssDNA is likely driven by 
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the electrostatic interactions between the negatively charged phosphate groups 

of the oligonucleotide and the positively charged Lys and Arg side-chains of PLN. 

Such charge-charge interactions have been found in sequence-independent 

ssDNA binding proteins, such as T4 gp32, adeno-DBP and multiple others.125-127 

However, electrostatic interactions alone do not fully justify the unique binding 

seen between ssDNA and PLN. Single chain nucleic acids are essential for PLN 

binding, since neither double-stranded DNA nor a mixture of free dNTPs are able 

to reverse PLN inhibition of SERCA. ssDNA binds PLN without detaching it from 

the ATPase; rather, it shifts its conformational equilibrium toward a non-inhibitory 

state.35, 123 

Previously, we found that PLN bound to SERCA undergoes 

conformational transitions between three major states: an inhibitory T state, with 

the transmembrane (TM) domain bound to SERCA and the cytoplasmic domain 

associated to the membrane; an inhibitory R state, with the TM domain bound to 

SERCA and the cytoplasmic domain unfolded and dissociated from the 

membrane; and a sparsely populated, non-inhibitory B or bound state, with both 

the TM and cytoplasmic domains interacting with SERCA.123 By tracing the 

population of the SERCA-bound state of PLN, we found its conformational 

equilibrium is driven by ssDNA toward a new, distinct state (D state) (Figure 2-

6), which is non-inhibitory. Since FRET experiments show no detachments of 

PLN from SERCA, we surmise that the ssDNA may adopt a PLN-bound 

conformation with the phosphate backbone mimicking the effects of Ser16 and/or 

Thr17 phosphorylation and restoring SERCA’s apparent affinity for Ca2+ ions. 

An important corollary to our study is the possibility of direct interactions of 

endogenous short RNA sequences (such as miRNA) with the SERCA/PLN 

complex. In the heart, miRNAs are involved both in cardiogenesis and disease 

including:  hypertrophy, ischemia, and electrical remodeling.128-131 miRNAs are 

up- or down-regulated in response to stress during cardiac disorders131 and they 

are notorious for their pleiotropic action, affecting multiple genes in different 
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tissues.131 The latter has prevented the progression of miRNA regulation to 

therapeutic applications.132, 133 Based on the high, non-sequence specific affinity 

of short RNAs for PLN, it is possible that endogenous miRNAs may have a role 

in cardiac pathophysiology that goes beyond gene regulation. As miRNAs of 

different lengths and sequences are produced for both protective and 

pathological roles,128, 130, 134 the up-regulation of miRNAs under cardiac 

remodeling and heart failure may favor their direct physical interaction with the 

SERCA/PLN complex, affecting Ca2+ regulation and cardiac contractility.  

Irrespective of the possible role of the endogenous miRNAs toward the 

SERCA/PLN complex in cardiomyocytes, the nanomolar affinity of ssDNA for 

PLN and its ability to reverse its inhibitory effects on SERCA constitutes a unique 

opportunity to exploit oligonucleotides as scaffolds for the design of small 

molecules to target Ca2+ regulation. While DNA aptamers or miRNA constructs 

have been successfully used to target and regulate the PLN gene,111, 135 

silencing or ablation of the PLN gene has resulted in cardiomyopathies. In 

contrast, tunable regulation of PLN inhibitory function of SERCA by 

oligonucleotide-based drugs may represent a more promising therapeutic avenue 

in which the extent of SERCA activation can be fine-tuned to match the 

pathological insult. 

2.5 Methods 

2.5.1 Protein purification 

Wild type phospholamban expression and purification was achieved 

through the previously published methods.136 Isotope labeling was accomplished 

via 13C-enriched glucose and 15N-enriched ammonium chloride. Calcium ATPase 

(SERCA1a isoform) was extracted from rabbit skeletal muscle according to 

previously reported procedure and purified by affinity chromatography using 

Reactive Red.137 Pig cardiac SR vesicles (Lindenfelser’s Meats, Monticello, MN, 

USA) were prepared as reported previously.138 Lipids were obtained from Avanti 
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Polar Lipids (Alabaster, AL). Single stranded DNA (ssDNA) sequences were 

purchased from Integrated DNA Technologies, Inc. (Coralville, IA). Other 

chemicals were from Sigma Aldrich (St. Louis, MO). 

2.5.2 SERCA activity assays 

Recombinant PLN was co-reconstituted with SERCA in multilamellar 

vesicles of 1,2-dioleyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleyl-sn-

glycero-3-phosphoethanolamine (DOPE) at 4:1 DOPC:DOPE molar ratio. A 

solution of ssDNA in deionized water was added directly to the vesicles and 

incubated for 20 minutes at 25 ºC prior to starting the assay. The molar ratio of 

the components were 700:10:1:1 (lipid : PLN : SERCA : DNA). Calcium 

dependence of the SERCA ATPase activity was measured at 25 °C using a 

coupled enzyme assay139 utilizing l340 absorbance (NADH) as an analytical 

signal using a Spectromax microplate reader (Molecular Devices). The initial rate 

was measured as a function of calcium concentration, and the data were fit using 

the Hill equation (1): 

( )pCapKn Ca

V
V

-
+
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101

max
     (1) 

where: V is the initial rate; Vmax is the maximum rate; pCa is the negative 

logarithm of calcium concentration; pKCa is the pCa value where V = Vmax/2, and 

n is Hill coefficient. For comparison, each data set was normalized to Vmax after 

fitting. Inhibitory effects are expressed as changes in pKCa relative to SERCA 

alone. 

Activity assays of SERCA2a were performed directly with pig cardiac SR, 

containing ~20 mg of total protein (bicinchoninic acid assay). Cardiac SR vesicles 

were diluted to 100 ml with buffer and incubated with 1 µM of ssDNA (80mer) for 

30 min prior to measurements. 
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2.5.3 NMR sample preparation 

Magic angle spinning (MAS) NMR samples were prepared by co-

dissolving 10 mg acyl chain deuterated 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC-d54) and 2 mg of recombinant [U-13C/15N]-PLN. The 

solvent was removed under a stream of nitrogen gas and desiccated overnight. 

The lipid/protein film was rehydrated with 1 ml of 20 mM MOPS, 100 mM NaCl 

(pH 7.0). The suspension was vortexed, briefly sonicated, lyophilized, re-

suspended in 10 µL of ddH2O and transferred to a 3.2 mm thin wall MAS rotor. 

The final samples contained approximately 50% H2O (w/w) with a lipid:PLN ratio 

of 40:1. Magic angle spinning samples with PLN and SERCA were prepared by 

co-mixing the proteins at a 1:1 molar ratio in 1% C12E8, and adding them to 10 

mg of DMPC-d54 solubilized with 1% C12E8. Next, ssDNA suspended in ddH2O 

was added and the detergent was removed by 3 hr incubation with BioBeads 

SM2 at a 30:1 Biobeads:C12E8 ratio at room temperature. The sample was 

diluted to 50 mL with buffer, pelleted by centrifugation at 4ºC (100,000 ×g, 30 

minutes) and the pellet was packed in the MAS rotor. Isotropic bicelle samples 

for solution NMR were prepared by dissolving 1 mg of [U-13C, 15N] PLN in 20 mM 

MOPS, 100 mM NaCl, and 5% D2O containing 174 mg/ml of 1,2-dihexanoyl-sn-

glycero-3-phosphocholine (DHPC). The mixture was transferred to lyophilized 

DMPC (21.9 mg, corresponding to q = 0.33), vortexed, sonicated and subjected 

to several freeze/thaw cycles, until a clear solution was formed. 

2.5.4 NMR experiments 

All NMR experiments were performed on a VNMRS spectrometer 

operating at 1H frequency of 600 MHz. Magic angle spinning (MAS) experiments 

were performed at 8 kHz spinning rate and at 25 ºC, utilizing 1H/13C MAS probe 

(Varian). Pulse widths were 5.5 µsec (13C), 2.5 µsec (1H) and a 100 kHz 1H 

decoupling field strength was used. Two dimensional experiments were 

refocused Insensitive Nuclei Enhanced by Polarization Transfer (RINEPT) and 
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Dipolar Assisted Rotational Resonance (DARR).85, 88 A contact time of 1 ms was 

utilized for cross-polarization. Spectral widths were 100 kHz (direct dimension), 

3.33 kHz (indirect dimension, RINEPT) and 40 kHz (indirect dimension, DARR). 

Chemical shifts were referenced to the 13CH2 signal of adamantane (40.48 ppm). 

Typically 640 scans with 30 increments in the indirect dimension were acquired. 

Data were processed using NMRPipe and analyzed with Sparky.140 

2.5.5 Affinity capillary electrophoresis (ACE) 

The experiments were performed on a commercial CE system (P/ACE 

MDQ, Beckman Coulter, Inc., Fullerton, CA) with laser induced fluorescence 

(LIF) detection (λex = 488 nm, λem = 520 nm). Binding and separation buffers for 

ACE and fluorescence polarization were made in nuclease free water (Coralville) 

and filtered through a 0.2 μm membrane filter (Millipore) before use. Separation 

buffer consisted of 20 mM MOPS and 0.1% (w/v) octaethylene glycol 

monododecyl ether (C12E8) at pH 7.0. Binding buffer additionally contained 0.25 

mM DTT, 1mM MgCl2, 1mM KCl, and 5 mM CaCl2. Fluorescently labeled ssDNA 

samples in binding buffer (2.5 nM) were titrated with PLN and injected into a 50 

cm × 50 mm fused silica capillary (Polymicro Technologies, Phoenix, AZ) using 

hydrodynamic injection (1 psi for 4 s). Separations were performed at reversed 

polarity, 30 kV for 10 min. Electropherograms were analyzed using Cutter 7.0; 

peak heights of the free ssDNA peaks were used to calculate the bound fractions 

according to the equation (2):141 
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Where: fa is the bound fraction; c is maximum bound fraction; [P]t and [D]t are 

total concentrations of PLN and DNA, respectively. Note that denominator 

represents the free concentration of PLN. 
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2.5.6 Fluorescence polarization (FP) 

The experiments were performed on a SynergyTM 2 Microplate Reader 

(BioTek Instruments, Inc., Winooski, VT) with similar filter settings (λex = 485 ± 20 

nm, λem = 528 ± 20 nm). Sample prepation was similar to the ACE experiments; 

15 µL aliquots of mixtures were loaded into a corning 3540 microplate (Corning 

Incorporated, Corning, NY). Polarization values were calculated from the parallel 

and perpendicular fluorescence intensities. Calibration was done using the g 

factor, calculated in the Gen 5TM software (BioTek Instruments, Inc., Winooski, 

VT). Bound fractions were determined using equation (3): 
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where: fa is the bound fraction; P, Pm and Po are measured polarizations of a 

sample, complex, and free ssDNA, respectively. The polarization of the complex 

(Pm) was taken as the plateau with an excess of PLN. The overall fluorescence 

intensity of the samples with increasing PLN concentrations, was monitored and 

bound fraction was modified if the overall fluorescence intensity was positively or 

negatively biased according to the published method.92 

2.5.7 Native gel mobility shift assay 

Native 10% Tris-Borate-EDTA (TBE) gels were prepared according to the 

published procedure.142 Phospholamban was dissolved in binding buffer (0.1% 

C12E8, 20mM Tris-HCl, 1mM MgCl2, pH 7.0) and incubated with fluorescein-

labeled ssDNA for 20 min at 25ºC. Samples were mixed at a 1:1 (v:v) ratio with 

×2 loading buffer (Bromophenol blue (20% w/v), glycerol (50% v/v), 25 mM Tris-

HCl, pH 7.0). Samples were run at 100V at 4ºC and imaged by exposure to UV 

light. Signals were integrated using ImageJ densitometry software (National 

Institute of Mental Health, Bethesda, Maryland, USA). The Kd was determined 

from the non-linear fitting of the signal intensities versus PLN concentration.143 
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2.5.8 FRET experiments in reconstituted systems 

SERCA was incubated with 1,5-I-AEDANS (Invitrogen), which specifically 

interacts with Cys 674 of the ATPase. The acceptor, Dabcyl-SE, was added at a 

20-fold excess to WT PLN in 1% SDS, 100 mM NaHCO3, pH 9.0. The reaction 

was performed for 16 hours, and the labeled protein was purified using reverse 

phase HPLC. The steady-state fluorescence wavelengths were 350 nm 

(excitation) and 400-600 nm (emission).   

2.5.9 FRET in-cell binding assay 

N-termini of canine SERCA2a and canine PLN were fused with either 

mCerulean (Cer), or enhanced yellow fluorescent protein (YFP).73 

Phospholamban oligomerization, quaternary structure, and SERCA binding were 

measured by fluorescence resonance energy transfer in living cells (line AAV-

293). Cells were cultured in complete DMEM growth medium with 10% fetal 

bovine serum, 1% L-glutamine and incubated at 37°C under 5% CO2. The 

cultured cells were subjected to transient transfection using the MBS mammalian 

transfection kit (Stratagene, La Jolla, CA). Cells were co-transfected with 

plasmids encoding Cer-PLN-AFA and YFP-PLN-AFA, or Cer-SERCA and YFP-

PLN-WT with a molar ratio of 1:5 or 1:20 respectively,122 either in the presence or 

absence of 1 µM unlabeled 50-mer ssDNA. Following transfection, the cells were 

mildly trypsinized, resuspended in DMEM growth medium, plated on poly-D-

lysine-coated glass bottom dishes, and allowed to adhere for 2 hours before 

imaging, as described previously.120 The effect of ssDNA on PLN oligomerization 

and interaction with SERCA was quantified in live cells using wide-field 

fluorescence microscopy by acceptor sensitization FRET (EFRET) as described 

previously.120, 144 MetaMorph software was used to acquire a montage of 48 

images using 40X objective having a numerical aperture of 0.75 and a motorized 

stage (Prior, Rockland, MA). Focus was automatically maintained by an optical 

feedback system (Perfect Focus System, Nikon). The exposure time was 150 ms 
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for each channel: Cer, YFP, and FRET (Cer excitation/YFP emission). FRET 

efficiency was calculated according to the equation (4): 
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where: IDD and IAA are the fluorescence emission intensities of the donor channel 

(472/30 nm) with excitation of 427/10 nm, and the acceptor channel (542/27 nm) 

with excitation of 504/12 nm, respectively; IDA is the fluorescence emission 

intensity of the FRET channel (542/27 nm) with excitation of 427/10 nm. The 

constants a and d are cross-talk coefficients determined from acceptor-only or 

donor-only control samples respectively. G represents the ratio of the sensitized 

emission to the corresponding amount of donor recovery. We obtained values of 

0.085, 0.737 and 4.6 for a, d, and G ratio respectively.  

The effect of ssDNA on parameters related to structure and binding affinity 

of PLN oligomer and SERCA-PLN regulatory complex were quantified by 

performing an ‘in-cell’ binding assay as described previously.120 The FRET 

efficiency of individual cells co-expressing Cer-PLN-AFA and YFP-PLN-AFA, or 

Cer-SERCA and YFP-PLN-WT was plotted against relative protein concentration, 

quantified from the observed YFP fluorescence intensities. The cell-by-cell 

concentration dependence of FRET was fit to a hyperbolic curve to obtain the 

values of FRETmax, KD1, and KD2. The maximal FRET (FRETmax) is the intrinsic 

FRET of the protein complex, providing an estimate of average distances 

between the binding partners. KD is the dissociation constant of the protein 

complex, providing an estimate of the apparent binding affinity. KD1 is the 

apparent dissociation constant of the PLN-PLN oligomer and KD2 is the apparent 

dissociation constant of the PLN-SERCA regulatory complex. For visualization, 

data from individual cells were pooled and the pooled data were fit by a 

hyperbolic or Hill function. 
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2.5.10 Statistical Analysis 

The data is pooled from 8 independent experiments for PLB-PLB FRET 

and 4 independent experiments for SERCA-PLB FRET using approximately 400 

- 1200 cells per sample for each experiment. Errors are reported as standard 

error of the mean and statistical significance was evaluated using Student's T 

test, where p < 0.05 was considered significant. 
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2.7 Insights from this work  

This work was truly a multi-year, collaborative effort between multiple 

laboratories (Bowser- University of Minnesota, Veglia- University of Minnesota, 

and Robia- Loyola University), graduate students, and postdoctoral associates. 

The preliminary experiments were performed by many different students 

(contributions listed on Chapter 2 title page). The results from this chapter were 

demonstrated something very unique, and to our knowledge, not seen before in 

biology: a very strong binding interaction between a non-transcription related 

protein and random sequence, single-stranded oligonucleotides to modulate the 

function of another protein. This work began our foray into this surprising project 

and set the ground for everything that came after, specifically, the following 

chapters.  

Chapter 3 was inspired by our desire to both understand the unique 

chemical interactions between different random sequence oligonucleotides as 

well as investigating oligonucleotides that are more robust and have longer in 

vivo lifetimes. We also wanted to determine the biological likelihood of this 
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interaction taking place in vivo with miRNAs and PLN using our in vitro model 

system. 

  



 

 53 
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This chapter describes the outcome of a collaborative research paper carried out 

by the above listed authors: myself (Kailey Soller), and Dr. Jing Yang (previous 

graduate student in Dr. Bowser’s laboratory). Preliminary RNA binding 

experiments were performed by Dr. Yang.  
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3 Reversal of Phospholamban Inhibition of the Sarco(endo)plasmic 

reticulum Ca2+-ATPase (SERCA) Using Short Protein Interacting RNAs 

and Oligonucleotide Analogs 

3.1 Synopsis  

The sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) and 

phospholamban (PLN) complex regulate heart relaxation through its removal of 

cytosolic Ca2+ during diastole.  Dysfunction of this complex has been related to 

many heart disorders and is therefore a key pharmacological target. There are 

currently no therapeutics that directly target either SERCA or PLN. It has been 

previously reported that single-stranded DNA binds PLN with strong affinity and 

relieves inhibition of SERCA in a length-dependent manner. In the current article 

we demonstrate that RNAs and single-stranded oligonucleotide analogs, or 

XNAs, also bind PLN strongly (Kd <10 nM) and relieve inhibition of SERCA. 

Affinity for PLN is sequence independent.  Relief of PLN inhibition is length 

dependent, allowing SERCA activity to be restored incrementally.  The improved 

in vivo stability of XNAs offer more realistic pharmacological potential than DNA 

or RNA.  We also found that miRNAs 1 and 21 bind PLN strongly and relieve 

PLN inhibition of SERCA to a greater extent than a similar length random 

sequence RNA mixture. This may suggest that miR-1 and miR-21 have evolved 

to contain distinct structural elements that are more effective at relieving PLN 

inhibition than random sequences. 

3.2 Introduction 

Calcium cycling in cardiomyocytes is a tightly regulated process which 

ensures proper muscle contractility 13, 17. Many of the proteins involved in this 

cycle have been implicated in cardiac failure, the leading cause of death world-

wide 12, 145. Given the complexity of heart failure phenotypes, strategies for 

reversing declining cardiac performance are diverse and necessary. Gene 

therapy efforts for inherited forms of heart disease have been growing, but with 
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the recent failure of the CUPID trials, drug development targeting specific 

proteins remains an essential, complimentary effort 50, 110, 146.  A therapeutic that 

is tunable to specific phenotypes would be ideal for reversing aberrant calcium 

cycling.  

The sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) is an essential 

Ca2+ handling protein which removes Ca2+ ions from the cytosol causing the 

heart muscle to relax. SERCA is a P-type ATPase, which in human 

cardiomyocytes is responsible for the removal of approximately 70% of Ca2+ from 

the cytosol 20. This process coupled with other Ca2+ transport mechanisms 

lowers the cytosolic Ca2+ concentration enough to allow for muscle relaxation 

(diastole) 17. Phospholamban (PLN) is a 52 amino acid, single-pass 

transmembrane protein which inhibits SERCA when not phosphorylated by 

lowering its apparent calcium affinity and hampering Ca2+ transport into the 

sarcoplasmic reticulum 25, 119. Upon β-adrenergic stimulation protein kinase A 

(PKA) will phosphorylate PLN at Ser16, restoring SERCA’s apparent calcium 

affinity and Ca2+ transport 102.  

We previously reported that random sequence, single-stranded DNA and 

RNA bind to phospholamban with high affinity (Kd < 10 nM), and more 

importantly, relieved its inhibitory effects on SERCA, restoring the enzyme’s 

basal activity. We found that PLN remained bound to SERCA upon addition of 

ssDNA, and that the effects of ssDNA on the SERCA/PLN complex is length-

dependent and tunable 147. We propose to refer to these unique sequences as 

short, protein interacting DNAs and RNAs (i.e. SPIDRs).   

In the current manuscript, we probe the chemical nature behind this rare 

interaction and the reversal of SERCA inhibition. In addition, while ssDNA and 

RNA are readily degraded in vivo, the chemically modified oligonucleotide 

analogs, or XNAs, chosen in this work are nuclease resistant and are therefore 

much better scaffold candidates for drug development. 
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Secondly, we examine two specific miRNAs; how strongly they bind PLN 

and their functional effects on the SERCA/PLN complex. Non-coding miRNAs 

play central roles in gene regulation and pathology 148. In the heart, miRNAs are 

involved both in cardiogenesis 149, 150 and disease including: diabetic 

cardiomyopathy, hypertrophy, ischemia, and electrical remodeling 134, 151-156. 

Recent developments in both therapeutic inhibition and enhancement of miRNA 

function have demonstrated great promise for counteracting cardiac diseases 156, 

157. However, the off-target effects of miRNAs and antisense oligonucleotides 

that target miRNAs (i.e., the pleiotropic action of miRNA, affecting multiple genes 

in different tissues) may prevent the progression of miRNA regulation to 

therapeutic applications 158.  

In the current paper, we report that many XNAs bind PLN with similar 

strong affinity to what was found previously for SPIDRs 147. These molecules, 

which are tunable by length, would allow clinicians to match the reversal of 

SERCA inhibition to the severity of the disease. In addition, we found that while 

most XNAs display similar functional effects to what was seen for ssDNA, 

specific miRNAs (both miR-1 and miR-21) have a greater effect on the 

SERCA/PLN complex activity than similar length random sequence RNA 

libraries. Furthermore, our results suggest that endogenous, non-coding miRNAs 

may play a more complex role in cardiac regulation than previously thought, 

targeting SERCA/PLN function via direct physical interactions. 

3.3 Results 

3.3.1 RNA sequences bind phospholamban with low nanomolar 

Kd reversing SERCA inhibition. 

Previously we found that ssDNA of varying lengths could relive PLN’s 

inhibition of SERCA to different extents 147. We also determined that a 50mer of 

RNA bound PLN with similar affinity and relieved inhibition of SERCA to a similar 

extent as ssDNA 147. In the current manuscript, we determined the full extent of 
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different lengths of RNA binding to PLN and its functional effects on the 

SERCA/PLN complex. Since non-coding RNAs are abundant in cardiomyocytes, 

we assayed if RNA sequences would interact with PLN and reverse SERCA 

inhibition (Figure 3-1 & 2).  

Using affinity capillary electrophoresis (ACE) and fluorescence 

polarization (FP), we found that random sequence RNA oligonucleotides (5 – 

Figure 3-1  RNA affinity for PLN. A) RNA affinity for PLN was measured using affinity 
capillary electrophoresis (ACE) and fluorescence polarization (FP).  Fluorescently 
labeled, random sequence RNA libraries (20 nM) at lengths of 5, 10, 20, 35 and 50 were 
titrated with increasing concentrations of PLN. Error bars are the standard errors from 
the regression analysis used to estimate Kd (equation 2, n = 3 replicates measured at 9 
PLN concentrations).  B) Competitive binding assay for PLN between labeled and 
unlabeled RNA.  100 nM labeled, random sequence, 20 mer RNA + 100 nM PLN was 
titrated with increasing concentrations of unlabeled, random sequence, 20 mer RNA.  
Error bars are the standard error of n = 3 replicates. C) Example ACE binding curve for 
random sequence 20mer RNA. Error bars are the standard error of n = 3 replicates. D) 
Example FP binding curve for random sequence 20mer RNA. Error bars are the standard 
error of n = 3 replicates. 
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50mers), have high affinity for PLN if longer than a 5mer (Figure 3-1). The 20mer 

library, which is representative of the typical length of endogenous miRNAs, 

shows 9-19 nM binding affinity (Figure 3-1). RNA demonstrated no measurable 

affinity for SERCA (Kd > 4 µM).  Similarly, only weak affinity was observed for a 

group of cardiac proteins including actin, myosin and troponin suggesting that the 

observed RNA affinity is specific for PLN. 

We performed a competitive assay to determine the contribution of the 

FAM label to binding.  As shown in Figure 1B, unlabeled, random sequence, 

20mer RNA effectively competes with the FAM labeled RNA library at the PLN 

binding site.  The slope of the curve is 1.32 ± 0.07 suggesting that if anything, 

addition of the FAM label diminishes RNA’s affinity for PLN.  

Figure 3-2  Effect of RNA on PLN’s inhibition of SERCA activity. A) Normalized SERCA 
ATPase activity was measured at increasing Ca2+ concentrations using a coupled enzyme 
assay in DOPC:DOPE lipid vesicles. The black line is the activity curve for SERCA alone; 
red is SERCA + PLN while the other colors represent addition of different lengths of 
random sequence RNA to the SERCA + PLN mixture. A regression analysis (equation 1) 
was used to estimate pKCa (i.e. pCa2+ at activity half maximum) from each curve.  Each 
data point is the average of n = 3 replicates.  Error bars were omitted for clarity.  B)  pKCa 
estimates from A) are plotted for different length random sequence RNAs.  Error bars are 
the standard errors from the regression analyses used to estimate pKCa (equation 1, n = 3 
replicates measured at 12 Ca2+ concentrations).  PLN inhibits SERCA by lowering 
SERCA’s apparent Ca2+ affinity resulting in a lower pKCa value. The addition of 50mer RNA 
fully restores SERCA activity (no statistical difference from SERCA alone, p > 0.05). All 
lengths other than the 5mer and 10mer are statistically different compared to WT PLN (p < 
0.05). P values were calculated using an unpaired t-test. 
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We performed coupled enzyme assays at different free calcium 

concentrations (pCa) to assess the extent with which different length RNA’s 

relieve PLN’s inhibition of SERCA function. Coupled enzyme assays use a 

reconstituted lipid system containing SERCA and PLN and are commonly used 

to determine SERCA activity 104, 139. These assays determine the ATPase activity 

under near physiological conditions 104. SERCA affinity for calcium is decreased 

upon addition of PLN (Figure 3-2). The extent of PLN inhibition is quantified by a 

shift in the pKCa to lower values and can be visualized in Fig. 2 by the shift in the 

calcium curve to the right upon addition of PLN. The pKCa corresponds to the pCa 

at half maximal activity (pCa at ‘Normalized SERCA activity’ = 0.5). Upon 

addition of RNA, SERCA’s apparent calcium affinity is augmented and the 

activity curve shifts back towards the left (higher pKCa values) (Figure 3-2). The 

extent of relief of inhibition of SERCA is dependent on RNA length (Figure 3-2). 

As RNA length increases, inhibition is gradually relieved, with the 50mer re-

establishing SERCA basal activity. This is similar to the incremental relief we 

have previously observed for ssDNA 147. The random sequence library that was 

used in these experiments confirms that the RNA-PLN interaction is sequence 

independent. These results imply that cytosolic miRNAs are able to interact with 

the SERCA/PLN complex, providing a natural mechanism of regulation through 

direct, physical interaction with PLN; a novel phenomenon that has not been 

seen before with a non-transcription related protein. 

3.3.2 miR-1 and miR-21 bind to PLN and relieve inhibition of 

SERCA strongly 

To determine whether endogenous miRNA sequences are able to reverse 

PLN’s inhibition, we chose miR-1 and miR-21, which are 22 and 21 nucleotides 

in length (Figure 3-3A). Both miR-1 and miR-21 are implicated in many disease 

states 148, with miR-1 highly abundant in cardiomyocytes 148. Using ACE and FP, 

we found that both miR-1 and miR-21 bind PLN tightly, with low nM dissociation 
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constants. While displaying slightly higher dissociation constants (~40-60 nM) 

than the random sequence mixture (~10 nM), they are still able to bind with 

remarkably high affinity (Figure 3-3B-D). The difference in Kd may be due to the 

presence of 

secondary 

structure in both 

miR-1 and miR-

21 which may 

incur a 

thermodynamic 

penalty 

associated with 

unfolding to bind 

PLN. The 

secondary 

structures, as 

predicted by 

mfold (University 

of New York at 

Albany), are 

shown in Figure 

3-3A. 

Nonetheless, 

both miR-1 and 

miR-21 effectively 

reverse PLN 

inhibition and fully 

restore SERCA’s 

basal activity 

Figure 3-3  miR-1 and miR-21 affinity for PLN and functional effect 
on the PLN/SERCA complex. A) The sequences for miR-1 and miR-
21. Secondary structures were predicted using mfold. B) Example 
binding curve of miR-1 to PLN measured using FP. Error bars are 
the standard error of n = 3 replicates. C) Example binding curve of 
miR-21 to PLN measured using FP. Error bars are the standard error 
of n = 3 replicates. D) Dissociation constants for miR-1 and miR-21 
for PLN estimated using FP and CE. Error bars are the standard 
error obtained from the regression analyses used to estimate Kd’s 
(equation 2, n = 3 replicates measured at 9 PLN concentrations). E) 
Functional effect of miR-1 and miR-21 on the SERCA/PLN complex. 
Error bars are the standard errors from the regression analyses 
used to estimate pKCa (equation 1, n = 3 replicates measured at 12 
Ca2+ concentrations). pKCa after addition of miR-1 and miR-21 are 
statistically the same as SERCA alone. 
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more efficiently than the random mixture of 20-nucleotide RNA sequences 

(Figure 3-3E). Both miR-1 and miR-21 remove all PLN mediated inhibition. The 

resulting pKCa is not statistically dif ferent than SERCA alone (Figure 3-3E). This 

suggests that miRNAs may have a secondary structure that relieves inhibition 

more effectively than random sequence RNA.  

3.3.3 Oligonucleotide analogs (XNAs) bind phospholamban with 

low nanomolar dissociation constants  

We analyzed several modified oligonucleotide analogs to determine the 

Figure 3-4  Chemical structures of oligonucleotide analogs (XNAs). Modified XNAs were 
chosen for their different chemical properties and nuclease resistance. From top to bottom, left 
to right, the modifications are as follows: D-DNA (naturally occurring DNA bases and 
backbone), RNA (naturally occurring RNA bases and backbone), phosphorothioate (PT DNA, 
replacement of one of the non-bridging oxygens with a sulfur), 2’-O-methyl RNA (addition of a 
–OCH3 group to carbon 2), L-DNA (the enantiomer of natural DNA), peptide nucleic acids (PNA, 
neutral peptide backbone with DNA bases), and morpholino (neutral backbone). 
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specific chemical moieties of ssDNA and RNA that are responsible for the high 

affinity for PLN (Figure 3-4).  These chemically modified oli gonucleotides 

(XNAs) also display increased nuclease resistance that is essential for in vivo 

applications. The XNAs assayed include nuclease resistant and chemical 

modifications of DNA such as L-DNA (the enantiomer of natural DNA), 2’-O-

methyl RNA, phosphorothioate DNA (PT DNA, replacement of one of the non-

bridging oxygen with a sulfur), morpholinos (neutral backbone), and peptide 

nucleic acids (PNA, neutral 

peptide backbone with DNA 

bases). All of the chosen 

synthetic XNAs could be 

reliably synthesized as 

random mixtures at a length 

of 20 nucleotides. We used 

ACE and FP to determine the 

binding affinity of PLN with 

various XNAs (Figure 3-5).  

We found that charged 

XNAs, (i.e. PT DNA, L-DNA 

and 2’-O-methyl RNA) bind 

PLN with an affinity similar to 

ssDNA or RNA (Kd < 4 nM).  

Neutral oligonucleotides, (i.e. 

PNA and morpholinos) did not demonstrate any measurable affinity for PLN (Fig. 

5), suggesting that affinity is driven by the negatively charged backbone. PLN’s 

cytoplasmic domain has four positively charged amino acids (Lys3, Arg9, Arg13, 

and Arg14) that we previously implicated in interactions with the negatively 

charged backbone of ssDNA.147  

Figure 3-5  Dissociation (Kd) constants for the XNA’s 
and PLN. Kd’s were estimated using FP (black) and 
ACE (red) for 20mer random sequence libraries of each 
oligonucleotide analog. PNA and morpholinos, the two 
neutral analogs, demonstrated no observable affinity 
for PLN by either technique. Error bars are the 
standard error from the regression analyses used to 
estimate Kd (equation 2, n = 3 replicates measured at 9 
PLN concentrations). 
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3.3.4 XNAs relieve PLN’s inhibition of SERCA to different extents 

We also performed coupled enzyme assays using the same lipid 

reconstituted system as in Fig. 2. For these experiments, the corresponding 

20mer XNA, random sequence library was added to the complex before 

beginning the assay. Previously we showed that different lengths of ssDNA have 

a graded effect on the SERCA/PLN complex 147, with the 20mer showing partial 

relief of inhibition. Fig. 6A depicts the pKCa values obtained from normalized 

SERCA/PLN activity curves upon addition of the different 20mer XNAs. Without 

addition of oligonucleotide, SERCA alone displays a higher Ca2+ affinity (Figure 

3-6, leftmost black curve and bar).  

PLN binding to SERCA results in inhibition or decreased SERCA Ca2+ 

affinity, (i.e. the lowest pKCa), as depicted with the red curve and bar (Figure 3-

6). Addition of an XNA to the PLN/SERCA complex shifts the pKCa higher, 

indicating that SERCA’s apparent affinity for Ca2+ ions is partially restored. While 

the affinity for all of the charged XNA molecules (DNA, RNA, L-DNA, and 2’-O-

methyl RNA) is essentially equal, their functional effect is distinct. All activity 

assays were performed at saturating concentrations of XNA well above observed 

Kd’s with PLN. The observed differences in XNA effect on PLN inhibition are 

 

Figure 3-6  Effect of oligonucleotide analogs on PLN’s inhibition of SERCA activity.  A) 
Normalized SERCA ATPase activity was measured at increasing Ca2+ concentrations using 
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a coupled enzyme assay in DOPC:DOPE lipid vesicles. The black line is the activity curve 
for SERCA alone; red is SERCA + PLN while the other colors represent addition of 
different 20mer, random sequence libraries of various oligonucleotide analogs to the 
SERCA + PLN mixture. A regression analysis (equation 1) was used to estimate pKCa (i.e. 
pCa2+ at activity half maximum) from each curve.  Each data point is the average of n = 6 
replicates.  Error bars were omitted for clarity.  B)  pKCa estimates from A) are plotted for 
different oligonucleotide analogs (20mer, random sequence).  Error bars are the standard 
errors from the regression analyses used to estimate pKCa (equation 1, n = 6 replicates 
measured at 12 Ca2+ concentrations).  P values were calculated using an unpaired t-test (*p 
< 0.05 while ***p < 0.001). 

 

therefore concentration independent and unrelated to relative affinity. The 

uncharged XNAs (PNA and the morpholino) display no effect on the SERCA/PLN 

complex. This was expected since we observed no affinity between these 

molecules and PLN. The pKCa shift for all of the charged molecules was expected 

to be very similar if electrostatics is the only contributing factor. L-DNA and 2’-O-

methyl RNA display less relief of SERCA inhibition than the corresponding 

ssDNA 20mer (Figure 3-6). 2’-O-methyl RNA may have an unfavorable steric 

effect arising from the added methoxy group at the 2’ position. The decreased 

potency of the L-DNA may suggest that while the chirality of the molecule has no 

effect on binding affinity, the structural conformation adopted upon binding 

contributes to the extent to which PLN’s inhibition of SERCA is relieved. In 

contrast, PT DNA displays a statistically significant, higher potency than the 

corresponding ssDNA 20mer (Figure 3-6, p < 0.05). This could be due to the fact 

that sulfur has a slightly larger atomic radius than oxygen and thus a more 

disperse, negatively charged electron cloud. Only the addition of the ssDNA and 

the PT DNA show a statistically different pKCa when compared to WT PLN 

(Figure 3-6). Due to the limitation in the synthesis of these oligonucleotides, we 

utilized only 20mers for these experiments. As longer lengths have a more potent 

effect for RNA (Figure 3-2), we expect that longer XNA sequences would also 

have a greater impact on pKCa. 
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3.4 Discussion 

Our previous work demonstrated that random sequence ssDNA could be 

used in a tunable manner to alter SERCA function both in vitro and in vivo. 

However, ssDNA is not a viable therapeutic due to its short in vivo lifetime. 

Therefore, we turned to XNAs for two reasons: 1) with their nuclease resistant 

properties, they have a much longer in vivo lifetime 159 and are potential 

therapeutic candidates if a suitable carrier can be developed, and 2) to 

understand the chemical requirements behind this high affinity interaction 

between random sequence ssDNA and PLN.  

We confirmed that RNA >5 nucleotides long tightly binds PLN (Figure 3-

1). Additionally, RNA demonstrates a similar length-dependent relief of inhibition 

(Figure 3-2) to what was seen for ssDNA on SERCA activity 147. PLN mediated 

inhibition of SERCA is removed in a step-wise, tunable manner with increasing 

lengths of RNA. Furthermore, we demonstrated that electrostatics are necessary 

for strong affinity for PLN (Figures 3-5, 3-6); all XNA molecules with a negatively 

charged backbone display high affinity for PLN. However, electrostatics are not 

the only important factor when considering relief of SERCA inhibition (Figure 3-

6). In fact, 2’-O-methyl RNA displays a similar affinity for PLN as ssDNA, but 

does not demonstrate a similar relief of inhibition. The addition of the methoxy 

group on the 2’ carbon may sterically hinder the structural conformation or 

eliminate a hydrogen bonding site needed for relief of SERCA function.  

The homeostatic balance of Ca2+ cycling in cardiac muscle cells is 

essential for proper function 5, 13, 17. SERCA and PLN are key proteins within this 

tightly regulated process 12 and have been identified as potential drug targets 160, 

161. Improper regulation of SERCA function, either by PLN mutants or changes in 

PLN phosphorylation level leads to cardiomyopathies 30, 35, 59, 60, 121, 162-165. To 

reverse adverse effects of heart failure, Hajjar and co-workers pioneered the use 

of gene therapy to augment Ca2+ transport 50. Unfortunately, their recent clinical 

trials did not show any improvement with respect to patients treated with placebo. 
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In a parallel approach, chemically modified oligonucleotide analogs have been 

used to target microRNAs (miRNAs) for calcium handling proteins. This approach 

was used to target PLN recently by Größl and co-workers. They constructed an 

AAV vector (scAAV6-amiR155-PLBr) to express an anti-miRNA (amiR155-PLBr) 

that enhanced Ca2+ transport into the SR 135. Here, we propose to use XNAs to 

directly target the SERCA/PLN complex rather than the miRNA transcripts.  

Although random sequence ssDNAs elicit the same effects of XNA in a 

tunable manner both in vitro and in cell, ssDNA is not a viable therapeutic agent 

due to its short in vivo lifetime. XNAs, on the other hand, display similar binding 

properties and activity toward the SERCA/PLN complex, with the advantage of 

being nuclease resistant, i.e., longer in vivo lifetime. Therefore, XNAs or related 

small molecules, could be developed into targeted therapeutics that directly 

interact with the SERCA/PLN complex to relieve inhibition in a tunable manner. 

This type of design flexibility using molecule length, not concentration, is unique 

and biologically important since it leads to potential customizable drug 

development. The length and properties of the molecule could be tuned to 

provide a graded response; allowing for varying degrees of relief of inhibition 

based on disease severity. This would be the first customizable therapeutic 

directly targeting SERCA function. Our studies will pave the way for developing 

alternative therapeutic approaches to treat cardiomyopathies focused on the 

SERCA/PLN complex. 

An intriguing aspect of miRNA biology is the up- and down-regulation of 

specific miRNAs in response to cardiac stress 148, 166, 167. The presence of 

miRNAs in the cytoplasm under pathological conditions, suggests that they may 

be able to interact with cardiac proteins directly, modifying their functions. We 

demonstrated for the first time, that there is a possibility for miRNAs to physically 

interact with and change the function of non-transcriptionally related proteins. 

Specifically, we examined miR-1 and miR-21 as examples of miRNAs with the 

potential to interact directly with proteins in vivo. We chose these two miRNAs 
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since they have important roles in cardiomyocyte biology. miR-1 is highly 

conserved throughout species, the most abundant miRNA in human adult hearts 

(~24%), and is also lethal in homozygous knockdown mice 148, 150, 168. miR-21 is 

one of the most consistently upregulated miRNAs in cardiac hypertrophy and 

inhibition of miR-21 enhances hypertrophic growth 148, 166, 167. We demonstrated 

that both miR-1 and miR-21 bind PLN and relieve inhibition of SERCA (Figure 3-

3). Intriguingly, the specific sequences of miR-1 and miR-21 are more effective at 

relieving inhibition than a random sequence mixture of 20mer RNA. Both miR-1 

and miR-21 completely relieve PLN’s inhibition, fully restoring SERCA function 

(Figure 3-3E). Considering the high affinity of the miRNA-PLN interactions and 

the abundance of miRNAs in cardiac cells it would be surprising if these 

interactions did not take place in vivo.  The increased effectiveness of naturally 

occurring miRNAs suggests that they may have evolved to contain structural 

elements that are particularly effective at relieving PLN inhibition.  Together these 

results support the existence of a previously unreported regulatory role for 

miRNA’s where they are able to modulate function through direct protein 

interactions. 

3.5 Experimental procedures 

3.5.1 Chemicals 

Unless otherwise noted, oligonucleotides (ssDNA, RNA, 2’-O-methyl RNA, 

phosphorothioate (PT DNA), were purchased from Integrated DNA Technologies, 

Inc. (IDT). Peptide nucleic acids (PNA) were purchased from PNA Bio, 

morpholinos were purchased from Gene Tools, LLC, and L-DNA was purchased 

from ChemGenes Corporation. All ssDNA, RNA, PT DNA and 2’-O-methyl 

sequences were synthesized as random sequence mixtures. All oligonucleotides 

were purchased in duplicate, one with a FAM (fluorescein) label for the binding 

studies and a duplicate without the label for the activity assay studies. 

Phospholipids (1,2-dioleyl-sn-glycero-3-phosphocholine, DOPC and 1,2-dioleyl-
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sn-glycero-3-phosphoethanolamine, DOPE) were purchased from Avanti Polar 

Lipids, while octaethylene glycol monododecyl ether (C12E8) was purchased from 

Anatrace. The following were purchased from Sigma: NADH (N6785), MgCl2 

(M2670), KCl (P9333), phosphoenol pyruvate (P3637), ATP (D6500), lactate 

dehydrogenase (L3916), and pyruvate kinase (P-1506). MOPS (M92020) and 

glycerol were purchased from Research Products International. Imidazole 

(AC301872500) and sucrose (BP220212) were purchased from Fisher Scientific. 

EGTA was purchased from VWR Scientific and the calcium ionophore A23187 

was purchased from A. G. Scientific. 

The binding buffer for affinity capillary electrophoresis (ACE) and 

fluorescent polarization (FP) was as follows: 20 mM MOPS, pH 7.0, 1 mM MgCl2, 

5 mM KCl, 0.1% (w/v) C12E8. The buffers used for the activity assays include the 

reconstitution buffer (25 mM imidazole, pH 7.0, 100 mM KCl, 5 mM MgCl2, 10% 

glycerol, 0.2% C12E8) and the assay buffer (100 mM MOPS, pH 7.0, 200 mM 

KCl, 5.0 mM MgCl2, 2.0 mM EGTA, 0.4 mM NADH, 1.0 mM 

phosphoenolpyruvate (PEP), 5.0 mM ATP, 0.00712 mg/mL calcium ionophore 

A23187, 10 IU/mL of lactate dehydrogenase, and 10 IU/mL of pyruvate kinase). 

Calcium solutions for the coupled enzyme assays were prepared according to 

ref. (45) using CaCl2 to pCa values of 5.0 to 8.0 in 20 mM MOPS, 0.3 M sucrose 

at pH 7.0. 

3.5.2 Protein purification 

Phospholamban expression and purification was achieved using 

previously published methods 136. SERCA (SERCA1a isoform) was purified from 

the SR of rabbit skeletal muscle using affinity chromatography and previously 

reported methods 137. 

3.5.3 SERCA activity assays 

The reconstituted system containing either SERCA alone or SERCA with 

recombinant PLN was reconstituted in multilamellar lipid vesicles using DOPC 
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and DOPE at a 4:1 DOPC:DOPE molar ratio 104. XNA solutions were prepared 

using nuclease free water. XNAs were added directly to the reconstituted 

vesicles containing SERCA and PLN and incubated for 25 minutes prior to the 

ATPase assay. The SERCA/PLN complex was reconstituted to a final molar ratio 

of 700:10:1 lipid:PLN:SERCA. The coupled enzyme assay measures the calcium 

dependence of SERCA’s ATPase activity using a previously established method 

139. The enzymatic activity at 37°C was monitored by following the decrease of 

NADH absorbance (A340) with a Spectromax microplate reader (Molecular 

Devices) equipped with a 96 well plate. The initial rate of SERCA activity was 

measured as a function of calcium concentration and then fit to the Hill equation 

(1) using Origin 9.1: 

( )pCapKn Ca

V
V

-
+

=
101

max
     (1) 

Where V is the initial rate; Vmax is the maximum rate; pCa is the negative 

logarithm of calcium concentration; pKCa is the pCa value where V = Vmax/2, and 

n is the Hill coefficient. Data sets were normalized to Vmax. 

3.5.4 Affinity capillary electrophoresis 

All experiments were performed on a Beckman Coulter (Fullerton, CA) 

commercial CE system (P/ACE MDQ) with laser induced fluorescence (LIF) 

detection at λex = 488 nm, λem = 520 nm. All sequences were labeled with FAM 

fluorophores for detection. FAM labeled XNAs at a concentration of 10 nM were 

mixed with increasing concentrations of PLN and injected into a 40 cm × 50 µm 

fused silica capillary (Polymicro Technologies, Phoenix, AZ) using hydrodynamic 

injection (1 psi for 4 sec). ACE separations were performed in reverse polarity 

mode at 30 kV for 9 min. Electropherograms were analyzed using Cutter 7.0 169, 

where the peak heights and area of the free XNA peak were used to determine 

the Kd, according to 95: 
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Where fb is the bound fraction; c is the maximum bound fraction; [P]t and [D]t are 

total concentrations of PLN and DNA, respectively. The denominator represents 

the free concentration of PLN. 

3.5.5 Fluorescence polarization 

FP experiments were performed using a SynergyTM 2 Microplate Reader 

from BioTek Instruments, Inc. (Winooski, VT). All FP experiments with XNAs 

were performed using filter settings as follows: λex = 485 ± 20 nm, λem = 528 ± 20 

nm. Samples were made identically to the ACE samples. From these samples, 

15 µL aliquots were loaded into a Corning 384 well plate (3540 microplate from 

Corning Incorporated, Corning, NY). Parallel and perpendicular intensities were 

measured with a sensitivity setting of 120 and polarization values were calculated 

from these values. Calibrations were performed using the g factor, which was 

calculated in the Gen 5TM software (BioTek Instruments, Inc., Winooski, VT).  

Bound fractions of XNA were determined according to: 

om

o
b

PP

PP
f

-

-
=      (3) 

 

Where fb is the bound fraction; P, Pm and Po are the measured polarizations of a 

sample, complex, and free ssDNA, respectively. Polarization of the complex (Pm) 

is the plateau value at a saturating concentration of PLN. The Kd was then 

determined from fitting the data to equation (2) using Origin 9.1. Overall 

fluorescence intensities of the samples were monitored and the bound fraction 

was modified if the overall fluorescence intensity was biased, according to the 

published method 95. 
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3.5.6 Competition assays 

Solutions of 100 nM FAM labeled, random sequence, 20 mer RNA + 100 

nM PLN were prepared with 0-500 nM unlabeled, random sequence, 20 mer 

RNA.  Fluorescence polarization of each solution was measured to plot the 

fraction of labeled RNA dissociated from PLN vs. mole fraction of unlabeled RNA 

(i.e., [RNA]unlabeled/[RNA]total) Fluorescence polarization of 100 nM FAM labeled, 

20mer RNA alone was measured as the ‘free labeled RNA’ control. 
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3.7 Insights from this work 

After performing most of these experiments in the in vitro reconstituted 

system of proteins and membrane-like lipids, we wanted to move into a more 

biologically relevant system. This meant searching for a relevant system and 

after much consideration, iPS derived cardiomyocytes were chosen. The 

background of iPSCs in general, how this is an ideal model system for our work, 

and our initial foray into this field is explained chapter 5.   

The departure of PT-DNA in this chapter from the typical small, stepwise 

length-dependent relief of SERCA inhibition seen in Chapter 2 for ssDNA, 

inspired our chapter 4 where we examine the PT-DNA/PLN interaction and 

effects on SERCA activity in more depth. The fact that the 20mer PT-DNA has a 

greater relief of SERCA inhibition than what was seen for the ssDNA 20mer was 

exciting to us since if a targeted therapeutic were to be developed based on this 
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scaffold, the smaller the molecule, the better. Therefore, we wanted to 

specifically examine different lengths of the PT-DNA and determine the relief of 

inhibition seen and if there was a length cutoff where we saw no effect.  
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Chapter 4: Phosphorothioate Modified Oligonucleotides 

Bind Both SERCA and PLN to Modulate SERCA Activity 
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4 Phosphorothioate Modified Oligonucleotides Bind both SERCA and 

PLN to Modulate SERCA Activity 

4.1 Synopsis  

SERCA and PLN have become high priority drug targets in the heart 

disease field for many reasons. Several PLN mutants that have been directly tied 

to dilated cardiomyopathy. Abnormalities in SERCA function are also linked to 

heart failure. We had previously found that random sequence, single-stranded 

oligonucleotides bind PLN with nanomolar dissociation constants and relieve 

PLN mediated inhibition of SERCA. Here, we investigate a particularly potent 

oligonucleotide modification, the phosphorothioate. Previously we saw that the 

20mer phosphorothioate modified oligonucleotide demonstrated more effective 

relief of inhibition than the same length of single-stranded DNA. Here, we found 

that all lengths assayed, 5mer through 50mer, of random sequence PT-DNAs 

relieve inhibition of SERCA to a greater extent than their ssDNA counterparts. A 

10mer PT-DNA will fully relieve PLN-mediated inhibition of SERCA and longer 

lengths increase SERCA’s apparent affinity for Ca2+ ions beyond what is seen for 

SERCA alone. Activation of SERCA was not previously seen for ssDNAs. 

Additionally, we found that unlike other single-stranded oligonucleotides or XNAs, 

PT-DNA can bind SERCA itself and upregulate activity whereas other 

oligonucleotides bind and act through PLN alone.  

4.2 Introduction 

Currently some of the leading therapeutic targets are proteins implicated 

in cardiomyopathies. This is due to the fact that while heart disease is a leading 

cause of death globally,145 most treatments are focused on palliative care or 

implanting a device. Targeted therapeutic development is essential to treating 

specific disease types. The sarco(endo)plasmic reticulum Ca2+ ATPase (SERCA) 

and phospholamban (PLN) are key protein players in the calcium cycling 

process, controlling the sequestration of calcium into the sarcoplasmic reticulum 
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(SR) so that relaxation of the cardiac muscle can occur.13 The contraction-

relaxation cycle of muscle is dictated by the tightly regulated calcium 

concentration in the cytosol. Abnormalities in this cycle can eventually lead to 

heart failure.13  

Both SERCA and PLN have been high-priority drug targets given their 

fundamental roles in calcium regulation and due to several PLN mutations being 

implicated in dilated cardiomyopathy.48, 49, 53, 57, 59, 74, 160 SERCA is a 

transmembrane, P-type calcium ATPase which is ubiquitously expressed in 

muscle.20 In cardiac tissue, SERCA2a is responsible for transporting ~70% of the 

calcium in the cytosol back into the SR so that muscle relaxation can take 

place.5, 20 Conformational changes throughout the protein are fueled by ATP 

hydrolysis and allow for the transport of ~2 Ca2+ ions for each ATP hydrolyzed.20 

Regulation of SERCA is accomplished by PLN, a 52 amino acid, transmembrane 

protein, whose transmembrane as well as cytosolic domains interact with 

SERCA.12, 37, 123 When bound to SERCA, PLN inhibits calcium transport by 

lowering the apparent calcium affinity of SERCA.170 However, this inhibition can 

be removed by phosphorylation of PLN by protein kinase A.25, 171 Upon 

phosphorylation by protein kinase A at Ser16, PLN adopts a different structural 

conformation and while still bound to SERCA, is non-inhibitory and the apparent 

calcium affinity of SERCA is restored.123, 172 Targeting this complex 

therapeutically to modulate calcium handling by SERCA could be of great benefit 

in treating cardiomyopathies where calcium cycling has become aberrant.   

Previously, we found that random sequence, single-stranded 

oligonucleotides, including single-stranded DNA (ssDNA) and modified forms of 

ssDNA (XNAs), bound PLN tightly and were able to modulate SERCA activity as 

a function of length.147, 173 We have termed these oligonucleotides that have 

unique interactions with non-transcription related proteins, SPIDRs: short, protein 

interacting DNAs and RNAs. In our 2016 JBC article by Soller et. al, we found 

that phosphorothioate–modified DNA (PT-DNA) displayed a stronger relief of 
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PLN-mediated SERCA inhibition than other XNAs of the same length.173 In the 

current chapter, we investigate the effects of PT-DNA on the SERCA-PLN 

complex in more depth to determine the therapeutic possibilities this molecule 

could possess. Specifically, since smaller therapeutics are easier to deliver and 

more cost effective, we aim to determine a minimal length of PT-DNA necessary 

to obtain a functional effect on SERCA activity.  

Here, we report that PT-DNA was shown to bind PLN with nanomolar 

dissociation constants. PT-DNA also has affinity for SERCA (~700 nM Kd). In 

fact, while a 5mer of PT-DNA demonstrates almost complete relief of inhibition, a 

50mer ssDNA molecule was needed. Furthermore, PT-DNA can directly bind to 

SERCA and cause an increase in apparent Ca2+ affinity, but decreases in Vmax 

are seen. While interesting, in vivo studies are need to ascertain the effects on 

the entire Ca2+ cycling equilibrium in cardiomyocytes. A change in SERCA 

apparent Ca2+ affinity may result in changes elsewhere in the equilibrium as well.  

4.3 Materials and Methods 

4.3.1 Chemicals 

The following reagents were purchased from Sigma Aldrich and used in 

the binding assay buffer as well as in activity assays: NADH (N6785), MgCl2 

(M2670), KCl (P9333), phosphoenol pyruvate (P3637), ATP (D6500), lactate 

dehydrogenase (L3916), and pyruvate kinase (P-1506). Other reagents for the 

binding and activity assay include: 3-(N-morpholino)propanesulfonic acid 

(MOPS) (MP92020) and glycerol, purchased from Research Products 

International, imidazole (AC301872500) and sucrose (BP220212), purchased 

from Fisher Scientific, and EGTA was purchased from VWR Scientific. The 

calcium ionophore (A23187) used in activity assays was purchased from A.G. 

Scientific.  

Random sequence mixtures of oligonucleotides, including ssDNA and PT-

DNA was synthesized and purchased from Integrated DNA Technologies Inc. 
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(IDT). Oligonucleotides were synthesized in duplicate such that one contained 

the fluorescein (FAM) fluorophore for binding studies and the other with no label 

for activity assays. 1,2-dioleyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-

dioleyl-sn-glycero-3-phosphoethanolamine (DOPE) were purchased from Avanti 

Polar Lipids for activity assays. Octaethylene glycol monodecyl ether (C12E8) for 

solubolizing lipids and PLN was purchased from Anatrace.  

The buffers used for the activity assays include the reconstitution buffer: 

25 mM imidazole, pH 7.0, 100 mM KCl, 5 mM MgCl2, 10% glycerol, 0.2% C12E8 

and the assay buffer: 100 mM MOPS, pH 7.0, 200 mM KCl, 5.0 mM MgCl2, 2.0 

mM EGTA, 0.4 mM NADH, 1.0 mM phosphoenolpyruvate (PEP), 5.0 mM ATP, 

0.00712 mg/mL calcium ionophore A23187, 10 IU/mL of lactate dehydrogenase, 

and 10 IU/mL of pyruvate kinase, where the activity is monitored by observing 

the decrease in NADH absorbance at 340 nm (see activity assay section for 

details). Calcium solutions used in the ATPase assays were prepared according 

to previously published literature35 using CaCl2 in 20 mM MOPS, 300 mM 

sucrose, pH 7.0 to obtain calcium solutions of varying concentrations from pCa 

5.0 to 8.0. The binding buffer used for FP and CE assays was the above 

mentioned assay buffer minus the calcium ionophore, NADH, lactate 

dehydrogenase and pyruvate kinase. 

4.3.2 Protein purification 

SERCA and phospholamban were purified using previously published 

methods.136, 137 Briefly, the 1a isoform of SERCA was purified from rabbit hind 

limb skeletal muscle using reactive red affinity chromatography.137 PLN was 

expressed in E.coli and purified using an affinity chromatography and HPLC-

based method.136 

4.3.3 Capillary electrophoresis 

Capillary electrophoresis (CE) experiments were performed with a P/ACE 

MDQ commercial CE system (Beckman Coulter). Fluorescein (FAM) was 
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attached at the 5’ end of each oligonucleotide sequence and laser induced 

fluorescence detection at λex=488 nm, λem=520 nm was used to detect 

oligonucleotides. Samples were prepared by mixing 10 nM oligonucleotide 

sequences with increasing concentrations of protein (either PLN or SERCA) 

using specified buffer: 100 mM MOPS, pH 7.0, 200 mM KCl, 5.0 mM MgCl2, 2.0 

mM EGTA, 1.0 mM phosphoenolpyruvate (PEP), 5.0 mM ATP. Samples were 

injected into a 40 cm x 50 µm silica fused capillary (Polymicro Technologies) 

using a 1 psi hydrodynamic injection for 4 seconds. Conditions used for 

separations were: 9 minutes, 30 kV, and reverse polarity mode. 

Electropherograms were analyzed using 32 Karat software (Beckman Coulter) 

for the free oligonucleotide peak height at each protein concentration. Peak 

height of the free oligonucleotide was used to determine Kd according to 

equation (1):95 
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Where fb is the bound fraction; c is the maximum bound fraction; [P]t and [D]t are 

total concentrations of PLN and DNA, respectively. The denominator represents 

the free concentration of protein. 

4.3.4 Fluorescence polarization 

FP experiments were performed with a SynergyTM 2 (BioTek Instruments) 

plate reader. Fluorescent filters had the following bandpass ranges: λex=485 ± 20 

nm and λem=528 ± 20 nm. The samples for these experiments were made 

identically to the CE samples and 15 µL of each sample was loaded into a 384 

black-bottom well plate (3540 Corning) for analysis. The intensity values were 

measured for both parallel and perpendicular light with a sensitivity setting of 

120. These values were used by the system (Gen 5TM software) to calculate the 

polarization. The g factor was used for calibrations and calculated by the system. 

The overall fluorescence intensity of the samples was observed and the modified 
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if the intensity was biased according to previously published methods.95 The 

bound fraction of oligonucleotide was calculated using the following equation (2): 

Ὢ        (2) 

Where fb is the bound fraction of oligonucleotide, P is the measured 

polarization of a given sample, P0 is the polarization of the free oligonucleotide, 

and Pm is the polarization of the protein-oligonucleotide complex. Pm is the 

plateau polarization value when the protein concentration is saturating. The Kd 

was subsequently determined from fitting the data and fb values to equation (1) 

using Origin 9.1. 

4.3.5 SERCA activity assays 

SERCA was reconstituted into a lipid vesicle system consisting of a 4:1 

molar ratio of DOPC:DOPE either alone or with PLN using a previously published 

procedure.104 The final composition of the vesicles is as follows: molar ratios of 

700:10:1, lipids:PLN:SERCA. The PT-DNAs were prepared in nuclease free 

water and were added to the reconstituted SERCA/PLN lipid vesicles and 

samples were incubated for 25 minutes prior to initiating the assay. Oligos were 

added at a 1:10 molar ratio SERCA:oligo and 1:1 molar ratio PLN:oligo. ATPase 

activity as a function of calcium concentration was determined by following a 

previously published procedure,139 where the decrease of NADH absorbance at 

340 nm over time is monitored using a Spectromax microplate reader (Molecular 

Devices) or a Synergy 2 plate reader (BioTek). All assays were performed at 

37°C and the initial rate of SERCA activity was determined as a function of 

calcium concentration. The data was fit to the Hill equation (2) using Origin 9.1:  

ὠ       (2) 

Where V is the initial rate; Vmax is the maximal rate; pCa is the negative logarithm 

of each different calcium concentration; pKCa is the pCa value when V=1/2 Vmax, 

and n is the Hill coefficient. The normalized data sets were normalized to Vmax. 
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4.4 Results 

4.4.1 Phosphorothioate modified oligonucleotides bind PLN tightly 

Previously, we found that random sequence ssDNA and modified analogs 

of DNA (XNAs) can bind PLN strongly, with dissociation constants in the low 

nanomolar range.173, 174 Mechanistically, ssDNA or XNA relieves PLN-mediated 

inhibition of SERCA upon binding PLN.173, 174 This interaction and relief of 

inhibition was shown to be PLN specific, tunable by length with ssDNA174 and 

tunable by modification type.173 Since a greater relief of inhibition was observed 

for the 20mer PT-DNA compared with ssDNA and other XNAs,173 further 

investigation of PT-DNA molecules was needed to fully characterize the potential 

effects on the SERCA/PLN complex in vitro. We measured the affinity for 

fluorescently labeled PT-DNA to PLN using capillary electrophoresis (CE) and 

fluorescence polarization (FP). PT-DNA binds PLN tightly, with ~4 nM 

dissociation constant (Kd) (Figure 4-1). PT-DNA binding to PLN was seen 

previously173 but only the 20mer PT-DNA was assayed with the SERCA/PLN in 

vitro reconstituted system. Since the 20mer displayed much greater removal of 

Figure 4-1  A) Dissociation constants for random sequence mixtures of PT-DNA and 
ssDNA 20mers were determined by CE and FP. B) Example binding curve for PT-DNA 
binding to PLN as measured by FP. Error bars are shown for the standard deviation of n = 
3 replicates. 
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PLN-mediated inhibition of SERCA compared with other modified 

oligonucleotides, we decided to investigate all lengths of PT-DNA with the 

SERCA/PLN complex. 

4.4.2 PT-DNA displays length dependent relief of inhibition of 

SERCA and longer lengths activate SERCA 

Since a PT-DNA 20mer showed a greater relief of inhibition compared 

with other XNAs,173 several lengths of PT-DNA were examined for their effect on 

SERCA activity. Oligos were added at a 1:1 molar ratio to PLN. We found that a 

Figure 4-2 Different lengths of PT-DNA and effect on SERCA activity in the presence of 
PLN. Top left shows the difference in pKCa for all different conditions. Top right shows an 
example of a binding curve normalized for maximal activity. Bottom left shows each 
different condition and SERCA activity non-normalized. * p<0.05, **p,0.005 
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10mer of PT-

DNA has a 

greater impact 

on SERCA 

apparent Ca2+ 

affinity then a 

50mer of 

ssDNA 

(Figure 4-2). 

Since the 

lengths above 

a 10mer seem 

to activate SERCA beyond just removing the inhibitory effect of PLN, it suggests 

that the PT-DNA is directly interacting with SERCA to some extent. However, the 

Vmax seems to greatly decrease with addition of the 20mer, 35mer and 50mer. 

Activation of SERCA was never seen for the other modified oligonucleotides. 

Due to this observation, we decided to specifically analyze if there was any 

binding between PT-DNA and SERCA.  

4.4.3 PT-DNA binds to SERCA 

Surprisingly, we found that random sequence, 50mer PT-DNA binds both 

PLN and SERCA (Figure 4-1 and 4-3). Similar low nanomolar dissociation 

constants (Kd) were observed for random sequence,  50mer PT-DNA binding 

PLN (Figure 4-1) as  what was previously observed for PLN.173 Random 

sequence ssDNA was previously observed to have no affinity for SERCA174; this 

was confirmed here (Figure 4-3). However, we found that random sequence, 

50mer PT-DNA has affinity for SERCA, with a Kd = 700 ± 200 nM (Figure 4-3). 

While PLN displays significantly higher affinity for PT-DNA than SERCA, the 

interaction between SERCA and PT-DNA cannot be regarded as insignificant.  

Figure 4-3  A) PT-DNA binding to SERCA as measured by FP and CE. 
There is no binding observed for ssDNA to SERCA. However, FP and 
CE show that PT-DNA binds to SERCA with ~hundreds of nanomolar 
dissociation constant. B) Binding of PT-DNA to SERCA using 
fluorescence polarization. Error bars are standard deviation of n = 3. 
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4.4.4 PT-DNA directly modifies SERCA activity 

Since PT-DNA binds SERCA with a Kd ~700nM, we investigated the 

effects of PT-DNA on SERCA function directly using ATPase coupled enzyme 

assays. Oligos were added at a 1:10 SERCA:oligo molar ratio so that SERCA 

would be saturated. PT-DNA appears to increase SERCA’s apparent Ca2+ affinity 

in a length dependent manner (Figure 4-4). However, the effect appears to level 

off once a length of 35 is reached. Furthermore, addition of PT-DNA to SERCA 

results in a decrease of SERCA’s Vmax. However, this effect appears to also level 

off at a length of 35, since the 50mer does not cause a greater decrease in Vmax.   

Figure 4-4 Different lengths of PT-DNA and effect on SERCA activity. Top left shows the 
difference in pKCa for all different conditions. Top right shows an example of a binding 
curve normalized for maximal activity. Bottom left shows each different condition and 
SERCA activity non-normalized. * p<0.05, **p,0.005 
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4.5 Conclusions 

The in vitro results seen with PT-DNA are promising. Since even a 5mer 

has a dramatic effect on SERCA activity, biologically this holds promise as a 

therapeutic or scaffold for a therapeutic. As seen with our preliminary 

cardiomyocyte data, the primary biological effect would be to increase beat rate 

through shortening the relaxation time of each beat. This has been proposed as 

a potential treatment option.50, 175, 176 Since PT-DNA is modified, it is more 

resistant to nuclease degradation and has a longer in vivo lifetime.   

We have not examined the effectiveness of PT-DNA or other XNAs with 

PLN mutants associated with heart disease. It may be possible that the removal 

of a positively charged amino acid in the cytoplasmic domain of PLN (i.e. R14del, 

R9X mutants) would result in diminished binding affinity between PLN and XNAs 

due to the loss of charge. However, PT-DNA holds more promise for treating 

cardiomyopathies associated with PLN mutations, like R14 del, R9X mutants, or 

L39stop,11, 41, 58, 163 since PT-DNA can directly interact with SERCA. 

The binding affinity between PT-DNA and SERCA is ~1000 fold weaker 

than the tight binding seen between PT-DNA and PLN. While nanomolar 

dissociation constants like what is observed between PT-DNA and PLN are 

typically thought of as more druggable, the 1 µM Kd between PT-DNA and 

SERCA may still be applicable since at saturating oligonucleotide concentrations 

there is such a drastic effect on SERCA activity. However, in vivo data in 

cardiomyocytes is needed to determine what the effect will be in vivo and what 

dosing concentrations are needed to see the desired functional effect. In 

addition, in vivo data is also need to determine the effect on the entire Ca2+ 

cycling equilibrium. Currently, we are working towards re-plating differentiated 

cardiomyocytes into a 96-well sensor plate for use with the CardioExcyte 96. 

Once cardiomyocytes have been successfully re-plated into a sensor plate, in 

vivo experiments with PT-DNA and other DNA analogs will begin.  
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4.6 Insights from this chapter 

From this chapter, we found a promising oligonucleotide to move forward 

with in cell studies. The 5mer of PT-DNA is much more effective than the DNA 

counterpart. While all of the XNAs are charged, smaller molecules typically have 

an easier time crossing cell membranes and are more desirable for drug 

scaffolds.177 Furthermore, the PT-DNA will have a longer in vivo lifetime since it 

has been modified so that it is resistant to nuclease degradation. From this, we 

really knew that we needed a good model system to move our studies forward. 

Cardiomyocytes as opposed to animal models seemed like a cost and time-

effective model system for initial studies. iPSC-derived cardiomyocytes were 

chosen for the reasons listed in the coming chapter, but primarily because iPSCs 

are self-renewing and can be cultured indefinitely.   
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Chapter 5: iPS Derived Cardiomyocytes as a Model 

System for Studying the Effects of Oligonucleotides on 

the Relaxation Phase of Heart Muscle Contraction 
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5 iPS Derived Cardiomyocytes as a Model System for Studying the 

Effects of Oligonucleotides on the Relaxation Phase of Heart Muscle 

Contraction 

5.1 Motivation 

As we began to see exciting results with in vitro reconstituted lipid systems 

using single-stranded oligonucleotides, we wanted to move to a system that was 

more biologically relevant and determine if these effects were recapitulated. An 

additional model system was needed that would more closely mimic the effects in 

a patient, and help us determine how relevant the in vitro data in terms of guiding 

possible therapeutic development. Hence began our investigation into different 

biological model systems.  

5.2 Analysis of different model systems 

 Determination of a model system that can closely mimic biological effects 

is something to be carefully considered since any new model system in a 

laboratory will require a huge initial undertaking. The cost, timeline and learning 

curve are all steep. There are three main types of cardiomyopathies that are 

categorized based on functional defect and morphology; these include dilated 

cardiomyopathy (DCM), restrictive cardiomyopathy (RCM), and hypertrophic 

cardiomyopathy (HCM). Most PLN mutants have been associated with DCM 

which exhibits ventricular dilation, and systolic dysfunction.178 For studying 

cardiac contraction and DCM heart failure models, there are many possible 

model systems including:179 isolated primary cardiomyocytes, wild-type mice and 

transgenic mice,178 other small animals,180 larger animal models,180, 181 

commercially available iPS derived cardiomyocytes, or iPS derived 

cardiomyocytes.  

Finding an appropriate model system for experimentally modeling disease 

states has plagued the scientific world. It would be inappropriate to clinically test 

all new therapeutics on humans without first ensuring that there are no 
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detrimental side effects and that the therapeutic is effective. Thus, biological 

model systems that closely match the physiology and molecular processes 

occurring in humans is essential.  

Rodent models are often chosen for studying cardiac contractility because 

they are easy to house, have a short gestation period and low cost of 

maintenance.180 Especially with the dawn of genetic editing, transgenic mice 

have been readily used as model systems.180, 182 In fact, two strains of transgenic 

mice designed to model DCM have been developed.180 Rats, rabbits and cats 

have had less success in use as model systems for DCM.180 However, due to the 

fact that mice and humans have vastly different physiological organ functions, 

these models are limited in their ability to fully recapitulate what would occur in a 

patient.183-185 For example, the resting heart rate of a mouse is approximately 

500-700 beats per minute186 depending on the time of day and environmental 

conditions, whereas a human heart beats approximately 60-90 times per minute 

depending on cardiovascular fitness.183 Large animal models more closely mimic 

physiologic function of a human, and several large animal model systems have 

been developed  including dogs, pigs, and sheep for heart failure therapeutic 

development.187 However, there is a much more significant cost investment when 

it comes to housing large animals and performing experiments. An entire team of 

not only scientists, but also veterinarians, surgeons and clinicians need to be 

present for any large animal study.187 The significant cost and training required 

for any type of transgenic animal model eliminated these models for our study.  

Furthermore, especially when considering heart disease models, scientists 

previously found that genetic modifications in other species do not always mimic 

the correct phenotype that will be present in humans. While a small animal study 

may be feasible, mice with a PLN-null mutation are viable whereas human 

patients with PLN-null mutations present with severe dilated cardiomyopathy.41 

This necessitates the development of model systems that can more closely 
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mimic the physiology and biology of a human patient and that is also cost 

effective.  

While culturing patient-derived cardiomyocytes is extremely useful in 

terms of recapitulating disease state, these cells are typically difficult to obtain 

and sustain.179 Cardiomyocytes are difficult to isolate, culture, and are non-

proliferative. Furthermore, in heart disease the disease phenotype will be present 

in cardiomyocytes, but not in other cell types. Therefore, while patient derived 

cells are extremely useful and would yield accurate information, they are too 

difficult to obtain at an amount high enough for doing any type of preliminary and 

high-throughput study. 

Induced pluripotent stem cells (iPSCs) on the other hand, are proliferative 

and can be differentiated into almost any cell type in the matter of weeks. There 

have been several different studies that have determined efficient method for 

producing cardiomyocytes from iPSCs134, 188-191 Therefore, we turned to iPSC-

derived cardiomyocytes as a model system for our future studies. The further 

benefits of these cells are explained in the subsequent section.   

5.3 Introduction to iPSC 

The development of induced pluripotent stem cells (iPSCs) in 2006 and 

then human iPSCs in 2007 by Takahashi and coworkers has generated a new 

path forward for scientists desiring the more accurate model systems for studying 

human disease states.192, 193 iPSCs have become very desirable to work with for 

three main reasons: 1) iPSCs are self-renewing and can be propagated 

indefinitely, 2) they are normal, primary cells lines, 3) due to the 2006 work they 

are non-embryonic cells, and 3) iPSCs can be differentiated into almost any cell 

type for further study.194 These characteristics make iPSCs particularly useful for 

generating high numbers of cells for high-throughput therapeutic development or 

studying disease state.  
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iPS derived cardiomyocytes are an ideal model system for our initial 

studies since we can generate large numbers of cardiomyocytes and easily split 

into smaller quantities to examine the effects of many different modified 

oligonucleotides on cardiomyocyte phenotype. Additionally, iPS-derived 

cardiomyocytes are already being widely used by scientists to study 

cardiomyopathy models and potential therapeutics.189, 195 While iPSCs can be 

reprogrammed using somatic cells and an established cocktail of inhibitors,188, 193, 

196 we chose to use an established iPSC line for efficiency. Our iPSC line used 

here was obtained from Stanford University from the NIH established BioBank. A 

detailed procedure for culturing iPSCs and differentiating into cardiomyocytes in 

our laboratory can be found in Appendix I.  

5.4 Materials and Methods 

5.4.1 Cell culture and differentiation 

iPSC culture methods and cardiomyocyte differentiation is modified from 

the Burridge 2014 article.188 Briefly, 6-well plates were coated with 1:200 Martigel 

diluted in F-12 DMEM at 37°C for at least 30 minutes according to the suggestion 

of the Stanford BioBank. iPSCs were thawed from the liquid nitrogen vapor 

phase and plated into one well of a 6-well plate coated with Matrigel. 2 mL of 

Essential 8 media with Y-27632 inhibitor was used for the first day of culture. 

After day 1, media was replaced daily with 2 mL of Essential 8 and cells were 

cultured in a 37°C incubator with 5% CO2. Cells were split when they reached 

~80% confluency at a 1:6 ratio. Differentiation was accomplished using the 

Burridge and coworkers conditions.188 Briefly, iPSCs were allowed to propagate 

until ~100% confluency. The differentiation media used is chemically defined 

media 3 (CDM3), which is composed of: RPMI 1640, 500 µg/mL rhAlbumin, and 

213 µg/mL L-ascorbic acid 2-phosphate. To begin differentiation, essential 8 

media was replaced with CDM3 containing 6 µM CHIR99021 for days 0-2. For 

days 2-4, CDM3 with 2 µM Wnt-C59 was used. Day 4-10, CDM3 media alone 
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was used. At day 10, normal CDM3 was replaced with CDM3 without glucose, 

plus sodium DL-lactate syrup for metabolic selection of cardiomyocytes. More 

details on chemical composition and concentrations used can be found in 

Appendix I. 

5.4.2 Impedance measurements 

To measure cell contractile properties, impedance was chosen. 

Impedance is a non-invasive, label free technology that is fully automated. For 

spontaneously contracting cells like iPS-derived cardiomyocytes, the 

CardioExcyte 96 is an efficient choice because it utilizes 96-well sensor plates, 

allowing for high-throughput measurements with the least amount of material 

used per condition tested.197 Impedance is focused on the mechanical movement 

of the cells and can provide a direct readout of contractile parameters. In general, 

impedance measurements rely on the theory that when an alternating current is 

applied, for example to a monolayer of cells, the inherent resistance of the cells 

causes energy to dissipate as it moves through the monolayer and will produce a 

measurable change in current.198 The current moves through the cell monolayer 

and electrolytic media and the electrical capacitance and resistance that are 

caused by the adherent monolayer contribute to the impedance output.197 Since 

contractility occurs periodically, the change in cell layer thickness due to 

contractility modulates the recorded impedance signal. This can be measured 

and related back to impedance using the following relationships:  

ὠ ὍὙ 

ὠ Ὅὤ 

ὤ  Ὑ ὢ  

Where the first equation represents a pure circuit without capacitance or 

inductance and V is voltage, I is current, R is resistance. To modify this equation 

to represent a more complex circuit, the second equation is used. Where Z 

represents the complex impedance of the circuit, which is comprised of both the 
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resistance due to either the media or cell monolayer in this case (R) and the 

capacitive reactance (X).198 

To measure beating parameters with impedance, sensor plates with a 

gold electrode at the bottom of each of the 96 wells are used. The gold electrode 

was designed by NanIon as an embedded combination of ring and dot 

electrodes, with the circular dot electrode (2 mm in diameter) functioning as the 

sensing electrode and the ring electrode near the wall of the well as the 

reference electrode.197 A sampling rate of 1 msec is used for data acquisition 

with a fixed-frequency. Impedance is measured by the CardioExcyte 96 by 

applying an excitation voltage between the sensing and reference electrodes and 

then measuring the resulting current.197  

Impedance measurements were performed with a CardioExcyte 96 

(NanIon), a 96-well sensor plate (NanIon), and the Ibdi environmental control 

system and the CardioExcyte incubation chamber. The environmental controls 

were kept identical to the incubator for growth, 95% humidity with 5% CO2. The 

temperature of the heating plate was set at 36.5°C to ensure no over-heating and 

the lid temperature was set at 38°C to ensure that the cells in the sensor plate 

would be at a constant 37°C. For impedance measurements, the system was set 

to record an impedance measurement every 5 minutes.  

5.5 Results  

5.5.1 Preliminary study with phosphorothioate DNA and 

commercially available iPSC derived cardiomyocytes 

To determine if iPSCs would work for our purpose, we purchased some 

commercially available iPSC derived cardiomyocytes from Axiogenesis. These 

cells had been validated by actin myosin staining as well as in the CardioExcyte 

to obtain beating parameters. Upon receipt of the cardiomyocytes, they were 

plated into a 96-well sensor plate for use with the CardioExcyte. ~40,000 cells 

per well were plated. A proprietary media formulation from Axiogenesis called 
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Cor.4U media was exchanged daily. The cells were incubated at 37°C and 5% 

CO2. The cells were monitored for beating using the CardioExcyte. The cells 

began to beat on day 2 weakly. 100 nanograms of XNAs (20mers of RNA, 2-O-

methyl RNA, ssDNA, L-DNA, PNA, morpholino, and PT DNA) were delivered 

using Lipofectamine 3000. The cells were incubated overnight and the beating 

parameters were observed the following day using the CardioExcyte. 

The following day, the wells were monitored for beating parameters, 

including beat rate, relaxation time and rise time. The only well that showed a 

significant difference from the control well was the well treated with PT-DNA 

(Figure 5-1). PT-DNA increased the beat rate from 54 beats per minute to 63. 

This primarily seemed due to the fact that the fall time (or relaxation rate) was 

faster than what was seen with the control well (Figure 5-1). While the other 

Figure 5-1 Top left and bottom right, beat trace for control well and PT-DNA addition. PT/- 
DNA speeds up the overall beat rate. Top right, PT DNA speeds up the falling time 
(correlated to relaxation rate). Bottom left, the different beat parameters that were analyzed. 
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wells showed no difference from the control wells, we believe that the PT-DNA 

likely displayed an effect due to the results we saw in the previous chapter. 

Addition of PT-DNA to the SERCA-PLN complex in a reconstituted system 

results in a much greater relief of SERCA inhibition then the same length of 

ssDNA; PT-DNA is a more potent activator. This may be due the direct 

interactions of PT-DNA with SERCA that ssDNA does not exhibit, or the 

replacement of the non-bridging oxygen atom on the backbone of the DNA with a 

sulfur atom. However, since PT-DNA was seen to be more potent in vitro,173 it is 

not surprising that it was more effective in vivo as well.  

We need to emphasize that this was a preliminary experiment and these 

data should be treated as such, but the ability of PT-DNA to modulate the beating 

parameters of iPSC derived cardiomyocytes convinced us that this was an 

appropriate model system and we should continue to pursue this avenue. 

Commercially available cardiomyocytes were prohibitively expensive for running 

statistically relevant experiments for each XNA as well as performing dosing 

experiments; therefore, we turned to culturing our own iPSCs and differentiating 

into cardiomyocytes.  

5.5.2 Culture and trouble-shooting of ATCC iPSCs 

iPSCs were obtained from ATCC (ACS 1030) and immediately placed in 

cryopreservation. Cells were plated according to the Burridge 2014 paper188 

which uses vitronectin diluted in PBS as a matrix. The iPSCs were thawed in a 

37°C water bath and plated onto a vitronectin coated T-25 flask. Essential 8 

media supplemented with thiovivizin was used for growth for the first day. 

Essential 8 was maintained at 2.5 mL per flask and replaced every 24 hours. 

ATCC states that the cells should reach full confluency after ~seven days and 

should be split even if not at 100% confluency at day 7. Therefore, cells were 

split very conservatively on day 7 since confluency was much less than 100%. 
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The cells were continuously split 

into T-25 flasks coated with 

vitronectin at day 7, but never 

reached full confluency (Figure 5-

2).   

In addition to vitronectin 

coating, Matrigel was also used to 

coat both T-25 flasks as well as 6-

well plates to determine if the flask 

size and/or coating needing 

adjusting to achieve 100% 

confluency. To perform this 

experiment, both T-25 and 6-well 

plates were coated at 1:50, 1:75, 

1:100 and 1:200 dilutions of 

vitronectin and Matrigel. Plates and 

flasks were incubated at 37°C for at 

least 30 minutes. iPSCs were then 

plated into T-25 flasks and 6-well 

plates with vitronectin and Matrigel 

concurrently to ensure the same 

starting seeding density. All data for 

each experimental condition is not 

shown, but an example of the poor 

confluency achieved by all 

conditions is shown in Figure 5-3. 

As we began to investigate other 

cell options including reaching out to ATCC for technical suppost, re-purchasing 

this iPS line to start over with fresh cyropresevered cells, or choosing another 

Figure 5-2  iPSC grown on T-25 flasks coated 
with vitronectin 
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iPS cell line from an alternative source, 

we decided to try differentiation with less 

than 100% confluency to get an idea of 

how long the process would take and to 

ensure that a different method or cell line 

was indeed necessary.  

Differentiation was attempted with 

not fully confluent flasks, but 

cardiomyocytes were never able to be 

differentiated from the cell line obtained 

from ATCC. An alternative cell source 

was the next logical step after these cells 

were never able to reach confluency 

under standard and optimized conditions. 

We reached out to Stanford Biobank to 

obtain cell from their complied bank of 

cryopreserved iPSC lines of both healthy 

and diseased cells. Stanford sent us their 

control iPSC line (SCVI15) and we began culture with these cells.  

5.5.3 Culture and differentiation of Stanford iPSCs  

Following the protocol outlined in section 6.4.1 and more detailed 

Appendix I, we thawed the iPSCs  from Stanford (SCVI15) and plated into one 

well of a Matrigel coated 6-well plate. Cells easily reached 100% confluency in 4 

days and were split conservatively using 0.5 mM EDTA in PBS at a 1:5 ratio into 

a 6-well plate. An example of the cells right after splitting and after reaching 

~90% confluency is shown in Figure 5-4. As can been seen in Figure 5-4 the 

Stanford iPSC reach confluency easily and have much more characteristic 

colony shape than what was seen for the ATCC iPSCs. The expected colony 

Figure 5-3  iPSCs on a T-25 flask (top) and 
6-well plate (bottom). Poor confluency is 
seen for both conditions even after 7 
days. 
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shape is highly defined colony borders 

with tightly packed iPSCs on the inside. 

Although not confirmed, it is suspected 

that the ATCC iPSCs were either plated at 

a density that was too low initially or were 

stored in cryo too long and cell resilience 

and viability was damaged.  

After the cells reached ~100% 

confluency, differentiation was initiated by 

switching Essential 8 media to CDM 3 

plus CHIR 99021 for days 0-2. After day 

2, cells were rinsed with PBS and media 

was switched to CMD3 plus Wnt-C59 for 

days 2-4. After day 4, cells were again 

rinsed with PBS to remove any excess 

inhibitor and media was switched to 

CMD3 alone. Pictures for days -3, 0, 5 and day are shown in Figure 5-5 and the 

differentiation timeline is shown below. Cells shown at day -3 represent typical 

confluency one day after splitting at a 1:5 ratio. At Day 0 (Figure 5-5, top right), 

the cells are at ~100% confluency. Days 5 and 10 show the progression of 

differentiation. At day 5, cells are still very confluent and look more ‘stem-cell-like’ 

(tightly packed colonies, with round single cells) whereas on day 10, many iPSCs 

that did not differentiate h  ave died and the cells look more cardiomyocyte-like, 

with striations beginning to appear.  

Media was switched to CDM3, minus glucose, plus 5 mM sodium DL-

lactate (Figure 5-5) for days 10-20 to metabolically select for only 

cardiomyocytes.199 Cardiomyocytes can effectively produce ATP from oxidative 

phosphorylation using lactate whereas other cell types are not able to keep up 

Figure 5-4 Top: iPSC right after 
splitting. Bottom: iPSC at ~90% 
confluency. 4x magnification. 
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with biomass synthesis using lactate and need glucose to survive.199 This 

enables this unique metabolic purification.    

5.6 Insights from this chapter 

After we were finally able to achieve confluency with iPSCs from Stanford, 

differentiation was fairly straightforward and proceeded as described in the 

Burridge et al. 2014 paper.188 Now that we have obtained beating 

cardiomyocytes, experiments in the CardioExcyte 96 can be conducted with 

many different conditions at the same time. We will be repeating the experiments 

Figure 5-5  Cells before (top left and right) and during differentiation. Bottom right shows 
beating cells at Day 10. The bottom is a schematic of the differentiation timeline.   
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with different lengths and concentrations of the PT-DNA. Additionally, we will 

repeat the experiment with all types of XNAs to ensure that the lack of effect we 

saw in our preliminary experiment was correct.  
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Chapter 6: Oligonucleotide Affinity for Additional 

Cardiac Proteins 

 

This chapter describes the outcome of unpublished, collaborative research 

carried out mainly by myself (Kailey Soller) and a previous graduate student in 

Michael Bowser’s laboratory, Jing Yang. Dr. Yang performed the binding 

experiments for the ssDNA to the troponin complex and the troponin subunits. 

Our collaborators in Dr. Metzger’s laboratory (University of Minnesota, Integrated 

Biology and Physiology) including Anthony Vetter and Brian Thompson need to 

be recognized for their purification of the additional proteins mentioned in this 

chapter.  
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6 Oligonucleotide Affinity for Additional Cardiac Proteins 

While most of this dissertation has focused on SERCA and PLN, there are 

several other key protein players involved in calcium cycling and the contraction- 

relaxation cycle. We know that the interaction between ssDNA or XNAs and PLN 

is very strong (~3 nM Kd), but had not examined the target specificity in 

cardiomyocytes. In this chapter, we also examine binding between ssDNA and 

actin, myosin and troponin as potential targets of oligonucleotides in vivo. We 

wanted to determine if there is binding affinity for ssDNA to these targets and if 

so, what potential effects may be observed due to these non-specific interactions 

in vivo.  

6.1 Introduction to actin, myosin, and troponin 

As explained in Chapter 1, the contraction-relaxation cycle is complex and 

involved many different proteins. Of these proteins, they can be categorized into 

proteins that are channels for transporting calcium or calcium interacting 

proteins, where upon calcium 

binding, a structural change 

occurs that results in muscle 

contraction. Troponin, actin 

and myosin act together to 

control muscle contraction. 

While the molecular details of 

the mechanism are not fully 

understood, after the binding of 

calcium to the troponin 

complex, myosin binding sites 

on actin are exposed and 

myosin heads are able to 

engage actin (Figure 6-1). 

Figure 6-1  The actin-myosin binding model. Myosin 
heads remain disengaged from actin at low calcium 
(top and left). When calcium is present at high 
enough concentrations, calcium can bind the 
troponin complex, the complex undergoes a 
structural change to expose the myosin binding sites 
on actin (bottom right). Modified from Cooper, GM, 
Actin, Myosin, and Cell Movement.1 
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Once myosin binds actin, the myosin head is able to hydrolyze ATP to cause a 

structural change that drives filament movement. Many myosins act together at 

various locations on the actin, generating a ‘sliding’ like motion and contraction 

takes place.1  

As integral structural and mechanical proteins necessary for contraction, 

troponin, actin and myosin are also key drug targets for treating heart disease.200, 

201 Mutations in troponin alone have been cited as a cause for inherited forms of 

cardiomyopathies including: restrictive, dilated and hypertrophic.201 Our 

collaborators in the Metzger laboratory are experts on troponin biology and 

biochemistry. After we hypothesized that single-stranded oligonucleotides would 

interact with PLN in vivo due to the inherent concentration of miRNAs in the 

cytosol, we also wondered if these oligonucleotides would bind to and effect any 

other cardiac proteins. The Metzger laboratory provided purified troponin 

complex, troponin subunits, actin and myosin S1 for these binding studies.  

6.2 Materials and methods  

The ‘low salt’ buffer for affinity capillary electrophoresis (ACE) and 

fluorescent polarization (FP) was as follows: 20 mM MOPS, pH 7.0, 1 mM MgCl2, 

5 mM KCl, 0.1% (w/v) C12E8. The ‘plus salt’ buffer for ACE and FP was: 10mM 

MOPS, 150 mM KCl, 3mM MgCl2, 200uM CaCl2, 1mM DTT, pH 7.0, 0.1% (w/v) 

C12E8. 

6.2.1 Affinity Capillary Electrophoresis (ACE) 

A Beckman Coulter (Fullerton, CA) commercial CE system (P/ACE MDQ) 

was used for all capillary electrophoresis experiments. Oligonucleotide 

sequences were labeled with fluorescein (FAM) and signals were detected using 

laser induced fluorescence with λex = 488 nm, λem = 520 nm. The fluorescently 

labeled oligonucleotides were kept at a constant concentration of 20 nM and 

mixed with increasing concentrations of the target protein for analysis. Samples, 

using hydrodynamic injection of 1 psi for 4 secs, were injected into a 40 cm × 50 
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µm fused silica capillary (Polymicro Technologies, Phoenix, AZ) for separation. 

30kV for 12 minutes was used for ACE separations. Electropherograms were 

analyzed using 32 Karat and Cutter 7.0.169 Peak heights and/or area of the free 

oligonucleotide peak were used to determine the Kd, according to: 95 
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Where fb is the bound fraction; c is the maximum bound fraction; [P]t and [D]t are 

total concentrations of protein and oligonucleotides. The denominator represents 

the free concentration of protein. 

6.2.2 Fluorescence Polarization (FP) 

A SynergyTM 2 Microplate Reader from BioTek Instruments, Inc. 

(Winooski, VT) was used to perform FP experiments. Fluorescein (FAM) 

fluorescently labeled oligonucleotides were used for experiments and sample 

conditions were identical to ACE sample conditions. Filter settings for the FP 

experiments are as follows: λex = 485 ± 20 nm, λem = 528 ± 20 nm. 15 µL aliquots 

of each sample was loaded into a black Corning 384 well plate (3540 microplate 

from Corning Incorporated, Corning, NY) or 150 µL of sample was loaded into a 

black Corning 96 well plate for polarization experiments. Intensities of the parallel 

and perpendicular light was measured using a sensitivity setting of 120. The 

polarization values were calculated from the parallel and perpendicular intensity 

values. The g factor was used for calibrations. This calibration was calculated 

using the Gen 5TM software for the instrument (BioTek Instruments, Inc., 

Winooski, VT). The bound fraction of oligonucleotide was determined according 

to the following and for Kd determination: 
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Where fb is the bound fraction; P, Pm and Po are the measured polarizations of a 

sample, complex, and free oligonucleotide, respectively. The plateau value used 

is the polarization of the complex (oligonucleotide and target protein) (Pm) and is 

at saturating protein concentrations. Kd was determined by fitting data to 

equation (2) using Origin 9.1. 

6.3 Results 

6.3.1 ssDNA binds the troponin complex under low salt conditions 

We first investigated the binding of a random sequence mixture of ssDNA 

sequences (20mers) to the troponin complex (Figure 6-2, left) using capillary 

electrophoresis and fluorescence polarization. This experiment was performed in 

a low salt buffer that was comprised of: 20 mM MOPS, 5 mM KCl, 1 mM MgCl2 at 

pH 7.0. The troponin complex demonstrates high affinity, ~30 nM dissociation 

constant, for ssDNA under low salt conditions. To determine which of the 

subunits contributes most to the high affinity, the Metzger lab provided purified 

subunit components of troponin for analysis (troponin I- TnI, troponin C- TnC, 

and troponin T- TnT). Both 

TnI and TnT have some 

affinity for ssDNA, ~700 nM 

to 1 uM dissociation constant, 

whereas TnC had no visible 

binding under these 

conditions. However, the 

buffer conditions used for 

these binding experiments do 

not closely mimic a biological 

buffer composition. 

Therefore, we wanted to 

Figure 6-2  ssDNA binding to the troponin complex and 
different troponin subunits as measured by 
fluorescence polarization and capillary 
electrophoresis. 
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determine the binding of not only troponin, but also the other two proteins under 

more physiological ionic strength and buffer composition.  

6.3.2 ssDNA and dsDNA binding to cardiac proteins under 

physiological conditions 

While most binding experiments were performed with the typically used 

ACE buffer that contains a low concentration of salt, and thus low ionic strength, 

we wanted to move to a buffer system that was more physiologically relevant and 

had a higher ionic strength. The typical salt ion concentration physiologically is 

~180 mM.202 The Metzger laboratory had also performed some in cell work with 

isolated rat myocytes and seen a shortening of relaxation time with the addition 

of ssDNA and double stranded DNA (dsDNA) (results not shown here). 

Therefore, we wanted to investigate ssDNA as well as dsDNA using buffer 

conditions that more closely mimic in vivo salt concentrations. The Metzger 

laboratory provided purified troponin complex and myosin S1 for these studies.  

Under low salt conditions (20 mM MOPS, pH 7.0, 1 mM MgCl2, 5 mM KCl, 

0.1% (w/v) C12E8), PLN, troponin, and myosin all bind ssDNA with fairly high 

affinity (low nanomolar dissociation constants for PLN and troponin, ~500 nM 

dissociation constant for myosin) as seen in Figure 6-3, on the left.  

 

Figure 6-3  Left: ssDNA binding to the various cardiac protein under low salt conditions. 
Right: dsDNA binding with troponin and myosin under low salt conditions.  
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PLN shows no affinity for dsDNA, but both troponin and myosin bind 

dsDNA under low salt conditions (Figure 6-3, right). Actin shows no affinity for 

neither dsDNA nor ssDNA as measured by capillary electrophoresis and 

fluorescence polarization. However, in a more physiological buffer (10 mM 

MOPS, 150 mM KCl, 3 mM MgCl2, 200 uM CaCl2, 1mM DTT, pH 7.0), we see a 

significant reduction in the affinity of both ssDNA and dsDNA for troponin and 

myosin (Figure 6-4). PLN retains high affinity for ssDNA under more 

physiological conditions (Figure 6-4, left). 

This is likely due to there being a large prevalence of electrostatic contacts 

for troponin and myosin that are easily shielded with an increase in salt 

concentration. 

 

Figure 6-4  Left: ssDNA binding to PLN, troponin and myosin under physiological ionic 
strengths. Right: dsDNA absence of binding to myosin and troponin under physiological 
ionic strengths. 

 

While the PLN-ssDNA interaction can be competed off at very high salt 

concentrations (~350 mM),174 it is retained at a physiological salt concentration of 

~150 mM salt.  

Additionally, troponin binding to ssDNA in the presence of increasing KCl 

concentration was measured with fluorescence polarization and found that the 

strong affinity interaction was competed off with as low as 100 mM KCl (Figure 
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6-5). This stepwise trend clearly shows 

that is is primarily an electrostatic 

interaction that would likely have a 

dissociation constant in the µM range in 

vivo.  

6.4 Conclusions 

While affinity between both 

single-stranded and double-stranded 

DNA is present for other cardiac 

proteins (troponin and myosin) at low 

salt concentrations, these interactions 

are competed off with increasing salt 

concentrations. Since physiological ionic strengths are ~180 mM, these results 

suggest that in vivo, single-stranded oligonucleotides would primarily interact with 

PLN. Any effect that is seen due to the delivery of a single-stranded 

oligonucleotide in vivo would be due to an interaction with PLN, since under 

physiological ionic strengths, the interactions between oligonucleotides and 

troponin and myosin are removed.  

Additionally, the oligonucleotide-PLN interaction should be highly selective 

since low nanomolar dissociation constants are rare and this type of strong 

binding would not be expected to be seen with other cardiac proteins. This allows 

us to remain optimistic about therapeutic options as well since brief, non-specific 

electrostatic interactions may be seen with oligonucleotides and other proteins, 

but sustained, high-affinity interactions are not statistically probable. We should 

be able to dose at a low enough concentration where the oligonucleotide still 

interacts with the SERCA-PLN complex, but does not bind other proteins to a 

great enough extend to otherwise change the function of the cardiomyocyte.    

  

Figure 6-5  Dissociation constants for 
ssDNA and troponin complex at different 
KCl concentrations as measured by 
fluorescence polarization.  
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7 Effects of naturally occurring arginine 14 deletion on phospholamban 

conformational dynamics and membrane interactions 

7.1 Synopsis  

Phospholamban (PLN) is a single-pass membrane protein that regulates 

the sarco(endo)plasmic reticulum Ca2 +-ATPase (SERCA). Phosphorylation of 

PLN at Ser16 reverses its inhibitory function under β-adrenergic stimulation, 

augmenting Ca2 + uptake in the sarcoplasmic reticulum and muscle contractility. 

PLN exists in two conformations; a T state, where the cytoplasmic domain is 

helical and adsorbed on the membrane surface, and an R state, where the 

cytoplasmic domain is unfolded and membrane detached. Previous studies have 

shown that the PLN conformational equilibrium is crucial to SERCA regulation. 

Here, we used a combination of solution and solid-state NMR to compare the 

structural topology and conformational dynamics of monomeric PLN (PLNAFA) 

with that of the PLNR14del, a naturally occurring deletion mutant that is linked to 

the progression of dilated cardiomyopathy. We found that the behavior of the 

inhibitory transmembrane domain of PLNR14del is similar to that of the native 

sequence. Conversely, the conformational dynamics of R14del both in micelles 

and lipid membranes are enhanced. We conclude that the deletion of Arg14 in 

the cytoplasmic region weakens the interactions with the membrane and shifts 

the conformational equilibrium of PLN toward the disordered R state. This 

conformational transition is correlated with the loss-of-function character of this 

mutant and is corroborated by SERCA's activity assays. These findings support 

our hypothesis that SERCA function is fine-tuned by PLN conformational 

dynamics and begin to explain the aberrant regulation of SERCA by the R14del 

mutant. 
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7.2 Introduction 

Calcium transport in the heart muscle is orchestrated by several different 

membrane proteins. In particular, the uptake of Ca2+ ions into the sarcoplasmic 

reticulum (SR) is governed by a membrane protein complex between the 

sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) and phospholamban 

(PLN).203-205 This complex is responsible for about 70% of the Ca2+ transport into 

the SR in humans. The paramount importance of the SERCA/PLN complex 

stems from its direct involvement in the cardiac output.206 Dysfunctions in Ca2+ 

handling by this membrane protein complex lead to the progression of several 

cardiomyopathies with eventual development of heart failure.207 To date, several 

different mutations of the pln gene have been sequenced and identified in 

humans who develop hereditary cardiomyopathies. Among those, a mutation in 

the pln promoter, a truncation resulting in a PLNL39stop mutant, aberrant R9C, 

R9L, and R9H mutations, as well as pln gene duplications, have been directly 

linked to either dilated or hypertrophic cardiomyopathy.11, 42, 109, 208 Additionally, a 

recurring mutation of the deletion of arginine 14 (R14del) in the regulatory 

domain of PLN was first observed only in heterozygous patients suffering from 

dilated cardiomyopathy (DCM), a disorder of the heart manifested as 

enlargement of the left ventricle.11 Further genetic screening studies of a wider 

population, broadened the impact of this deletion mutation; not only identifying 

the R14del mutation in patients diagnosed with dilated cardiomyopathy, but also 

in those with arrhythmogenic right ventricular cardiomyopathy.209 

Powered by ATP, SERCA translocates two Ca2+ ions into the SR in 

exchange for three H3O+ ions. SERCA is reversibly inhibited by PLN, a 52 amino 

acid single-pass membrane protein.102 PLN exists as a pinwheel-shaped 

pentamer, with the inhibitory region containing the transmembrane domain II and 

more hydrophilic domain Ib crossing the lipid membrane with a ~18 degree tilt 

angle. The transmembrane domains of the protomers are arranged in a left-

handed coiled-coil of approximately 40 Ǻ in length. In the ground state, the 
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cytoplasmic, regulatory region (loop and domain Ia) is adsorbed on the 

membrane surface.  This interaction is stabilized by the energetically favorable 

contacts between the aliphatic residues of the domain Ia helix with the 

hydrophobic core of the membrane, as well as the electrostatic interactions of the 

polar residues with the lipid head groups and the bulk solvent. Mutagenesis and 

biophysical data have lead to a regulatory model in which de-oligomerized PLN 

forms a 1:1 inhibitory complex with the ATPase.102, 210 Following phosphorylation 

at Ser16 by protein kinase A PLN inhibition is negated and Ca2+ flux in the SR is 

augmented. This model was recently confirmed by three different crystal 

structures obtained with PLN and its homologous analog sarcolipin (SLN) in 

complex with SERCA.211-213 The inhibitory domains of the two proteins (i.e., the 

transmembrane domain II for PLN) bind in a hydrophobic groove between TM2 

and TM9 of the ATPase. However, the scarce resolution of electron density for 

the cytoplasmic domain of PLN did not enable the clarification of the molecular 

details of its regulatory mechanism. 

In past years we have used NMR spectroscopy to determine PLN 

structures in the absence and presence of SERCA and PLN.27, 40, 66 Based on our 

studies, we proposed a regulatory model in which PLN conformational 

equilibrium is central to SERCA regulation. We found that PLN exists in three 

main states: a ground state (T state) with the cytoplasmic domain adsorbed on 

the surface of the lipid membrane, an excited state (R state), where the 

cytoplasmic domain is unfolded and membrane detached, and a SERCA bound 

state (B state), where the transmembrane domain of PLN is bound to SERCA 

and the extended domain Ia interacts with SERCA’s cytoplasmic domains.67, 214, 

215 Phosphorylation at Ser16 shifts the equilibrium toward the B state with a local 

structural rearrangement.27 The existence of the different PLN structural states is 

corroborated by mutagenesis studies, demonstrating that it is possible to 

promote the R and B state with concomitant relief of SERCA inhibition.216  
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Here, we investigated how this alteration of the conserved amphipathic 

motif in the cytoplasmic domain affects PLN conformational equilibrium and 

SERCA regulation. We used both solution and solid-state NMR techniques and 

found that the deletion of Arg14 slightly alters the transmembrane domain of the 

protein, as well as induces a pronounced shift of the conformational equilibrium 

of the cytoplasmic domain toward the membrane-detached R state. Furthermore, 

we found that in contrast with PLN, synthetic phosphorylation of PLNR14del does 

not relieve inhibition of SERCA. This suggests that the PLNR14del mutant functions 

as a constant inhibitor of SERCA, unresponsive to typical regulatory mechanisms 

like β-adrenergic stimulation. Analyzing these data with the dynamic ruler we 

developed for site specific mutants of PLN, our data begins to rationalize the 

loss-of-function nature of R14del and how it influences not only Ca2+ transport in 

the SR but also the development of cardiomyopathies for individuals carrying this 

mutation. 

7.3 Materials and Methods 

7.3.1 Protein production 

Phospholamban with a deletion of Arg14 was produced from PLNAFA by 

site-directed mutagenesis, using QuikChange kit (Stratagene, La Jolla, CA). 

Expression and purification steps were identical to the host sequence.136 Briefly, 

the construct was expressed with R14del fused with maltose binding protein via a 

tobacco etch virus protease cleavage site. Fusion protein was purified by affinity 

chromatography on amylose resin, and upon cleavage – by high performance 

liquid chromatography. To produce Ser16 phosphorylated R14del, we have 

employed microwave assisted solid phase peptide synthesis as described 

previously, using Fmoc-Ser[PO(OBzl)] (Merck, Darmstadt, Germany). 

Phosphoserine was coupled at 50 ºC; subsequent deprotection steps were 

performed at room temperature and amino acids 1-15 were coupled at 50 ºC to 

reduce the risk of dephosphorylation. Success of phosphorylation was confirmed 
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using mass spectrometry (Agilent 1100, Zorbax SB-C3 LC/MS) and is shown in 

Supplemental Figure 7-1. 

7.3.2 Nuclear magnetic resonance 

Solution NMR was performed as described previously. Phospholamban 

was reconstituted in dodecylphosphocholine-d38 and the relaxation 

measurements were performed at 

600 MHz proton frequency on a 

Varian spectrometer. Separated 

local field experiments were 

performed on R14del 

reconstituted in DMPC:POPC 4:1 

bicelles, doped with 1% (mol) 

DMPE-PEG350 and 1% (mol) PE-

DTPA to promote ytterbium ion 

chelation. The capping lipid was 

1,2-dihexanoyl-sn-glycero-3-

phosphocholine (DHPC), with the 

q-ratio (total long chained lipid to 

short chained lipid) of 4.5. To 

promote the parallel orientation of 

the bicelles YbCl3 was added to 

the final concentration of 8 mM. 

The 15N-1H SE-PISEMA 

experiment was performed on 

uniformly labeled 15N PLN at 700 

MHz on a Varian spectrometer. Magic angle spinning experiments were recorded 

on uniformly labeled 13C/15N PLN in DMPC-d54. Multilamellar vesicles containing 

PLN were pelleted down overnight at 250,000 g; the pellet was transferred into a 

Figure S 7-1 Top: SDS-PAGE of recombinant 
PLNAFA R14del and synthetic PLNAFA R14del 
pSer16. Bottom: ESI-MS of synthetic R14del 
pSer16. The theoretical signal for the peptide is 
expected to be at 1000.06058 for the +6 ion, 
1199.87124 for the +7 ion. 
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Bruker 22 µl rotor and additional buffer was added to ensure the sample retains 

hydration throughout the experiment. Refocused INEPT 13C-1H spectra were 

recorded at 10 kHz spinning rate on a 700 MHz spectrometer. 

7.3.3 SERCA ATPase assays 

SERCA1a was extracted from rabbit skeletal muscle and purified using 

affinity chromatography using previously described methods.21  SERCA1a and 

PLN were co-reconstituted in 1,2-dioleyl-sn-glycero-3-phosphocholine: 1,2-

dioleyl-sn-phosphoethanolamine (Avanti, Alabaster, AL)  at a 4:1 molar ratio in 

lipid vesicles as previously described.217  Molar ratios of 10:1 PLN:SERCA and 

700:1 lipids:SERCA ratio were used.  The Ca2+ dependence of SERCA’s ATPase 

activity was measured spectrophotometrically with a Spectromax microplate 

reader (Molecular Devices) as a function of NADH consumption using coupled 

enzyme assays at 37°C as previously described.218 Solutions were equilibrated 

at 37°C before the experiment and reaction plate was incubated at 37°C for 20 

minutes before reaction initiation. The initial rate of ATPase activity (V) was 

measured as a function of calcium concentration and the data was fit using a 

standard Hill equation: 

( )pCapKn Ca

V
V

-
+

=
101

max  

 where V is the initial rate of ATPase activity, Vmax is maximal rate, n is the 

Hill coefficient, pCa is the log of the Ca2+ concentration, and pKCa is the pCa 

value where V=Vmax/2.   

The assays were performed with three separate reconstitutions, with 

triplicate measurements for each separate reconstitution. 
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7.4 Results 

7.4.1 SERCA ATPase assays 

Haghighi and coworkers found that PLNR14del acted as a partial loss-of-

function mutant in microsomal preparations.11 In this study, we measured the 

effect of the R14del mutant of PLN on SERCA activity for both unphosphorylated 

and phosphorylated PLNR14del in reconstituted lipid vesicles.  Our data supports 

the results seen in HEK cells by Haghighi and coworkers, in that PLNR14del is a 

partial loss-of-function mutant in-vitro. We found that the ΔpKCa for PLNR14del is 

0.17, compared with 0.26 – the ΔpKCa for PLNAFA (Figure 7-1, A). 

 

Figure 7-1  ATP hydrolysis assay of SERCA alone (A and B red filled circles), SERCA in the 
presence of PLNAFA (A and B open circles), and PLNR14del (A and B red circles), in the non-
phosphorylated state (A) or with the pS16 modification (B). Lipid system is multilamellar 
vesicles of DOPE:DOPC 1:4 (mol:mol), lipid:SERCA:PLN molar ratio being 700:1:10. Error 
bars represent the standard deviation of the three measurements.  

 

The deletion of Arg14 in the cytoplasmic domain of PLN disrupts the R-R-

X-S motif needed for phosphorylation of Ser16 by PKA.  Thus, it was predicted 

and shown by Young and coworkers that phosphorylation of PLNR14del would be 

hindered. In this study, we used synthetic phosphorylation methods to determine 

that even upon phosphorylation of PLNR14del, inhibition of SERCA is not relieved 

(Figure 7-1, B), unlike phosphorylation of PLNAFA at S16 which reverses 

inhibition. The pKCa for PLNR14del with phosphoserine (pSer) at position 16 is 
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virtually superimposable with the pKCa of PLNR14del. This result implies that 

PLNR14del would exert a perpetual inhibitory effect on SERCA. This effect would 

be present even upon PLNR14del phosphorylation by PKA, abolishing an important 

regulatory mechanism for the SERCA/PLN complex. 

7.4.2 Structural dynamics of PLNR14del in micelles 

Our solution and solid-state NMR studies have emphasized the 

polymorphic behavior of PLN cytoplasmic domain27, 69, which adapts its structure 

to different binding partners or membrane surfaces.40, 219 The stretch of 

alternating hydrophobic and charged amino acids confers an amphipathic and 

dynamic character to 

the first 17 residues of 

PLN (domain Ia) 

(Supplemental 

Figure 7-2); 

establishing the 

structural equilibrium 

between the 

membrane-adsorbed 

helical T state and the 

solvent exposed, unfolded R state.  This conformational equilibrium plays a 

fundamental role in Ca2+ homeostasis, since it regulates the extent of the 

ATPase inhibition and maintains SERCA activity within a physiological window. 

Disproportionate inhibition (super-inhibition) or complete ablation of PLN causes 

SERCA to function outside this window, leading to aberrant regulation of Ca2+ 

flux and progression to cardiomyopathy. Based on the previously reported high-

resolution structures of PLNAFA and PLNWT, we predicted that the deletion of a 

polar residue would disrupt the amphiphilic nature of the cytoplasmic domain, 

reducing the interactions with the lipid membrane and promoting the unfolded, R 

Figure S 7-2  Helical wheel projections of the cytoplasmic 
domain of PLN (left) and PLNR14del (right). Charged residues 
are in red, polar – in blue, aliphatic – in white. Amino acid 
deletion disrupts the amphipathic nature of domain Ia. 
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state. To test our hypothesis, we first performed solution NMR spectroscopy to 

determine the effects of R14 deletion on the monomeric form of PLNR14del, which 

carries three mutations in the transmembrane domain (C36A, C41F, and C46A) 

to deoligomerize the 

pentamer. 

The [1H,15N]-

HSQC spectrum of 

monomeric R14del 

reconstituted in DPC 

micelles exhibits 

excellent resolution of 

the resonances, with 

virtually no overlapping 

residues even among 

the transmembrane 

domain residues, which 

are typically crowded 

due to the amino acid 

degeneracy and similar 

chemical environment 

(Figure 7-2, A).  

To gain initial 

insights into the 

structural behavior of 

R14del, we measured 

the chemical shift 

perturbations relative to PLNAFA under the identical conditions (Figure 7-2, B). 

The majority of the changes are localized near the deletion site and propagate 

from the juxtamembrane domain Ib to the transmembrane domain II, with Ser16 

Figure 7-2  HSQC spectrum of monomeric PLNR14del in DPS-
d54 micelles at a 900:1 detergent:protein (mol:mol) ratio. 
Residue numbers are indicated. Chemical shift perturbation 
plot relative to PLNAFA in DPS-d54 micelles is shown as a 
function of residue number. 
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and Glu19 

exhibiting the 

largest 

perturbations. 

These effects 

resemble those of 

S16 

phosphorylation, 

where the local 

chemical shift 

perturbations are 

associated with the 

unfolding of the 

domain Ia helix 

and concomitant 

detachment of this 

domain from the 

membrane, leading 

to an increase of 

the local 

flexibility.66 To 

confirm that the structural changes correspond to perturbation of the 

conformational dynamics, we measured T1, T2 and [1H,15N]-NOE for the 

backbone amide groups. Figure 7-3 shows the dimensionless parameters used 

to assess the extent of the mobility of the backbone atoms.220  

To place these values in context, we also include the corresponding data 

obtained for PLNAFA both in phosphorylated and unphosphorylated states.71, 221 

The fast dynamics evaluated by the R1×(1 - NOE) parameter show drastic 

changes in the cytoplasmic domain, with the most affected residues spanning 

Figure 7-3 Fast dynamics of R14del measured by solution NMR 
relaxation experiments in DPS-d54 micelles. 
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positions 15-21. The increase in local motions of the cytoplasmic domain is not 

as extensive as for pSer16 PLNAFA. The changes in motions are localized around 

the deletion site and appear to level off near Ala11. Since R14 deletion occurs 

toward the end of the cytoplasmic helix, it affects only one turn of domain Ia.63 

The remaining stretch of residues is still sufficient to form 2-3 turns of a helix, 

stabilized by aromatic and long chain aliphatic residues that anchor this domain 

to the membrane.222 Other relaxation parameters related to the motion in the µs-

ms timescale can be estimated from the products of ratios of the transverse (R2) 

and longitudinal (R1) relaxation rates. The R2/R1 ratios are used to assess the 

global correlation time and, as for PLNAFA, they identify two distinct regions for 

the cytoplasmic and transmembrane domains. The R2/R1 ratios for the 

transmembrane domain II are identical for both monomeric and pentameric PLN 

since the correlation time is defined by the micelle/protein complex.223, 224 

Conversely, the fast conformational dynamics of the cytoplasmic domains 

resemble the values obtained for pSer16 PLNAFA.225 The R2×R1 product for the 

cytoplasmic residues indicates the presence of low frequency motions present 

near the phosphorylation site of pSer16 PLNAFA, which are not present in 

PLNR14del.  

Overall, the dynamic behavior of R14del in micelles is intermediate 

between the inhibitory PLNAFA and the non-inhibitory Ser16-phosphorylated form. 

The R14del mutant has enhanced dynamic behavior near the deletion site, which 

we attribute to local helix unwinding and detachment from the membrane. The 

effect is not as pronounced as for pSer16 PLN, the non-inhibitory form of PLN; 

nonetheless, these seemingly minor changes in the conformational dynamics of 

R14del affect the inhibitory potency of PLN.216, 226 

7.4.3 Topology of PLN in oriented lipid bilayers 

We previously found that the structural coupling between the membrane 

embedded and cytoplasmic domains is essential to PLN’s inhibitory function, and 
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altering this coupling through site-specific mutations, such as P21G, abolishes 

PLN inhibitory activity.63, 216 To understand the effects of R14 deletion on the 

structural couplings between the two regions of PLN, we analyzed its structural 

topology using oriented solid-state NMR, reconstituting the protein in oriented 

lipid bicelles.227 

Unlike in 

solution NMR, 

aligned solid-

state NMR 

samples allow 

one to measure 

anisotropic 

properties such 

as chemical 

shift (CS) and 

dipolar 

couplings (DC) 

and deduce the 

topology of 

helical domains 

with respect to 

the membrane 

normal.228, 229 To 

probe the CS 

and DC, we 

used a sensitivity enhanced version of the polarization inversion spin exchange 

at the magic angle (or PISEMA) experiment, a separated local field experiment 

that enables to resolve chemical shifts from dipolar couplings in oriented 

samples.227-229 The resonances of the membrane spanning domain of PLNR14del 

Figure 7-4  SE-PISEMA spectra of PLNAFA (A) and PLNAFA R14del (B) in 
DMPC:POPC (4:1) / DHPC bicelles (q=4.5), aligned parallel to the 
magnetic field. 
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are observed in same region of the corresponding SE-PISEMA spectrum of the 

PLNAFA sequence (Figure 7-4). The large span of the 15N anisotropic chemical 

shifts and 15N-1H dipolar couplings indicate that the helical axis is tilted by 

approximately 30-35° with respect to the normal of the lipid bilayer. Previous 

studies from our group showed that the tilt angle of PLNWT is dependent on the 

lipid bilayer thickness as well as the choice of the alignment system – mechanical 

or magnetic.66 Similar behavior is observed for the monomeric species, where 

the tilt angle in DMPC:POPC bicelles is some 10-15° lower than the one in 

DOPC:DOPE glass slides. Although the tilt angle adopted by PLNR14del is similar 

to that of PLNAFA, it is possible to observe a shift in register of the resonance 

pattern, indicating a possible change in the azimuthal angle. This qualitative 

assessment needs to be confirmed by site-specific assignments. Nonetheless, it 

is possible to assert that R14 deletion not only perturbs local fast dynamics, but it 

also propagates its effects to the transmembrane domain. Several resonances of 

the PISEMA spectrum do not follow the pattern for the well-defined helical 

transmembrane domain (Figure 7-4, B). We detected an intense signal at 110 

ppm region arising from the side chains of Asn and Gln residues as well as 

several backbone signals with lower intensity, resonating in the 115-125 ppm 

range. These latter residues must have high mobility, as signals appearing in this 

area correspond to near isotropic motion.  

The residues that do not fall within the PISA wheel of the transmembrane 

domain correspond to the region of PLN that is rigid and partially helical (red arc 

in Figure 7-4, B). It does not form a continuous α-helix with the rest of the 

membrane-spanning segment, as it would otherwise fall on the same PISA 

wheel. Based on the comparison with PLNAFA, we assume these resonances to 

arise from the several residues in the C-terminal part of domain Ib. This is in 

contrast with the wild-type protein, where there is a steep reduction of signal 

intensity for domain Ib starting at L28 (Figure 7-4, A). We tentatively assign the 
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weak signals of PLNR14del near 150 ppm and 4 kHz to Q26 and N27 located at 

the membrane-water interface.  

The PISEMA spectrum of the R14del mutant does not show any signals 

corresponding to the cytoplasmic domain,  which should resonate at 70-80 ppm 

and 3-4 kHz. Solution NMR revealed an enhanced dynamic regime of the N-

terminal residues for R14del. This led us to investigate the dynamics with an 

additional technique that is exclusively sensitive towards residues that exhibit fast 

motions, magic angle spinning (MAS) spectroscopy in lipid bilayers using a 

refocused INEPT transfer. The rINEPT spectra of PLNAFA (Figure 7-5, A-B) show 

primarily the termini of the side chain groups, with distinct spectral signatures of 

the methyl groups as well as the ionizable side chains. In the case of R14del 

(Figure 7-5, C-D) we detected significantly more resonances for the cytoplasmic 

Figure 7-5  Refocused INEPT MAS spectra of PLN in DMPC-d54 (A-D) and NOESY-rINEPT, 
showing the correlation with the water peak (E-F). Protein is PLNAFA (A, C, E) or PLNAFA 

R14del (B, D, F). 
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domain with respect to the corresponding spectrum of PLNAFA. The detected 

signals for Val, Leu, Ile, and Lys include the met hylene groups of the side 

chains, while for Ala, Glu and Arg we observed correlations up to the backbone 

α-carbon. Additionally, we detected distinct Cβ-Hβ and Cα-Hα signals for Thr 

which were absent in PLNAFA. The observation of signals for Thr 8 and 17 

suggests that the entire cytoplasmic domain (up to domain Ib) is more mobile 

than PLNAFA. To probe solvent accessibility for R14del, we recorded rINEPT with 

NOESY transfer scheme. This experiment enabled us to observe cross-peaks 

between the carbons of PLN and protons of water (Figure 7-5, E-F). Indeed, we 

observe multiple side chains of R14del in exposed to water. As expected the 

ionizable moieties of Glu, Lys and Arg are all solvent exposed, suggesting that 

they remain charged in R14del. Additionally, we detected several aliphatic 

residues, namely the methyl groups of Ala, Met, Val, Leu and Ile that all show 

correlations with the water peak. Furthermore, the methylene group of Val and 

backbone of Ala and Arg are also in contact with water, which reinforces our 

solution NMR relaxation data and explains the lack of signals in the PISEMA 

experiment for the cytoplasmic residues.  

7.4.4 Loss of function character of PLNR14del 

To further look at the R14del mutation in context with other loss-of-function (LOF) 

mutants, we performed analysis correlating the 1H-15N heteronuclear NOE values 

of the loop and domain Ib to the change in SERCA Ca2+ affinity induced by the 

presence of the mutant (Figure 7-6).  As previously reported, a plot of ΔpKCa 

versus ΔNOE yields a correlation between the structural dynamics and function, 

what we define as a “dynamic index”.216, 226 We have previously hypothesized 

that increased dynamics of the cytoplasmic domain allows LOF PLN mutants to 

more readily sample excited states, pushing the populations towards the non-

inhibitory B-state.27, 40  Inclusion of R14del in this structural dynamics-function 
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correlation shows that this 

mutant fits the pattern exhibited 

by the other LOF mutations 

which span the cytoplasmic and 

loop domains.  

7.5 Discussion  

In PLNWT knockout mice, 

expression of PLNR14del is 

cardiotoxic, with all animals 

carrying the R14del allele 

exhibiting an increased size of 

the heart muscle and higher 

mortality rates.11 Also, 

contractility measurements carried out on isolated cardiomyocytes from R14del 

mice matched those observed in the PLN-knockout line.11, 230 In microsomal 

preparations, PLNR14del demonstrates a loss-of-function character with respect to 

PLNWT. However, co-expression of PLNWT and R14del results in super-inhibition 

of SERCA, which was only partially reversed by protein kinase A 

phosphorylation. Based on these data, it has been proposed that the pathological 

nature of R14del was due to SERCA super-inhibition.11 A possible explanation 

provided by these researchers was that the arginine deletion destabilized the 

pentameric assembly of PLN leading to de-oligomerization and increased 

inhibitory potency towards SERCA.11, 230 This hypothesis is supported by 

immunostaining data in microsomes as well as 32P radiography, which showed 

PLN bands corresponding to lower molecular weight oligomers, although the 

pentameric assembly of PLNR14del seems to be still present.11, 230  

Phospholamban R14del has increased flexibility of the cytoplasmic 

domain and diminished ability to inhibit SERCA. Such qualities would typically 

Figure 7-6  Activity-dynamics correlation of PLN 
mutants in relation to PLNAFA and PLNAFA 

phosphorylated at Ser16 (pS16). 
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render a mutant a favorable candidate for improving cardiac contractility in failing 

hearts, sharing similarities with the S16E, S16E-T17E, and P21G mutants of 

PLN.226  Based on these factors alone, one would assume that R14del would not 

lead to cardiomyopathy; this implies that the dysfunction induced by this mutation 

is rooted in other regulatory mechanisms, such as its interactions with regulatory 

enzymes, including protein kinase A.  Recent work from Young and co-workers 

shows that phosphorylation of R14del by protein kinase A is hindered.231 This is 

likely due to the lack of a P-3 site necessary for protein kinase A catalytic 

efficiency.232-234 Additionally, it is not possible to exclude that deletion of R14 

would also cause disruption of other protein-protein interactions that characterize 

PLN interactome, such as A-kinase anchoring proteins (AKAPs), protein 

phosphatase (PP1), or CamKII kinase. PLNR14del is a poor substrate for PKA 

since it lacks the catalytic motif needed for phosphorylation. However, we have 

shown here that even if a fraction of the PLNR14del population is able to be 

phosphorylated by PKA, this will not reverse inhibition of SERCA activity. Our 

result explains the partial reversal of inhibition seen by Haghighi and co-workers 

when they co-expressed PLNWT with PLNR14del. We saw no relief of inhibition 

upon phosphorylation of Ser16 with the R14del mutant, indicating that Haghighi 

and co-workers measured relief of PLNWT inhibition of SERCA, while PLNR14del 

inhibition on SERCA persisted.  

Solid-state NMR spectra of R14del PLNAFA indicate that its inhibitory 

transmembrane domain retains the topology of the host sequence, albeit we 

cannot exclude the possible change in the azimuthal angle of the transmembrane 

helix. The regulatory segment of PLN, harboring the arginine deletion is more 

mobile and not observed through cross-polarization, but can be readily detected 

in rINEPT spectra. Importantly, not only the side chains (which are intrinsically 

more mobile) can be seen in R14del rINEPT, but several backbone signals are 

detected as well. NOESY transfer between R14del and water illustrates that the 

cytoplasmic domain is solvated, suggesting that the conformational equilibrium of 
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R14del is shifted toward the unfolded, membrane-detached R-state. The 

dissociation of the cytoplasmic domain from the membrane is likely a 

combination of several factors. First, the wild type sequence is itself polymorphic, 

meaning that only a minute signal can be required to shift the structural 

equilibrium toward a specific state. Second, elimination of the ionized residue can 

weaken electrostatic interactions of the protein with the lipid headgroups.235 

Third, a deletion of a residue in the amphipathic segment has an effect of 

changing the amino acid register on the helical wheel, interspersing the 

hydrophobic and hydrophilic side chains. Several studies have shown that such 

mutations can alter the structure and/or topology of the peptides.236 Based on 

these considerations, we anticipate that the naturally occurring PLN mutations at 

Arg9 to a hydrophobic residue may have a similar effect, with the regulatory 

cytoplasmic domain of the R9X mutants exhibiting altered dynamics relative to 

the wild type. 

7.6 Conclusions 

Using solution and solid-state NMR methods, we analyzed the structural 

dynamics and topology of the R14del mutation in correlation with SERCA 

ATPase assays. While R14del is related to the development of cardiomyopathy, 

the structural and dynamic features of this mutant correlate with the structure-

dynamics-function relationship that we previously identified for several loss-of-

function PLN mutants that relieve SERCA inhibition. These results reveal that in 

an isolated system, removal of the Arg14 residue renders PLN a less potent 

inhibitor of SERCA. Interestingly, phosphorylation of PLNR14del at Ser16 does not 

relieve inhibition and mimics the functional behavior of pSer16 PLN.  Considering 

that the increased dynamics observed by NMR and the diminished SERCA 

inhibition would lead to an increase in SERCA activity and possibly cardiac 

contractility, the deleterious physiological consequences of the R14 deletion 

appear to be comprised of a variety of mechanisms, some of which are 
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dependent on proteins involved in the tight interplay that occurs during calcium 

signaling.  Because of the location of the mutation within the recognition 

sequence of these enzymes, likely binding partners of PLN that are directly 

affected by the deletion of Arg14 are protein kinase A and protein phosphatase I. 

These proteins are central to maintain phosphorylation levels and Ca2+ transport 

within the physiological range.  

7.7 Insights from this work 

The structural and biochemical work on PLN mutants that lead to disease 

has been an important part of characterizing these mutants to understand how 

each specific mutation leads to disease. While the work done in this chapter 

contributes to the knowledge needed to rationally design therapeutics for treating 

heart disease caused by these mutants, it also provides background on how PLN 

and SERCA interact and how a seemingly small change in PLN can have drastic 

effects on SERCA activity.  

An important next step for the work with the R14del mutant will be 

characterizing R14del with these oligonucleotides as well to determine the effect 

on SERCA activity. In chapter 5, we showed some of the work we have done 

thus far sustaining an iPSC line in our laboratory, differentiating these cells into 

cardiomyocytes, and characterizing the effects of some oligonucleotides on 

healthy cells using an impedance based system, the CardioExcyte 96. In the 

future, we hope to obtain or produce an induced pluripotent stem cell (iPSC) line 

derived from the somatic cells of an R14del positive patient. This would allow for 

cardiomyocytes to be differentiated from the iPSCs and high throughput 

screening with a variety of therapeutics could be accomplished using the 

CardioExcyte 96 and other method of analyzing beating patterns. 

  



 

 128 

Chapter 8: Probing the Conformationally Excited States 

of Membrane Proteins via 1H-detected MAS Solid-State 

NMR Spectroscopy 

 

T. Gopinath,1 Sarah E. D. Nelson,1 Kailey J. Soller,2 and Gianluigi Veglia1,2* 

 

1Department of Biochemistry, Molecular Biology, and Biophysics, 

1Department of Chemistry and University of Minnesota, Minneapolis, MN 55455. 

* To whom correspondence should be addressed:  

Gianluigi Veglia, Department of Biochemistry, Biophysics, and Molecular Biology, 

University of Minnesota, 6-155 Jackson Hall, MN 55455. Telephone: (612) 625-

0758. Fax: (612) 625-2163. E-mail: vegli001@umn.edu. 

Reprinted with permission from J. Phys. Chem. B, 2017, 121 (17), pp 4456–

4465, Copyright 2017 American Chemical Society. 

 

This chapter describes the outcome of a collaborative research project carried 

out by the above listed authors: myself (Kailey Soller), Sarah Nelson and Dr. 

Gopinath Tata (research assistant of the NMR facility). I contributed to the protein 

preparation and set-up and analysis of NMR spectra. 

  

mailto:veglia@chem.umn.edu


 

 129 

8 Probing the Conformationally Excited States of Membrane Proteins via 

1H-detected MAS Solid-State NMR Spectroscopy 

8.1 Synopsis  

Proteins exist in ensembles of conformational states that interconvert on 

various motional time scales. High-energy states of proteins, often referred to as 

conformationally excited states, are sparsely populated and have been found to 

play an essential role in many biological functions. However, detecting these 

states is quite difficult for conventional structural techniques. Recent progress in 

solution NMR spectroscopy made it possible to detect conformationally excited 

states in soluble proteins and characterize them at high resolution.  As for soluble 

proteins, integral or membrane-associated proteins populate different structural 

states often modulated by their lipid environment. Solid-state NMR spectroscopy 

is the method of choice to study membrane proteins as it can detect both ground 

and excited states in their natural lipid environments. In this work, we apply newly 

developed 1H-detected 15N-HSQC type experiments under moderate magic 

angle spinning speeds to detect the conformationally excited states of 

phospholamban (PLN), a single-pass cardiac membrane protein that regulates 

Ca2+ transport across SR membrane. In its unbound state, the cytoplasmic 

domain of PLN exists in equilibrium between a T state, which is membrane 

bound and helical, and an R state, which is membrane detached and unfolded. 

The R state is important for regulation of the sarcoplasmic reticulum Ca2+-

ATPase, but also for binding to protein kinase A. By hybridizing 1H detected 

solution and solid-state NMR techniques, it is possible to detect and resolve the 

amide resonances of the R state of PLN in liquid crystalline lipid bilayers. These 

new methods can be used to study the conformationally excited states of 

membrane proteins in native-like lipid bilayers. 
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8.2 Introduction 

NMR is a rapidly evolving technique for chemical, biochemical, and 

biophysical studies of macromolecules in solution, semi-solid, and solid states. 

The most exciting frontier for NMR is to investigate membrane protein structures 

under physiological conditions, which has been very challenging for X-ray 

spectroscopy. Currently, both solution and solid-state NMR techniques are being 

used for studying membrane proteins. However, solution NMR is still limited to 

studying membrane proteins in detergent micelles, isotropic bicelles or in select 

cases, nanodisks, none of which are able to accurately mimic the composition of 

biological membranes. On the other hand, solid-state NMR (ssNMR) does not 

have a protein size limitation and is ideal for studying membrane proteins in 

native-like lipid membranes.81, 237-241 To maintain their tertiary fold and mimic 

proper functional conditions, membrane proteins need to be reconstituted in lipid 

membranes. Hydration, pH, temperature, lipid composition, as well as lipid-to-

protein ratios, are crucial parameters to maintain transmembrane protein 

functional integrity.242-244 

As with all biomacromolecules, membrane proteins exist as ensembles of 

low and high conformational energy states.245 Biological responses to stimuli 

such as ligand binding, post-translational modifications, and changes in ionic or 

pH conditions skew the conformational equilibrium toward active or inactive 

states.246 Often, biological activity is carried out by a high-energy conformational 

state (i.e., excited states) that is only sparsely populated under normal 

physiological conditions.247 As both X-ray crystallography and cryoEM trap the 

structure of membrane proteins in defined, low energy basins, they cannot detect 

conformationally excited protein states. Using nuclear spin relaxation 

experiments, solution NMR experimentalists are able to detect protein and 

oligonucleotide excited states and determine their structures.248-250 The presence 

of conformationally excited states is inferred through the analysis of protein 

motions. Although similar experiments have been proposed in ssNMR for 
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microcrystalline protein preparations,251 where solution-like properties of the 

spectra allow for measurement of T1r relaxation times, these methods are not 

readily applicable to membrane proteins within phospholipid membrane bilayers. 

In fact, the most important experiments for structure determination of membrane 

proteins are based on cross polarization (CP) techniques that rely on strong 

dipolar couplings (DC) for polarization transfer.252 Although these approaches are 

now being combined with novel multi-dimensional acquisition methods,253-255 they 

fail to detect dynamic regions that are likely to encode for conformationally 

excited states. The conformational plasticity of membrane proteins directly 

influences the magnitude of the orientational-dependent NMR interactions such 

as DC and chemical shift anisotropy (CSA).256, 257 As a result, dynamic regions of 

membrane proteins are insensitive to CP-based NMR techniques.258 Certain 

regions of membrane proteins are also exposed to aqueous environments and 

undergo fast motions, thereby dramatically scaling down the dipolar 

interactions.259 However, the conformational dynamics increase T2 relaxation 

times of mobile residues enabling the application of through-bond INEPT 

(Insensitive nuclei enhanced by polarization transfer) experiments.260 For 

instance, Baldus and co-workers have demonstrated the use of through-bond 13C 

and 15N detected refocused INEPT (RINEPT) experiments under MAS conditions 

for studying the cytoplasmic domain of the membrane protein phospholamban 

(PLN).261 Similarly, 13C detected RINEPT and CP experiments were respectively 

used for studying mobile and rigid domains of cartilage.262 This approach has 

also been used for studying the dynamic regions of cytochrome-b5 using 15N 

detected RINEPT experiment in oriented solid state NMR.258, 263, 264 However the 

intrinsic low sensitivity of 13C and 15N nuclei dramatically increases the 

experimental times.265-269  
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Recent progress in fast MAS 

experiments has enabled 1H detection with 

dramatic sensitivity enhancement.270-272 

Perdeuterated sample preparations of 

crystalline proteins combined with 1H 

detected fast MAS methods are now being 

routinely used for structure determination.273 

However, these methods have limited 

applications for membrane proteins 

reconstituted in phospholipid membrane 

mimetic systems. In this work we show that 

1H detected ssNMR can be used for studying 

dynamic regions of fully protonated 

membrane proteins at moderate MAS rates. 

We show that 1H-detected 15N HSQC-type 

MAS experiments are able to map the mobile 

residues of the conformationally excited state 

(R-state) of PLN under moderate spinning 

speed conditions. PLN is a 52 residues 

membrane protein that comprises an 

inhibitory transmembrane domain  (domain 

Ib and domain II) and a regulatory domain 

(domain Ia), connected by a short, flexible 

loop (Figure 1A). PLN binds and regulate 

the sarcoplasmic reticulum Ca2+-ATPase, or 

SERCA, decreasing its apparent affinity for 

Ca2+ ions in a reversible manner.274 Protein 

kinase A recognizes and phosphorylates 

PLN at Ser16 in domain Ia, reversing this 

Figure 8-1 (A) Phospholamban 
conformational equilibrium between T 
(PDB 2KB7) and R (PDB 2LPF) states. 
(B) 15N CP, and INEPT-HETCOR 
spectra of various PLN samples 
reconstituted in neutral DMPC or mixed 
DMPC, DOPE, and positively charged 
ePOPC lipid vesicles. (C) Relative 
sensitivity of INEPT-HETCOR spectra 
normalized with respect to CP is shown 
for each of the PLN samples reflecting 
the change in R-state population. Due 
to the complex interactions during CP 
and INEPT, this plot represents a 
relative estimation of the R state with 
respect to the T state. 
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inhibition.275 Previous solution and solid-state NMR as well EPR (Electron 

Paramagnetic Resonance) experiments from our group and others274, 276, 277 have 

shown that PLN’s regulatory region in the absence of SERCA undergoes a 

conformational equilibrium between an ordered T state (helical) and a disordered 

R state (unfolded and membrane detached). The population of the R state was 

detected as weak peaks from the dipolar assisted rotational resonance 

(DARR)278 experiments that mainly reported on the T state.274 The application of 

the new refocused-INEPT heteronuclear single quantum coherence (RI-HSQC) 

pulse sequences enabled us to probe the R state of PLN with an average of 

eight-fold sensitivity enhancement compared to 15N-detected INEPT- HETCOR 

experiments.261 We also show that the sensitivity of these experiments is further 

enhanced by the simultaneous detection of cosine and sine modulated chemical 

shift coherences279 with a new experiment called SERI-HSQC.  

These new methods are applicable to a wide range of membrane proteins 

and complexes that display structural dynamic regions, allowing researchers to 

characterize their importance in biological function. 

8.3 Materials and Methods 

Monomeric PLN (PLNAFA) and R14 deletion PLN (PLNR14del) were 

expressed in BL21(DE3) E.coli and purified using affinity chromatography and 

HPLC according to the published procedures.280 Purified PLN was lyophilized 

and stored at -20 °C. Protein reconstitution in lipid membranes and MAS sample 

preparations followed the previously published protocols.274 Lipids for MAS 

samples were dried down under nitrogen and lyophilized once after resuspension 

in water to remove trace organic solvent. The lyophilized lipids were reconstituted 

in 2 mL of reconstitution buffer consisting of 20 mM HEPES (pH 7.0), 100 mM 

KCl, 1 mM MgCl2, 5% (v/v) glycerol, and 0.02% (w/v) NaN3. The lipids were 

solubilized using 25% C12E8, with 50 μL of detergent per 10 mg of lipid. PLN was 

solubilized in 25% C12E8, using approximately 25 μL per 1 mg of protein, and was 
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added to the reconstituted lipid preparations. Following a brief incubation, 

BioBeads® SM-2 were added in a 30-fold (w/w) excess over detergent and 

allowed to stir for 3 hours at room temperature. The BioBeads® were removed 

via filtration through a 25 gauge needle, and the lipid vesicles pelleted by 

centrifugation at 100,000xg for 30 minutes at 4°C. The pelleted vesicles were 

resuspended in 2 mL of the reconstitution buffer and centrifuged at 350,000xg for 

20 hours at 4°C. The resulting proteoliposomes were packed into 3.2 mm 

Bruker/Agilent MAS rotors using a series of centrifugation steps as previously 

described.281 The final samples contained 0.5 to 2 mg of PLN reconstituted in 

neutral DMPC liposomes or charged lipid mixtures containing 4:1:1 or 4:1:3 ratios 

of DMPC:DOPE:ePOPC, where ePOPC is a positively charged lipid. All lipids 

were purchased through Avanti Polar Lipids® and used without further 

purification.  

 All of the solid-state NMR experiments were acquired at the Minnesota 

NMR center using Bruker or Agilent spectrometers operating at a 1H Larmor 

frequency of 700 MHz equipped with 3.2 mm probes with reduced RF heating 

technology.282 All of the spectra were processed with 30 Hz line broadening, and 

20k x 10k zero filling using NMRPipe,283 and analyzed using Sparky.284 For all 

ssNMR experiments, t2 acquisition time was set to 100 ms for both 1H and 15N 

detections, 80 t1 points with 5 kHz t1 spectral width, and a recycle delay of 3 

seconds. The PLNAFA ssNMR spectra shown in Figure 2, and 8 were respectively 

acquired on Agilent spectrometer with 512 and 64 scans per t1 increment; 

whereas all of the remaining data were acquired on Bruker spectrometer. The 

90° pulse lengths for 1H, 13C, and 15N were set to 3, 6, and 6 μs, respectively. For 

1H or 15N heteronuclear decoupling, the WALTZ-16 sequence was used with the 

RF amplitude set to 10 kHz.285 PLNR14del spectra were acquired with 64 scans per 

each t1 increment. Water suppression in the HSQC pulse sequence was 

obtained from a continuous presaturation pulse during the recycle delay with RF 

amplitude set to 200 Hz. For both RI-HSQC and SERI-HSQC, spin-lock pulses 
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with phases x and y were used with RF amplitude of 30 kHz and t1 set to 200 to 

300 ms.2 The RI-HSQC spectra of PLNAFA in DMPC lipids was acquired with 

1024 scans, whereas 600 and 400 scans were respectively used for mixed lipid 

samples 4:1:1 and 4:1:3 (Figure 6B). The heat induced at higher MAS rates was 

monitored by the water frequency of the 1H spectrum, and compensated 

accordingly by lowering the sample temperatures. The spectra were indirectly 

referenced to the CH2 resonance of adamantine sample at 40.48 ppm using the 

relative gyromagnetic ratio of 15N and 1H. Solution NMR HSQC spectrum of 

PLNAFA in isotropic bicelles was recorded on 600 MHz spectrometer, using 128 

scans and 64 t1 increments with a total experimental time of 6 hrs.  

8.4 Results 

8.4.1 Ground and excited states of phospholamban 

In membranes, PLN undergoes a conformational equilibrium between an 

ordered T state (ground state) and a dynamic R state (conformationally excited 

state) as represented in Figure 1A. Our studies using PLN variants show that the 

population of these states can be shifted by phosphorylation, R14 deletion or by 

single site mutations.35, 74, 121, 286 At room temperature, it is possible to 

simultaneously observe both ground and excited states in slow exchange for 

selected resonances of the cytoplasmic domain using 13C detected CP or INEPT 

based experiments. However, the resulting 13C spectra are quite complex to 

analyze and typically require selective labeling.274 Figure 1B shows the 15N 

signatures for the backbone amides of the T and R states. These spectra were 

acquired using 15N detection. While the more rigid residues of the 

transmembrane and membrane bound cytoplasmic domains are mapped by CP 

experiments, the more dynamic residues are observable using the relatively long 

J-coupling evolution periods (~10 ms) of the INEPT-based HETCOR experiment 

that selects for mobile residues with long T2 relaxation time.261 Therefore, in the 

CP spectrum it is possible to identify both transmembrane and membrane-bound 
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cytoplasmic residues. On the other 

hand, the INEPT-HETCOR 

experiment probes only cytoplasmic 

residues of the excited R state that 

undergoes fast conformational 

dynamics. A comparison of the 1D 

15N signal intensities at 25oC for CP 

and INEPT- HETCOR spectra 

(Figure 1B, 1C) shows a significant 

difference in the relative R state 

population for the PLNAFA and 

PLNR14del variants reconstituted in 

neutral or fractionally charged mixed 

lipids. Figure 1C clearly 

demonstrates that while PLNAFA in 

DMPC and 4:1:1 

(DMPC:DOPE:ePOPC) mixed lipids 

exists primarily in the T state and is 

more sensitive to the CP-based 

experiment, deletion of R14, or 

increasing the percentage of 

positively charged lipids(4:1:3 mixed lipids), pushes the equilibrium towards the R 

state and increases the sensitivity of the INEPT-HETCOR experiment on these 

samples.  Due to lower protein concentrations, CP and INEPT-HETCOR spectra 

of PLNAFA were acquired using 10k to 50k scans. All the samples were acquired 

with identical experimental parameters. The integrated intensity of the CP and 

INEPT-HETCOR spectra were measured between 100 and 140 ppm at the same 

noise level. Although it is difficult to estimate the absolute R-state population, 

relative integrated intensity of INEPT-HETCOR with respect to CP indicates 

Figure 8-2 (A) Two-dimensional 15N detected 
INEPT-HETCOR spectra that map the dynamic 
cytoplasmic domain of phospholamban 
membrane proteins (PLNAFA and PLNR14del) 
reconstituted in DMPC lipid vesicles. (B) Solution 
NMR HSQC spectrum of PLNAFA reconstituted in 
isotropic bicelles, showing the assignment of 
cytoplasmic residues. 
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significant change in the relative R state population (Figure 1C). The latter is due 

to the decreased electrostatic interactions between the cytoplasmic domain and 

the membrane with the deletion of R14 or the introduction of positively charged 

lipids that shift the cytoplasmic domain toward the unfolded state due to an 

increase in PLN’s conformational dynamics. The 2D INEPT-HETCOR spectra of 

PLNAFA and PLNR14del reconstituted in zwitterionic DMPC lipids are shown in 

Figure 2A. The number of peaks for PLNR14del is higher than that of PLNAFA, 

indicating more residues transition from the rigid, membrane bound T state to the 

more dynamic R state.  For both samples, we observed significant variation in 

relative peak intensities as well as line widths between 40 to 110 Hz indicating 

different time scale motions of residues. Figure 2B shows the solution NMR 

HSQC spectrum of PLNAFA reconstituted in neutral isotropic bicelles. Due to the 

longer correlation times of isotropic bicelles, immobile transmembrane residues 

are either weak or undetectable in this spectrum. Unlike in isotropic bicelles, 

PLNAFA reconstituted in proteoliposomes shows very few peaks with significantly 

broader resonances  (Figure 2A, top left), indicating a higher degree of 

conformational heterogeneity. This emphasizes that the motions of PLNAFA 

cytoplasmic domain reconstituted in proteoliposomes are quite different from 

those in isotropic bicelles.  

8.4.2 1H-detected MAS solid-state NMR for probing excited states 

of membrane proteins 

Although the 15N-detected experiments are able to probe the R state 

confirmation for different PLN samples, we sought to boost sensitivity by using 

1H-detected HSQC experiments (Figures 3). A significant challenge for ssNMR is 

the suppression of the water signal in the 1H detected spectra. While this is no 

longer a problem for solution NMR, where the probes are equipped with gradient 

coils and the water signal is easily dephased, commercially available ssNMR 

probes are not equipped with gradient pulse technology and deuterium spin-lock 
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circuitry to compensate 

for the drift of the B0 field. 

In order to achieve 

reasonable water 

suppression, we used two 

modified pulse 

sequences, HSQC  

(Heteronuc lear Single 

Quantum Coherence) and 

RI-HSQC (Refocused 

INEPT - Heteronuclear 

Single Quantum 

Coherence) that are 

similar to the solution 

NMR  ‘out-and-back’ 

experiments. For these 

HSQC-type experiments, 

the polarization transfer 

starts from 1H to 15N 

followed by 15N t1 

evolution period and then 

is transferred back to 1H 

for acquisition (t2). Figure 

3A shows the INEPT-

based HSQC pulse sequence, where a presaturation pulse is applied on th e 

water resonance during the recycle delay.287, 288 The second example of a pulse 

sequence utilizing 1H detection is reported in Figure 3B.  

This experiment uses a refocused INEPT sequence to transfer the 

polarization from 1H to 15N which is then stored along the z-direction while 

Figure 8-3  Two-dimensional 1H-15N correlation experiments for 
mapping the dynamical regions of membrane proteins using 
MAS solid-state NMR at moderate spinning speeds. Pulse 
sequences for HSQC (A), Refocused INEPT (RI) HSQC (B), 

and sensitivity enhanced (SE) RI-HSQC (C), with t value set to 
5.4 ms (=1/2JNH). For HSQC water suppression is obtained 
from a presaturation pulse during the recycle delay, whereas in 

RI-HSQC and SERI-HSQC RF spin locks during t1 period 
(~250 ms) purges the water signal.2 For all pulse sequences, a 

two-step phase cycle was used by switching the f and receiver 
phases.   For HSQC and RI-HSQC t1 states acquisition was 

obtained by altering the phase of f pulse between x and y, 
whereas for SERI-HSQC Rance-Kay mode t1 acquisition was 

obtained by altering the f1 phase between x and –x. 
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suppressing (scrambling) the water 

magnetization using multiple pulses for a 

time period of t1 (~200 to 250 ms). After 

water suppression, a 90o pulse is 

applied on 15N and is followed by a t1 

evolution period. A second refocused 

INEPT period is then used to transfer 

the 15N polarization back to 1H followed 

by t2 acquisition period.  The SERI-

INEPT (sensitivity enhanced RI-HSQC) 

sequence shown in Figure 3C utilizes 

simultaneous detection of cosine and 

sine modulated chemical shift 

coherences to enhance the overall 

sensitivity and is explained further 

below.  

Figure 4 shows the first 

increment of the 15N and 1H detected 

spectra of PLNR14del in DMPC lipids at 

25oC using 12 kHz MAS rate and 64 

scans. These spectra were obtained 

using HSQC, RI-HSQC, and INEPT-

HETCOR pulse sequences with t1=0. 

Although the 1D HSQC shows superior 

water suppression, the exchange 

between HN and water during the presaturation period lowers the signal intensity 

by ~ 25% in comparison to RI-HSQC. On the other hand, the 15N 1D spectrum 

obtained from INEPT-HETCOR has nearly ten times lower signal than the 

corresponding amide 1H signal obtained from RI-HSQC. Unlike the HSQC and 

Figure 8-4 (A) Comparison of 1H 1D spectra 
of PLNR14del in DMPC lipids, obtained from one 
pulse experiment, and 1st increment (t1=0) of 
15N HSQC and RI-HSQC. Efficient water 
suppression was obtained in HSQC and RI-
HSQC displaying the amide proton spectra of 
protein. The net signal intensity in HN region is 
about 25% lower for HSQC compared to RI-
HSQC. (B) 15N 1D spectrum obtained from 
INEPT-HETCOR experiment with t1=0. The 
number of scans for acquiring HSQC, RI-
HSQC, and HETCOR was set to 64. The 
sensitivity enhancement of RI-HSQC with 
respect to INEPT-HETCOR was 
approximately 10 times. Note that for the one 
pulse 1H spectrum the receiver gain was 
lowered 10 times to avoid signal truncation. 
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INEPT-HETCOR experiments, the duration of the RI-HSQC experiment is 

relatively longer, due to the water suppression period (t1) during which the 15N 

magnetization is stored along the 

z-direction, and an additional 2t 

period for in-phase coherence 

transfer from 15N to 1H. In spite 

of the longer duration of the RI-

HSQC experiment, the gain in 

sensitivity is very significant with 

respect to both 15N INEPT-

HETCOR and 1H HSQC.  

To further enhance the 

sensitivity, we incorporated an 

additional t period in the RI-

HSQC sequence prior to t2 

acquisition according to the 

sensitivity enhancement scheme 

by Rance and co-workers.289, 290 

The resultant pulse sequence, 

namely, sensitivity enhanced 

(SE) RI-HSQC (Figure 3C) 

simultaneously transfers both 

cosine and sine modulated 15N 

coherences to 1H and acquires 

the signals in a phase-sensitive 

mode by switching the f1 phase of 1H pulse. The SE element nearly doubles the 

signal, whereas the RMS noise increases by 41 % giving a theoretical sensitivity 

gain of 41%. 

Figure 8-5 Two-dimensional 15N-1H correlation spectra 
of PLNR14del in DMPC lipids, obtained from 15N 
detection using INEPT-HETCOR, and 1H detection 
using HSQC, RI-HSQC and SE-RI-HSQC pulse 
sequences. All the spectra were acquired using 64 
scans and 80 t1 increments. INEPT-HETCOR and 
HSQC spectra shown at 8 and 1.3 times higher noise 
floor. The relative integrated intensity of INEPT-
HETCOR, HSQC, RI-HSQC, and SERI-HSQC between 
the spectral regions 7.5 and 9 ppm (1H) and 113 and 
133 ppm (15N) is respectively 1.0:6.9:10.2:13.7. 
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Figure 5 shows the 

2D spectra of PLNR14del 

reconstituted in DMPC lipids 

obtained from INEPT-

HETCOR, HSQC, RI-HSQC, 

and SERI-HSQC 

experiments using 80 t1 

increments and 64 scans per 

increment. All the spectra 

were processed using 30 Hz 

line broadening in both 

dimensions. 1H and 15N line 

widths of resolved peaks are 

in the range of 45 to 105 Hz. 

The spectra of RI-HSQC, 

and SERI-HSQC were 

drawn at the same noise 

level, whereas the INEPT-

HETCOR and HSQC 

spectra were multiplied by 8 

and 1.3 times due to lower 

peak intensities. The 

average sensitivity of the 2D 

RI-HSQC is 10 times greater 

compared to the 2D INEPT-

HECOR. In other words, a 

15N detected INEPT-HETCOR experiment would require 100 times (102) more 

experimental time compared to RI-HSQC. As expected from the 1D spectrum, 

presaturation lowers the sensitivity of the 2D HSQC spectrum, causing some of 

Figure 8-6 (A) HSQC, RI-HSQC and HECTOR 1D spectra 
of PLNAFA in DMPC lipids, obtained from 2D pulse 
sequences with t1=0. (B) Two-dimensional 15N-1H 
correlation spectra of PLNAFA in various lipid compositions, 
obtained from 1H detected RI-HSQC shown in figure 2B. 
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the peaks in the 2D spectrum to have lower intensity with respect to the RI-

HSQC. Interestingly, we also found that the 1H line widths of HSQC are slightly 

narrower by 10 to 20 Hz compared to RI-HSQC. Most likely the narrower line 

widths in HSQC are due to presaturation pulse that eliminates the contribution of 

chemical exchange with water. The sensitivity of RI-HSQC is further enhanced 

by using SERI-HSQC, where the average sensitivity gain is 31% with respect to 

the RI-HSQC spectrum (Figure 5 bottom right panel).  

Figure 6A demonstrates the sensitivity comparison of 1H- and 15N-

detected spectra of PLNAFA reconstituted in neutral DMPC lipids.  In this case, 

the sensitivity of the 1D HSQC using presaturation is almost three times lower 

than the RI-HSQC spectrum. On the other hand, the 1D-HSQC shows dramatic 

signal enhancement for side chain resonances between 6 and 7.5 ppm, 

suggesting a possible increase of the magnetization due to NOE transfer taking 

place during presaturation. Figure 6B shows the comparison 1H detected 2D RI-

HSQC spectra of PLNAFA reconstituted in DMPC or DMPC:DOPE:ePOPC lipid 

mixtures. The overall pattern of different spectra looks similar with small changes 

in peak positions or few additional peaks. Also, weak peaks of PLNAFA were 

observed (between 112 to 117 ppm in the 15N dimension) in mixed lipids 

samples, that were broadened when reconstituted DMPC lipids indicating more 

conformational heterogeneity. In fact these peak positions may correspond to 

Ser10, Ser16 and Thr17 residues (based on solution NMR assignment, Figure 

2B) that were missing in the 15N detected experiments (Figure 2A, top left) due 

to lower sensitivity. This also confirms that serine and threonine residues are less 

sensitive to through-bond polarization transfer indicating intermediate time scale 

motion.  

8.4.3 Effect of magic angle spinning rate on sensitivity and 

resolution 
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The spinning 

speed can influence the 

appearance of the NMR 

spectra and high 

spinning speeds may in 

certain cases affect the 

sample stability. In order 

to understand the effect 

of spinning speed on 

sensitivity and resolution, 

we recorded the 1H 

spectra using the RI-

HSQC sequence at 

various MAS rates 

(Figure 7). While at 0 

KHz broad peaks were 

observed, but the 

sensitivity was 

tremendously improved 

even at 5.5 kHz spinning 

speed. In fact for both 

the samples of PLNAFA 

and PLNR14del reconstituted in DMPC lipids, the gain in sensitivity is about 15 to 

20% higher at 12 kHz compared to 5.5 kHz MAS rate. Whereas from 12 to 15 

kHz, the gain in sensitivity is only about 2 to 5%. Figure 8 shows a comparison 

of the 2D RI-HSQC spectra of PLNAFA in DMPC lipids at different spinning 

speeds. This indeed demonstrates that mobile residues in membrane proteins 

can be studied with optimal sensitivity and resolution using moderate spinning 

speeds via 1H detection.  

Figure 8-7 One-dimensional RI-HSQC spectra of PLNR14del and 
PLNAFA samples reconstituted in DPMC lipids. MAS rates were 
varied from 0 to 15.5 kHz. For both the samples, similar 
sensitivity enhancement was obtained as a function of MAS rate.   
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8.5 Discussion 

Both in vitro and in vivo 

studies indicate that in the 

monomeric form, PLNAFA adopts 

an L-shaped conformation with 

the cytoplasmic domain 

undergoing a conformational 

equilibrium between T (bound) 

and R (free) states. The T state is 

helical and adsorbed on the 

surface of the bilayer, with the 

hydrophobic side chains pointing 

toward the interior of the 

membrane and the hydrophilic 

residues pointing toward the bulk 

solvent. On the other hand, the 

conformationally excited R state is 

membrane detached and 

unfolded. SERCA preferentially 

binds the R state with a helical 

conformation in the transmembrane domains and an extended conformation of 

the cytoplasmic domain.274, 291 Functional studies and mutations show that this 

conformational equilibrium is central to maintaining SERCA’s Ca2+ transport 

within a physiological window.117, 292 In our previous studies, we showed that the 

population of dynamic R state, which can be biased by mutations, plays a major 

role in SERCA inhibition.274, 292 Additionally, the R state is the one selected by 

protein kinase A for phosphorylation.293 Therefore, this high-energy 

conformational state plays a central role in PLN’s regulatory function. 

Figure 8-8 1H detected RI-HSQC spectra of PLNAFA 
reconstituted in DMPC lipids, recorded from the pulse 
sequence of figure 2B at various spinning speeds. All 
the spectra were drawn at same noise level showing 
the relative sensitivity. 
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The R state of PLNAFA was first detected by Baldus and co-workers using 

13C-detected through-bond correlations. Here, we show that 1H-detected 15N 

HSQC type experiments can probe dynamic regions of membrane proteins and 

provide higher sensitivity than 15N-detected INEPT-HETCOR experiments. We 

demonstrated this with PLN’s amide backbone fingerprint, which displayed a 

sensitivity increase up to ten times higher than the corresponding 15N-detected 

INEPT-HETCOR experiments. Though these new experiments will replace the 

highly insensitive 15N detected experiments, it is important that new probes are 

developed containing gradients and lock circuitry since a significant hurdle is 

presented by the loss of sensitivity due to water exchange with backbone amide 

groups when applying presaturation of the water magnetization. Unlike solution 

NMR where the presaturation field strength is only about 50 Hz, we had to use 

~200 Hz to cover larger spectral regions around the water frequency so that 

presaturation is still effective in spite of the Bo frequency drift. However, for 

insensitive samples, depending on the magnet drift, it is recommended to acquire 

multiple data sets with 1H offset correction, which can then be combined for 

signal averaging. On the other hand, water suppression in RI-HSQC was 

obtained by applying a phase switched RF pulses on 1H, while storing the 15N 

magnetization along the z-direction. Therefore, water suppression in RI-HSQC 

and SERI-HSQC is insensitive to slight water frequency changes caused by the 

magnet drift. Water suppression can be avoided by reconstituting the protein in 

fully deuterated buffer. Recently, this approach was successfully used for 

studying mobile regions of Anabaena sensory rhodopsin using 13C HSQC 

experiments at moderate MAS rates.294 However, this method is limited to non-

exchangeable aliphatic protons.294 On the other hand, the RI-HSQC, and SERI-

HSQC (Figures 3B and C) pulse sequences can be applied on fully protonated 

samples with 100 % H2O, for studying labile amide protons. Interestingly, the 

loss of signal in the HSQC due to presaturation is higher for PLNAFA compared to 

PLNR14del. This indicates different NH-H2O exchange rates of cytoplasmic domain 
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in two different lipid systems. In fact, such experiments were used to study the 

exchange rates of globular proteins using solution NMR.295  

 Although current experiments were demonstrated using a regular MAS 

setup (without gradient and field lock channels) we anticipate a further gain in 

sensitivity and resolution with these technological advancements. In fact, double 

resonance (1H-13C) HR-MAS probes that are now routinely being used for 

metabolomics are equipped with gradient channels and deuterium spin-lock. 

While triple resonance HR-MAS probes could be promising for the detection of 

flexible domains or excited states of membrane proteins, they are limited to lower 

RF powers and MAS rates of 5 to 8 kHz.  

8.6 Conclusions 

In this study, we have shown that solid-state NMR is a unique method for 

probing ground and excited states of membrane proteins. Combination of CP and 

INEPT-based experiments were used to demonstrate the relative affinity of T and 

R states of PLN samples reconstituted in hydrated proteoliposomes. 1H detected 

HSQC type experiments can be used under moderate MAS rates for mapping 

the excited states of membrane proteins or mobile residues of membrane 

proteins in fully hydrated lipid bilayers. These methods are demonstrated on PLN 

variants reconstituted in proteoliposomes, using commercial ssNMR probes 

without pulsed field gradients. Efficient water suppression was achieved by using 

RI-HSQC and detecting the amide protons with an average sensitivity 

enhancement of up to 10 times in comparison to 15N detection. Incorporation of a 

sensitivity-enhanced element in the pulse sequence further enhances the 

sensitivity up to 40% using SERI-HSQC. Presaturation of water resonances in 

the HSQC pulse sequence leads to amide proton signal loss due to water 

exchange. In fact, the comparison of HSQC and RI-HSQC spectral intensity can 

be used for understanding water-protein interactions. Although these methods 

were demonstrated for 2D 15N-1H correlation experiments, it provides a basis for 
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the development of 3D sequential correlation experiments for membrane 

proteins. 
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9 Summary and Future Outlook 

9.1 Summary of dissertation 

This dissertation work was born from a desire to study two proteins 

involved with heart disease and determine a way to modify their interactions to 

promote a healthy phenotype. The SERCA-PLN complex has been previously 

identified as a promising protein-protein interaction to study and many structural 

and functional studies have been performed by various laboratories. This 

complex has been heavily targeted by scientists studying heart function for both 

functional, mechanistic determination as well as therapeutic development. A 

serendipitous discovery in our laboratory that random sequence, single-stranded 

DNA bound PLN with low nanomolar dissociation constants (Kd ~3 nM) before I 

began this dissertation work was the spark that fueled the experiments described 

here. This unique interaction spurred us onto wanting to know the mechanistic 

details of this interaction, and not only if there were any functional effects on 

SERCA, but also if there was any naturally occurring, biological interaction that 

was present and mimicked this interaction in vivo.  

Some of the questions we asked throughout this process have been 

answered through our studies and include: What are the structural interactions 

between ssDNA and PLN? What modifications can be made to the ssDNA to 

determine why this interaction is so strong and also provide more therapeutically 

relevant scaffolds? What functional effects are imposed on SERCA and what 

consequences do these have for whole heart function?  

In chapter 1, a general overview of the heart and the complexities required 

to obtain proper function were explained. A delicate balance between all of the 

calcium handling proteins exists to obtain a healthy phenotype. SERCA, PLN, 

their structures, biological function, and their interactions were described. 

SERCA is the primary calcium removal pump in human hearts and is responsible 

for ~70% of calcium removal from the cytosol after contraction has occurred.5 
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PLN can exist as either a monomer or pentamer in the membrane and the 

monomeric units interact with SERCA to decrease the apparent calcium affinity. 

The tightly regulated physiological equilibrium between SERCA and PLN is 

essential for their proper function. Phosphorylation was recently found to push 

the PLN conformational equilibrium towards a non-inhibitory B-state, which is 

bound to SERCA.40 Additionally, current therapeutic efforts targeting the SERCA-

PLN complex were described as well as the essential techniques that were used 

throughout the dissertation were described.  

Chapters 2 and 3 dove into the chemical interactions between single-

stranded DNA or DNA analogs with PLN and the biochemical, functional effects 

these had on SERCA activity. In chapter 2, ssDNA was determined to bind PLN 

with nanomolar dissociation constants. The mechanism of binding was 

determined to be primarily through electrostatic interactions with positively 

charged amino acids in the cytoplasmic domain of PLN and the negatively 

charged DNA backbone. However, when in complex with SERCA, PLN does not 

dissociate and adopts state termed the D-state, or DNA-bound state, which 

mimics the non-inhibitory B-state. In addition, in-cell FRET assays proved that 

this interaction can occur in vivo and that random sequence ssDNA targets both 

SERCA-bound PLN as well as the PLN pentamer in the membrane. This has 

lead us to believe that the mechanism of action is likely two-fold: a 

conformational stabilization of the non-inhibitory D-state when in complex with 

SERCA as well as stabilizing the pentamer so that fewer PLN monomers bind 

SERCA.   

Chapter 3 examined several DNA analogs, each containing different 

functional groups that may help explain the high affinity interactions between 

PLN and DNA. We found that all analogs containing negatively charged 

backbones bound PLN tightly while analogs with wild-type DNA bases and 

neutral backbones, did not bind PLN. Interestingly however, the 

phosphorothioate modified DNA (PT-DNA) molecule relieved PLN-mediated 
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SERCA inhibition to a greater extent than other molecules. PT-DNA was more 

closely examined in chapter 4. In addition, we found two miRNAs, miR-1 and 

miR-21, both bound PLN and were able to relieve inhibition of SERCA. miR-1 is 

highly expressed in cardiomyocytes and miR-21 is highly expressed in 

cardiomyopathies. While this might not be the primary function of these miRNAs, 

this suggests it is likely that in vivo these miRNAs would interact with the 

SERCA-PLN complex. 

In chapter 4, we investigated the effects of many different lengths of PT-

DNA on the SERCA-PLN complex. The 5mer of PT-DNA is much more effective 

at relieving inhibition than a comparable length of ssDNA or RNA. This was 

exciting to us since typically the smaller the molecule, the better scaffold it is for 

developing a therapeutic. Smaller molecules typically can cross a cell membrane 

more easily and can be synthesized more easily. Chapter 5 explains our initial 

foray into iPSCs and differentiating cardiomyocytes from iPSCs. iPSCs are an 

early-stage ideal model system since they are self-renewing and relatively cheap 

compared to an animal model. Additionally, the quantity of cardiomyocytes that 

can be obtained can be scaled for the desired experiment easily. We found 

promising preliminary results with PT-DNA and commercially available 

cardiomyocytes. Our work continues as we optimize the differentiation in our 

laboratory and transfer to sensor plates for in depth analysis with the 

CardioExcyte96 system.  

Chapter 6 was a collaborative effort with the Metzger laboratory with 

different cardiac proteins that may also be targets for single-stranded DNA in 

vivo, including troponin, myosin, and actin. We found that while both ssDNA and 

double-stranded DNA bound troponin and myosin under low salt conditions, this 

interaction was abolished in more physiological buffers containing correct 

concentrations of salt. This indicated that the primary interaction in vivo was likely 

through PLN.  
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Chapter 7 examines the structural and functional effects of the R14del 

PLN mutant on the SERCA-PLN complex. R14del is a mutation associated with 

dilated cardiomyopathy and the structural impacts from this mutation were 

known. We found that R14del monomers are more mobile than wild-type PLN in 

the membrane. We also observed that R14del is a partial loss-of-function mutant; 

R14del is unable to inhibit SERCA to the same extent as wild-type PLN.  

Furthermore, since R14del removes an essential residue in the PKA recognition 

sequence for phosphorylation, it is unlikely that it would be phosphorylated. 

However, we found that even if R14del is able to be phosphorylated, this will not 

relieve inhibition of SERCA. R14del is likely associated with heart disease due to 

these factors. We will be investing the effects of XNAs on R14del in the future. 

Chapter 8 was a collaborative effort with the MN-NMR center to develop 

techniques that provide structural information on the different PLN mutants. 

9.2 Future outlook 

While the discovery of the interaction between single-stranded 

oligonucleotides and PLN is unique and has exciting therapeutic prospects, there 

are many questions and experiments that remain within this project.  First, iPSC 

derived cardiomyocytes should be treated with different XNAs to determine the 

cellular effect of XNAs. While preliminary work was done with XNAs and 

cardiomyocytes in chapter 5, full experiments should be run with different cell 

permeabilizing reagents, different concentrations of XNAs, and different lengths. 

These experiments will help determine if this effect remains in vivo and what 

conditions are necessary to achieve a therapeutic effect.  

Additionally, it will be important to perform binding and functional 

experiments with relevant PLN mutants that have been implicated in disease to 

determine is XNAs will still bind these mutants. The Stanford Biobank creates 

iPSC lines from many different diseases. If they have a PLN mutant donor, an 
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iPSC line could be created and the effects of XNAs on this phenotype could be 

examined in differentiated cardiomyocytes.   

XNAs are not ideal therapeutics, therefore another logical route would be 

collaboration with a drug development group to design other possible 

therapeutics based on an XNA scaffold. These could then be tested functionally 

with in vitro and in vivo systems. Many avenues remain to be explored with this 

project. The ultimate goal remains: understanding the mechanistic details of the 

SERCA-PLN interaction to create a therapeutic that could be used to treat 

cardiomyopathies. This dissertation has made strides towards this goal and 

provided essential groundwork for this goal to be realized in the future.  
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11 Appendix I 

11.1 SOP for iPS Cell Culture and Cardiomyocyte Differentiation 

Adapted from: Burridge et. al 2014 paper,188 

http://med.stanford.edu/content/dam/sm/scvibiobank/documents/Stanford%20CV

I_SOP%20for%20iPSC%20culturing.pdf and 

http://med.stanford.edu/content/dam/sm/scvibiobank/documents/Stanford%20CV

I_SOP%20for%20Cardiomyocyte%20Thawing%20and%20Culture.pdf  

If links are no longer active, this was adapted from Stanford’s Biobank 

procedures.  

11.1.1 Chemicals and catalog numbers: 

  

¶ Essential 8 (Life Technologies, A1517001) 

¶ RPMI 1640 – plus glucose (Life Technologies, 11875) 

¶ RPMI 1640 – minus glucose (Life Technologies, 11879-020)  

¶ rhAlbumin (Sigma Aldrich, A0237) 

¶ L-ascorbic acid 2-phosphate (Sigma Aldrich, A8960) 

¶ Sodium DL-lactate solution (Sigma Aldrich, L4263) 

¶ CHIR99021 (LC Laboratories, C-6556) 

¶ Accutase (Sigma, A6964)  

¶ Wnt-C59 (Selleck Chemicals, S7037) 

¶ 0.5 M EDTA ultra pure (Life Technologies, 15575-020) 

¶ DPBS, no calcium, no magnesium (Life Technologies, 14190-144) 

¶ Y-27632 inhibitor (Stem Cell Technologies, 129830-38-2) 

¶ 6-well plate – tissue culture treated (Corning, 3516) 

¶ Matrigel (Corning, 354230) 

¶ DMEM F12 (Life Technologies, 10565-042) 

¶ Bambanker (Lymphotec Inc., 302-14681) 

http://med.stanford.edu/content/dam/sm/scvibiobank/documents/Stanford%20CVI_SOP%20for%20iPSC%20culturing.pdf
http://med.stanford.edu/content/dam/sm/scvibiobank/documents/Stanford%20CVI_SOP%20for%20iPSC%20culturing.pdf
http://med.stanford.edu/content/dam/sm/scvibiobank/documents/Stanford%20CVI_SOP%20for%20Cardiomyocyte%20Thawing%20and%20Culture.pdf
http://med.stanford.edu/content/dam/sm/scvibiobank/documents/Stanford%20CVI_SOP%20for%20Cardiomyocyte%20Thawing%20and%20Culture.pdf
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¶ CoolCell®  

¶ Isopropyl alcohol  

11.1.2 iPSC culture 

1) Pre-thaw: prepare a 6 well plate with 1:200 Matrigel coating. 

2) Thaw Matrigel and dilute at 1:200 with F12-DMEM. 

3) Add 2 mL diluted Matrigel in DMEM to each well that will contain cells. 

4) Let solidify at 37°C for at least 30 minutes. 

5) Pre-warm the appropriate volume of Essential 8 media to room 

temperature before using.  

a. Note: do NOT warm in 37°C water bath. Repeated warming and 

cooling of FGF in the Essential 8 will decrease activity. 

6) Prep the biosafety hood by spraying down with 70% ethanol and 

aliquoting Essential 8 media into two 15 mL falcon tubes. 

a. Tube 1 should contain 6 mL Essential 8 media.  

b. Tube 2 should contain 2 mL Essential 8 media with Y-27632 

inhibitor. 

7) Thaw 1 vial of cryopreserved iPSCs in a 37°C water bath until only a small 

ice crystal remains.   

8) Transfer the vial to a biosafety hood ensuring that the vial is wiped down 

with 70% ethanol. 

9) Pipet up cells from cryo vial and add dropwise to the 6 mL of Essential 8 

media in the 15 mL falcon tube. 

10) Spin down cells in a table-top centrifuge at 200xg for 5 minutes at room 

temperature.  

11) Remove cells from centrifuge and aspirate liquid. 

12) Add 1 mL of Essential 8 from tube 2 to cell pellet to resuspend.  

13) Remove media from 6-well plate. 

14) Add remaining 1mL of media from tube 2 to one well of the 6-well plate. 
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15) Add resuspended cells to the well of the 6-well plate containing media. 

Swirl to evenly distribute cells. 

16) Place plate back into the 37°C incubator and do not move until media 

change the following day. Replace spent media once every 24 hours. 

Culture with 5% CO2 and full humidity. 

11.1.3 Media change: 

1) Pre-warm the appropriate volume of Essential 8 media to room 

temperature before using.  

a. Note: do NOT warm in 37°C water bath. Repeated warming and 

cooling of FGF in the Essential 8 will decrease activity. 

2) Remove spent media by tilting 6-well plate towards you and pipetting up 

media using and auto-pipet.  

3) Replace media with fresh Essential 8 (2 mL per well). 

4) Place cells back in incubator and disinfect spent media with 10% bleach 

for at least 30 minutes. Place used pipets in biohazard waste for autoclave 

sterilization.  

11.1.4 Cell splitting 

1) Preparation: prep 6-well plate by coating appropriate number of wells with 

diluted Matrigel according to iPSC culture section steps 1-4. 

2) Prepare enough Essential 8 media plus Y-27632 inhibitor for each well to 

have 2 mL of media. 

3) To split cells at ~85% confluency, remove spent media and rinse each well 

to be split with 1mL PBS (no calcium, no magnesium). 

4) Add 1mL 0.5 mM EDTA in PBS and place plate in 37°C incubator for ~5-

10 minutes. Monitor colonies and remove PBS/EDTA when colonies start 

to curl up at the edges. 

5) To split, remove PBS-EDTA and add 1 mL of Essential 8 plus inhibitor. 

Rinse well with media until all cells are collected. 
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6) Dilute 1 mL of cells into the rest of the Essential 8 media. 

7) Swirl to mix cells evenly in media. 

8) Remove media from all wells of 6-well plate. Add 2 mL Essential 8 plus 

cell mixture to each well and swirl to distribute evenly.  

9) Place back in 37°C incubator and culture as normal. Replace spent media 

after ~24 hours.  

11.1.5 Cell cryopreservation 

1) To cryopreserve cells, grow to ~90% confluency.  

2) Remove media from well.  

3) Add 2 mL of 0.5 mM EDTA in PBS and let sit for at least 10 minutes.  

4) Remove aspirate solution and blast cells with 1 mL of Bambanker. 

5) Continue to pipet up solution and blast against well wall until all cells are 

removed from well. 

6) Aspirate solution from well and into a 1.5 mL cryo vial.  

7) Tightly seal and label the vial with date, initials, passage number and cell 

type. 

8) Place cryo vial in CoolCell® container.  

9) Ensure that CoolCell® contains proper amount of isopropyl alcohol and 

leave in -80°C freezer overnight so that vial will slowly cool to correct 

temperature. 

10) The next morning, remove vial from CoolCell® and immediately transfer 

for liquid nitrogen vapor phase for extended storage. 

11.1.6 Cell differentiation 

1) When cells have reached ~100% confluency, differentiation can 

commence. 

2) Prepare chemically defined media 3 (CDM3): RPMI 1640, 500 µg/mL 

rhAlbumin, 213 µg/mL L-ascorbic acid 2-phosphate.   
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a. Stock solutions for both rhAlbumin and L-ascorbic acid 2-phosphate 

should be made with deionized water and solutions should be 

sterilized before use.  

3) After beginning differentiation, media should be changed every other day. 

4) For day 0-2, CDM3 plus 6 µM CHIR99021is used for growth. (CHIR99021 

should be dissolved in DMSO and stored at -20°C). (CHIR99021 

specifically inhibits glycogen synthase kinase-3β). 

5) For day 2-4, CDM3 plus 2 µM Wnt-C59 is used for growth. Exchange 

media exactly as for normal growth, but wash with 1 mL PBS between 

media exchanges containing different inhibitors. (Wnt-C59 is a PORCN 

inhibitor for Wnt3A-mediated activation of a multimerized TCF-binding site 

driving luciferase). 

6) For day 4-10, CDM3 with no additives is used for growth. Exchange media 

completely every other day. 

a. Day 7 beating cardiomyocytes should be observed. 

7) For day 10-20, modified CDM3 (CDM3 with no glucose, plus lactate) is 

used for metabolic selection of cardiomyocytes.  

a. CDM3 used for metabolic selection should be prepared with RPMI 

1640, no glucose (11879020), and sodium DL- lactate solution. 

8) After day 20 of selection, cells can either be cryopreserved with 10% 

DMSO in CMD3 or dissociated and re-plated for further use. 

9) To dissociate cells for use with the CardioExcyte, use Accutase which 

generates more single-cells than the EDTA method and will provide better 

sensor coverage.  

 


