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Abstract 
 
Unphosphorylated phospholamban (PLN) is the endogenous inhibitor of the 

sarco(endo)plasmic reticulum Ca2+ ATPase (SERCA), the enzyme that regulates cardiac 

muscle relaxation in humans. In its phosphorylated state, PLN (pS16-PLN, pT17-PLN, 

and pS16pT17-PLN) does not inhibit SERCA. Dysfunctions in SERCA:PLN interactions 

and in the PLN phosphorylation mechanism have been implicated in cardiac disease and 

targeting PLN is becoming a viable avenue for treating heart disease. Specifically, 

innovative genetic treatments using recombinant adeno-associated virus (rAAV) with 

S16E-PLN, a pseudo-phosphorylated form of PLN, have shown a remarkable efficacy in 

reducing the progression of cardiac failure in both small and large animals.  The 

following thesis summarizes efforts to rationally design PLN mutants to tune SERCA 

function.  Using a combination of NMR spectroscopy and biochemical assays, we have 

built a structure-dynamics-function correlation that shows PLN can be tuned to augment 

SERCA function by acting on the conformational coupling between the cytoplasmic and 

transmembrane domain and by pseudo-phosphorylation.  Additionally, to better 

understand the role of mutation in PLN:SERCA interactions, we also investigated a 

mutant of PLN (R9C) known to be linked to hereditary dilated cardiomyopathy, showing 

that the mutation disrupts the pentamer-monomer equilibrium, and that these effects are 

exacerbated under oxidizing conditions.  Insights to these issues will provide better 

paradigms with which to design therapeutic mutants of PLN for treatment of heart failure. 
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Chapter 1 

Background and Significance 

Preface 

1.1 STRUCTURAL BIOLOGY OF MEMBRANE PROTEINS 

Membrane proteins associate with biomembranes (1).  The two main classes of membrane 

proteins are peripheral membrane proteins, those which are associated with the phospholipid 

bilayer, and integral membrane proteins, which have components thoroughly embedded in the 

bilayer.  Although constituting 30% of the eukaryotic and prokaryotic genomes and 60% of drug 

targets, only ~1,000 of the over greater than 60,000 deposited structures in the PDB (Protein 

Data Bank) are classified as membrane proteins, and about 300 of those structures are unique 

membrane proteins or peptides.  Despite the relatively small number of structures, membrane 

proteins are crucial to physiological function via cell signaling across lipid membranes, ion 

transport, and pore-channel formation(1) .  Membrane proteins are also a major target for the 

pharmaceutical industry due to their critical roles in signal transduction and disease, so their 

structure determination has become a major scientific pursuit. 

Membrane protein structure elucidation is an intriguing problem for scientists due to the 

challenges they present which stems mostly from their high level of hydrophobicity.  Generally, 

for a protein to be amenable to structural studies, it needs to be soluble at high concentrations, 

monodisperse, conformationally homogeneous, and stable for time periods that allow for 

experimental measurements.  These conditions are difficult to achieve for membrane proteins, 

particularly channels which are large in molecular weight (2).  Sample preparation for membrane 

proteins is also complicated by the necessity of lipids or detergents to keep them soluble, a 
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difficulty for the conventional methods of x-ray crystallography and solution-state NMR (nuclear 

magnetic resonance) spectroscopy.  High-resolution crystals for x-ray studies are very difficult to 

grow in the presences of lipids and detergents (3).  Moreover, lipids and detergents decrease 

molecular tumbling in solution, which results in broad signals that are difficult to detect by NMR 

(2).   

Advances in methodologies in the past two decades have made studying membrane proteins 

an exciting horizon in structural biology.  The use of detergent micelles, novel lipid preparations, 

advances in hardware and pulse sequences, especially in the field of solid-state NMR, all make 

NMR spectroscopy amenable to tackle this difficult problem.  Advances combining solution and 

solid state NMR spectroscopy are addressing these issues (4, 5, 6). 

1.2 RELATIONSHIP BETWEEN STRUCTURAL DYNAMICS AND PROTEIN 

FUNCTION 

The scope of structural biology is to investigate the relationship of protein structure to its 

function, and dynamics play a significant role in this scheme (7).  Proteins are not static 

constructions, but rather very dynamic molecules that “undergo conformational changes while 

performing their specific functions, such as an enzyme reaction or ligand binding” (8).  Local 

flexibility within a protein can be altered upon binding and promote changes in conformation and 

lead to allostery (8).  Considering that the crux of most biological activity lies in intermolecular 

interactions, molecular motions are the means by which nature navigates protein function (9).  

Therefore, by understanding the structure and dynamics of a protein, it is possible to control its 

function by modifying the structural dynamics.  

NMR is an elegant tool to study protein dynamics due to its ability to probe motions at 

various timescales (Fig 1.1) (10). Fluctuations in chemical bond vectors induce relaxation which 

affects the observable NMR signal, and give us detailed information about molecular motions.  

Fast protein dynamics (on the ps-ns timescale) are conventionally characterized by the order 

parameter, S2, while slow protein dynamics (on the µs-ms timescale) are typically determined by 

R1ρ or Carr-Purcell-Meiboom-Gill (CPMG) type experiments (Fig 1.1) (10).  Although 

chemical processes and protein interactions generally undergo changes on the slow timescale, 

fast dynamics often underlie these slower molecular motions (11). 

Chapter 4 and 5 of this thesis aims to correlate the contribution of structural dynamics of 

mutants of a membrane protein inhibitor, phospholamban, to the function of its enzymatic target, 

SR Ca2+-ATPase (SERCA).  As a result of understanding how the structure and dynamics of 
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phospholamban leads to SERCA’s function, the goal is to control the protein function of an 

enzyme by rationally altering the structural dynamics of its inhibitor.  This type of approach is a 

novel innovation for studying membrane-embedded ion channels and introduces a new paradigm 

to controlling enzyme function, through “tuning allosteric regulation.” 

1.3  MOLECULAR PROFILE TO CARDIAC RELAXATION:  SERCA & PHOSPHOLAMBAN 

The primary driving force of cardiac contraction is the cyclic transport of Ca2+ through the 

cytosol of cardiac muscle cells by membrane proteins (12).  The mechanism of contraction and 

relaxation by the cardiomyocyte is often referred as the “calcium induced calcium release” cycle.  

Contraction is initiated through extracellular Ca2+ transported into the cytosol through voltage-

dependent L-type calcium channels, which increases the intracellular Ca2+ concentration.  The 

increase in intracellular Ca2+ triggers the ryanodine receptors to begin releasing Ca2+ from its 

storehouse, the sarcoplasmic reticulum (SR).  The influx of free Ca2+ in the cytosol can bind to 

myofilament protein troponin C, and the mechanism of contraction begins.  For relaxation to 

occur, troponin C is phosphorylated and undergoes a conformational change in order release 

Ca2+.  After release from the myofilaments, Ca2+  is removed from the cytosol through the cell 

membrane by the sarcolemmal Na+/Ca2+ exchanger and the sarcolemmal Ca2+-ATPase, however 

the bulk (70%) of this Ca2+ is channeled back into the SR by the sarco(endo)plasmic reticulum 

Ca2+-ATPase (SERCA) (12). 

SERCA is a 110 kDa membrane-imbedded enzyme composed of a nucleotide binding 

domain, a phosphorylation domain, an actuator domain, and a transmembrane domain comprised 

of 10 transmembrane helices which serves as the calcium channel (Fig 1.2).  SERCA is driven by 

ATP hydrolysis, transporting 2 Ca2+ ions for every ATP molecule converted to ADP.  SERCA is 

mediated by two endogenous transmembrane protein inhibitors:  phospholamban (PLN) (13), 

which is 52 amino acids in length, and sarcolipin (SLN) which is 31 amino acids in length (Fig 

1.3) (14).  While SLN is mostly expressed in skeletal muscle, PLN is located in cardiac 

myocytes.  SLN and the transmembrane domain of PLN share much sequential and structural 

homology (15).  PLN’s inhibitory power is dictated by its phosphorylation state.  PLN has two 

primary phosphorylation sites: serine 16, by cAMP-dependent protein kinase A (PKA), and 

threonine 17, by calmodulin/Ca2+-dependent protein kinase II (CamKII) (16).   SLN is predicted 

to have a CamKII phosphorylation site at threonine 5 (17).  The mechanism for phosphorylation 

is stimulated by the β-adrenergic cascade, which leads to increased contractility of cardiac 

myocytes, and physiologically activates cardiac contraction and relaxation rates by relieving 
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PLN inhibition of SERCA.  Phosphorylation of PLN at Ser 16 leads to several structural and 

dynamic transitions, which will be further elaborated in Chapter 2 and 3. 

SERCA is regulated by PLN and SLN by an allosteric mechanism involving the transition 

between energetic states.   PLN is stored in a pentameric reservoir, and the active monomer de-

oligomerizes to bind and inhibit SERCA (18, 19).  The PLN monomer exchanges between four 

different conformational states (20, 21, 22) with the most stable ground (T) state arranged in an 

L-shaped topology (5) with the amphipathic domain Ia helix absorbed on the surface of the 

bilayer, and the most excited R-state membrane detached and unfolded (20, 23).  The excited R-

state has been shown to be the state preferably selected both by SERCA and PKA (23, 24).  

Additionally, promotion of the R-state is able to tune SERCA function (20, 23, 25).    

Cardiac disease and heart failure are the leading cause of mortality and morbidity in 

developed nations (26), with the last treatment for cardiomyopathy-related heart failure available 

being heart transplantation.  The intracellular handling of Ca2+ is a major component of proper 

muscle contraction and relaxation, so dysfunctions in SERCA and PLN interactions in particular 

have been implicated as having a role in cardiac disease (27).  Naturally occurring mutations in 

PLN which have been discovered and found to be related to familial forms of cardiomyopathy 

include: R9C (28), R9L and R9H (29), R14del (30), and L39stop (31).  

The pathway to innovating genetic treatments to dysfunctions of PLN:SERCA interactions 

has recently become a new interest in the field, particularly since the success of S16E, a pseudo-

phosphorylated form of PLN which was introduced to mice with a cardiomyopathy phenotype 

via recombinant adeno-associated virus gene therapy, effectively reduced the progression of the 

cardiac failure (32).  This approach has recently been introduced into large animal models with 

success (33).  The work on mutations of PLN performed by MacLennan’s group offered 

invaluable insight to functionally relevant areas of PLN and identified residues crucial to PLN’s 

inhibitory power(34), but the mutation studies often did not identify the contribution of structural 

dynamics or binding surface to the functional effect of the mutation.  There have also been 

attempts at rationally designing inhibitors to SERCA based on mutation data collected over the 

past 15 years, however results from these studies have not yielded very promising targets for 

development into animal models (35).   

To date, the Protein Data Bank yields 11 structures of PLN.  The genesis of PLN structures 

spans from early structures that only included single domains solved in organic solvents (36) to 

structures of the entire PLN pentamer in detergent and lipid preparations (6, 37).  The quality and 

physiological relevance for the structures of PLN has advanced and has now opened up to an era 
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where we can begin to image the SERCA:PLN complex in native SR lipid preparations.  Much 

of our new structural developments have been due to biophysical characterization of the 

SERCA:PLN complex (38, 39, 40) and the hybrid solution and solid-state NMR structure 

determination method pioneered by the Veglia Lab (4, 5, 6). These types of studies (41) have 

made immense contributions to our understanding of PLN in its different inhibitory states, and in 

the absence and in the presence of SERCA.   Further advances in solid-state and solution-state 

NMR technologies continue, and will facilitate the search for answers to the structure and 

function of PLN.  In this respect, the current state of the field will be reviewed in Chapters 2 and 

3. 

1.4 REVEALING MEMBRANE PROTEIN STRUCTURE, DYNAMICS, AND PROTEIN-

PROTEIN INTERACTIONS BY NUCLEAR MAGNETIC RESONANCE 

SPECTROSCOPY 

Membrane proteins provide a significant challenge to structural biologists for a number of 

reasons.  Primarily, sample preparation makes it difficult to crystallize membrane proteins, and 

the significance of topology for membrane protein function leads to many solution methods, 

which measure an average structure tumbling isotropically in solution, making it difficult to 

analyze in the context of protein function.  Much information can still be garnered from solution 

state NMR techniques, such as structure determination, elucidation of structural dynamics, and 

most intriguingly, the ability to probe protein-protein interactions at atomic resolution.  Paired 

with other techniques which give us information regarding the function of the protein, NMR 

becomes an extremely powerful tool for protein science. 

In Chapter 4 and Chapter 6, several single-residue and multi-residue mutants of PLN were 

studied by NMR to determine secondary structural elements through Hα chemical shifts, probe 

fast backbone dynamics by heteronuclear NOE experiments, and characterize the protein-protein 

interactions between PLN and SERCA. 

1.4.1 Chemical Shift Index as a Secondary Structure Probe 

The chemical shift has long been recognized as a sensitive measure of electronic 

environment, and thus molecular conformation and composition (42, 43).  The chemical shift 

index (CSI) is a useful measure to determine secondary structural elements of proteins (44).  

Empirically, the chemical shift can be described as 
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   νi(Hz) = γ B0 (1-σi)/2π   [1] 

 

where σi is the shielding constant, which is dependent on electronic structure.  The Hα CSI is 

taken as the difference of the Hα chemical shifts of the protein of interest and that of random coil 

values (45).  A pattern of upfield shifts is indicative of an alpha-helical secondary structure, 

while a downfield shift is indicative of a beta-sheet conformation.  Randomized upfield and 

downfield shifts are representative of a random coil.  The Hα CSI is a particularly good probe of 

conformation since it is less likely to be affected by experimental perturbations such pH and 

temperature.       

For these studies, a pair of three-dimensional experiments was used: a 15N-edited total 

correlation spectroscopy (15N TOCSY-HSQC), which measures through-bond correlations, and a 
15N-edited NOE spectroscopy (15N NOESY-HSQC), which measures through-space correlations 

(46, 47, 48, 49, 50, 51).  Hα chemical shifts were obtained by using these experiments to assign 

the 1H and 15N resonances for each PLN mutant.  Resonance assignments were then transferred 

to the two-dimensional 15N heteronuclear single-quantum correlation (HSQC) spectra (48) for 

each of the PLN species.  This pair of three-dimensional experiments was complementary.  

Although the TOCSY experiments are useful for side-chain and backbone chemical shift 

assignments and identification of the type of amino acid present in the spin system, they are 

highly sensitive to transverse relaxation (T2). This becomes an issue when dealing with 

membrane proteins embedded in large, slowly-tumbling, micelles (52).  However, 15N TOCSY-

HSQC experiments are useful in combination with NOESY experiments, which in addition to not 

being as sensitive to transverse relaxation also show inter-residue correlations.  While the 15N 

TOCSY-HSQC identifies the amino acid type of residue, the 15N NOESY-HSQC facilitates 

sequential resonance assignment, making it possible to fully assign the 15N HSQC fingerprints 

and Hα chemical shifts for the mutant PLN species studied (44, 53). 

The three-dimensional 15N TOCSY-HSQC pulse sequence used in these studies correlates 

the 1H-1H TOCSY plane with the 15N shifts to form a 1H-15N HSQC dimension (Fig 1.4).  The 

detection of TOCSY type correlations is achieved through a “spin lock” mixing period where the 

Hartmann-Hahn condition (54) is met.  During this mixing period, magnetization can be 

exchanged between the amide proton and those of the Hα and side-chain protons within the same 

spin-system.  The Hartmann-Hahn condition is described as 
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     γ1B1=γ2B2    [2] 

 

Where γ describes the gyromagnetic ratio and B is the local magnetic field (55).  This type of 

magnetization transfer is often referred to as homonuclear cross-polarization (56) (Fig 1.5).  A 

mixing time of 70 ms was found to be optimal to detect the cross-peak intensities of the aliphatic 

protons for the range of residues in the samples studied (52) (Fig 1.6).    

The 15N-edited 3D NOESY-HSQC pulse sequence (Fig 1.7) was utilized along with the 

TOCSY spectra by identifying residues in proximity with one another.  Typically these types of 

experiments are used for structure calculations since they measure through space dipole-dipole 

interactions and the mixing times (τM) are set to lengths of 150-200 ms to allow for the buildup 

of (i, i+4) NOEs crosspeaks.  However, considering the structure of PLN-AFA in DPC micelles 

was already determined in 2003 (57) and the main focus was not to use the correlations for 

structure determination, but rather to use the NOESY-HSQC to identify inter-residue 

correlations, the experiment was optimized to with a short τM (70 ms) in order to observe 

sequential NOEs.  However, through-space NOEs are still observed.  The resulting spectra are 

similar to that of the 15N TOCSY-HSQC, but with the added presence of i+1 NOEs to facilitate 

resonance assignment (Fig 1.9). 

1.4.2 Fast (ps-ns) Backbone Dynamics Elucidated by NOE Enhancement 

The Nuclear Overhauser Effect (NOE) (58) is extremely useful in protein structure 

determination and dynamics characterization for solution-state NMR.  In solution state NMR, the 

NOEs provide invaluable information of through-space distance constraints.  {1H}-15N steady-

state NOE enhancement can also be used as a measure of the fast internal motions on the ps-ns 

timescale.  The enhancement is an increase in the NMR signal due to a population inversion 

between the excited and ground states, and a result of the cross relaxation induced by the dipolar 

coupling of two spins in proximity to one another(59).   The NOE is dependent on the strength of 

the dipolar coupling between two nuclei.  The Hamiltonian for the dipolar coupling for two spin-

½ nuclei is described as 

 

      [3] 
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The angular dependence of the dipolar coupling is averaged to zero in the isotropic case, 

however the non-secular terms of the dipolar coupling are not angular dependent, and contribute 

to cross relaxation pathways, giving rise to the NOE (60).  It is also important to note that in 

solution, the isotropic tumbling averages the dipolar coupling so that the distance dependence 

becomes r-6 (60).  The phenomenon of the NOE enhancement is best described by the derivation 

of the Solomon Equations (61).  

When considering two spins, Iz and Sz, the energy level diagram can be described as in Fig 

1.10.  Six different transitions are possible for the spin pair, and their probabilities represented by 

the symbol W.  The single-quantum transitions are observed in NMR, in particular with the 

HSQC experiment.  The “forbidden” multiple quantum transitions (W2
IS and W0

IS) are 

responsible for the evolution of the NOE and are those which contribute to cross-relaxation. 

One can consider W as a representation of how effective the transition pathway is, thus, it 

should also be a measure of the population of the levels.  The net magnetization of each spin Iz 

and Sz can be given by summing the differences between the energy levels. 

 

    Iz=Nαα – Nβα + Nαβ - Nββ    [4] 

    Sz = Nαα + Nβα – Nαβ - Nββ    [5] 

 

Where Ni represents the population of spins in each energy state.  The rate of change over time 

for each spin is described as 

 

   dIz/dt = dNαα/dt – dNβα/dt + dNαβ/dt – dNββ/dt   [6] 

   dSz/dt = dNαα/dt + dNβαdt – dNαβ/dt - dNββ/dt   [7] 

 

The change in population for each level can be described using the W terms, much like a rate 

constant.  The change in Nαα will be used for the rest of the derivation. 

 

dNαα/dt = -W1
INαα - W2

ISNαα – W1
SNαα + W1

INβα + W1
SNαβ + W2

ISNββ + constant [8] 

 

If the state is in thermal equilibrium, then  

 

     dNαα/dt = 0,      [9] 
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And the expression can be simplified as 

 

(W1
I + W2

IS + W1
S)Nαα

0 + W1
INβα

0 + W1
SNαβ

0 + W2
ISNββ

0 = constant  [10] 

  

Where Ni
0
 indicates the population of spins at that energy state at equilibrium.  By 

substituting this expression in for the constant in Equation 8, and assigning the equilibrium 

population state i as Ni, and given ni = (Ni-Ni
0), 

 

 dNαα/dt = -(W1
I + W2

IS + W1
S) nαα + W1

I nβα + W1
S nαβ + W2

IS nββ.  [11] 

 

Similar expressions can be derived for dNαβ/dt, dNβα/dt, and dNββ/dt.  Substituting these 

expressions in for the original equation of dIz/dt, Equation 6, 

 

  dIz/dt = 2(nββ – nαα)(W1
I+W2

IS) + 2(nβα – nαβ)(W1
I + W0

IS).  [12] 

 

By taking the sum and difference of Iz and Sz, we can derive expressions for the population 

differences to substitute into the equation. 

  

    2(Nββ – Nαα) = - (Iz + Sz)    [13] 

    2(Nβα – Nαβ) = - ( Iz – Sz)    [14] 

    2(nββ – nαα) = - (Iz – Iz0 + Sz – Sz0)   [15] 

    2(nβα – nαβ) = - (Iz – Iz0) – Sz + Sz0)   [16] 

 

After substitution, dIz/dt simplifies as follows, 

 

dIz/dt = - (Iz – Iz0 + Sz – Sz0)(W1
I + W2

IS) – (Iz – Iz0 – Sz + Sz0)(W1
I + W0

IS) [17] 

dIz/dt = - (Iz – Iz0)(W0
IS+2W1

I+W2
IS) – (Sz – Sz0)(W2

IS-W0
IS)   [18] 

 

A similar expression can be derived for dSz/dt, and these constitute the Solomon expression 

for a two spin-1/2 system.  Experimentally, if we saturate the frequency of the Iz spins while 

allowing the system to reaches a steady-state equilibrium, we set the system so that 
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     dIz/dt = 0     [19] 

     Sz = 0      [20] 

 

As a result, the Solomon equations can then be simplified as 

 

  Iz – Iz0 / Sz0 = (W2
IS – W0

IS) / (W0
IS + 2W1

I + W2
IS).   [21] 

 

From this, an enhancement factor is then described as 

 

  fI{S} = Iz – Iz0/ Iz0        [22] 

 =(γS/γI) W2
IS- W0

IS / W0
IS + 2W1

I + W2
IS   [23] 

    = σIS / ρIS      [24] 

 

σIS  is the cross-relaxation rate constant, and the denominator, ρIS, is referred to as the dipolar 

longitudinal relaxation rate constant.  The enhancement factor fI{S} is also commonly referred to 

as η. 

NOE enhancement then becomes a probe for fast-dynamics because the fluctuations of 

nearby nuclei will contribute to this cross relaxation (59).  Much like a radio-frequency pulse, the 

fluctuating interaction of two nuclei within proximity of each other is capable of causing energy 

transitions between those spins and promoting an NOE enhancement, provided the fluctuating 

interaction is on resonance with the Larmor frequency and induces relaxation.  The enhancement 

is dependent on the rotational correlation time τc (Fig 1.11) (59).  However, in NOE 

enhancement experiments which are used to probe the mobility of the N-H bond vector, the 

distance r is safely assumed to be fixed, leading to the probing of only the local internal 

fluctuations.     

The {1H}-15N heteronuclear NOE experiment (Fig 1.12) works in an elegant fashion by 

taking advantage of this effect.  One NOE experiment is taken with a presaturation on 1H (hence 

an NOE enhancement) and one is taken without (Fig 1.13).  A ratio of the residue intensities 

between these two experiments yields a residue-by-residue measure of the fast backbone 

dynamics.  
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NOE intensities are dependent on the internuclear bond distance and the molecular motions 

of the vector which joins these nuclei (59).  Considering the N-H bond vectors in the peptide 

backbone, the distance is fixed, and the fluctuations of the vector are what will contribute to 

relaxation.  The internal motion can then be described using two parameters: the generalized 

order parameter, S2, and the correlation time for the internal motion, τe.  S2
  takes on values 

between 0 and 1, where a value of 1 indicates the NH group is completely rigid in respect to the 

framework of the rest of the molecule, and values less than one indicates a greater degree of 

angular variations caused by internal motion (8) (Fig 1.14).  An S2 value of 0 means that the 

movement of the N-H bond vector is completely isotropic and sampling all possible orientations 

relative to the rest of the molecule (59). 

The order parameter also affects the spectral density function (59).  The common definition 

for the spectral density function takes into account the overall isotropic motion of the molecule, 

τc, at a given rate. 

         [25] 

Considering the combination of the overall motion with the internal motion, 

 

     τcomb
-1 = (τc)-1 + (τe)-1    [26] 

 

The spectral density function becomes 

 

       [27] 

An important consequence of this dependence is that only internal motions faster than overall 

molecular tumbling can have an effect on relaxation.    Therefore, the measured enhancement is 

sensitive only to internal motions faster than overall tumbling.   

1.4.3 NMR Titrations for the Study of Protein-Protein Interactions 

As methodologies progress, NMR studies of protein structure have moved towards the 

characterization of protein complexes in addition to singular proteins (62).  By principle, proteins 

interact with other proteins and ligands in vivo to perform physiological tasks.  Techniques in 

NMR that study protein-protein interactions can be applied to protein complexes at a total 
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molecular weight of 60 kDa, and up to 1000 kDa (62).  NMR titrations offer a simple and elegant 

way to monitor residue specific changes in a protein upon the addition of a binding partner at an 

atomic resolution. 

The 15N HSQC titration experiment is useful for identifying key residues at the binding 

interface, measuring affinity, determining stoichiometry and specificity, and is also a valuable 

method for looking at the kinetics of the binding (62).  The gradient-enhanced 15N HSQC (Fig 

1.15) is typically used, although recent advances in pulse-sequence development allows for faster 

data acquisition (63).  The 15N HSQC correlates the amide proton to the nitrogen of the peptide 

backbone, and generates a “fingerprint” for the protein of interest.  Changes in the chemical 

shifts of residues, resonance intensity, and appearance of new resonances indicate structural and 

conformational changes in the protein induced by the presence of the binding partner, changes in 

electrostatics, hydrogen bonding, and other factors.  Changes in the chemical shift perturbation 

or resonance intensity can be used to measure a binding constant of complex formation (62).     

Chemical exchange will also give rise to additional resonance populations corresponding to 

different states of the protein during the titration.  Dynamic equilibria will modify peaks and 

cause chemical shifts to move in NMR spectra (55).  We will consider the case of either a 

molecule interconverting between two conformations or the binding of a ligand as two states, A 

and B, with an identical forward and reverse rate constant, k1 and k-1.  The exchange rate is 

defined as the sum of these two rates.  

          [28] 

If the two states A and B have distinct resonance frequencies, νA and νB, the interconversion 

between the two states can be categorized as slow, intermediate, or fast. These categories of 

chemical exchange are defined by the relationship of the exchange rate (kex) with the difference 

in the resonance frequencies, δν = νA-νB.   
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 If we then consider a situation where the populations of the states A and B are equal, then in 

the regime of slow exchange, two equally intense and narrow peaks will appear (Fig 1.16) since 

kex is much smaller than the difference in the resonance frequencies. 

As shown in Fig 1.16, as the exchange rate increases we observe a broadening of the two 

frequencies which becomes undetectable.  This broad resonance is a phenomenon that occurs at 

the in the intermediate regime of NMR.  If the exchange rate were to increase further, a gradual 

build up into a sharp resonance would occur at the mean frequency 

 

     ½ (νA+νB).     [29] 

 

which describes the fast regime.  

Thus as demonstrated in Fig 1.16 and discussed above, chemical exchange has a dramatic 

impact on the linewidths which are detected by NMR and much information can then be obtained 

about this phenomenon from the changes in linewidth.  The equation which describes the change 

in linewidth by slow exchange is 

     ∆ν = k / π     [30] 

Where ∆ν is defined as the change in linewidth at half maximum height (Fig 1.17).  As kex 

increases, the exchange rate increase, and the line becomes widened.  This phenomenon is also 

described as “lifetime broadening” and has some affiliation with the Heisenberg Uncertainty 

Principle (55, 64) (Fig 1.17).  As the rate of chemical exchange increases, the lifetime of each 

species is shorter, leading to more imprecision of the energy levels.  The “blurring” the 

measurement of the energy levels leads to line-broadening. 

  In the fast regime of chemical exchange, the expression for the change in linewidth is  

        [31] 

Where τ = 1/kex.  In order to see two separate frequencies, there would need to be an 

appreciable phase difference which would take a time  

     τ = ½ (δν)-1
.     [32] 

If the rate of exchange kex is much faster than the difference in the frequencies between the 

two sites, δν, the phase difference between them averages to zero, and the resonance observed 

appears at the mean frequency.  This effectively means that each spin spends on average half of 

the time in each site (55). 
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Intermediate exchange occurs when the two resonances just reach the point of merging into 

one broad line.  For this to occur,  

 

         [33] 

 

These perturbations can be analyzed by utilizing line-shape analysis (65).  Typically, if the 

protein of interest undergoes fast chemical exchange between two states, the trajectories of the 

resonances can yield information about binding events – a linear trajectory indicates two states in 

rapid exchange, while more complex trajectories indicate more than one state (62).  Slow 

exchange will result in the appearance of new resonance populations over the course of the 

titration, with the free state resonances disappearing with intensity as the resonances associated 

with the bound, or other states, appearing.  Binding constants can still be quantified by measuring 

the decrease of resonance intensities of the free state or increase of resonance intensities of the 

bound state as a function of addition of titrant, a technique explained more in detail in Chapter 4 

(62).  Intermediate exchange is the most difficult case to analyze since resonance frequencies 

lose definition and often line-broadening is so great the resonances are difficult to observe (66). 

The analysis of the different types of exchange is a crucial component of analyzing the effect 

of structural dynamics in the allosteric mechanism of SERCA inhibition in Chapter 4.  In the 

presence of SERCA, the different resonances of PLN undergo slow, intermediate, and fast 

exchange.  The transition of the more thermodynamically stable T-state to the more dynamic R-

state undergoes slow exchange, and line shape analysis was used to quantify the transitions and 

used to create a profile of the allosteric transitions for each PLN mutant studied.   

1.5 TREATMENT OF HEART FAILURE BY TARGETING SERCA:PLN 

INTERACTIONS 

Heart failure is the end-stage condition for a diverse collection of cardiovascular disorders, 

and is marked as a complex pathophysiological syndrome involving the circulatory, 

neurohormonal, and renal systems, in addition to other systems (67). In the conditions of heart 

failure, the amplitude and velocity of calcium cycling is depressed, and calcium homeostasis is 

disrupted (67, 68).  Current treatments for heart failure are either focused on blocking 

neurohormonal pathways (β-blockers), which improve survival, but do not halt progression, or 

√ 
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are mechanical approaches which are invasive to the patient (valve replacements, whole heart 

transplants) (67, 69, 70).  Thus, researchers are faced with the challenge of innovating new 

treatments to heart failure which directly address the underlying conditions.   

Targeting Ca2+ cycling to treat cardiomyopathies has been of special interest, either through 

targeting Ca2+ load and storage (calsequestrin, parvalbumin, HRC), release (ryanodine receptor 

stabilization), or uptake (increase SERCA2a expression, protein phosphatases I inhibitors, 

reducing PLN inhibition) (69, 71).  SERCA2a activity is depressed in failing hearts, making it a 

therapeutic target (72).  Improving SERCA2a expression and activity has shown to be a 

promising avenue. SERCA2a delivered via rAAV-mediated gene therapy has been shown to 

improve patient mortality and morbidity in end-stage heart failure, and under the commercial 

name MYDICAR, has completed Phase II clinical trials (73).  However, the size of SERCA2a is 

close to the size limitation of rAAV vector delivery, and targeting other smaller proteins that can 

enhance SERCA activity is a promising direction.  Work by Chien and coworkers has previously 

demonstrated that delivery of a pseudophosphorylated PLN (S16E) effectively reversed heart 

failure parameters in both small and large animals under different models of heart failure (32, 33, 

74).  Although constitutively activating SERCA at first glance would seem to be a molecular 

solution to improving Ca2+ cycling, SERCA regulation is a complex phenomenon which needs to 

be finely regulated in response to various pathophysiological conditions.  Hence, SERCA activity 

needs to stay within a “physiological window,” (75) and design of therapies or small molecules 

to affect SERCA function should aim to finely tune its activity rather than constitutively activate 

the enzyme.  One way to accomplish this is design of PLN mutations which are able to inhibit 

SERCA to varying degrees. 

 Numerous mutagenesis studies of PLN have been carried out by the MacLennan and 

Jones Groups which have offered invaluable insight to functionally relevant areas of PLN and 

they identified residues crucial to PLN’s inhibitory ability (34) (Fig 1.18).  What is clear from 

the data is that the transmembrane domain is Janus-faced, with one side of the helix primarily 

involved in oligomerization and the other side binding to SERCA (Fig 1.18A, B).  Mutations in 

domain Ib and the domain II result in either gain-of-function (GOF) mutations when disrupting 

sites which are involved in oligomerization (top panel, Fig 1.18B), or loss of function (LOF) 

mutations when disrupting sites involved in binding to SERCA (Fig 1.18C).  The overview of 

the results of the mutagenesis studies shows also that domain Ia and the loop are the optimum 

targets for designing loss-of-function (LOF) mutants, with the majority of LOF mutation sites on 

the face of the amphipathic cytoplasmic helix facing the membrane.  From these mutation 
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studies, it is also clear that mutation of any of the Arg residues in PLN lead to disruption in 

optimum inhibitory ability of PLN, indicating their functional relevance in PLN:SERCA 

interactions and proper calcium cycling.  What we can garner from these studies and other 

mutation studies (25, 76) is there exists a paradigm of conditions to consider when designing 

mutations of PLN for gene therapy: structural dynamics, ability to be phosphorylated, 

interactions with the membrane bilayer, oligomerization state, and interactions with SERCA and 

other proteins.  Although PLNs sequence is short and it serves mostly as an inhibitor to a much 

larger enzyme, this makes PLNs function complex despite its compact nature, rendering each of 

its residues a target to manipulate its characteristics.  

1.6 ORGANIZATION OF THE THESIS 

Under the direction of my advisor, Dr. Gianluigi Veglia, I have worked along with other 

colleagues in several different angles to address how mutation of phospholamban affects its 

structural dynamics and interactions with its binding partners, and whether acting on the 

structural dynamics by mutation is a viable pathway to tuning SERCA function.  We sought to 

use “rational design” approaches, basing the types of mutations on the structure and dynamics of 

PLN in its various states (reviewed in Chapter 2 and 3).  The groundwork for these studies is 

found in Chapter 4, where we established a correlation between the structure, dynamics, and 

binding of PLN mutants to the level of SERCA inhibition.  The study also resulted in a PLN 

mutant that is a promising gene therapy candidate, P21G AFA-PLN, for performing more 

rigorous animal screening. Initial in vivo studies of this mutant, done in collaboration with the lab 

of Dr. Roger Hajjar of Mt. Sinai Medical School, show promising results (Fig 1.19).  What 

makes this mutant remarkable is that its design is based on structural dynamics and it 

demonstrates physiological efficacy. 

Chapters 5 and 6 of this thesis aims to further develop the principles we use to rationally 

design gene therapy candidates and to innovate other PLN species based on the structure and 

dynamics of the SERCA:PLN complex.  Several angles are used to address how to rationally 

design of these PLN mutants.  I was interested in elucidating the mechanism by which known 

hereditary mutations of PLN led to dilated cardiomyopathy.  Understanding how these mutations 

may lead to the manifestation of heart failure would offer insight to how to better design 

therapeutic mutants.  The best known of these mutants, R9C, was hypothesized to have impaired 

phopshorylation by protein kinase A (PKA) (28).  We observed that while phosphorylation of 

R9C by PKA was impaired in the wild-type pentameric assembly, phosphorylation was not 
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impaired in the monomeric form.  We concluded that the Arg-Cys mutation did not directly 

impair PLN:PKA interactions, but rather altered the pentamer-monomer equilibrium, and that 

this effect was exacerbated under oxidative conditions.  These results are summarized in Chapter 

5. 

We investigated the role of inter-domain communication in PLN, and to explore this domain 

of PLN, we looked at several glycine loop mutations and their effect on PLN structural dynamics 

and ability to inhibit SERCA.  The findings show that insertion of a single glycine mutation 

within the loop domain confers varying degrees of SERCA inhibition.  Additionally, systematic 

insertion of a double glycine mutation within the loop results in increasing the LOF character, 

while insertion of a triple glycine mutation renders a mutant that is fully inhibitory compared to 

the wild-type PLN.  Correlated with the structure and the dynamics data, we found that as the 

dynamics of the loop increases, this uncouples the two helical domains of PLN, eventually 

crossing a threshold in the dynamics set by the phosphorylated form and resulting in a species 

that acts as the inhibitory transmembrane domain alone.  The results of this study are in press for 

publication in the Journal of Muscle Research and Cell Motility and are summarized in Chapter 

6. 

By controlling the function of an enzyme by acting on the structural dynamic of its binding 

partner, the results of the research in this thesis aim to move from understanding the interplay of 

structural dynamics to controlling physiology at a molecular level.  Thus, the overall goal of this 

thesis is to integrate structural biology and biophysics with physiology, and attempt to 

manipulate the physiological system at the molecular level using information garnered from 

physical data, a rationale which could be translated to similar systems where an enzyme is 

functionally regulated by a smaller protein or subunit.   

Chapters 2-6 of this thesis consist of reprints with permission from the publisher of the 

following peer-reviewed articles: 

 

Chapter 2: Background of SERCA regulation by phospholamban and sarcolipin.   

Reprint from: “Structural and Dynamic Basis of Phospholamban and Sarcolipin Inhibition by 

Ca2+-ATPase.”  Traaseth NJ, Ha KN, Verardi R, Shi L, Buffy JJ, Masterson LR, Veglia G.  

(2008) Biochemistry. 47(1):3-13 

 

Chapter 3: Background on experimental methods applied.   
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Reprint from: “What can we learn from a small regulatory membrane protein?” Veglia G, Ha 

KN, Shi L, Verardi R, Traaseth NJ. (2010) Methods Mol Biol. 654:303-19. 

 

Chapter 4: Structure, dynamics, and binding of a gradient of PLN mutations correlated to 

SERCA function. 

Reprint from: “Controlling the inhibition of the sarcoplasmic Ca2+-ATPase by tuning 

phospholamban structural dynamics.” Ha KN, Traaseth NJ, Verardi R, Zamoon J, Cembran 

A, Karim CB, Thomas DD, Veglia G. (2007) J Biol Chem. 282(51):37205-14. 

 

Chapter 5: Molecular basis of dysfunction in SERCA:PLNR9C interactions in reduced and 

oxidative conditions. 

Reprint from: “Lethal Arg9Cys phospholamban mutation hinders Ca2+-ATPase regulation 

and phosphorylation by protein kinase A.” Ha, KN, Masterson LR, Hou Z, Verardi R, Walsh 

N, Veglia G, Robia SL. (2011) Proc Natl Acad Sci U S A. 108(7):2735-40.  

 

Chapter 6: Effect of single and multiple glycine loop mutations on PLN structural 

dynamics, correlated to SERCA function. 

Reprint from: “Tuning the Structural Coupling between the Transmembrane and Cytoplasmic 

Domains of Phospholamban to Control Sarcoplasmic Reticulum Ca2+-ATPase (SERCA) 

Function” Ha KN, Gustavsson M,Veglia G.  2012.  In press.  J of Muscle Research and Cell 

Motility. 
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Fig 1.1  The breadth of timescales for protein motion and types of NMR experiments used to 

observe them.  Image from Wang, et al. (10) 
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Fig 1.2  Primary sequence and secondary structure elements of SERCA2a.  Picture taken from 

Vangheluwe, et al.  (77) 
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Fig 1.3  Primary sequence of PLN and SLN.  Image taken from MacLennan, et al.  (14) 
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Fig 1.4  Pulse sequence for the gradient-enhanced 15Ν-edited 3D TOCSY-HSQC.  Adapted from 

Zhang, et al. (78) 
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Fig 1.5  A.  Magnetization transfer of the 15N-edited 3D TOCSY-HSQC.  B.  Example of 1H-1H 

correlations in the TOCSY plane.  Spin-system represented is for Ala 11 for P21L PLN.   
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Fig 1.6  Cross-peak intensity for magnetization transfer from amide protons as a function of 

isotropic mixing time for an isoleucine spin system.  Adapted from Cavanaugh, et al. (52).    
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Fig 1.7  Pulse sequence for the gradient-enhanced 15N-edited 3D NOESY-HSQC.  Adapted from 

Zhang, et al. (78) 
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Fig 1.8  A.  Magnetization transfer of the 15N-edited 3D NOESY-HSQC.  B.  Example of NOE 

cross-peaks in the NOESY plane.  Spin-system represented is for Ala 11 for P21L PLN.   
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Fig 1.9  A.  NOE correlations in the 15N NOESY-HSQC for P21L PLN.  B.  Assigned 15N 

HSQC for P21L PLN. 
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Fig 1.10  Energy levels and transition probabilities for a spin-½ pair.   
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Fig 1.11 The dependence of the NOE enhancement, ηmax, on the rotational correlation 

time, τc (56). 
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Fig 1.12  Pulse sequence for the gradient enhanced {1H}-15N heteronuclear NOE pulse sequence.  

Adapted from Farrow, et al (79) 
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Fig 1.13  {1H}-15N NOE spectra.  The spectrum on the left is without the 1H presaturation period, 

and the spectrum on the right is with the 1H presaturation period.  Arrows in the saturated 

experiment are directed towards those negative NOEs corresponding to the extremely mobile NH 

groups of the side chains. 



 32 

 

 

 

 

 

Fig 1.14  Dependence of the order parameter, S2, on the internal correlation time, θc.  Picture 

taken from Ishima, et al. (8) 
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Fig 1.15  Pulse sequence for the gradient-enhanced 15N HSQC.  Image from Zhang, et al.  (78) 
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Fig 1.16  Calculated NMR spectra for a pair of nuclei exchanging at different values for the 

exchange rate, kex.  Image taken from Hore (55). 

kex s-1 
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Fig 1.17  A.  Linewidth at half-height.  ∆ν is defined as the change in linewidth as a result of 

broadening in the presence of chemical exchange.  B.  The effects on exchange on line 

broadening.  Adapted from Hore (55). 
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Fig 1.18  A.  Plot of results from alanine scanning showing importance of residues for pentamer 

stability (top) and SERCA inhibition (bottom).  The dashed line in the top graph draws the eye 

towards mutations which result in monomeric species of PLN.  The top dashed line in the lower 

graph leads the eye towards gain of function mutation which increase SERCA inhibition by two-

fold, while the lower dashed line highlights loss of function mutations which decrease SERCA 

inhibition by 50% compared to the wild-type.  Red (+) symbols indicate those residues when 

mutated to alanine lead to a complete de-oligomerization of PLN in addition to superinhibition.  

B.  Surface renderings of the PLN structure (PDB: 2KB7) with sites resulting in loss of function 

mutants from alanine scanning shown in blue (top) and gain of function mutants in red (blue).  A 

darker color indicates an increasing severity in disruption of the function of that species.  C.  Plot 

of sites of loss of function mutations (blue) and gain of function (red) mutations on the model of 

the bound PLN:SERCA complex.  Toyoshima C et al (2003) 
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Fig 1.19  Effect on percent shortening of rat heart failure model cardiomyocytes upon delivery of  

GFP control (left, green) and AFA-PLNP21G (right, blue) by rAAV vector.  N indicates  number 

of trials.  
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2.1 INTRODUCTION 

Two membrane proteins, sarco(endo)plasmic reticulum calcium ATPase (SERCA) 

and the ryanodine receptors (RyR), play major roles in calcium regulation within muscle 

cells. RyR1 and RyR2 are responsible for releasing Ca2+ from the sarcoplasmic reticulum 

(SR) of skeletal and cardiac muscle, respectively, resulting in muscle contraction. 

Likewise, SERCA1a and SERCA2a pump calcium into the SR in skeletal and heart 

muscle, initiating muscle relaxation. Phospholamban (PLN), a 52-residue protein 

spanning the SR membrane, is an endogenous inhibitor of SERCA, lowering the apparent 

calcium affinity of the ATPase. The relief of SERCA inhibition is achieved by 

phosphorylation of PLN at Ser-16 by protein kinase A and/or Thr-17 by Ca2+/calmodulin-

dependent protein kinase (80). In vivo studies demonstrate that phosphorylation at Ser-16 

and Thr-17 have different roles, suggesting that these mechanisms act independently (81, 

82). 

Sarcolipin (SLN) has a primary sequence homologous to that of the transmembrane 

domain of PLN (83, 84). Initially, SLN was thought to be the counterpart of PLN within 

skeletal muscle, playing only an ancillary role in cardiac muscle. Recently, however, 

significant expression levels of SLN have been detected in cardiac atrial muscle, with 

lower levels in ventricular muscle (85, 86, 87), suggesting that it may play an important 

role in regulation of the heart . When SLN was initially co-purified with fast-twitch 

skeletal SERCA1a (88), no post-translational modifications were identified, which led to 

the conclusion that the regulation of SLN depended on its variable expression levels (89, 

90). Recent evidence shows that SLN is able to regulate SERCA and that its inhibition 

can be fully reversed by isoproterenol, a β-adrenergic receptor agonist, in PLN knock-out 

mice (17). These results led to the hypothesis that the inhibitory effect of SLN can be 

reversed via phosphorylation in a similar manner as PLN. In vitro experiments have 

shown that SLN can be phosphorylated at Thr-5 when co-transfected with 

serine/threonine kinase 16 (STK16) (17). From the biological data, it is clear that 

phosphorylation of PLN, and possibly SLN, constitute important driving forces for 

calcium re-uptake into cardiac SR. 
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Several crystal structures of SERCA in different conformations within the enzymatic 

cycle have revealed important atomic details regarding SERCA’s mechanism (Figure 

2.1) (91, 92, 93, 94, 95, 96). How much is known about the molecular details of 

PLN/SLN regulation and calcium translocation by SERCA? PLN is thought to bind and 

inhibit the low affinity calcium form of SERCA (E2) and detach from the enzyme (either 

partially or totally) upon phosphorylation at Ser-16, reversing its inhibitory effect and 

restoring the affinity of SERCA for Ca2+ ions. The only experimental structure of the 

SERCA/PLN complex is a low-resolution cryoelectron microscopy image (8-10 Å) 

obtained by Stokes and co-workers (97). Hampering the formation of large, highly 

diffracting SERCA/PLN and SERCA/SLN co-crystals is the dynamic interplay between 

the proteins. For this reason, MacLennan and co-workers have used a plethora of 

available biological data (mutagenesis studies, co-immunoprecipitation assays, and cross-

linking experiments) in-concert with molecular dynamics simulations to model 

SERCA/PLN (98), SERCA/SLN (99), and SERCA/PLN/SLN complexes (99) (Figure 

2.2). Hutter et al. have also modeled the solution structure of C41F PLN determined in 

chloroform/methanol with the E2 form of SERCA using molecular mechanics (100). 

While these models shed light into the interaction between SERCA and PLN and SLN, 

there are inconsistencies concerning the topology and structure of PLN and SLN within 

the complexes.  

This review reports on our recent progress involving the structure determination of 

PLN and SLN in the free forms and towards elucidation of the interaction with SERCA 

using solution and solid-state NMR. While many contributions to the structural analysis 

of PLN and SLN from other laboratories are cited and related to our work, this review is 

not intended to be an exhaustive overview of the large amount of structural and biological 

information on PLN and SLN within the literature. 

2.2 CHOICE OF MEMBRANE MIMICKING ENVIRONMENTS FOR 

SPECTROSCOPIC STUDIES 

For both solution and solid-state NMR, we use two major criteria for sample 

preparation: 1) functionality of proteins under NMR conditions and 2) the ability to 
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acquire high quality NMR spectra. Being membrane embedded proteins, SLN and PLN 

need lipid environments to elicit their biological function. After scanning several different 

conditions, we chose dodecylphosphocholine (DPC) detergent micelles for solution NMR 

studies and a 4/1 mixture of Dioleoyl-sn-Glycero-3-Phosphocholine/Dioleoyl-sn-Glycero-

3-Phosphoethanolamine (DOPC/DOPE) lipids for solid-state NMR studies. Figure 2.3A 

and B shows the calcium dependence of SERCA in the presence and absence of PLN (or 

SLN) under these conditions. The hydrolysis of ATP by SERCA is followed directly 

using 31P NMR spectroscopy in DPC micelles and indirectly using the coupled enzyme 

assay in lipids (15, 101, 102). A representative example of the kinetic results from the 31P 

spectroscopic assay is shown in Figure 2.3C. In both lipids and detergents, samples for 

the structure and dynamics studies are fully functional. 

2.3 PLN STRUCTURE AND DYNAMICS IN DPC MICELLES 

In the SR, PLN is thought to exist as an inactive pentamer (storage form), which 

depolymerizes into functional monomers prior to interaction with SERCA (Figure 2.2) 

(18, 19). Accordingly, we have focused our attention on a fully functional monomer of 

PLN (AFA-PLN) obtained by mutating the three cysteine residues (Cys-36, 41, 46) of the 

transmembrane domain to Ala, Phe, and Ala, respectively. Using NOE restraints in 

structural calculations, we have determined that PLN adopts an L-shaped conformation in 

DPC micelles comprised of three distinct structural domains: cytoplasmic domain Ia 

(helical from residues 2-16), loop (β-turn from residues 17-21), and transmembrane 

domain (helical from residues 22-52) (Figure 2.4A and B) (57). From simulated 

annealing calculations, we obtained a structural ensemble with very good convergence for 

each single structural domain (Figure 2.4A), but with the PLN conformers displaying an 

interhelical angle (angle between cytoplasmic and transmembrane domains) of 80 ± 22° 

(Figure 2.4B). Indeed, the limited number of NOEs detected in the loop did not allow us 

to constrain the two helical domains and obtain an ensemble of structures with a low 

RMSD over the entire protein backbone. Because of the lack of convergence on the 

orientation of the helical domain Ia with respect to the surface of the micelle, we used 

Mn2+ and 5’ and 16’-doxyl stearic acids as paramagnetic probes of the topological 
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arrangement of PLN in the micelle (57). Our results show that Mn2+ ions cause a 

reduction in the resonance intensities of residues located at both termini, the loop, and 

Ser-16 and Thr-17, showing that both phosphorylation sites are solvent exposed. Both 5’ 

and 16’-doxyl stearic acids caused a reduction in the resonance intensities of residues 

located in the micellar region. 16’-doxyl stearic acid affected residues in the core of the 

micelle (residues 35-45), as well as Leu-7, located in the middle of domain Ia, a residue 

that is likely buried in the hydrophobic region of the micelle. At higher 16’-doxyl stearic 

acid/PLN ratios, domain Ia is also considerably affected by the paramagnetic center, with 

Ala-11 displaying slightly reduced resonance intensity. 

Our structural ensemble of the PLN monomer is in qualitative agreement with studies 

carried out in organic solvents (103, 104), where the authors found an overall L-shaped 

structure of PLN with the intervening loop in either a short flexible turn or a β-turn type 

III conformation. However, we found an orientation of the cytoplasmic helix, which is in 

better agreement with the amphipathicity of the PLN sequence(57). The most relevant 

PLN conformations in PDB 1N7L are those in which the hydrophobic side chains in 

domain Ia (Val-4, Leu-7, Ala-11, and Ala-15) are oriented toward the interior of the 

micelle and the hydrophilic residues point toward the bulk solvent, rendering the two 

phosphorylation sites exposed for interaction with their respective protein kinases.  

While our NMR structural studies identified three structural domains, nuclear spin 

relaxation measurements and solvent accessibility experiments carried out on uniformly 
15N labeled PLN(22, 105) further subdivided the helical segment from 22-52 into two 

domains: domain Ib (residues 22-31), which is more dynamic and constituted by 

hydrophilic residues, and domain II (32-52), more hydrophobic and motionally restricted. 

Therefore, we can divide PLN into four dynamic regions, which are characterized by 

different order parameters (see Figure 2.4A and 2.4B). Carr-Purcell-Meiboom-Gill 

(CPMG) based relaxation measurements also indicated the presence of slow dynamics 

(µs-ms motion) in domain Ia, the loop, and domain Ib (22, 105). While the slow dynamics 

of domain Ia and the loop were predicted based on the H/D exchange factors, the 

flexibility of residues within domain Ib was unexpected. The plasticity of this region 
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supports biological evidence for the great importance of domain Ib and the molding 

necessary to fit into the binding groove of SERCA(98, 106). 

Recently, a structure of wild-type PLN (wt-PLN) was reported showing the pentamer 

to be in a bellflower arrangement, where the cytoplasmic domain helix of each monomer 

makes an ~20° angle with respect to the bilayer normal(37), substantially different from 

the topology we reported for monomeric AFA-PLN(57). Our recent studies using solution 

NMR and EPR in DPC detergent micelles also point toward a dominating L-shaped 

conformation (or pinwheel model) for the pentamer(107). We also looked at the topology 

of pentameric wt-PLN in lipid bilayers using solid-state NMR, finding unambiguous 

evidence in support of the pinwheel model (see below). 

2.4 SLN STRUCTURE AND DYNAMICS IN MICELLES 

The initial structure of SLN was determined in sodium dodecyl sulfate (SDS) micelles 

using a synthetic polypeptide(108). Under these experimental conditions, SLN has an α-

helical conformation from residue F9 to R27 with RMSDs of 0.65 and 1.66 Å for 

backbone and side chain atoms, respectively. Both the N-terminus (M1 to L8) and the C-

terminus (S28 to Y31) were found to be unstructured. Subsequently, we expressed 

uniformly 15N labeled recombinant SLN in Escherichia coli, which enabled the use of 

higher resolution [1H, 15N] NMR experiments in order to reduce several ambiguities in 

resonance overlap. With recombinant SLN, we determined the structure in DPC micelles, 

conditions that ensured the activity of SERCA, and found it to remain a single 

transmembrane helix with approximately five unstructured residues at either terminus 

(15). The superposition of the Cα, NH and C' backbone atoms from residue R6 to R27 

gave an RMSD of 0.4 ± 0.2 Å with an RMSD of 1.7 ± 0.3 Å for side chain atoms. 

In addition to structure determination, we also measured spin relaxation rates, and 

found that the backbone dynamics, similar to PLN, is more complex than the structure. 

Relaxation measurements reveal four dynamic domains: a short unstructured N terminus 

(residues 1–6), a short dynamic helix (residues 7–14), a more rigid helix (residues 15–

26), and an unstructured C terminus (residues 27–31) (15). H/D exchange factors also 

support the existence of four dynamic domains (15). The similarity of SLN structure and 
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dynamics with those of PLN domains Ib and II shows that sequence conservation is 

reflected in the conservation of both structure and dynamics (Figure 21C). 

2.5 PLN AND SLN TOPOLOGIES AND DYNAMICS IN LIPID BILAYERS 

Solid-state NMR in lipid bilayers has emerged as a complement to solution NMR 

studies in detergent micelles for elucidating structure, dynamics, and interactions between 

membrane proteins(109, 110). For our first solid-state NMR studies, we synthesized 

AFA-PLN 15N labeled at Ala-11, Ala-15, and Ala-36, and measured the 15N chemical 

shift anisotropy in 4/1 DOPC/DOPE mechanically oriented lipid bilayers on glass plate 

supports(111). Using these solid-state NMR measurements in concert with rigid body 

molecular mechanics, we found that the domains Ib and II are oriented approximately 

perpendicular to the plane of the bilayer with the interhelical (i.e. interdomain) angle 

ranging between 60 and 100°, ruling out the possibility of a continuous α-helix and also 

suggesting that the cytoplasmic domain of PLN interacts with the membrane surface. 

Similar solid-state NMR measurements on SLN oriented in mechanically aligned 

DOPC/DOPE bilayers revealed the approximate parallel orientation of the SLN helix 

with respect to the membrane bilayer normal(108). Since the limited number of labeled 

sites did not allow us to give quantitative topological angles for SLN and PLN within the 

bilayer, we then proceeded to use 2D [1H, 15N]-PISEMA (polarization inversion spin 

exchange at the magic angle) experiments(112). This separated-local-field experiment 

correlates the 15N chemical shift anisotropy (CSA) with the 1H-15N dipolar coupling 

(DC). Since the values of both CSA and DC depend on the orientation of the peptide 

plane with respect to the direction of the magnetic field, the assignment of the amide 

resonances allows for the determination of the structure and topology in aligned lipid 

bilayers. 

We determined that AFA-PLN has an overall L-shaped conformation in mixed 4/1 

DOPC/DOPE lipid bilayers, where the helix comprising domains Ib and II makes a tilt 

angle of ~21° with respect to the bilayer normal (113). As expected from the 1D solid-

state NMR studies on synthetically 15N labeled AFA-PLN (36), PISEMA NMR 

spectroscopy clearly shows that domain Ia interacts with the membrane surface, making 
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an angle of ~93° with respect to the bilayer normal (113). A current model of the PLN 

monomer is reported in Figure 2.5.  

In addition to the structural and topological information obtained from oriented 

alignments, tilting the aligned samples to different angles with respect to the direction of 

the static field makes it possible to investigate the rotational dynamics of the protein 

within the bilayer (114, 115, 116). Tilting the AFA-PLN sample by 90° revealed that the 

domains Ib and II undergo fast long-axial rotational diffusion about the bilayer normal 

with the cytoplasmic domain undergoing this same motion and other complex dynamics, 

scaling both the values of CSA and DC (113). The dynamics detected in both our solution 

and solid-state NMR experiments may explain variability within the literature regarding 

the topology of the cytoplasmic domain of PLN. For example, a magic-angle-spinning 

(MAS) solid-state NMR study carried out by Baldus and co-workers found that while 

cross-polarization (CP) based pulse sequences were adequate to detect the transmembrane 

domain of AFA-PLN, showing the existence of a well-defined helix, the cytoplasmic 

domain residues were too dynamic to be detected(117). Instead, J-coupling coherence 

transfers, similar to those in solution NMR experiments, were used to detect the dynamic 

cytoplasmic domain, which resulted in the conclusion that the cytoplasmic domain was 

completely unstructured. While this study represents advancement in MAS methodology, 

the structure most likely represents a minor conformational state and is inconsistent with 

a wealth of data, including those from our laboratory, which consistently show a 

predominant helical cytoplasmic domain with an overall L-shaped monomeric structure 

in lipid bilayers and detergent micelles. 

A close inspection of PISEMA spectra from selectively labeled samples reveals the 

presence of two peak populations that exemplify two slightly different topologies for the 

AFA-PLN domains Ib and II (113). The two topologies have the same tilt angle (θ) for 

domain Ib and II with respect to the membrane normal, but slightly different rotational 

angles around the helix axis (ρ). Multiple populations of PLN have also been observed by 

the Lorigan and Middleton groups using MAS NMR experiments in lipid vesicles (118, 

119). The detection of multiple conformers underscores the plasticity of PLN, and might 
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be an important recognition mechanism for SERCA, protein kinase A, and protein 

phosphatase 1, previously shown necessary for physiological processes(106).  

As with AFA-PLN, the PISEMA spectra of SLN obtained on uniformly 15N labeled and 

selectively [15N-Leu], [15N-Ile], and [15N-Val] samples also revealed the existence of two 

distinct topologies (120). Both the major and the minor populations of the resonances 

corresponding to domains Ib and II are oriented ~23° with respect to the lipid bilayer 

normal, but vary in the rotation angle about the helical axis by ~5° (in remarkable 

agreement with AFA-PLN). The primary sequence homology between SLN and PLN 

results in nearly identical structural and dynamic properties of these two regulatory 

proteins. 

2.6 PENTAMERIC WT-PLN TOPOLOGY IN LIPID BILAYERS  

More recently, our group has embarked on the validation of the pentameric structure of 

wt-PLN in lipid bilayers and detergent micelles (107). While monomeric PLN has 

previously been shown to bind and inhibit SERCA, a recent hypothesis proposed that the 

pentamer could also bind and inhibit SERCA (121). While there is broad consensus 

regarding the secondary structure of penameric wt-PLN, there is disagreement in the 

literature over the orientation of the cytoplasmic helix. In particular, there are four 

proposed models for pentameric wt-PLN (Figure 2.6). The first model (extended 

helix/sheet) shows wt-PLN to be comprised of two α-helices connected by an anti-parallel 

β-sheet (residues 22-32), where the cytoplasmic domain is oriented 50-60° relative to the 

bilayer normal (122). The second model depicts wt-PLN as a continuous α-helix with a 

tilt angle of 28 ± 6° with respect to the bilayer normal (123, 124). The third model 

(pinwheel) shows that the most stable pentamer has a pinwheel geometry in which the 

cytoplasmic domain helices are oriented ~90° with respect to the membrane bilayer 

normal (40). The fourth and most recent model (bellflower) shows the structure of the 

pentamer to be in a bellflower assembly with the cytoplasmic domain helices oriented 

~20° with respect to the bilayer normal (37). 
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To study the topology of pentameric wt-PLN, we reconstituted the protein in 

mechanically aligned 4/1 DOPC/DOPE lipid bilayers and analyzed the protein’s 

architecture using [1H, 15N] PISEMA spectroscopy. As with the AFA-PLN monomer 

(113), we found that the wt-PLN PISEMA spectrum is composed of three different 

populations of resonances (see 1D spectrum in Figure 2.7A) corresponding to: a domains 

Ib and II (with the resonances located between 170-220 ppm), an in-plane cytoplasmic 

domain (with resonances located between 50-100 ppm), and a more flexible region (loop 

and termini) with resonances clustered around ~110 ppm (isotropic portion of the 

spectrum). Since our 1D spectrum shows three distinct regions, indicating three unique 

wt-PLN domain alignments with respect to the membrane bilayer normal, this eliminates 

the possibility of the continuous helix model.  

To distinguish between the other models depicted in Figure 2.6, we performed 

PISEMA experiments using selectively [15N-Ala], [15N-Thr], [15N-Leu], [15N-Ile], [15N-

Cys], and [15N-Asn] labeled wt-PLN samples. Our experimental PISEMA spectra, 

reported as an overlay in Figure 2.7, show a remarkable similarity with the AFA-PLN 

monomer. In fact, the simulations for the cytoplasmic domain resonances (Leu-7, Thr-8, 

Ala-11, Ile-12, Ala-15, Thr-17, Ile-18) correspond to a helix with a tilt angle of ~90° with 

respect to the bilayer normal (Figure 2.7E) (107). 

Figure 2.8 shows PISEMA spectra simulated from the pinwheel and bellflower PDB 

coordinates for those selectively labeled sites shown in Figure 2.7. If the pentamer 

topology corresponded to the pinwheel model, the cytoplasmic domain residues would 

resonate in the upfield region of the spectrum (50-100 ppm) (Figure 2.8A). On the other 

hand, if the architecture of wt-PLN were consistent with the bellflower model, the 

cytoplasmic domain resonances in the PISEMA pattern would occupy the downfield 

portion of the spectrum (170-220 ppm), as represented in Figure 2.8B. Comparing the 

experimental cytoplasmic domain spectra, it is clear that in lipid bilayers the cytoplasmic 

domain is oriented perpendicular with the bilayer normal forming an overall pinwheel 

geometry. 

Structural fitting with an ideal helix in Figure 2.7D revealed that the helix 

corresponding to domain Ib and II of pentameric wt-PLN has a tilt angle (θ) of ~15° with 
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respect to the bilayer normal (107). Monomeric AFA-PLN has a tilt angle of ~21° (125, 

126), which requires pentamer formation to tilt by ~6° to accommodate the 

leucine/isoleucine zipper holding the pentamer together (125, 126). 

2.7 ALLOSTERIC ACTIVATION MODEL  

The functionality of SERCA under NMR conditions and the quality of AFA-PLN 

spectra upon addition of SERCA enabled the unprecedented atomic mapping of the 

interactions between these two integral membrane proteins in detergent micelles (125, 

126). In its free form, AFA-PLN exists in a dynamic equilibrium between two 

conformations, T and R states, where the T state or L-shaped conformation is 

thermodynamically stable, and the R state or extended form is identified with a more 

dynamic cytoplasmic domain (Figure 2.9) (127, 128). These two states are readily 

detected using EPR spectroscopy in both micelles and lipid bilayers (127, 128), but due to 

the timescale of the exchange NMR can only imply the existence of these forms from 

relaxation dispersion measurements (i.e. conformational interconversion). However, upon 

addition of SERCA to AFA-PLN, chemical shift perturbation analyses reveal the 

appearance of a second population of peaks within domain Ia, the loop, and domain Ib, 

indicating a conformational switch of AFA-PLN from the T to the R state, a process 

exemplifying an allosteric activation mechanism (127). 

Resonances from the hydrophobic portion of the transmembrane region (domain II) 

also show chemical exchange to the R state (102). A difference plot of 1HN chemical shift 

before and after addition of SERCA for residues 32-52 shows a symmetric bimodal 

behavior where the C-terminal part of domain II shifted upfield and the residues near the 

N-terminal part downfield (102). Since upfield and downfield shifts have been correlated 

to the strength of hydrogen bonds (129), one possible explanation of the data is that the 

C-terminal end of the transmembrane domain (residues 46-52) unwinds upon binding 

SERCA. This hypothesis was first proposed by MacLennan and co-workers, who 

indicated an overall change in the secondary structure of the transmembrane domain, with 

residues 49-52 unwinding upon interaction with SERCA, a process that might facilitate 

binding (98). 
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These results are echoed in the binding of SLN to SERCA (15). Overall, SLN 

behaves like the transmembrane domain of AFA-PLN, with each dynamic domain 

mimicking the behavior of the corresponding domain in AFA-PLN. Upon addition of 

SERCA, the transmembrane domain is in fast exchange between two free forms (T and R 

states). As previously indicated, spin relaxation measurements dissected the 

transmembrane domain of SLN into two regions we named domain Ib and domain II in 

analogy with AFA-PLN. The chemical shift changes of these two regions follow the 

bimodal behavior of the transmembrane domain of AFA-PLN, indicative of a similar 

mechanism involving an unwinding of the C-terminal residues and a stabilization of the 

residues in the N-terminal portion of the protein as a result of the interactions with 

SERCA (15). This supports the hypothesis that both SLN and PLN transmembrane 

domains bind SERCA in the same site and with an identical mechanism. 

2.8 EFFECTS OF PLN PHOSPHORYLATION ON THE ALLOSTERIC 

MECHANISM 

The inhibition of SERCA by PLN can be reversed by phosphorylation at Ser-16 by 

cAMP-dependent protein kinase A (15). We solved the structure of Ser-16 

phosphorylated AFA-PLN (pS16-AFA-PLN) and found that residues 14-16, previously 

helical, became unwound upon phosphorylation, revealing an order-to-disorder transition 

(105). In addition, we found that there are pronounced changes in pS16-AFA-PLN 

backbone dynamics on both the ps-ns and µs-ms timescales (105). Although small, some 

of the changes are propagated throughout the entire protein backbone, demonstrating that 

while the structural transitions following phosphorylation are localized, the changes in 

backbone dynamics are irradiated throughout the protein.  

How can this order-to-disorder transition help in understanding the interaction with 

SERCA? To answer this question, we proceeded with the analysis of chemical shift 

perturbation of pS16-AFA-PLN induced by SERCA (102). We found that the 

conformational equilibrium between the T and R states upon addition of SERCA is 

influenced by the single phosphorylation at Ser-16; specifically, phosphorylation shifts 

the equilibrium toward the R state in a cooperative manner (102). Another considerable 
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difference upon phosphorylation includes a change in both the surface and the dynamics 

of domain Ib. In particular, a remarkable change is observed for the side-chain binding 

behavior. In constrast with unphosphorylated PLN, the Gln-26 resonance in the 

phosphorylated protein is unperturbed by SERCA with other smaller changes seen for 

side chain residues Asn-27, 30, and 34. A possible mechanism to explain these results is 

the rotation or rearrangement of domain Ib upon phosphorylation that disrupts crucial 

intermolecular hydrogen bonds, resulting in relief of inhibition. Based on the molecular 

model by MacLennan and co-workers (98), we proposed that a crucial hydrogen bond 

formed between Arg-324 and Gln-26 may be broken between AFA-PLN and SERCA 

after phosphorylation at Ser-16 (102). These findings are in agreement with mutagenesis 

studies, showing that Q26A is a loss-of-function mutant (130). In addition, cross-linking 

studies show that an N27C mutation in pS16-AFA-PLN is no longer able to cross-link 

with SERCA (98). While there are changes in the binding interface for domain Ib, the 

overall binding of the transmembrane domain to SERCA is not affected by 

phosphorylation. The overall dissociation constants (Kd) for domain II in both pS16-

AFA-PLN and AFA-PLN are ~60 µM (102). This demonstrates that the major changes 

are in domain Ia, loop, and domain Ib, with domain II only marginally affected, 

supporting the hypothesis that phosphorylation at Ser-16 does not dissociate PLN from 

SERCA completely. We proposed domain Ib as a bridgehead region, which transmits the 

dynamics induced by phosphorylation at Ser-16 from the cytoplasmic helix to domain Ib, 

thereby regulating the intramembrane protein-protein interaction (102). A schematic of 

the allosteric model for phosphorylation is reported in Figure 2.9. 

2.9 PERSPECTIVE 

What can we learn from the analysis of the structure and dynamics of PLN? More 

importantly, how are structure and dynamics of PLN correlated to SERCA’s function, and 

can we control the extent of inhibition of SERCA by manipulating PLN structural 

dynamics? These are questions we have begun to address concerning PLN and look 

forward to answering in the upcoming years. 
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Given the plethora of biochemical and molecular biology data currently available, it is a 

very exciting moment for the structural biologists involved in research on PLN and SLN 

and their interactions with SERCA. While our studies to date have focused on detecting 

the effects of PLN induced by SERCA, our future challenge involves detecting SERCA 

changes from PLN within the entire enzymatic cycle. Another important challenge is to 

study the SERCA/PLN complex in the complicated network of interactions involving 

protein kinase A and protein phosphatase 1. While solution NMR will help identify some 

important pieces of this complex puzzle, solid-state NMR will be the method of choice 

for the elucidation of the structural dynamics and interactions in these large complexes. 

2.10 FOOTNOTES 

We are grateful to members of the Veglia Laboratory who laid the foundation for the 

subsequent studies on PLN and SLN: Alessandro Mascioni, Bethany Buck-Koehntop, 

Jamillah Zamoon, and Emily Metcalfe, and for the productive collaboration with the 

laboratory of David Thomas.  This work was supported by grants to GV (NIH GM64742, 

NIH HL80081, AHA 0160465Z). 
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Figure 2.1.  Enzymatic cycle mimicking the four major conformational states of SERCA: 

E2 (1IWO) (92), E1-Ca2 (1SU4) (91), E1-ATP-Ca2 (1VFP) (94), E2P (1XP5) (95). PLN 

and SLN are believed to inhibit the E2 conformation as indicated within the model. The 

model was reproduced from Inesi et al. (131). 
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Figure 2.2.  Models of SERCA/PLN (98) and SERCA/SLN (99). Coordinates of 

complexes generously provided by D.H. Maclennan. 
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Figure 2.3.  Activity assays of SERCA in the presence and absence of PLN and SLN in 

4/1 DOPC/DOPE lipid bilayers (A and B) and DPC detergent micelles (D and E). 

SERCA activity in lipid bilayers was measured via the coupled enzyme assay and is 

reproduced from Buck et al. (101). The activity assays in DPC micelles were done using 
31P NMR spectroscopy as previously reported (102), reproduced from Buffy et al. (15) 

and Traaseth et al. (102). 
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Figure 2.4.  A) Separate overlay of PLN residues 2-16 and 22-52 from PDB 1N7L (57). 

B) Entire backbone overlay of PLN from PDB 1N7L (57). C) Backbone overlay of SLN 

as reported by Buffy et al. (15). The color-coding on the structures corresponds to the 

order parameters (S2) as previously determined (22, 105). 
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Figure 2.5.  Structural models (panels A-D) proposed for PLN in lipid bilayers with 

PISEMA simulations (panels F-I). The ensemble of conformers reported by our 

laboratory (PDB 1N7L) is shown in panel E (57). The colors are coded with the regions 

of the protein: red for cytoplasmic, blue for transmembrane, and green for loop regions. 

The L-shaped topology (panels D and E) agrees best with the experimental PISEMA 

(panel J). Taken from Traaseth et al. (113). 



 57 

 

 

 

 

 

Figure 2.6.  Structural models of wt-PLN. The pinwheel (1XNU) and bellflower (1ZLL) 

pentamer models were taken directly from PDB coordinates. Taken from Traaseth et al. 

(107). 
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Figure 2.7.  PISEMA spectra of PLN pentamer in lipid bilayers. (A) 1D cross-

polarization spectrum of [U-15N] wt-PLN in DOPC/DOPE oriented lipid bilayers. (B, C) 

Selectively labeled wt-PLN PISEMA spectra for the transmembrane and cytoplasmic 

helices, respectively. The residues are color coded with the PISEMA spectra: [15N-Ala] 

green, [15N-Cys] purple, [15N-Leu] orange, [15N-Ile] red, [15N-Asn] gray, [15N-Thr] blue. 

(D, E) Simulated PISA wheels for both transmembrane (θ=15°) and cytoplasmic (θ=92°) 

domains. Taken from Traaseth et al. (107). 

 

 

 



 59 

 

 

 

Figure 2.8.  Simulated PISEMA spectra for the pinwheel and bellflower models. Unlike 

the pinwheel model, the bellflower model shows no high-field resonances. Experimental 

PISEMA spectra show the remarkable agreement with the pinwheel model (C, F). Taken 

from Traaseth et al. (107). 
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Figure 2.9.  A) Allosteric model of PLN interaction with SERCA and the effect of 

phosphorylation at Ser-16 (indicated in red). PLN monomer interconverts between the L-

shaped form (T state) and the less stable (more dynamically disordered) extended form (R 

state). B) PLN/SERCA model developed by Toyoshima et al. (98) highlighting the long 

range allosteric control phosphorylation at Ser-16 has on domain Ib. Figure adapted from 

Zamoon et al. (127) and Traaseth et al. (102). 
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3.1 INTRODUCTION 

Phospholamban (PLN) is a small integral membrane protein (52 residues) localized in 

the sarcoplasmic reticulum (SR) membrane that regulates the flow of calcium ions into 

the SR lumen of cardiac muscle (14). Specifically, PLN binds to SR calcium ATPase 

(SERCA), the enzyme responsible for calcium re-uptake into the SR lumen. In its 

unphosphorylated form, PLN inhibits SERCA by reducing its affinity for calcium. Upon 

β-adrenergic stimulation, PLN is phosphorylated by protein kinase A at S16 with 

concomitant relief of SERCA inhibition and restoration of SERCA activity. These cyclic 

events account for the relaxation (diastolic phase) of the heart muscle and if disrupted, 

may evolve into heart failure (132). Due to their central role in cardiac muscle 

contractility, PLN and SERCA have become targets for new, alternative therapies for 

heart failure (133). What can be learned from the study of the structural and dynamic 

transitions of PLN free and when bound to SERCA, and, more importantly, can these 

studies contribute in the development of new clinical approaches to heart failure? 

Much progress has been made toward understanding the molecular mechanism of 

SERCA within the enzymatic cycle (131, 134). Undeniably, the first crystal structure of 

SERCA (E1-Ca2, calcium bound form) solved by Toyoshima and co-workers paved the 

way for the atomic level understanding of calcium translocation in the SR (91). To date, 

there are ~10 crystal structures of SERCA under different experimental conditions that 

are allowing enzymologists to model the major conformational states of the enzyme 

during turnover (135). However, very few studies have been dedicated to the 

determination of the complexes between SERCA and its endogenous inhibitor PLN. This 

is probably due to the inherent dynamics of the SERCA/PLN complex that might 

complicate the formation of large, diffracting crystals. This hypothesis is reinforced by 

several fluorescence and EPR studies published by the Thomas and Squier Laboratories 

underscoring the dynamic nature of the SERCA/PLN complex (38, 136, 137, 138, 139). 

So far, the labs of Stokes and Young (121, 140) have produced the best images of this 

complex, although the resolution of the crystals does not define the interaction surface 

between the two proteins at the atomic level. NMR studies, on the other hand, have been 

focused on the structural dynamics of PLN in the free forms. This is mainly due to the 



 63 

difficulties in producing recombinant SERCA and analyzing its complex with PLN by 

solution-state NMR (Mw ~ 116 kDa).  

Our laboratory in collaboration with the Thomas laboratory has used a combination of 

solution and solid-state NMR methods to map the structural dynamics, topology and 

interactions between PLN and SERCA. Based on our chemical shift perturbation data 

from solution NMR, we have constructed an allosteric model for SERCA regulation by 

PLN (38, 102, 127, 141, 142). This regulatory model has been now adopted by several 

groups in the fields of structural biology and muscle physiology to explain the effects of 

naturally occurring and engineered mutations in PLN. More importantly, this model has 

allowed us to rationally manipulate the structural dynamics of PLN and design new 

mutants that are possible candidates for gene therapy.  

In the following sections, we briefly review the molecular biology, biochemistry, and 

NMR approaches we have used to study SERCA’s regulation by looking at PLN free 

(monomeric and pentameric) and bound to SERCA. We show the progression of our 

research from our initial hypotheses on the mechanism of SERCA regulation by PLN to 

our initial attempts to control PLN structural dynamics to tune SERCA’s function.   

3.2 MATERIALS 

3.2.1 Expression and purification of monomeric and pentameric PLN 

 3.2.1.1. Plasmid construction and mutagenesis of AFA-PLN 

1.  pMal c2E maltose binding protein vector (New England Biolabs, MA) 

2. Oligonucleotide primers (Biomedical Genomics Center, University of MN) 

  3.  Pfu Turbo DNA polymerase (Stratagene, La Jolla, CA) 

  4.  dNTP mix (Promega, Madison, WI) 

  5.  T4 DNA ligase (Promega, Madison, WI) 

  6.  1x Luria-Bertani (LB) media 

  7.  Qiaprep Spin Miniprep Kit (Qiagen, Valencia, CA) 

 3.2.1.2 Expression of unlabeled and 15N uniformly labeled PLN 

  1.  BL21(DE3) strain Escherichia coli cells (Novagen, NJ) 

  2.  1x Luria-Bertani broth media 
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3.  M9 minimal media containing 12.8 g/L Na2HPO4 7H2O, 3 g/L KH2PO4, 0.5 

g/L NaCl, and 1 g/L 15N-labeled NH4Cl, 2 g/L glucose, and 0.1% w/v ampicillin. 

4.  1 M IPTG (Gold Biotechnology, St. Louis, MO) 

5.  Mineral cocktail:  6 mg/L CaCl2, 6 mg/L FeSO4, 1 mg/L MnCl2, 0.8 mg/L 

CoCl2, 0.7 mg/L ZnSO4, 0.3 mg/L CuCl2, 0.02 mg/L H3BO3, 0.25 mg/L 

(NH4)6MO7O24, 5 mg/L EDTA. 

6.  Vitamin cocktail:  1 mg/L calcium pentothenate, 1 mg/L biotin, 1 mg/L folic 

acid, 1 mg/L niacinamide, 1 mg/L pyridoxal phosphate.   

3.2.1.3 Purification of PLN 

1.  Lysis buffer:  20mM PBS pH 7.3, 120 mM NaCl, 8 mM EDTA, 0.1 mM 

DTT, 52.6 mM glycerol, 0.5 µg/ml Pepstatin A, 0.5 µg/ml Leupeptin, 2.5 µM 

lysozyme, 4.5 mM Tween-20. 

2.  Amylose affinity chromatography resin (New England Biolabs, MA). 

  3.  Wash buffer:  20 mM PBS pH 7.3, 120 mM NaCl. 
4. Maltose elution buffer:  46 mM maltose in 20 mM PBS pH 7.3, 120 mM 

NaCl, 1mM EDTA and 3.1 mM NaN3. 

  5.  Recombinant tobacco etch virus serine protease (Invitrogen, Carlsbad, CA). 

  6.  Dialysis membranes with 1000 kDa molecular weight cutoff. 

  7.  HPLC purification: H2O with 0.1% trifluoroacetic acid and isopropanol. 

 3.2.1.3  Quantification  

  1.  Biorad gradient 10-15% polyacrylamide gel (Biorad, Hercules, CA). 

  2.  Protein standard. 

 3.2.1.5 Phosphorylation of PLN at S16 by cAMP dependent Protein Kinase A 

1.  Phosphorylation buffer: 20 mM MOPS (pH 7.3), 1% β Octylglucoside, 1 

mM ATP, and 1mM MgCl2. 

2.  cAMP dependent protein kinase A catalytic subunit (Sigma) or recombinant 

kinase as described in ref. (105). 

3.2.2 SERCA Preparation 

 1.  White muscle from the back and hind legs of rabbit. 

 2.  Extraction buffer: 20 mM MOPS and 0.1 M KCl, pH 7. 

 3.  Sucrose buffer: 20 mM MOPS, 0.3 M sucrose, 1 mM NaN3. 

 4.  Reactive red affinity resin (Sigma).  
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5.  SERCA buffer: 5 mM DPC, 1 mM CaCl2, 1 mM MgCl2, 20 mM MOPS (pH 7.0), 20% 

glycerol, 0.25 mM DTT, and 4 mM ADP. 

3.2.3 Functional Assays  

3.3.3.1 SERCA PLN Co-reconstitution 

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

glycero-phosphoethanolamine (DOPE) (Avanti Polar Lipids, Alabaster AL). 

  2.  Biobeads (Biorad, Hercules, CA). 

  3.  β−Octylglucoside (Sigma). 

 3.2.3.2 ATPase Activity Measurements 

1. Coupled-enzyme assay mix containing 0.5 mM phosphoenol pyruvate, 2.5 

mM ATP, 0.2 mM NADH, 2 IU of pyruvate kinase, 2 IU of lactate 

dehydrogenase,  and 1-2 µg calcium ionophore (A23187). 

 3.2.3.3 31P NMR Activity Assays  

1.  Couple-enzyme assay mix containing a final concentration of 10 mM 

dodecylphosphocholine, 1 mM MgCl2, 80 mM ATP, 20 mM MOPS (pH 7.0), 

and 0.2% C12E8.  

3.2.4 NMR Spectroscopy 

 3.2.4.1 Solution state samples for titration 

1.  Dodecylphosphocholine (DPC) (Avertec or Cambridge Isotope Laboratories). 

2. Solution state NMR sample buffer containing 20 mM Na2PO4, 120 mM NaCl, 

and 0.1% NaN3. 

  3.  Mini-dialysis chambers (Millipore, Billerica, MA). 

  4.  Guanidinium-HCl (Sigma) 

  5.  Dialysis buffer: 20 mM PBS and 50 mM β-mercaptoethanol.  

 3.2.4.2 Oriented Samples and ssNMR Spectroscopy 

  1.  10% (w/v) sodium lauryl sulfate (SDS). 

  2.  DOPC and DOPE lipids. 

3.  Ultra filtration concentrator (Amicon, Millipore Corporation, Bedford, MA) 

4.  Glass plates, 8 x 12 mm (Marienfeld GmbH & Co, Lauda-Konigshofen, 

Germany). 

  5.  Trifluoroethanol. 

  6.  Extruder (Northern Lipids Inc. Burnaby, BC Canada). 
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3.3   METHODS 

3.3.1   Expression and Purification of Monomeric and Pentameric PLN 

For structural studies of membrane proteins by NMR, it is necessary to find a robust expression 

system that allows for the purification of milligram quantities of pure protein. For this purpose, 

we optimized a fusion protein construct for both monomeric (cysteine null PLN whith the 

following mutations C36A, C41F, C46A, which we called AFA-PLN) and pentameric species 

(101). 

3.3.2   Construction of PLN and Mutant PLN Expression Plasmids  

To maximize the expression, all of the codons were optimized for E. coli. The nucleic acid 

sequence was divided into four overlapping primers and three PCR reactions were performed, 

with incorporation of a TEV protease cleavage site between MBP and PLN, an EcoRI restriction 

site at the 5’end, and a HindIII site at the 3’ end (a map of the plasmid is available from ref. 

(101)).  Each polymerase chain reaction (PCR) was performed with a total volume of 50 μL 

containing 0.06 μM of each oligonucleotide, 80 µg of parental template, 200 μM dNTP mix, and 

5.0 U Pfu Turbo DNA polymerase. Each PCR reaction was carried out in an Eppendorf Master 

Cycler system with standard temperature cycling suggested for Pfu Turbo DNA polymerase.  

AFA-PLN PCR product was amplified and then ligated into EcoRI and HindIII sites on the pMal 

c2E vector using T4 DNA ligase. The ligated product was used to transform XL1-Blue 

competent cells with transformants selected by growth on LB/ampicillin plates. For single-site 

mutations of PLN, the forward and reverse primers were designed with optimized codons for E. 

coli three residues before and after the target residue to be mutated. PCR was performed with Pfu 

DNA polymerase using the protocol as described above. PCR products were then digested with 

Dpn-I in order to remove non-mutated methylated dsDNA, and then were transformed into XL-

Blue competent cells. Constructs were amplified and extracted using the Qiaquick Spin Miniprep 

kit.  

3.3.3  PLN Expression 

E. coli BL21(DE3) cells were transformed with MBP-PLN fusion constructs. 100 ml of LB 

growth media with 50 µg/ml ampicillin was inoculated with a single colony and grown ~16 h at 

25 °C shaking at 250 RPM to reach an OD600 of ~1.0.  The growth was then diluted (1:50) into 

M9 media containing mineral and vitamin cocktails and grown at 37 °C to an OD600 of ~1.0. 
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Protein expression was induced with 1 mM IPTG for 4.5 h at 37 °C. All cells were harvested by 

centrifugation at 6,370 x g for 20 min at 4 °C. Pellets were stored at -20 °C. 

3.3.4 PLN Purification 

PLN pellets (~10-15 g) were resuspended in ~400 ml of lysis buffer and agitated by blending 

using a Sorval Omni-Mixer 17105. Cell lysates were then sonicated on ice for 15 min using a 

Branson Sonifier 450 sonicator at an output setting of 4 and a duty cycle of 45%.  After 

sonication, lysates were spun down at 45,700 x g for 20 min at 4 °C. The supernatant containing 

MBP/PLN fusion protein was applied to an amylose resin affinity chromatography column at 4 

°C.  The column was washed with 12 column volumes of wash buffer until the OD280 reached ≤ 

0.05. The protein was eluted using a maltose solution, which MBP preferentially binds, 

separating the protein from the amylose resin. PLN was cleaved from MBP with TEV protease at 

100 U/mg fusion protein at 30°C for ~5-8 h. At this point PLN can be further purified in two 

ways: 1) an S-100 sephacryl gel filtration column using an AKTAprime liquid chromatography 

system (Amersham Pharmacia Biotech), or 2) using reversed-phase HPLC. While we originally 

used the gel filtration method, we have abandoned this method in favor of the faster and higher 

resolving HPLC method as reported by Young and co-workers (143). For the HPLC method, the 

cleavage reaction was dialyzed against 4 L of ddH2O in a 1000 Da cutoff membrane until PLN 

precipitated (~12 hr). The suspension was centrifuged at 6370 x g for 20 min at 4 °C. The 

supernatant containing soluble proteins (MBP, TEV protease, uncleaved fusion protein) was 

discarded. Pellets were solubilized in 1-2 ml of 10% (w/v) SDS and stored at 4 °C. This crude 

solution was purified by reversed phase HPLC using an Agilent 1100 system (Agilent 

Technologies, Inc. Santa Clara, CA, USA) equipped with a Vydac 208TP C8 monomeric 

reversed phase column (250 mm × 1.0 mm i.d. × 10 μm particle size, Grace Vydac, Hesperia, 

CA, USA). The mobile phases used were: A – H2O with 0.1% TFA and B – isopropanol. The 

column (incubated at 50 °C) was equilibrated with 10% solvent B and proteins were eluted at 2 

ml/min flow rate using the following gradient: 10% to 30% solvent B in 10 min, 30% to 50% in 

20 min, 50% to 70% in 30 min, and 70% to 100% in final 10 min. The column was re-

equilibrated with 10% B for 10 min after each run. With these conditions the retention time for 

PLN was ~59 min. PLN fractions were pooled and isopropanol was evaporated under a stream of 

N2. The resulting suspension was lyophilized and the resulting protein powder stored at -20 °C. 

3.3.5 Quantitation of Protein 
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Protein concentration at each purification step was determined using protein absorbance at 280 

nm, or assayed with densitometry measurements of Coomassie or silver stained gels (Figure 

3.1A). Densitometry data was collected on a Bio-Rad Molecular Imager FX using Bio-Rad 

Quantity One quantitation software.  Recombinant protein concentrations were determined by 

comparison to a standard curve of 1, 2, and 3 µg synthetic PLN peptides previously quantified by 

amino acid analysis.  PLN was also identified with MALDI-MS and amino acid sequence 

analysis. 

3.3.6 Phosphorylation of PLN at S16 by PKA 

HPLC-purified PLN was reconstituted to a concentration of 0.25 mg/mL for phosphorylation. 1 

mg PLN was phosphorylated with 1000 U of protein kinase A catalytic subunit. Phosphorylation 

was confirmed using a gel-shift from a western blot with anti-pS16 PLN antibody 285 and by 

MALDI-TOF MS. 

3.3.7 SERCA preparation 

SERCA was extracted from rabbit skeletal muscle, purified and tested for activity as reported 

previously (113, 127, 140). A solution containing 0.45 mM of SERCA, 5 mM DPC, 1 mM 

CaCl2, 1 mM MgCl2, 20 mM MOPS, 20% glycerol, 0.25 mM DTT, 0.4 mM ADP, pH of 7.0 was 

used for titration experiments (see below). 

3.3.8 Functional Assays 

3.3.8.1 SERCA/PLN Co-reconstitution  

Lyophilized PLN protein was solubilized in 240 µL of chloroform containing 2.4 mg of 

lipids in a 4:1 molar ratio of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE). Samples were then dried by 

removing the organic solvent under a stream of N2 gas. The dried film of lipid and PLN 

was then hydrated in 120 µL of 25 mM imidazole (pH 7.0) by vortexing followed by 

brief (30-60 sec) water-bath sonication. The lipid/PLN vesicles were then adjusted to 

contain a final concentration of 20 mM imidazole (pH 7.0), 0.1 M KCl, 5 mM MgCl2, 

and 10% glycerol. 4.8 mg of β-octylglucoside was added, followed by 60 µg of purified 

SERCA with the final volume adjusted to 300 µL with buffer. Removal of the detergent 

was performed by incubation with 120 mg of wet Biobeads for 3 h at 25 °C. The 
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SERCA/PLN lipid vesicles were separated from Biobeads using a gel-loading tip and 

micropipette and immediately assayed for function.  

3.3.8.2 ATPase Activity Measurements 

SERCA activity was assayed by an enzyme-linked assay (144) performed in a 96-well 

plate. Each assay was performed at 37 °C in a Thermomax microplate reader (Molecular 

Devices) in triplicate at different free calcium concentrations in a total volume of 175 

µL. Between 1 and 3 µg of SERCA was added to the samples to start the assay, and the 

absorbance of NADH was monitored at 340 nm to determine the rate of ATP hydrolysis.  

Data was plotted in Origin 7.5 and fit using the Hill Equation (see below) to determine 

the shift in pKCa (Figure 3.3B).    

3.3.8.3 31P NMR Activity Assays  

To measure the hydrolysis of ATP by SERCA under solution NMR conditions (DPC 

detergent micelles), assays were performed by monitoring the inorganic phosphate 31P 

NMR signal. The assay mixture consisted of 6 µM SERCA, 137 µM PLN, assay mix, 

and concentrations of CaCl2 required to reach free Ca2+ concentration calculated based 

on the method of Fabiato and Fabiato (145). Upon each addition of nucleotide, eight free 

induction decays (FIDs) were collected, each consisting of 16 single pulse transients on 
31P. Data were collected on a Varian Inova spectrometer operating at a 1H Larmor 

frequency of 500 MHz. After monitoring the rate, the inorganic phosphate signal was 

normalized to the known amount of DPC in the sample. This normalized amount was 

then plotted (V vs pCa) and fit by the Hill equation (Figure 3.3C).  

     ]101/[ )(
max

CaCa ppKnVV −+=    (1) 

V is the initial ATPase rate and n is the Hill coefficient. The data were normalized to the 

maximal rate, Vmax, which was obtained from the fit, and then replotted to determine the 

shift in pKCa (Figure 3.3B).  

3.3.9  NMR Spectroscopy 

3.3.9.1 Preparation of solution NMR samples and titrations.  

NMR samples were prepared by dissolving isotopically labeled PLN in NMR sample 

buffer containing 300 mM DPC and 10% D2O to a final concentration of 0.23 mM.  For 

the preparation of wt-PLN NMR samples (or other “difficult” samples), a slightly 
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different procedure was used: wt-PLN was solubilized in 300 mM DPC, 20 mM PBS 

(pH 6.0) and 6 M guanindinum-HCl. The sample was dialyzed overnight in a mini-

dialysis chamber against 1 L dialysis buffer. For the NMR titration, SERCA at a 

concentration of 0.51 mM was added incrementally to the PLN sample as previously 

reported (127). To correct for this dilution, and potential pH and salt effects, the same 

titration experiment was performed with SERCA buffer in the absence of enzyme. After 

each SERCA addition, a 1H-15N heteronuclear single quantum coherence (HSQC) 

experiment was collected on a Varian Inova spectrometer operating with a 1H Larmor 

frequency of 600 MHz at 37 °C, using an inverse detection triple-resonance and triple-

axis gradient probe. The HSQC pulse program was equipped with pulsed field gradients 

for both coherence selection and sensitivity enhancement (146).  

3.3.9.2  Kd Measurements by NMR 

For measuring the binding constants, we assumed 1:1 binding between SERCA and PLN, 

and that the intensity reduction (Iretention) of the transmembrane domain residues in Figure 

3.2C was directly related to the fraction of PLN bound to SERCA (fb). For a complete 

derivation of Eqn. 3 see ref. (113) (Eqns. 4-10).  

retentionb I1f −=   (2) 

t

tttttt
b 2[PLN]

[PLN]4[SERCA]2)[PLN][SERCA]d(K[PLN][SERCA]dK
f

−++−++
=

(3) 

The dissociation constant (Kd) was calculated using a non-linear fit to Eqn. 3. 

3.3.9.3 Preparation of Oriented Samples and Solid-State NMR spectroscopy 

PLN was reconstituted into lipid vesicles using two different preparations: 1) detergent  

mediated reconstitution and 2) organic solvent mediated reconstitution.  

3.3.9.3.1 Detergent mediated reconstitution: 80 mg (4/1, w/w) of DOPC/DOPE 

were dissolved in chloroform and thoroughly vortexed. Chloroform was 

evaporated under a stream of N2, after which the lipids were resuspended in 40 

mL of ddH2O. The lipid suspension was sonicated on ice until small unilamellar 

vesicles (SUVs) formed (the suspension became transparent). After sonication, 

the lipids were centrifuged (6,370 x g for 10 min at 4°C) to remove bigger 

vesicles and metal particles. PLN (~4 mg) was solubilized in 1 mL of SDS (10%, 

w/v) and dissolved in the lipid mixture prior to one freeze-thaw cycle. Samples 
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were extensively dialyzed against ddH2O to remove the detergent and 

subsequently concentrated to 2 ml using an ultrafiltration device (10 kDa cutoff 

membrane). Approximately 100 µL of sample were transferred onto each of 20 

glass plates. Samples were slowly dried at 40 ºC, rehydrated to the liquid-

crystalline phase and finally sealed in a rectangular glass cell.  

3.3.9.3.2 Organic solvent mediated reconstitution: DOPC/DOPE 80 mg (4/1, 

w/w) were dissolved in chloroform and thoroughly mixed. PLN (~4 mg) was 

solubilized in 50 µL of trifluoroethanol and added to the lipid mixture. Solvents 

were first evaporated under a stream of N2 and then lyophilized overnight to 

ensure complete removal of organic solvents. The lipid/protein mixture was 

resuspended in 40 mL of ddH2O and carefully vortexed. Small unilamellar 

vesicles were prepared by repeatedly extruding the lipid mixture through 

polycarbonate filters of decreasing pore size (200, 100, 50 µm) using a bench-top 

extruder. This SUV suspension was concentrated to 2 ml with samples dried and 

rehydrated as reported above. The final molar ratio of lipid/protein for all 

samples was ~200/1. 

3.3.9.3.2 NMR Spectroscopy: The 2D polarization inversion spin exchange at 

the magic angle (PISEMA) was performed (112, 147) with TPPM decoupling 

during acquisition (148). Due to spectrometer limitations (lack of fast frequency 

switching), a phase modulated Lee-Goldberg (PMLG) was used in the indirect 

dimension to decouple 1H-1H interactions and allow for the evolution of 1H-15N 

dipolar coupling (149). The initial 90° 1H pulse, cross-polarization, PMLG (1H 

effective field), and TPPM decoupling during acquisition were applied at ~60 

kHz RF field strength. Spectra of uniformly 15N samples were acquired with 1 k 

scans and 30 t1 increments while selectively labeled samples required 4-12 k 

scans and ~8-16 increments. All experiments were performed at the National 

High Magnetic Field Laboratory at a 14.1 T magnetic field strength (1H 

frequency of 600.1 MHz) equipped with a Bruker DMX spectrometer using a 

low-E probe built by the RF program (150). 

3.3.10 Structure Determination of monomeric and pentameric PLN using hybrid-solution and 

solid-state NMR method  



 72 

Solution and solid-state NMR methods have been used as a complementary approach to 

the structure determination of small and medium size membrane proteins (151, 152). For solution 

NMR, the proteins are reconstituted in detergent micelles with a meticulous choice of 

experimental conditions, which is based on the NMR spectral features as well as preservation of 

SERCA function. For solid-state, we reconstitute membrane proteins in synthetic lipid bilayers, 

which are more amenable to enzyme function. The major advantage of solution NMR is to offer 

high-resolution spectra (membrane proteins up to hundreds of kDa have now been studied and 

assigned) and to obtain secondary and tertiary structures through NOE measurements. On the 

other hand, when membrane proteins are solubilized in detergent micelles, the topological 

information of the protein within the lipid bilayer is lost. This orientation information regarding 

the molecular topology can be recovered by solid-state NMR measurements using aligned 

samples.  

Recent reports verify that the protein adopts a similar structure in both lipid bilayers and 

micelles; therefore, we decided to pool the information derived from these two techniques and 

combine the structural restraints into a unique molecular modeling protocol (4, 5). The total 

potential energy function (ETotal) is defined as a combination of an empirical energy function 

(Echem) and two penalty functions that include solution (EsolNMR) and solid-state NMR (EssNMR) 

restraints (4): 

ssNMRsolNMRchemTotal EEEE ++=  (4) 

Where 

vdwimpropertorsionanglesbondschem EEEEEE ++++=  (5) 

CSPPRERDCHBONDCDIHNOEssolNMR EEEEEEE +++++=  (6) 

DCCSAssNMR EEE +=  (7) 

The energy terms of Echem are included into standard force field of XPLOR-NIH (153). EssNMR 

contains dipolar coupling and chemical shift anisotropy values derived from PISEMA or 

HETCOR experiments. As a result, the simulated annealing protocol minimizes the energy 

function for both distance and angular restraints as well as orientational restraints derived from 

solid-state NMR PISEMA experiments. Figures 3.3D shows the average structures from the 

lowest energy conformational ensembles for both the monomer (5).  
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3.4 CONCLUSIONS 

3.4.1 Allosteric Model of SERCA Regulation by PLN 

The outcomes of our investigation are summarized within the schematic in Figure 3.4. In 

agreement with both in vitro and in vivo studies, we found that PLN adopts a pentameric, L-

shaped conformation both in micelles and in lipid bilayers. In particular, both solution and solid-

state NMR data show that the cytoplasmic domain (which is amphipathic) interacts with the 

surface of the membrane mimicking environment (both for micelles and lipid bilayers), while the 

transmembrane domain form a tight hydrophobic bundle stapled together by a leucine-isoleucine 

zipper. PLN depolymerization into active monomers occurs in the presence of SERCA. In the 

monomeric state (prelude to the interaction with SERCA), PLN is predominantly in a resting T 

state with a small population in the R state. Using EPR spectroscopy, Thomas and co-workers 

have estimated that ~10% of PLN exists in the R state in lipid bilayers at 4 °C (38). In the 

presence of SERCA, the equilibrium is shifted toward the R state that is probably selected to 

bind the enzyme. Although dynamic in nature, PLN forms a stable inhibitory complex with 

SERCA (Kd in DPC detergent micelles ~60 µM). This inhibition is reversed by phosphorylation 

at S16, which changes the conformational dynamics and results in an unwinding of the 

cytoplasmic helix (22). In the presence of SERCA, phosphorylation at S16 PLN causes a slight 

rearrangement within domain Ib (residues 23-30) and changes the dynamics at the binding 

interface (38, 102).  These structural dynamics affect the conformational transitions of the 

enzyme, and ultimately calcium translocation.  

3.4.2 Rational Design of PLN Mutants as Possible Candidate for Gene Therapy 

A fundamental aim of structural biology is to move from understanding structure and dynamics 

to controlling molecular function. With this in mind, we attempted to manipulate the structural 

dynamics of PLN and to promote the formation of the R state through mutagenesis. Recently, we 

found that by mimicking the S16 phosphorylated state of PLN (i.e. enhancing the local dynamics 

in the hinge region) it is possible to tune the extent of SERCA inhibition (25). This work was 

originally inspired by in vivo studies carried out by Chien and co-workers, who demonstrated that 

a pseudo-phosphorylated variant of PLN can relieve SERCA inhibition and increase heart 

contractility, ultimately reversing the damages of myocardial infarction. We found that by 

changing Pro21 to Gly it is possible to generate a loss-of-function mutant with characteristics 

similar to S16E (pseudo-phosphorylated species tested by Chien), preserving the 

posttranslational control by β-adrenergic stimuli (25). This new generation of mutants possesses 
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a residual inhibitory power that could be important in adjusting the pathophysiology of diseased 

hearts leading to reversal or hindrance of cardiac remodeling. We are currently working on 

different sites to improve the characteristic of loss-of-function mutants.  

3.5 NOTES 

3.5.1  For small membrane peptides, choice of fusion partner and cleavage protease can be 

crucial for successful expression and purification.  Expression of small membrane peptides can 

induce inclusion bodies, or lead to cell death. We attempted cloning PLN with several other 

fusion partners and found MBP to offer the best degree of solubility and expression levels. For 

choosing a cleavage protease, scanning for secondary cleavage sites is also very important. For 

PLN, cleaving with thrombin and other proteases led to secondary cleavage. TEV has a longer 

recognition sequence (7 residues), making it very specific. 

3.5.2   TEV can be easily expressed in E. coli and purified using a 6x-His and Ni-NTA resin 

chromatography within the laboratory. A construct of TEV that is particularly effective which we 

use is a S219V mutant with a poly-arginine tail kindly provided to us by the Gorelick Laboratory. 

3.5.3   The method of unfolding the protein sample with guanidine HCl and refolding via 

dialysis used to prepare the wt-PLN solution state NMR samples described in section 3.4.1 is 

useful for other membrane protein NMR samples that are prone to aggregation or those which 

give non-uniform HSQC spectra.  We have found that other “difficult” samples (such as pS16 

PLN) give better spectra when prepared in this manner. 

3.5.4 This work was supported by grants to G.V. from the National Institutes of Health 

(GM64742, HL80081, GM072701) and NJT (AHA 0515491Z). PISEMA spectra were 

acquired at the NHMFL, Tallahassee, FL (DMR-0084173). NMR instrumentation at the 

University of Minnesota High Field NMR Center was funded by the National Science 

Foundation (BIR-961477) and the University of Minnesota Medical School. 
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Figure 3.1. Purification and functional assays of PLN and SERCA. (a) Purification gels showing 

expression of fusion protein (before and after induction with IPTG), selection on amylose 

affinity column, and cleavage by TEV protease (left gel). Middle gel shows PLN monomer and 

pentamer reconstituted in DOPC/DOPE lipid bilayers and DPC detergent micelles. Right gel 

shows purification of SERCA from crude SR; light SR refers to purified SERCA used for 

activity assays and NMR experiments. (b) Normalized SERCA activity in the absence (squares) 

and presence of PLN (circles), and in the presence of phosphorylated PLN at S16 (triangles). 

This activity assay was performed in lipid bilayers using the coupled enzyme assay in a 

microplate reader. (c) SERCA activity monitored using 31P NMR spectroscopy in DPC micelles. 

(d) Example of the 31P NMR activity assay where the inorganic phosphate signal (highlighted in 

gray) is monitored as a function of time. Middle gel in (a) is reproduced with permission from 

ref. (107) Copyright 2007 National Academy of Sciences, USA. Panel (b) is reproduced with 

permission from ref. (142) Copyright 2008 American Chemical Society. Panels (c, d) are 

reproduced with permission from ref. (102) Copyright 2006 Elsevier. 
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Figure 3.2. Solution NMR results on AFA-PLN/SERCA complex in detergent micelles. A) The 

intensity retention plotted for residues 2, 3, 6, and 8 in p16 PLN (white) and PLN (black) that 

disappear with increasing additions of SERCA. B) The percentage of PLN in the R state as a 

function of the SERCA/PLN molar ratio for p16 PLN (white) and PLN (black) for residues 

undergoing slow exchange (residues 10–12, 15–17, and 22). A value of 100% indicates that the 

peak (residue) has completely exchanged to the R state. C) The intensity retention for residues in 

the transmembrane domain (28–52) that decrease, but do not abolish in intensity. D) EPR 

spectrum of TOAC labeled A11 PLN in lipid bilayers in the absence of PLN. Since EPR probes a 

faster timescale, both the T and R states are observed in lipids. E) representative 1D and 2D 

spectra of the residues with abolished intensity (top, corresponds to A), residues undergoing slow 

exchange (middle corresponds to B), and residues with reduced intensity (bottom, corresponds to 

C). Coordinates for the PLN/SERCA molecular model were generously provided by Drs. 

MacLennan and Toyoshima. Panels A-C and E were adapted with permission from Ref (102). 

Copyright 2006 Elsevier. Panel D was reproduced with permission from Ref (127). Copyright 

2005 National Academy of Sciences USA. 
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Figure 3.3.  Solid-state NMR spectra with overlaid ensemble PLN structures. PISEMA spectra 

for uniformly 15N labeled PLN monomer (A) and selectively labeled PLN pentamer (B, 

transmembrane domain residues; C, cytoplasmic domain residues). Note that dipolar coupling 

values within the spectra are scaled by the theoretical 0.82 factor for the PISEMA experiment 

(112). Panel D shows the overlay of the structural ensemble for monomeric PLN determined 

using a hybrid of solution and solid-state NMR restraints (PDB 2KB7) (5). Panel E shows a 

cartoon representation of the PLN pentamer indicating the pinwheel assembly (107). Panels A-C 

are reproduced with permission from refs. (5, 107). Copyright 2007 and 2009 National Academy 

of Science USA. 
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Figure 3.4  Allosteric model of PLN/SERCA interaction showing depolymerization of 

pentameric PLN into monomeric units that undergo exchange between an ordered T state and a 

disordered R state(s) (38, 102, 127, 141, 142).
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4.1  INTRODUCTION 

Calcium translocation is a major signaling mechanism for mammalian cells (154). In cardiac 

myocytes, calcium regulates contractility and relaxation through a “calcium induced calcium 

release” cycle (12, 155, 156). At low concentrations, calcium ions enter the myocytes through 

voltage-dependent L-type calcium channels that are embedded in the sarcolemmal-sarcoplasmic 

reticulum (SR) junctions, acting as a trigger for the release of calcium ions by the ryanodine 

receptors. Subsequently, free intracellular calcium ions bind the myofilaments, initiating muscle 

contraction. Relaxation of the muscle fibers occurs when calcium ions dissociate from the 

myofilaments and are transported out of the cytosol into the SR vesicles, a process that is 

primarily controlled by SR Ca2+-ATPase (SERCA) and phospholamban (PLN) (13, 14, 157).  

SERCA (a 110 kDa integral membrane enzyme) transports two calcium ions into the SR by 

hydrolyzing one molecule of ATP (131, 134). This ATP-driven calcium pump has a large 

cytoplasmic region (divided into actuator, nucleotide-binding, and phosphorylation domains) and 

a transmembrane domain that constitute the calcium channel (94, 134) (Figure 4.1).  

PLN, a single-pass transmembrane protein, is the endogenous inhibitor of SERCA in the 

cardiac muscle (13). PLN has three structural domains: cytoplasmic helix (domain Ia, residues 1-

16), loop (residues 17-21), and transmembrane helix, which was further divided into two 

dynamic domains (domain Ib, residues 22-31, and domain II, residues 32-52). Proline 21, situated 

in the dynamic loop, breaks the helicity of the transmembrane domain, determining the L-shaped 

topology of both monomeric and pentameric PLN in lipid bilayers (Figure 4.1) (57, 102, 107, 

111).  

Growing evidence suggests that PLN acts as a subunit of SERCA (141), with its 

transmembrane helix bound in the hydrophobic groove between transmembrane domains M2, 

M4, M6, and M9 of the enzyme and its cytoplasmic helix interacting with the cytoplasmic 

domains of SERCA (98) (Figure 4.1). β-adrenergic stimuli activate protein kinase A (PKA), 

resulting in PLN phosphorylation at S16 (pS16-PLN) with complete relief of inhibition and 

restoration of the calcium flux into SR vesicles (13). S16 phosphorylation is necessary and 

sufficient to relieve the inhibitory effect of PLN (80, 158), although T17 and S16/T17 double 

phosphorylation are also present in intact myocardial tissue (159, 160). 

Defective cellular calcium handling by the SERCA/PLN complex is responsible for the 

progression of heart failure (14). In fact, aberrant mutations in the PLN primary sequence have 

been directly linked with specific heart conditions. R9C mutation, R14 deletion, and L39 
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truncation of PLN have been detected in patients affected by dilated cardiomyopathy (DCM) (28, 

30, 31). One promising therapeutic strategy is to augment cardiac contractility by inducing a 

positive inotropic effect, targeting PLN function directly (i.e., reducing its inhibitory effects) 

(161).  This can be accomplished by a) decreasing PLN’s expression level, b) increasing 

phosphorylation of PLN, c) using PLN inhibitors that interfere with the SERCA/PLN complex 

formation (e.g. quercitin, tannin, and ellagic acid), or d) using mutants with dominant negative 

effects, loss-of-function (LOF) mutants, that compete with endogenous wild-type PLN (32). This 

last approach has received significant attention after the success of Chien and co-workers in the 

design and delivery of a pseudo-phosphorylated mutant of PLN (S16E-PLN). Using a new 

recombinant adeno-associated virus vector (rAAV), these researchers were able to reverse the 

effects of progressive dilated cardiomyopathy (32, 133). In particular, they showed that 

expression of S16E-PLN in animal models with chronic heart failure and DCM as well as with 

post-cardiac infarction resulted in a substantial increase of both cardiac diastolic and systolic 

functions (86). More recently, using percutaneous cardiac recirculation-mediated gene transfer 

with S16E-PLN, the Power and Chien groups demonstrated the reversal of heart failure 

progression even in large animals (33).  

Prompted by the success of the S16E-PLN mutant, we began our structural investigation of 

PLN mutants with a view toward rational design of improved LOF mutants. Previous 

mutagenesis studies (34, 125) gave invaluable insight into PLN function. However, they did not 

distinguish whether a point mutation causes changes in the interaction surface between SERCA 

and PLN, in PLN structural dynamics, or both. As a consequence, rational designs of single or 

double mutations with increasing or decreasing inhibitory effects have been quite difficult to 

achieve (19, 130, 162). From these studies, Young and coworkers concluded that the inhibitory 

properties of each amino acid are context-dependent (35).  

For our rational design of mutants, we postulated that by manipulating PLN structural 

dynamics it could be possible to regulate SERCA’s function. This hypothesis is substantiated by 

a compilation of studies that we have carried out in the last few years on PLN (phosphorylated 

and unphosphorylated) free and bound to SERCA and culminated in the formulation of the 

allosteric mechanism of regulation of SERCA by PLN(13, 35-37). This model assumes that PLN 

exists in a dynamic equilibrium between T and R states, with SERCA shifting the equilibrium 

toward the R state prior to forming the inhibitory complex. Phosphorylation at S16 affects PLN 

structural dynamics and, in turn, the allosteric equilibrium, causing the formation of the non-

inhibitory SERCA/PLN complex (38, 102, 105, 127).  
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In this paper, we demonstrate that it is possible to tune PLN structural dynamics and mimic 

PLN phosphorylation to gain control of SERCA’s function. As proof of concept, we present a 

new PLN mutant, P21G-PLN, with improved in vitro characteristics with respect to S16E-PLN 

for a possible use in rAAV gene therapy. 

4.2 EXPERIMENTAL PROCEDURES 

4.2.1 NMR Sample Preparation 
15N-labeled monomeric PLN mutants were expressed as a fusion protein with maltose 

binding protein and purified as described previously (101). Primer synthesis and DNA 

sequencing were performed at the BioMedical Genomics Center of the University of Minnesota. 

Sequences of the forward and reverse primers consisted of the optimized codons for E. coli for 3 

residues before and after the target residue to be mutated.  Polymerase chain reaction (PCR) was 

performed with a total volume of 50 μL containing 0.06 μM of each oligonucleotide, 80 µg of 

parental template, 200 μM dNTP mix (Promega), 10x buffer (10 μL per reaction), and 5.0 U Pfu 

Turbo DNA polymerase (Stratagene).  PCR was carried out in a Perkin-Elmer GeneAmp PCR 

system 2400 at 95 ºC for 3 minutes followed by 16 temperature cycles of 95 ºC for 15 seconds to 

denature the DNA, 55 ºC for 1 minute to anneal, and 68 ºC for 12 minutes to elongate. PCR 

products were then digested with Dpn-I (Stratagene) in order to remove non-mutated methylated 

dsDNA. After digestion, the products were transformed into XL-1 Blue competent cells 

(Stratagene) and grown on Luria Bertani medium (LB)/ampicillin plates. DNA purification was 

performed with Quick-Spin Minipreps (Qiagen). The purified DNA was quantitated by 

measuring the UV absorption.  DNA sequencing confirmed the single site mutations on the PLN 

background. Purified plasmid constructs were then transformed into the BL21 (DE3) strain of E. 

coli and protein purification was performed as previously described (101). Phosphorylation at 

S16 by protein kinase A of the P21G mutant was performed as previously described (105). NMR 

Samples were prepared by dissolving the lyophilized proteins (PLN, P21A, S16E, P21G, P21L, 

P21I, S16EP21G, pS16 PLN, pS16-P21G) in 300 μL phosphate buffered saline solution, pH 6.0, 

containing 300 mM dodecylphosphocholine (DPC) (Avertec) and 10% D2O. The protein final 

concentration in the NMR samples was ~0.25 mM as estimated by gel densitometry.  

SERCA was extracted from rabbit skeletal muscle, purified and tested for activity as reported 

previously (102, 127). A solution containing 0.45 mM of SERCA, 5 mM DPC, 1 mM CaCl2, 1 
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mM MgCl2, 20 mM MOPS, 20% glycerol, 0.25 mM DTT, 0.4 mM ADP, pH of 7.0 was used for 

titration experiments (see below). 

4.2.2 NMR Experiments 

NMR experiments were carried out on a 600 MHz Varian INOVA spectrometer operating at 
1H Larmor frequency of 600.13 MHz and equipped with an inverse detection triple resonance 

and triple axis probe. All of the experiments were performed at 37° C. [1H,15N] heteronuclear 

single quantum coherence (HSQC) spectra (48) were acquired with 6000 Hz spectral width in the 

direct dimension (1H)  and 1500 Hz in the indirect dimension (15N). 1024 and 128 complex points 

were collected for the direct and indirect dimensions, respectively. 2D data were processed to a 

final matrix size of 2048 x 256 after zero filling and Fourier transformation. Resonance 

assignments for all the mutants were carried out using a combination of 3D [1H,15N] TOCSY-

HSQC (70 ms mixing time) and [1H,15N] NOESY-HSQC (70 ms mixing time) experiments (47, 

51). The 3D experiments were acquired with 6000 Hz spectral width in both 1H dimensions and 

1500 in the 15N dimension. The 3D matrices were acquired with 1024x160x80 complex points 

with 2048x320x160 after final processing. The recycling delay used was 1.2 s for all of the 

experiments.  Data processing was carried out using NMRPipe software (163). The secondary 

structure was assessed using Hα chemical shift index (CSI), which is the difference between the 

PLN Hα chemical shifts and those from random coil values (45). Because of the high rotational 

anisotropy of PLN and its mutants, the analysis of the order parameters (the customary index for 

protein internal dynamics, ps-ns timescale) does not give good convergence; therefore, we 

limited our analysis to heteronuclear NOE data (22). [1H,15N] steady-state NOE enhancement 

experiments were acquired using standard pulse sequences based on Farrow et al. (1994) (79) 

using a spectral width of 6000 Hz in 1H, 1500 Hz in 1H with 1024 points collected in the direct 

(1H) dimension and 64 points collected in the indirect (15N) dimension.   For the saturated 

spectrum, a 3 sec 1H presaturation period was used. Peak intensities were analyzed and quantified 

using NMRView software (164).  

4.2.3 Analysis of the correlations between mutations and structural dynamics 

The local and long-range perturbations caused by each mutation (or phosphorylation) on the 

structural (CSI) and dynamical (NOE) properties (P) of PLN were analyzed for each residue by 

computing the correlation coefficients (ρPM) between the property P and each mutation M (165): 
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where µ and σ are the average values and standard deviations for P and M, respectively, and 

nM is the total number of species. To assign M, we ordered the different PLN mutants based on 

increasing average NOE values for residues 17 to 30, corresponding to the loop and domain Ib. 

The heteronuclear NOEs for the specified range change from 0.50 to 0.69 in the following order: 

pS16-PLN< pS16-P21G < P21G < PLN < P21A < P21I < P21L. Then the incremental values of 

the heteronuclear NOE across the species were associated to the variable M for a total of 7 

samples (nM=7). In the histogram of Figure 4.3 we report all the correlations calculated. The 

gradation of gray in the figures indicates the relevance of each correlation. Meaningful 

correlations respond to the following criteria: a) have an absolute value much greater than the 

corresponding error (greater than one standard deviation, and b) show a significant change in CSI 

(>0.05 ppm) or heteronuclear NOE (>0.1). Given the small sample size (nM=7), the errors are 

computed using the nonparametric bootstrap calculated with the R software package 

(http://www.R-project.org) with a number of bootstrap samples of 200. 

4.2.4 NMR titrations of PLN mutants with SERCA: determination of Kd and T to R transitions  

NMR titration were carried out monitoring the chemical shifts of the amide fingerprint 

regions of PLN variants using [1H,15N]-HSQC experiments. A total of 13 different experiments 

were acquired after each SERCA addition up to a final molar ratio of 1:1 (SERCA:PLN). The Kd 

values were determined by following the disappearance of the resonances corresponding to the 

transmembrane domains of PLN upon addition of incremental amounts of SERCA as described 

previously (102, 127). Assuming 1:1 ratio between SERCA and PLN, the intensity reduction 

(Iretention) of transmembrane domain residues is directly related to the fraction of PLN bound to 

SERCA (fb), 

retentionb I1f −=   

Then Iretention is correlated to a dissociation constant (Kd) through the following derivation 

(102, 127). 

http://www.r-project.org/�
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Finally, the Kd values were calculated using a best-fit non-linear regression of Eqn. 8. The 

transitions from T to R state for each mutant were quantified by following the disappearance of 

the T state and the appearance of R state in the [1H, 15N]-HSQC spectra (102, 127). The percent 

of R state was then plotted as a function of the SERCA:PLN molar ratio. The resulting curves 

were fitted using the Hill equation. Hill coefficients were used to estimate the degree of 

cooperativity of each construct. Buffer titrations (PLN titrations with SERCA buffer only) were 

used as a control to account for the effects of dilution to peak intensity and chemical shifts (102, 

127). 

4.2.5 Preparation of EPR samples 

PLN and mutants were prepared with the spin-labeled amino acid 2,2,6,6-

tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid (TOAC) substituted for A11, using 

solid-phase peptide synthesis, as reported previously (128, 166). Unlike conventional spin labels 

attached flexibly to cysteine side chains, this spin label couples the nitroxide moiety rigidly to 

the alpha carbon, providing direct detection of peptide backbone dynamics. This spin label has 

no effect on PLN function (128).  Phosphorylation of spin-labeled PLN at S16 was accomplished 

as described previously (38).  For EPR experiments, TOAC-PLN was reconstituted into lipid 

vesicles containing DOPC/DOPE (4:1, 200 lipids per PLN).  EPR experiments were conducted in 

low Ca (pCa 6.5) buffer (50mM KCl, 5mM MgCl2, 0.5mM EGTA, 210µM CaCl2, 50mM MOPS, 

pH 7.0), where the inhibitory effect of PLN is maximal. 
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4.2.6 EPR Experiments on PLN in lipid bilayers   

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

Samples (20 µL in a 0.6 mm i.d. quartz capillary) were maintained at 4ºC using the Bruker 

temperature controller with a quartz dewar insert.  The field modulation frequency was 100 kHz, 

with a peak-to-peak amplitude of 1 G. The microwave power was 12.6 mW, producing moderate 

saturation (so that signal intensity was at least 50% of maximum) without significant effect on 

the spectral lineshape. Spectra were analyzed in terms of peptide backbone rotational dynamics 

and mole fractions of two resolved conformations using computational simulation as described 

previously (38). 

4.2.7 Activity Assays 

The inhibitory potency of PLN and its mutants was measured in lipid bilayers (EPR 

conditions).  To measure activity in membranes, each PLN mutant was co-reconstituted in lipid 

bilayer membranes (DOPC:DOPE 4:1) with purified SERCA at molar ratios of 10:1 

SERCA:PLN and 700:1 lipids/SERCA. The calcium dependence of the ATPase activity was 

measured at 25 °C using coupled enzyme assays (167). The consumption of NADH was 

monitored by the decrease in its absorbance at 340 nm using a Spectromax microplate reader 

(Molecular Devices).  The initial ATPase rate V was measured as a function of pCa (calculated 

as described previously), and the data were fit using the Hill equation,  

V = Vmax /[1 + 10 n (pKCa– pCa)]   

to determine Vmax , pKCa (the pCa value when V = Vmax/2), and n (Hill coefficient). Vmax was 

obtained from the fit, and the data were plotted as V/Vmax.vs pCa. Since the maximal velocity is 

not reproducible for the SERCA/PLN complex, we used the pKCa values to quantify the 

inhibition caused by PLN mutants. 

4.3 RESULTS 

4.3.1 NMR structural dynamics of PLN mutants 
Our central hypothesis is that PLN regulates SERCA through an allosteric mechanism (127). 

According to this mechanism, free PLN exists in a dynamic equilibrium between T and R states, 

where the T state is the predominant L-shape topology and the R state is more dynamic. SERCA 

selects and binds the R state. Phosphorylation at S16 by protein kinase A reverses PLN 

inhibition. This single phosphoryl transfer introduces a negative charge in the cytoplasmic 
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domain, partially unwinding the helix, increasing its ps-ms dynamics, and promoting the 

transition from the T to the R state. This order-to-disorder transition causes the disruption of the 

SERCA/PLN interaction surface (102, 105).  Can mutations mimic the effects of 

phosphorylation?  

To answer this question, we designed a series of PLN mutants with a gradation of helicity 

and structural rigidity. These mutagenesis studies were carried out on monomeric PLN in which 

the three non-essential cysteines 36, 41, and 46 were mutated into Ala, Phe, and Ala (126). The 

monomeric species is biologically relevant for two reasons: first, it has been shown that 

monomeric PLN is the inhibitory species (19, 168), and second, it retains the same activity as 

wild-type PLN (126).   

As a starting point for our mutagenesis studies, we chose P21, a pivotal residue that breaks 

the transmembrane helix of PLN, determining its L-shaped conformation (57) and the dynamic 

partition into four dynamic domains: domain Ia, loop, domain Ib, and domain II (Figure 4.1A) 

(22). Nuclear spin relaxation measurements revealed that P21 bridges the two most dynamic 

regions: loop and domain Ib (Figure 4.1A). The new mutants were designed using JUFO (169) 

and PrDOS (www.prdos.hgc.jp) software packages that predict both secondary structure and 

dynamics based on protein primary sequences. From the JUFO and PrDOS scores, we selected 

the following mutants with increasing propensity to form a continuous, more rigid helix 

throughout the entire PLN sequence: P21G< P21A< P21I< P21L. 

We probed the structural dynamics of the different mutants reconstituted in 

dodecylphosphocholine (DPC) micelles, a membrane mimicking system that preserves SERCA 

activity (127). Using a combination of [1H,15N] TOCSY and NOESY (47, 51) spectra and [1H-
15N] heteronuclear NOE experiments (79), we assessed both the secondary structures and internal 

dynamics of all of the mutants. Specifically, we use Hα CSI, an indicator of protein secondary 

structure (45) and heteronuclear NOE values to probe PLN backbone ps-ns dynamics (170). The 

CSI for the Hα protons and the [1H,15N] heteronuclear NOE values for all the mutants are 

reported in Figure 4.2.  

The red and black traces correspond to unphosphorylated (inhibitory form) and 

phosphorylated (non-inhibitory form) PLN that we have previously published (22, 105). These 

are shown in each panel to guide the reader. Visual inspection reveals a gradation of structural 

dynamics of PLN mutants going from the most flexible and least helical P21G to the most rigid 

and helical P21L. However, to rationalize the effects of the point mutations on the structural 

dynamics, we analyzed our data using a correlation function as described in the Experimental 

http://www.prdos.hgc.jp/�
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Procedures. Figure 4.3 shows the correlation plots for CSI and heteronuclear NOE for all of the 

different mutations.  

In black are those residues with an absolute value of the correlation coefficient greater than 

one standard deviation and in dark-gray are those between two and three standard deviations. In 

addition, the extent of the variations of CSI and heteronuclear NOE are indicated on top of the 

most significant residues.  A negative correlation (or anticorrelation) for the CSI graph in Figure 

4.3A indicates that moving from P21G to P21L the resonance for a given residue shifts upfield 

(the residue becomes more helical), a positive correlation indicates a correlated shift downfield 

toward random coil values. As expected, the residues adjacent or in the immediate proximity of 

the mutated site show strong anti-correlations (see residues 18, 19 and 20). Interestingly, residue 

27 (and to a lesser extent residue 30) exhibits a noticeable positive correlation or decrease in 

helical content. Note that these residues are neighbors to Q26, which we identified as the 

bridgehead between the cytoplasmic and the transmembrane domains and is responsible for the 

transmission of the phosphorylation signal at S16 down to the membrane-embedded region (102).  

Figure 4.3B displays the correlations between the heteronuclear NOE values versus residue 

number as a function of the different mutations. In this case, a positive correlation indicates that 

mutations at P21 increase the residue rigidity, while an anti-correlation indicates that the residue 

becomes more dynamic. Most of the residues in the loop and domain Ib show positive 

correlations, while smaller anti-correlations are present for residue 37 and 46. Overall, mutations 

at position 21 induce both short- and long-range effects.  

4.3.2 Structural Dynamics of S16E-PLN 

The analysis of the CSI and heteronuclear NOE plots indicates that the strength and the 

dynamics of the cytoplasmic helix of this mutant are intermediate between those of P21G and 

P21A mutants (Figure 4.2). The CSI of the S16E mutant has a profile similar to that of PLN for 

both domains Ib and II, while showing significant differences from E2 to M20. The heteronuclear 

NOE values also follow this trend, showing values that are intermediate between the 

unphosphorylated and phosphorylated forms of PLN. Therefore, the structural dynamics of S16E 

pseudo-phosphorylated mutant of PLN is similar but not identical to that of pS16-PLN.  

4.3.3 EPR of selected mutants in lipid bilayers 

In order to test whether the effects of PLN mutation on dynamics in DPC micelles are similar 

to those observed in lipid environment, we carried out EPR experiments on selected TOAC-spin-

labeled PLN reconstituted into lipid bilayers (Figure 4.4), of the same lipid composition used to 
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measure functional regulation of SERCA by PLN. In all four PLN variants tested, the EPR probe, 

reporting the backbone dynamics at position 11 in the cytoplasmic domain, shows clear evidence 

for two resolved states, a broad component corresponding to the ordered T state, and a narrow 

component corresponding to the dynamically disordered R state (128). The vertical dashed lines 

in Figure 4.4 show that the spectral line positions, thus the rotational dynamics, of the T and R 

states are essentially unaffected by phosphorylation or mutation.  Therefore, the principal effect 

observed is a change in the distribution (i.e. mole fractions) between the two states. 

Phosphorylation at S16 induces a dramatic increase in the mole fraction in the R state, at the 

expense of the T state, while the S16E mutation produces an intermediate effect (Figure 4.4, top) 

and the P21A mutation produces an opposite effect – decreasing the mole fraction in the R state 

(Figure 4.4, bottom). Thus, the effects of mutation on these conformational transitions are 

consistent with the NMR observations in DPC micelles (Figure 4.2). 

4.3.4 Structural Dynamics-Function correlations: Effects of mutations on SERCA activity 

In order to characterize the functional effects of these mutations, we reconstituted each 

mutant with SERCA in lipid membranes and measured ∆pKCa, which corresponds to the 

difference between the pKCa measured from the normalized calcium affinity curve in the absence 

and presence of PLN. Typical PLN inhibition of SERCA is characterized by ∆pKCa (change in 

calcium affinity) ~0.30 for unphosphorylated PLN (inhibitory complex) and a value of 0 for 

phosphorylated PLN (pS16-PLN; non-inhibitory complex), indicating no inhibition of the 

enzyme (34). Optimal enzyme inhibition is obtained with PLN (a proline at residue 21), which 

gives a ∆pKCa shift of 0.30. We found that either increased rigidity or increased flexibility of the 

loop and cytoplasmic regions of PLN decreases SERCA’s apparent affinity for calcium (Figure 

4.5). Increasing PLN rigidity results in smaller ∆pKCa values, i.e. a LOF mutant. Both P21A and 

P21I were found to have a ∆pKCa shift of 0.21, while P21L, the most rigid mutant, displayed the 

greatest loss in function with a ∆pKCa shift of 0.17. Increasing PLN mobility also causes 

decreased inhibitory potency, lowering ∆pKCa with respect to PLN. For instance, the P21G 

mutation showed a decrease in ∆pKCa similar to that of P21A and P21I. S16E, which is 

dynamically very similar to P21G, also showed a decrease in ∆pKCa to 0.15, while pS16-PLN 

(the most dynamic PLN form) shows complete relief of inhibition (∆pKCa ~ 0). Therefore, similar 

to the structure and dynamics (see CSI and NOE values) the inhibitory potencies of S16E-PLN 

and P21G-PLN are intermediate between those of PLN and pS16-PLN. 
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4.3.5 Effects of SERCA on the structural transitions of PLN mutants 

To map the effects of each mutation on the T to R state transitions of PLN upon interaction 

with SERCA, we carried out a series of NMR titrations by adding purified SERCA incrementally 

to each mutant. Addition of SERCA causes the appearance of two different populations (states) 

of PLN amide resonances in the [1H,15N]-HSQC spectrum (Figure 4.6A). In analogy with our 

previous work (13, 35), the resonances that exchanged between two states were assigned to the 

free T and R states of PLN. While qualitatively the behaviors of the fingerprint resonances in the 

[1H,15N]-HSQC of the different mutants upon addition of SERCA were similar, there were 

marked quantitative differences in the allosteric transition for each mutant. Figure 4.6B shows 

the percentage of the R state for the cytoplasmic residues present with increasing amounts of 

SERCA (102). For PLN, we found that the transition from the T to R state is gradual, while for 

pS16-PLN this transition occurs in a cooperative manner, with a combined Hill coefficient of ~3-

4 (102). For the more dynamic mutants (S16E and P21G), we observe an increase in 

cooperativity with respect to PLN, but a substantial reduction in cooperativity with respect to 

pS16-PLN (see Hill coefficient in Table 1). Interestingly, the more motionally restricted mutants 

(P21L, P21I, and P21A) show cooperativity similar to that of pS16-PLN, meaning that 

[SERCA]:[PLN] molar ratios smaller than those required for PLN are sufficient for triggering the 

T to R transition. 

In addition to characterizing the transition to the R state, the reduction in transmembrane 

domain intensities allowed for the determination of a dissociation constant (Kd) for each mutant 

(Figure 4.5B). This was accomplished using the decrease of the signal intensity of domain II 

upon titration with SERCA (102). While the more flexible variants of PLN display Kd values ~60 

µM (in agreement with our previous NMR and EPR data in DPC micelles (127)), the values of 

Kd increase with increasing helicity and rigidity up to ~170 µM for P21L-PLN. This supports our 

earlier hypothesis that PLN molds into the hydrophobic core of the enzyme and its plasticity is an 

essential requirement for binding (22). 

4.3.6 The gatekeeper role of the Q26 side chain 

When analyzing the effects of phosphorylation at S16, we proposed that the side chain of 

Q26 located in domain Ib is crucial for PLN inhibition (102). Using site directed mutagenesis 

MacLennan and co-workers (130) showed that Q26A mutation generates a LOF mutant, 

supporting our original hypothesis that alanine is unable to form intermolecular hydrogen bonds. 

Recent molecular modeling calculations carried out by the same group support the involvement 
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of Q26 side chain in the SERCA/PLN binding interface (130). Figure 4.7 shows the intensity 

retention of the Q26 NH2 groups at the end point of SERCA titrations with all PLN species. 

Upon addition of SERCA, the majority of the mutants analyzed retain ~50% of the intensity of 

the Q26 NH2 groups, while the intensity retention is much greater (up to 100%) for both 

phosphorylated species (pS16-P21G-PLN and pS16-PLN). This suggests that changes in the 

dynamics induced by mutations are not sufficient to affect the gatekeeper role of the Q26 side 

chain and only phosphorylation causes this side chain to swing away from the protein-protein 

interface. 

4.3.7 Phosphorylation of P21G mutant 

We also tested whether P21G still has post-translational control, a crucial factor in the view 

of developing a new generation of LOF mutants. Indeed, we found that P21G can be fully 

phosphorylated by PKA (Figure 4.8) and like pS16-PLN is a complete LOF species. Figure 4.8 

shows that the calcium affinity curves for pP21G-PLN and pS16-PLN are super-imposable, 

demonstrating the complete reversal of the residual inhibitory effect of P21G. Interestingly, 

pS16P21G-PLN is not as dynamic as pS16-PLN. However, the dynamic-function correlation 

graph shows that it must have passed the mobility threshold to become a complete LOF species.   

4.3.8 P21GS16E double mutant 

Are the effects of mutations additive? What is the role of electrostatics in PLN 

phosphorylation? To answer these questions, we cloned a monomeric mutant of PLN with both 

P21G and S16E mutations. If the effects of the double mutation were additive, we would expect 

an augmentation of the LOF effects with respect to the single P21G mutation, with a relief of 

inhibition similar to that of pS16-PLN. On the contrary, we found that this double mutant still 

has a residual inhibitory potency, which is intermediate between those of P21G and S16E single 

mutations. While this behavior is counterintuitive at first, this double mutant is slightly more 

rigid and helical than both P21G and S16E, and has a lower affinity for SERCA (Kd ~ 80 µM), 

making its inhibitory activity similar to that of P21A. We conclude that (a) the effects of the two 

mutations are not additive, and (b) PLN dynamics has a dominant effect over electrostatics at 

S16. 

4.4 DISCUSSION 

In our previous work, we hypothesized an allosteric control mechanism for SERCA by PLN 

(127). We showed the existence of a dynamic equilibrium between two states of PLN: T state, 
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which is more static and L-shaped, and R state, which is more dynamic. Based on the effect of 

phosphorylation at S16, we also suggested that the structural dynamics of PLN may have a direct 

influence on the calcium affinity and the allosteric transitions of the enzyme (38, 102). In the 

current work, we demonstrate that (a) the structural dynamics of PLN plays a crucial role in the 

allosteric regulation of SERCA, and (b) it is possible to gain control of SERCA function through 

the modulation of PLN structural dynamics. NMR data provides detailed insight into the 

conformational dynamics of PLN in DPC micelles, while EPR data (Figure 4.4) confirms that 

similar conclusions are valid in lipid bilayers and shows clearly that the principal effect of 

phosphorylation or mutation in the loop region of PLN is to regulate the equilibrium between R 

and T states. 

In agreement with previous studies (171), we found that proline 21 is pivotal for optimal 

inhibition of SERCA. Point mutations in this site induce long-range changes in PLN structural 

dynamics, affecting PLN interactions with SERCA (Figure 4.3). Interestingly, the changes in the 

structural dynamics observed have short- and long-range correlations.  In other words, single 

point mutations not only affect residues in the immediate proximity of the mutated site (loop), 

but also distant residues with a direct relation to the overall PLN structural dynamics. In 

particular, CSI correlation plots show a strong positive correlation for N27 and a weaker positive 

correlation for N30, in antithesis with the trend observed for the other residues around the P21 

site. Both residues are proximal to Q26, a key residue that was predicted to swing away from the 

SERCA/PLN interface upon phosphorylation at S16 (98, 102). It is possible that a less structured 

domain Ib with concomitant breakage of intermolecular hydrogen bonds is necessary for 

complete relief of inhibition.  

These changes in structure and dynamics of PLN induced by single mutations have direct 

effects on its inhibitory potency. To interpret the complex energy landscape of SERCA/PLN 

interactions, we built a simplified energetic diagram that summarizes the behavior of the mutants 

analyzed (Figure 4.9). In the absence of SERCA, PLN is in equilibrium between a more 

populated T state where the cytoplasmic domain is in direct contact with lipid membranes and a 

less populated R (activated) state. In the presence of SERCA, this equilibrium is shifted toward 

the R state. Unphosphorylated PLN binds SERCA to form an inhibitory complex (low energy), 

while S16 phosphorylation leads to a non-inhibitory complex (high energy) without completely 

dissociating from the enzyme. Our results indicate that this transition from an inhibitory to a non-

inhibitory complex is strongly influenced by structural dynamics.  
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Mutations change the activation energy for the T to R transition, a primary difference 

between pS16-PLN and PLN (Figure 4.9). In the presence of SERCA, the most rigid mutants 

(P21A, P21I, and P21L) have a lower activation energy to transition from the T to R state. 

Interestingly, they show the same cooperativity (similar Hill coefficient) as the most dynamic 

species (pS16-PLN), suggesting that the R state could be an ensemble of different conformations 

(105). On the other hand, S16E and P21G display a cooperativity intermediate between that of 

PLN and pS16-PLN. In the bound state, full inhibition is reached only with PLN that forms a low 

energy complex with SERCA, while all of the mutants generated are LOF with higher energy 

complexes.  

Can we use this knowledge to design a new generation of LOF mutants? Based on our data, 

we found that more helical and motionally restricted mutants of PLN are LOF with cooperative T 

to R state transitions. However, the more rigid mutants have lower binding affinities (Kd ~2 times 

larger for the most motionally restricted P21L) and would not be good candidates to compete 

with wild-type PLN for possible rAAV gene therapies (172). On the contrary, more mobile 

mutants such as S16E and P21G have binding affinities similar to those of the non-mutated PLN 

and would constitute good LOF candidates. Remarkably, P21G has both an inhibitory effect and 

affinity for SERCA similar to that of S16E. The residual inhibitory effects are pKCa ~0.22 and 

0.15 for P21G and S16E, respectively. Since P21G is more dynamic than S16E, this small but 

significant difference in the inhibitory potency might be attributable to the difference in charge 

between the two mutants and the different interaction surfaces with SERCA.  

A significant limitation of the S16E mutant is its lack of post-translational control by PKA, 

i.e., position 16 is no longer phosphorylatable. Unlike S16E, P21G has position 16 still 

accessible to PKA, enabling post-translational control. This would allow further augmentation of 

the LOF character of the designed mutants in vivo. Of course, the ideal LOF species is pS16-

PLN, which still binds SERCA with high affinity without inhibiting its function. Rationally 

designed LOF mutants should mimic the structural dynamics of pS16-PLN.  However, complete 

LOF mutants would correspond to ablation of PLN (i.e., continuous activation of SERCA), 

which can result in dilated cardiomyopathy (31). Therefore, it is necessary that the new mutants 

possess a residual inhibitory effect like P21G.  

While in vivo testing using rAAV is necessary to completely validate the therapeutic 

possibility of P21G, our in vitro assays show that this mutant lays the ground for the next 

generation of rationally designed PLN species with potential therapeutic application. Unlike 
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S16E, these new mutants would simultaneously preserve post-translational control in addition to 

increased internal dynamics. 

Indeed, the current study is limited to the correlation between backbone internal dynamics 

and PLN’s inhibition of SERCA. As shown for Q26 (a residue involved in the SERCA/PLN 

interface), the involvement of this side chain in the protein-protein interface is not affected by 

mutations at position 21, but rather it is sensitive only to phosphorylation (see Figure 4.7). To 

fully understand how the phosphorylation signal is relayed through the mutation sites in the loop 

to the transmembrane protein interface, future studies on the structural dynamics of PLN side 

chains with and without phosphorylation in the presence of SERCA will be necessary. 

In summary, we have demonstrated that by fine-tuning the structural dynamics of PLN, it is 

possible to modulate its allosteric regulation of SERCA. The possibility of controlling SERCA 

activity will help design new PLN mutants that can be utilized in the correction and reversal of 

calcium cycling abnormalities in heart failures. From a general structural biology point of view, 

the possibility of fine-tuning a membrane enzyme’s function by modifying its subunits’ structural 

dynamics opens up the application of similar strategies in the regulation of other membrane-

bound proteins that are governed by similar mechanisms. For instance, similar approaches can be 

used in the modulation of the Na/K-ATPase, which is regulated by phospholemman, a single pass 

membrane protein with a function similar to that of PLN (155). 
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Table 4.1  Summary of the dissociation constants (Kd), Hill coefficients (n), and calcium affinity 

shifts of SERCA for the different mutants and phosphorylated PLN species. The Kd values were 

obtained from NMR titrations by fitting Iretention of the transmembrane domain resonances as a 

function of SERCA additions. The Hill coefficients were calculated by fitting the appearance of 

the R state in the [1H, 15N]-HSQC spectra upon addition of SERCA using the Hill equation. The 

∆pKCa values from the coupled assays were calculated as the difference between the pKCa for 

SERCA in the presence of each mutant and that of SERCA in the absence of inhibitor (see 

Experimental Procedures). 

  Kd (µM) n ∆pKCa 

P21L-PLN 173 ± 24 2.44 ± 0.25 0.17 ± 0.02 

P21I-PLN 157 ± 6 2.43 ± 0.27 0.21 ± 0.01 

P21A-PLN 132 ± 2 2.69 ± 0.39 0.21 ± 0.01 

S16EP21G-PLN 79 ± 7 2.34 ± 0.34 0.18 ± 0.02 

PLN 67 ± 4 1.92 ± 0.21 0.30 ± 0.04 

S16E-PLN 70 ± 6 2.21 ± 0.27 0.15 ± 0.02 

P21G-PLN 70 ± 4 2.18 ± 0.28 0.22 ± 0.05 

pS16P21G-PLN 71 ± 4 2.40 ± 0.34 0.00± 0.02 

pS16-PLN 62± 4 3.54 ± 0.77 0.00± 0.02 
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Figure 4.1 Map of PLN dynamics onto the SERCA/PLN complex as modeled by 

MacLennan and co-workers (98). The color gradation of the backbone of PLN reflects the [1H-
15N] heteronuclear NOE values measured by solution NMR (22). The amino acid sequences 

correspond to the regions 16-27 of all the mutants analyzed in this study.   
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Figure 4.2  Secondary structures and dynamics of all the PLN mutants in DPC micelles.  

Chemical Shift Indices (CSI) and [1H-15N] heteronuclear NOE experiments are shown for all the 

mutants analyzed.  Black and red traces correspond to PLN and pS16-PLN, respectively, and are 

used as guidance for the reader.  The gray shaded region indicates the residues considered for the 

structural-dynamics-function correlations (see Figure 4.3). The heteronuclear NOE data and CSI 

for monomeric PLN both phosphorylated and unphosphorylated are reproduced with permission 

from Zamoon et al (2003) and Metcalfe et al. (2005) (22, 57, 105).
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Figure 4.3  Correlation plots for both CSI and heteronuclear NOE. A. CSI correlation plot (CSI 

correlation coefficients versus residue number). Negative correlations (anticorrelations) indicate 

that mutations induce a helical conformation. Positive correlations indicate that mutations cause 

a shift toward the random coil. B. [1H-15N] heteronuclear NOE correlation plot (NOE correlation 

coefficient versus residue number). Positive correlations indicate that the residues are more 

restricted, negative correlations indicate that the residues become more mobile. The error bars 

represent one standard deviation. The inset in panel A shows an example of the chemical shift 

correlation obtained for N27.
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Figure 4.4  EPR spectra of TOAC-labeled PLN in lipid bilayers.  Color coding is same as in 

Figure 4.2: black and red spectra correspond to PLN and pS16-PLN, respectively.  Top: Yellow 

is S16E.  Bottom: Green is P21A. Vertical dashed lines indicate the well-resolved spectral 

positions of low-field lines of the T and R components (conformations). Mole fractions of the R 

component are 0.31 ± 0.02 (pS16-PLN), 0.23 ± 0.03 (S16E), 0.11 ± 0.02 (PLN), and 0.06 ± 0.02 

(P21A).  Spectra are normalized to the double integral, so they all correspond to the same spin 

concentration.  The baseline is 120 G wide. 
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Figure 4.5  Structure-Dynamics-Function correlations diagrams for the different mutants of 

PLN. A. 2D projection of the change in activity correlated with change in dynamics. B. 3D 

diagram showing the increasing Kd with backbone rigidity of the different PLN species. The 

diagrams are divided into two regions: high affinity (with Kd comparable to that of the 

monomeric PLN) and low affinity (Kd values higher than that of the monomeric PLN). Note that 

heteronuclear NOE data and CSI for monomeric PLN both phosphorylated and unphosphorylated 

are taken with permission from Zamoon et al (2003) and Metcalfe et al. (2005) (22, 57, 105). 
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Figure 4.6  T to R transitions for PLN, pPLN and the different mutants. A. Portions of [1H, 15N] 

HSQC spectra showing the T to R state transition of A11 for P21L-PLN and PLN upon addition 

of incremental amounts of SERCA. B. Plots of the % of R states derived from the HSQC spectra 

at different SERCA/PLN ratios. The experimental points were fit using the Hill equation. Note 

that smaller SERCA:PLN ratios are sufficient to cause the transitions for pS16-PLN and all the 

motionally restricted mutants. Higher ratios are necessary for PLN, while S16E and P21G show 

an intermediate behavior. 



 102 

 

 

 

 

 

 

Figure 4.7  Intensity retention for Q26 side chain resonances in the [1H,15N]-HSQC spectra of 

each mutant upon titration with SERCA. Full intensity retention corresponds to no perturbation 

upon binding SERCA (i.e. the residue is not involved in the binding interface). Upon 

phosphorylation almost full intensity is retained, showing that Q26 side chain upon 

phosphorylation is no longer involved in the binding interface (102).  
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Figure 4.8  Functional assays in lipid bilayers for P21G and phosphorylated P21G. Note that 

phosphorylated P21G has the same effect as phosphorylated PLN. Data sets were fit by equation 

2 and plotted as V/Vmax. Each point represents the mean (n > 6); in most cases, the error measured 

was smaller than the plotted symbol. 
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Figure 4.9  Proposed energy diagram to interpret the effect of mutation and phosphorylation on 

SERCA activity. All the possible states are reported (T, R, inhibitory, and non-inhibitory 

complexes). The difference in energy levels of the free PLN species reflects the relative 

propensity of PLN species to undergo cooperative transition from the T to R state upon addition 

of SERCA (see Figure 37 and the Hill coefficients in Table 1). The relative energy in the bound 

state reflects both the Kd values (affinity for SERCA) and the inhibitory potency (i.e. ability to 

form an inhibitory complex).   
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5.1 INTRODUCTION 

Heart failure (HF) is the leading cause of morbidity and mortality worldwide (174, 175). The 

most prominent disorder leading to HF is dilated cardiomyopathy (DCM), a disease characterized 

by left ventricular dilatation and impaired systolic function (174, 175). DCM has both acquired 

and genetic etiologies (174, 175). Recent genome sequencing has revealed a high incidence of 

DCM-associated mutations in cytoskeletal, nuclear, as well as sarcomeric proteins (176). A 

number of mutations have been indentified in calcium handling proteins, which play a central 

role in the mechanics of heart muscle contractility (14, 132, 154, 176). 

Cardiac muscle contraction (systole) begins when an action potential causes membrane 

depolarization, activating the sarcolemmal L-type calcium (Ca2+) channels. Ca2+ flows through 

the L-type Ca2+-channels into the cytosol. This increase in Ca2+ concentration induces a large-

scale release of Ca2+ into the cytosol from intracellular stores by the sarcoplasmic reticulum (SR) 

Ca2+-release channels (or ryanodine receptors). Ca2+ then moves toward the contractile apparatus, 

where it binds the troponin complex and initiates contraction. Muscle relaxation (diastole) occurs 

when Ca2+ is sequestered into the SR by the SR Ca2+-ATPase (SERCA) (177) a membrane-

embedded Ca2+ pump (178). SERCA is regulated by phospholamban (PLN), which reduces its 

apparent Ca2+ affinity (13, 142). PLN’s inhibition is reversed by cAMP-dependent protein kinase 

A (PKA), which phosphorylates PLN at Ser16, enhancing cardiac contractility and reestablishing 

Ca2+ flux (179). 

PLN is a single-pass membrane protein, which comprises three structural domains (5, 57, 

180), further subdivided into four dynamic domains [cytoplasm: domain Ia (residues 1–16), loop 

(residues 17–22), domain Ib (residues 23–30); transmembrane: domain II (residues 31–52)] (22) 

(Fig 5.S1). In membranes, PLN forms homopentamers arranged in a pinwheel topology that are 

in equilibrium with monomers (40, 107) that bind SERCA with 1 1 stoichiometry (14, 18, 19, 98, 

121). Also, it has been proposed that the PLN monomer-pentamer equilibrium plays a central 

role in SERCA regulation (14). 

Several naturally occurring mutations in the PLN gene have been linked to hereditary DCM 

(132), including a substitution of Arg9 for Cys (PLNR9C) located in the cytoplasmic domain Ia of 

PLN (Figure 5.S1), which has been identified in several cases of familial DCM (28). R9C 

cardiotoxic effects are correlated with inefficient Ca2+ handling (181) and show a dose-dependent 

inhibition of SERCA (182). Schmitt et al. hypothesized that PLNR9C leads to DCM by binding 

irreversibly to the catalytic subunit of PKA (PKA-C) and preventing PLNR9C and/or PLNwt 
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phosphorylation at Ser16 (28). To date, however, there are no firm conclusions on the molecular 

mechanisms that link PLNR9C to DCM. 

Here, we used an array of biochemical and biophysical techniques both in vitro and in live 

cells to establish the molecular determinants of the cardiotoxic effects of PLNR9C. Specifically, 

we focused on the effects of this aberrant mutation on (i) the recognition and phosphorylation by 

PKA-C, (ii) the PLN monomer-pentamer equilibrium, and (iii) SERCA regulation. We found that 

the R9C mutation stabilizes the pentameric assembly, hindering PLN deoligomerization, 

phosphorylation by PKA-C, and SERCA regulation. Importantly, we discovered that these 

effects are exacerbated under oxidative environments, which are related to both physiological 

and pathophysiology conditions of cardiac myocytes resulting from myocardial ischemia (183, 

184).  

5.2 RESULTS 

Our immediate objectives were to determine the effects of R9C mutation on (a) the PKA-C 

recognition and phosphorylation, (b) the PLN monomer-pentamer equilibrium, and (c) SERCA 

regulation. Toward these goals, we utilized three different PLN constructs with and without the 

R9C mutation: (i) synthetic peptides spanning cytoplasmic residues of PLN (  or ), 

(ii) full-length recombinant pentamers (PLNwt and PLNR9C), and (iii) recombinant monomeric 

PLN (AFA-PLN), where the three transmembrane cysteines (Cys36, Cys41, Cys46) were 

mutated into Ala, Phe, Ala, respectively. This triple mutation abolishes PLN oligomerization 

without altering PLN’s inhibitory function (185). We carried out these experiments in the 

presence of dithiothreitol (DTT ranging from 1 to 20 mM) or hydrogen peroxide (H2O2 ranging 

from 1–100 μM), chemicals commonly used to mimic physiological redox conditions and 

oxidative stress (186, 187). 

5.2.1 Effects of the R9C Mutations on the Phosphorylation Kinetics by PKA-C.  

Under reducing conditions, phosphorylation kinetics of synthetic PLN peptides were 

monitored using a coupled enzyme assay (188), standardized with a synthetic peptide 

corresponding to the minimal recognition sequence for the kinase (Kemptide) (189). Under our 

experimental conditions, recombinant PKA-C shows a catalytic efficiency typical for Kemptide 

(kcat/KM ∼ 0.78) (188, 190). Interestingly, we found that PKA-C is able to phosphorylate both 

 and  peptides with similar catalytic efficiencies (Fig 5.1A and Table 5.S1A). 

Moreover, we carried out competitive kinetic assays in the presence of products phosphorylated 
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at Ser16 (  or ). Our measurements did not show any substantial product 

inhibition (Fig 5.1A). Also, we performed the experiments under oxidative conditions, varying 

the concentration of H2O2 from 1 to 100 μM. Because the coupled enzyme assay is incompatible 

with oxidizing agents, we monitored peptide phosphorylation using electrophoretic mobility shift 

assay (EMSA) and identified the products with electrospray ionization mass spectrometry (ESI-

MS). We found that the PLN peptides are phosphorylated under both oxidizing and reducing 

conditions (Fig 5.1B), but under oxidizing conditions,  forms dimers, which can still be 

fully phosphorylated by PKA-C. Phosphorylation reactions were repeated with full-length 

PLNR9C and PLNwt. Interestingly, we did not detect any phosphorylation for pentameric PLNR9C 

under either reducing or oxidizing conditions (Fig 5.1B). The absence of phosphorylation of 

pentameric PLNR9C was confirmed by EMSA and MALDI-TOF mass spectrometry (Fig 5.S2). In 

contrast, we found complete phosphorylation for the PLNwt and monomeric AFA-PLNR9C. The 

observed gel shift (Fig 5.1B) is typical of AFA-PLN phosphorylation at Ser16 (105). Based on 

these results, we conclude that phosphorylation by PKA-C is impaired only for the R9C 

pentamer. 

5.2.2 SERCA Activity Assays.  

To characterize the efficacy of PLNR9C to bind and reduce SERCA’s apparent Ca2+ affinity 

(pKCa), we performed coupled enzyme activity assays in reconstituted lipids. In agreement with 

Schmitt et al. (182), we found that monomeric AFA-PLNR9C is a loss-of-function (LOF) mutant, 

with a partial inhibitory effect on SERCA; i.e., slight reduction in pKCa (Fig 5.1C, Left). 

Phosphorylation at Ser16 relieves the inhibitory effect for both AFA-PLNwt and AFA-PLNR9C 

(Fig 5.1C, Center). Remarkably, the PLNR9C pentameric species is a total LOF (Fig 5.1C, Right). 

Taken together, these results suggest that if PLNR9C were to deoligomerize, it would be able to 

reversibly inhibit SERCA. 

5.2.3 Stability of PLN Pentamer and Cys Accessibility.  

Based on the results above, we deduced that PLNR9C could in principle regulate SERCA, 

although with a reduced degree of inhibition. However, EMSA and mass spectrometry data show 

that the pentameric species is not phosphorylated at Ser 16. Therefore, the cardiotoxic species is 

possibly the pentameric assembly, which prevents phosphorylation and hampers the monomer-

pentamer equilibrium necessary for the regulation of SERCA. To further test this hypothesis, we 

measured the stability of the pentamers (PLNwt and PLNR9C) using thermal unfolding and gel 

electrophoresis. At 25 °C and in the presence of 10 mM DTT, the pentamer to monomer ratio 
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detected by SDS-PAGE for PLNwt is approximately 4 1 (78% pentamer). Fitting of the 

densitometry data from the SDS gels gave a melting temperature (Tm) of 45 ± 1 °C for the wild-

type pentamer. Under the same conditions, the pentamer/monomer ratio for PLNR9C increases 

noticeably (92% pentamer) and its Tm is 51 ± 1 °C (Fig 5.2). The thermostability of the mutant is 

even more pronounced under oxidative conditions (100 μM H2O2). We obtained Tm values of 

52 ± 2 °C and 67 ± 6 °C for PLNwt and PLNR9C, respectively. The SDS gels of the oxidized 

pentamers (Fig 5.2) show some important features: (i) PLNR9C pentamers have slightly less 

mobility than the PLNwt, which suggests a change in the protein structural topology (i.e., 

hydrodynamic radius), and (ii) the presence of heat-resistant dimers. The latter was also observed 

in the oxidation studies of PLNwt carried out by Froehlich et al. (191)  (Fig 5.2). To test whether 

the formation of the dimers is due to the cytoplasmic (Cys 9) or transmembrane (Cys36, Cys41, 

Cys46) cysteines, we carried out the same experiments with AFA-PLNR9C. Under reducing 

conditions, AFA-PLNR9C runs as a monomer on an SDS-PAGE gel; whereas under oxidizing 

conditions it forms dimers (Fig 5.3A).   behaves in a similar manner, suggesting a marked 

tendency of Cys9 to form intermolecular disulfide bridges. To further support the formation of 

disulfide bridges, we probed the presence of free thiols for the PLN variants with Ellman’s 

reagent (5,5′-dithiobis-(2-nitrobenzoic) acid; DTNB). For  , we detected the formation of 

disulfide bridges even in the presence of moderate amounts of reducing agent (DTT < 1 mM). 

Under stronger reducing conditions (DTT > 10 mM), however, the  runs as a monomer 

(Fig 5.3A) and forms a 1 1 adduct (DTNB: ) after ∼80 min (Fig 5.3B). Under oxidizing 

conditions (ranging from 1 to 100 μM H2O2),  forms dimers, with the Cys residues 

becoming completely inaccessible to DTNB. We repeated these measurements with PLNR9C and 

PLNwt and found that under reducing conditions PLNR9C is much more reactive with DTNB than 

PLNwt. We monitored the DTNB reaction up to ∼90 min. To reach completion, however, the 

reaction requires more than 18 h (126). Because the membrane-embedded Cys residues of PLNwt 

react with DTNB very slowly (> 300 min), we assigned the fast rise of the binding curve for 

PLNR9C to the reactivity of Cys 9 (Fig 5.3B), which is more exposed to the soluble DTNB. Under 

oxidizing conditions, both PLNR9C and PLNwt behave identically, with very sluggish reaction 

kinetics with DTNB. The latter is in quantitative agreement with previous cysteine accessibility 

measurements carried out by Karim et al. (126). Overall, these data suggest that oxidation of Cys 

9 results in formation of stable dimers and confers greater thermostability to PLNR9C oligomers. 
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5.2.4 Probing PLN Oligomerization and SERCA Binding Using Quantitative Fluorescence 

Resonance Energy Transfer (FRET).  

We probed the oligomerization of the PLNwt and PLNR9C pentamers in live AAV-293 cells 

using quantitative FRET measurements between fluorescent protein tags fused to PLN’s 

cytoplasmic domains (192, 193). Specifically, to detect intrapentameric FRET (i.e., FRET 

between protomers in each pentamer), we engineered PLNwt or PLNR9C with cerulean fluorescent 

protein (Cer) and yellow fluorescent protein (YFP), respectively, and coexpressed them in AAV-

293 cells (192, 193). For SERCA binding assays, we tagged SERCA with cyan fluorescent 

protein (CFP) and measured FRET with YFP-PLN constructs. To quantify the dependence of 

FRET on PLN expression levels, we carried out a cell-by-cell survey of quantitative FRET and 

fluorescence intensity (an index of protein concentration). For both PLN constructs, we found 

that intrapentameric FRET increased with protein concentration to a maximum value (FRETmax) 

(Fig 5.4A). For PLNR9C, FRETmax is slightly higher than PLNwt (p < 0.05). This corresponds to a 

modest decrease in the average distances between the Cer-YFP probes within the PLNR9C 

pentamer relative to PLNwt, which may reflect the formation of disulfide bridges in the 

pentameric mutant (Table 5.S2). The curve representing the concentration dependence for 

PLNR9C is left-shifted with respect to that of PLNwt (Fig 5.4A). The calculated dissociation 

constant (Kd1) was approximately 53% lower than that of PLNwt, suggesting the formation of 

more stable pentamers for the R9C mutant (Table 5.S2). Interestingly, the left-shift of the 

intrapentamer FRET curve for PLNR9C corresponds to a right-shift of SERCA/PLNR9C binding 

curve (Fig 5.4B), with the calculated apparent dissociation constant (Kd2) approximately 130% 

greater than that of PLNwt. We conclude that the PLNR9C has much lower affinity for SERCA 

than PLNwt and SERCA is not able to deoligomerize PLNR9C as efficiently as PLNwt (18, 19). 

This explains the LOF character of PLNR9C measured by ATPase activity (28). Notably, we did 

not observe a significant difference in FRETmax for SERCA complexes with either PLNwt or 

PLNR9C, which suggests that both species probably bind SERCA in a similar manner. 

Because patients with DCM carry both the wild-type and the mutant alleles, with the latter 

showing a dominant inheritance pattern (28, 182), we also tested the stability of mixed 

PLNwt/PLNR9C pentamers. We coexpressed Cer-PLNR9C and YFP-PLNwt and measured FRET 

between them. Fig 5.4C shows that FRETmax is reduced for the mixed pentamers compared to 

PLNwt homopentamers. This is consistent with a clustering of Cer-PLNR9C cytoplasmic domains 

away from YFP-PLNwt oligomers. Notably, mixed pentamers showed a small but reproducible 

reduction of Kd1 compared to that PLNwt, suggesting that the interactions between the R9C 
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mutants within the mixed pentamers prevent deoligomerization. To determine FRET specificity, 

we carried out competition assays with increasing amounts of a competitor PLN that cannot 

serve as a FRET acceptor. We found that by increasing the competitor concentration we obtained 

a reduction in FRETmax to a minimum value of 4% (Fig 5.4D). This value represents the amount 

of nonspecific FRET that is subtracted from total FRET for interprobe distance calculations 

(Table 5.S2). 

In vitro assays reported in the previous sections and work from other groups (184, 191) 

demonstrate that both PLNR9C and PLNwt are sensitive to oxidation. Therefore, we treated the 

AAV-293 cells with 100 μM H2O2. Upon addition of H2O2, Cer-PLNR9C fluorescence decreased 

by approximately 4% over the course of 5 min (Fig 5.4E), with approximately 5% increase in the 

emission of YFP-PLNR9C. The FRET ratio YFP/Cer increased by 10% for PLNR9C (Fig 5.4F and 

Movie 5.S1), whereas no increase was detected for PLNwt and AFA-PLN (Fig 5.4F). To quantify 

the relative contributions to the observed FRET ratio of protein oligomerization and changes in 

distance between the fluorescent probes, we measured FRETmax at regular intervals and estimated 

Kd1 after H2O2 treatment. Fig 5.4G shows that both FRETmax and Kd1 changed after addition of 

H2O2, with a ∼40% reduction in Kd1 and a ∼10% increase in FRETmax. This suggests an increase 

in PLN oligomerization with a slightly more compact conformation of the pentameric assembly. 

Note that we did not detect any large-scale aggregation of PLNR9C either before or after treatment 

with H2O2. Such aggregation would appear as fluorescent puncta, which would be visible by 

wide-field fluorescence microscopy (Fig 5.4H) or total internal reflection fluorescence 

(Fig 5.S3). 

5.3 DISCUSSION 

Based on coimmunoprecipitation experiments, Schmitt et al. (28) proposed that PLNR9C 

binds PKA-C irreversibly, creating dead-end complexes that deplete the local reservoir of kinase. 

The latter would reduce phosphorylation levels of PLN, with concomitant dysregulation of 

SERCA, leading to DCM. This interpretation accounts for the observed weak adrenergic 

responsiveness and dominant effect of PLNR9C in heterozygous patients (28). In the present 

study, we directly tested this hypothesis using both in vitro and in cell experiments. We found 

that PKA-C was able to phosphorylate both a truncated peptide and monomeric AFA-PLNR9C, 

which is still able to reversibly inhibit SERCA, although with lower efficacy than PLNwt or AFA-

PLN. Most importantly, kinetic assays under reducing conditions show that PKA-C is able to 
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quantitatively phosphorylate with the same catalytic efficiency of . Under 

oxidizing conditions, is able to be phosphorylated in a similar manner to . Thus, 

we did not find evidence that this single mutation at the P-7 site of the recognition sequence of 

PKA-C interferes with the phosphorylation reaction. However, we found that phosphorylation of 

pentameric PLNR9C is significantly impaired, which is consistent with previous reports (182). 

Therefore, the stabilization of the pentamer by this Arg to Cys substitution prevents PLN 

phosphorylation. This finding emphasizes the role of monomer-pentamer equilibrium in the 

SERCA regulatory mechanism by PLN. The latter is supported by in vivo studies carried out by 

Kranias and coworkers in mice models, which demonstrate the importance of PLNwt over the 

monomeric mutant PLNC41F for the optimal relaxation of cardiomyocytes (194). 

Disulfide bridges in the cytoplasmic domains of PLNR9C stabilize the pentamer, making it 

practically inaccessible to PKA-C and unable to deoligomerize and regulate SERCA. An 

important finding is the presence of dimers in oxidized PLNR9C. The latter has been previously 

observed by Froehlich et al. upon PLN oxidation by nitroxyl radicals, which promote the 

formation of disulfide bonds in the transmembrane region, generating noninhibitory oligomers 

that prevent SERCA regulation (191). Under oxidative conditions, PLNR9C oligomerization is 

enhanced. This is important given that ischemic oxidative stress conditions are prevailing 

features of pathological states such as heart failure (195, 196). Additionally, oxidative stresses 

are also frequent under acute β-adrenergic stimulation and even in nonpathological conditions, 

where transient oxidative stress could cause cumulative damage (197). Therefore, it is possible 

that deteriorating redox conditions in PLNR9C-induced heart failure would reinforce anomalous 

PLN oligomerization and exacerbate the mutation’s effects on calcium cycling. Furthermore, we 

found that for mixed PLNwt/PLNR9C pentamers enhanced oligomerization is a dominant effect. 

This is consistent with the observed R9C phenotypes for both heterozygous mice (182) and 

human patients (28). 

Based on the above considerations, we propose a model for PLN-SERCA disruption by the 

R9C mutation (Fig 5.5). The principal effect of R9C is the formation of interprotomer disulfide 

bonds in the cytoplasmic domains, which is transient under reducing conditions and increases 

upon oxidation, stabilizing the PLN pentamer and rendering the recognition site for the kinase 

inaccessible. This also prevents PLN dissociation into monomers and formation of the regulatory 

complex (PLN:SERCA). These effects (enhanced SERCA activity and diminished 

phosphorylation) are reminiscent of ablation of PLN observed by Kranias and coworkers (198). 

The formation of the disulfide bridges in the pentamer hinders PLN phosphorylation by PKA, 
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and possibly induces conformational or topological changes in PLN. We propose that these 

combined effects are involved in the development of DCM. An important corollary of this study 

is the emerging role of the PLN pentamer and the monomer-pentamer equilibrium (199). This 

lethal mutation revealed that oligomerization and deoligomerization of the PLN pentamer within 

the membrane is directly involved in the SERCA regulatory process. 

5.4 EXPERIMENTAL PROCEDURES 

5.4.1 Sample Preparation and Kinetic Assays.  

Recombinant PKA-C was expressed, purified, and assayed as previously reported (190, 200). 

All peptides (  and ) were synthesized on a Liberty 12-channel Automated 

Microwave Synthesizer from CEM (Matthews, NC) (see Section 5.7.1 Supplementary Text). 

Phosphorylation reactions were performed at 25 °C and monitored by following coupled enzyme 

(12 units lactate dehydrogenase and 4 units pyruvate kinase) mediated consumption of NADH at 

340 nm using a Spectromax microplate reader (Molecular Devices) (188) as previously reported 

(190, 200). Reaction solutions contained 50 mM 3-(N-morpholino) propanesulfonic acid 

(MOPS) (pH 7.0), 64 nM PKA-C, 5 mM ATP, and 10 mM MgCl2, with substrate concentrations 

ranging between 20–300 μM (190, 200). Inhibitor studies were performed with the addition of 

phosphorylated or (0.5 or 1.0 mM) to the reaction solution. For phosphorylation 

reactions in the presence of H2O2, 300 μM of substrate was incubated for 10 min in the reaction 

solution before initiating phosphorylation with 64 nM PKA-C. The reactions were stopped after 

10 min by the addition of 0.5% TFA, and analyzed by EMSA (25% SDS-PAGE gels) stained by 

Coomassie Blue and ESI-MS after desalting with a C8 Zip-Tip (Millipore). 

5.4.2 Thermostability of the Pentamer.  

PLN pentamer thermostability was monitored by SDS-PAGE gels. For the reducing 

conditions, PLNwt and PLNR9C samples contained 100 mM Tris buffer, pH 6.8, 3% sodium 

dodecyl sulfate, 8% (v/v) glycerol, using a range of 5 to 10 mM DTT; whereas for oxidizing 

conditions the samples were incubated with 100 μM H2O2 for 20 min at each temperature. Each 

sample (3 μg total mass) was loaded into 5% Next Gels (Amresco) or a 14% Tris-tricine SDS-

PAGE gels. The Coomassie-stained gels were quantitated using ImageJ software (201). 

5.4.3 SERCA Activity Assays.  

PLN variants were coreconstituted with purified SERCA (140, 167) in lipid bilayer 

membranes (1,2-dioleoyl-sn-glycero-3-phosphocholine: 1,2-dioleoyl-sn-glycero-3-
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phosphoethanolamine, DOPC:DOPE, 4 1) at molar ratios of 10 1 PLN:SERCA and 700 1 

lipids:SERCA. The Ca2+ dependence of the ATPase activity was measured using a coupled 

enzyme assay at 37 °C (167) and monitored as for the PKA-C assays. Initial rates of SERCA was 

measured as a function of calcium concentration (pCa), and data were fit to the Hill equation 

(167). 

5.4.4 Cysteine Accessibility Measurements.  

Free thiols were assayed via titrations with 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) (202). 

Samples (typically 100 μM) were dissolved in 60 mM Tris buffer (pH 8.0) and 1 mM EDTA and 

added to a reaction vessel containing 100 mM Tris and 0.3 mM DTNB. The reactions were 

monitored at a wavelength of 412 nm (202). For oxidized and reduced conditions, we incubated 

PLN samples for 20 min in 100 μM H2O2 and 1 mM DTT, respectively. The excess of reducing 

agent was eliminated with NaAsO2 (203). 

5.4.5 Dynamic FRET.  

Transfected cells were washed with phosphate buffered saline (PBS) and imaged by 

epifluorescence imaging at 1 min time intervals with excitation at 427/10 nm and emission at 

472/30 nm (for Cer) or 542/27 nm (for YFP). After 5 min of acquisition, the buffer was replaced 

with 100 μM H2O2 in PBS and acquisition continued for 15 min. Mean F/F0 of all cells (± SE) at 

each time point was calculated for each filter configuration. The FRET ratio was calculated as 

the quotient of (Cer F/F0)/(YFP F/F0), with a combined error of . Images of 

YFP fluorescence were divided by images of Cer fluorescence (both 427/10 nm excitation) using 

ImageJ software (201). 

5.4.6 Quantitative FRET.  

FRETmax and dissociation constants for the complexes were determined as described 

previously (201). The observed FRET was calculated for each cell from the extent of donor 

fluorescence enhancement after acceptor photobleaching, according to E = 1 - (Fprebleach/Fpostbleach). 

For repetitive, nondestructive measurements, FRET was quantified with a “3-cube” method (E-

FRET) (192, 204). FRET efficiency of each cell was compared to that cell’s starting YFP 

fluorescence (an index of protein concentration). FRET concentration dependence was fit by a 

hyperbolic curve (192, 204). Regulatory complex probe separation distance was calculated using 

R = (R0)[(1/FRETmax) - 1)]1/6 (205). The distance between fluorescent probes in PLN pentamers 

was calculated according to a ring-shaped oligomer model as previously described (192, 204), 
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with a Förster radius (R0) of 49.2 Å for Cer-YFP energy transfer (206, 207). Non-specific FRET 

between unbound donors and acceptors was determined by measuring the reduction in FRET 

from YFP - PLNwt to mCherry - PLNwt in cells coexpressing increasing amounts of competing 

CFP - PLNwt (Fig 5.S4). 

5.5 FOOTNOTES 
Many thanks to Zhihong Hu, Eileen Kelly, Anthony Clementz for technical assistance, and 
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National Institutes of Health Grants HL80081 and GM072701 (G.V.), HL09536 (K.H.), 

T32DE007288 (L.R.M.), and HL092321 and EB006061 (S.L.R.). 

5.6 SUPPLEMENTARY METHODS 

5.6.1 Peptide synthesis.  
wt

201PLN −  and 
R9C

201PLN −  were synthesized using standard Fmoc synthesis 

on an 12-channel Automated Microwave Synthesizer from CEM (Matthews, NC), starting with 

Fmoc-Glu(OtBu)-PEG-PS resin (0.4 g, 0.5 mmol/g).  Pioneer synthesizer, starting with Fmoc-

Glu(OtBu)-PEG-PS resin (0.4 g, 0.5 mmol/g).  Side chain protecting groups were 2,2,5,78-

pentamethylchroman-6-sulfonyl (Pmc) for arginine, Nω-triphenylmethyl (Trt) for asparagine and 

glutamine, tert-butyl etster (OtBu) for glutamic acid, and tert-butyl ethers (tBu) for serine, 

threonine, and tyrosine.  Deprotection of the resin-bound peptide was done using Reagent K 

(82.5% TFA, 5% phenol, 5% thioanisole, 2.5% 1,2-ethandiol, and 5% water) for 3 hours at 298 

K.  The resin mixture was washed three times (2 ml each) using the same solution and filtrate 

was collected.  The peptide was precipitated overnight at 273 K in 80 ml of diethyl ether, then 

collected by centrifugation and washing the pellet 3 times with 30 ml of diethyl ether.  The crude 

peptide was purified by preparative HPLC using a Waters C18 reversed-phase cartridge with 

0.1% TFA and CH3CN as mobile phase.  The purity of pooled fractions was >97% as determined 

by analytical HPLC with C18 column (Vydac) and the identity was confirmed by ESI-TOF. 

Stock solutions of all the peptides were prepared in double distilled water and the concentrations 

were assayed by amino acid analysis. 

5.6.2 Quantitative phosphorylation of AFA-PLNR9C and PLNR9C.  Phosphorylation of 

recombinant AFA-PLNR9C and PLNR9C was carried out as previously described (105). The extent 

of phosphorylation was confirmed by mass spectrometry on a MALDI-TOF Bruker BiFlex 
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spectrometer (Center of Mass Spectrometry and Proteomics of the University of Minnesota) 

using α-cyano-4-hydroxycinnamic acid (CCA) as the sample matrix.   

5.6.3 Cell culture.  Transfection of AAV-293 cells with plasmids encoding cyan fluorescent 

protein (CFP), Cerulean (Cer), yellow fluorescent protein (YFP), or mCherry fusion constructs 

was performed as previously described  (2, 3).  Fusion protein constructs used in the experiments 

include: Cer-PLNwt, Cer-PLNR9C, YFP-PLNwt, YFP-PLNR9C, CFP-SERCA, mCherry-PLNwt, and 

CFP-PLNwt. The ratios of plasmids for donor- and acceptor-labeled proteins were 1:1 for 

dynamic, 1:5 for equilibrium measurements of intra-pentameric, and 1:20 for the CFP-

SERCA:YFP-PLNwt complex FRET measurements.  

5.6.4 Quantitative FRET.  To quantify changes in affinity and structure of PLN complexes we 

performed a live cell equilibrium binding assay as previously described (REF 2, 3).  Briefly, 

FRET was quantified with the acceptor-photobleaching method for a heterogeneous population 

of transiently transfected cells.  The FRET measured in each cell was compared that cell’s YFP 

fluorescence intensity, which was taken as an index of protein concentration.  The cell-by-cell 

concentration dependence of FRET was fit by a hyperbola to obtain estimates of Kd1/Kd2 and 

FRETmax, comparing PLNR9C with PLNwt controls obtained on the same day.  Sets of repeated 

experiments were compared using a paired, two-tailed Student’s t-test.  A value of p <0.05 was 

considered statistically significant.    

5.6.5 Dynamic FRET.  Transfected cells were washed with phosphate buffered saline (PBS) 

and imaged by epifluorescence imaging at 1 minute time intervals with excitation at 427/10 nm 

(for Cer) or 504/12 (for YFP) and emission at 472/30 nm (for Cer) or 542/27 nm (for YFP).  For 

each experiment, 6 different fields of cells were observed, using a computer-controlled motorized 

stage (Prior Scientific, Rockland, MA) to navigate to preset positions.  Sample z-position was 

maintained by automatic focus (Nikon Perfect Focus System).  After 5 minutes of acquisition, 

buffer was replaced with 100 µM H2O2 in PBS and acquisition continued for 15 minutes.  The 

average fluorescence of each cell was quantified with Metamorph software (Molecular Devices 

Corp., Downingtown, PA) and normalized to that cell’s starting fluorescence prior to H2O2 

addition, yielding values of F/F0.  Mean F/F0 of all cells (± SE) at each time point was calculated 

for each filter configuration.  The FRET ratio was calculated as the quotient of (Cer F/F0)/(YFP 

F/F0), with a combined error of 
2

YFP
2

CFP )(se)(se + .  For visual presentation of FRET ratio changes, 

images of YFP fluorescence were divided by images of Cer fluorescence (both 427/10 nm 
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excitation) in ImageJ.  Through-objective total internal reflection fluorescence (TIRF) 

microscopy was performed with a diode laser (449 nm) by way of a Nikon TIRF illuminator and 

a 100X 1.49 NA objective as previously described (39).  For repetitive, non-destructive 

measurements, FRET was quantified with a “3-cube” method (E-FRET) (204) according to the 

relationship 
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 where IAA is the intensity of fluorescence emission detected in the donor channel (472/30 nm) 

with excitation of 427/10 nm;  IAA is acceptor channel (542/27 nm) emission with excitation of 

504/12 nm;  IDA is the “FRET” channel, with 542/27 nm emission and excitation of 427/10 nm;  a 

and d are cross-talk coefficients determined from acceptor-only or donor-only samples, 

respectively.  We obtained values for a of 0.72 and 0.67 for ECFP and mCerulean respectively, 

and a value for d of 0.056 for EYFP.  G is the ratio of the sensitized emission to the 

corresponding amount of donor recovery.  The measured value of G was 2.6 for both mCerulean-

EYFP and ECFP-EYFP pairs.   

5.6.6 Quantification of Non-specific FRET.  Non-specific FRET between unbound donors and 

acceptors was determined by measuring the reduction in FRET from YFP-PLNwt to mCherry-

PLNwt in cells coexpressing various amounts of competing CFP-PLNwt (Supplementary Figure 

4).  The dependence of YFP-mCherry FRET on the proportion of CFP-PLNwt competitor was fit 

with an exponential decay to determine the minimum value of residual (non-specific) FRET.  

The measured value of non-specific FRET was subtracted from total FRET signals when 

calculating probe separation distances of protein complexes. 
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Fig 5.1 PKA-C phosphorylation reaction and SERCA inhibition assays for wild-type and R9C 

constructs of PLN. (A) Steady state phosphorylation kinetics of and and competition 

assays. (Left) Plot of the initial rates as a function of substrate concentration. (Right) Plot of the 

apparent KM as a function of phosphorylated products (  and ). (B) SDS-PAGE gels 

for the phosphorylation reactions of , , AFA-PLN, AFA-PLNR9C, PLNwt, and PLNR9C 

carried out under oxidizing (100 μM H2O2) and reducing (10 mM DTT) conditions. The number 

of phosphates per peptide was detected by ESI mass spectrometry. (C) Histograms showing the 

change in apparent Ca2+ affinity (ΔpKCa) of SERCA in the presence of phosphorylated and 

unphosphorylated PLN monomers (AFA-PLN and AFA-PLNR9C) and pentameric PLNwt and 

PLNR9C constructs.  
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Fig 5.2 Thermostability of PLNwt and PLNR9C pentamers using electromobility shift assay. (A) 

SDS-PAGE gels for PLNwt and PLNR9C incubated at different temperatures under reducing 

(Upper) and oxidizing (Lower) conditions. (B) Plots of the percent pentamers obtained from 

densitometry analysis versus temperature for both PLNwt and PLNR9C under reducing (Upper) 

and oxidizing (Lower) conditions.  
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Fig 5.3  Electromobility shift and DTNB cysteine accessibility assays for wild-type and R9C 

constructs of PLN. (A) SDS-PAGE gels in Tris buffer, 1 mM DTT, and 100 μM H2O2 of 

(Left), and AFA-PLNR9C (Right). (B) Plots of cysteine reactivity over time. Cysteine reactivity is 

measured by moles TNB produced per peptide or full-length protomer from the reaction with 

DTNB under reducing and oxidizing conditions. (Upper) Black squares, in Tris buffer; red 

squares, in Tris buffer; open red squares, in 1 mM DTT; and red crosses, in 

100 μM H2O2. (Lower) Black squares, PLNwt in Tris buffer; red squares, PLNR9C in Tris buffer; 

open black squares, PLNwt in 100 μM H2O2; and open red circles, PLNR9C in 100 μM H2O2.  
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Fig 5.4  In cell FRET measurements of the pentamer stability and SERCA regulation for wild-

type and R9C constructs of PLN. (A) Intrapentameric FRET versus protein expression level for 

Cer-PLNwt/YFP-PLNwt and Cer-PLNR9C/YFP-PLNR9C (B) Percent of FRET efficiency from CFP-

SERCA to YFP-PLNwt and YFP-PLNR9C. (C) Percent of intrapentameric FRET efficiency for 

Cer-PLNwt/YFP-PLNwt homoligomers and Cer-PLNR9C/YFP-PLNwt heteroligomers. (D) Plot of 

FRETmax versus competitor to quantify nonspecific FRET. (E). Plot of Cer F/F0 versus time for 

YFP-PLNR9C and Cer-PLNR9C. Arrows indicate the time of addition of 100 μM H2O2. (F) 

YFP/Cer FRET ratio versus time. Arrows indicate the time of addition of 100 μM H2O2. (G) 

Plots of Kd1 (arbitrary units) and FRETmax upon addition of 100 μM H2O2 (arrow). (H) 

Fluorescence microscopy images of cells expressing Cer-PLNR9C and YFP-PLNR9C. Scale 

bar = 20 μm. Ratio color scale = 0.4–2.6.  
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Fig 5.5  Proposed model of the effects of R9C mutation on the SERCA regulatory cycle. The 

cardiotoxic effects are due to the stability of the PLNR9C pentameric assembly, which prevents 

deoligomerization, phosphorylation by PKA-C, and regulation of SERCA by the monomeric 

species. Oxidative stress pushes the equilibrium toward the pentamer, making the PLNR9C 

pentamer more stable and causing the formation of dimeric species for both PLNwt and PLNR9C 

(not shown in the model) that are probably unable to regulate SERCA. 
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Substrate  kcat (s-1) KM (µM) 
kcat/KM (M-1 

s-1) 

  

wt
201PLN −  23.4 ± 1 93.3 ± 9 0.26 x 106 

R9C
201PLN −  23.8 ± 1   82.5 ± 7 0.29 x 106 

    

  

Inhibitor (0.5 mM)     

wt
201pPLN −  21.1 ± 1 103.6 ± 10  

R9C
201pPLN −  21.7 ± 1 107.1 ± 9  

    

Inhibitor (1.0 mM)     

wt
201pPLN −  19.8 ± 1 123.8 ± 9  

R9C
201pPLN −  22.1 ± 1 128.7 ± 18  

Table 5.S1  Kinetic parameters for PKA-C phosphorylation of PLN substrates and product 

inhibition. 
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Abbreviations 
PLNwt: wild-type pentameric phospholamban 
PLNR9C: pentameric phospholamban with the R9C mutation 
AFA-PLN: monomeric phospholamban with C36A, C41F, C46A 
AFA-PLNR9C: monomeric phospholamban with C36A, C41F, C46A carrying the R9C mutation 

wt
201PLN − : PLNwt peptide corresponding to residues 1-20 

R9C
201PLN − : PLNR9C peptide corresponding to residues 1-20 

PKA-C:  catalytic subunit of cAMP-dependent protein kinase A  

Fig 5.S1 Primary sequences of all of the PLN constructs and abbreviations used in the text.  
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Fig 5.S2  MALDI-TOF spectra of PLNR9C before (left) and after treatment with PKA-C. Note 

that the peptides are 15N labeled for further NMR studies. The observed masses (6193 Da and 

6197 Da) correspond to the expected m/z for PLNR9C (6190 Da) within the error.  
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* Significant 

p<0.05 

# Not Significant 

 

Table 5.S2 Measured FRET parameters. 

                 Homo-oligomers                                Hetero-oligomers Regulatory Complex 

  PLNwt                  PLNR9C                PLNwt-
PLNR9C                 PLNwt-

SERCA                
PLNR9C-
SERCA                 

Mean FRET(%) 33.9±1.5 41.2±1.5* 29.9±1.2* 16.2±0.4 10.6±0.5* 

FRETmax (%)                                                                    42.5±1.5 47.1±1.3* 36.3±1.8* 22.8 ±1.2 21.3±2.1# 

Acceptor mol fraction               0.93±0.001 0.93±0.001 0.86±0.003 0.97±0.002 0.95±0.003 

Probe distance (Å)     61.5±0.6 59.7±0.5* 63.1±0.7* 62.9±0.8 63.9±1.6# 

Kd1,d2 (AU)                                   0.90±0.11 0.52±0.06* 0.35±0.05* 4.2±0.8  9.7±2.2* 

Sample size                             2094 784 1341 103 68 
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Fig 5.S3  Total internal reflection fluorescence (TIRF) microscopy images of AAV-293 cells 

expressing Cer- and YFP-PLNR9C.  FRET was increased by 100 µM H2O2.  Scale bar = 20 µm.  

Ratio color scale = 0.3-0.9 
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Fig 5.S4  FRET competition assays. YFP-PLNwt to mCherry-PLN FRET decreased with 

increasing molar ratio of a competitor PLNwt (CFP-PLNwt) which cannot be a FRET acceptor for 

YFP. 
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6.1 INTRODUCTION 

Ca2+ flux is one of the main driving forces of muscle contraction and relaxation, coupling the 

membrane action potential and the mechanical contraction of muscle (12, 193). The interplay 

between the sarcoplasmic reticulum ATPase (SERCA) and  phospholamban (PLN) is crucial to 

intracellular Ca2+ cycling and proper cardiac muscle contraction and relaxation, and dysfunction 

in their protein-protein interactions have been implicated in cardiac disease (27).  SERCA is a 

110 kDa integral membrane P-type ATPase, which utilizes ATP hydrolysis to transport ~70% of 

Ca2+ into the SR (14). SERCA comprises a large cytoplasmic domain that includes the actuator 

domain, the phosphorylation domain, and a nucleotide binding domain, along with 10 

transmembrane helices constituting the Ca2+ channel (91). The cardiac isoform of SERCA 

(SERCA2a) is regulated by PLN, a single-pass membrane protein that binds the enzyme via 

intramembrane interactions, reducing its apparent Ca2+ affinity (13, 41, 142).  β-Adrenergic 

stimulation unleashes protein kinase A (PKA) that phosphorylates PLN at Ser16, reversing its 

inhibition of SERCA and augmenting the diastolic phase (177). 

 Naturally occurring mutations in PLN have been discovered to be related to familial forms 

of cardiomyopathy: R9C (28), R9L and R9H (29), R14del (30), and L39stop (31).  Though some 

deleterious mutants have been identified, PLN has also become an obvious target for gene 

therapy (32, 33, 133).  The pathway to innovating genetic treatments to PLN:SERCA interaction 

dysfunction has recently become a new interest in the field, due to the success of S16E, a 

pseudo-phosphorylated form of PLN which was introduced to hamsters with a cardiomyopathy 

phenotype via rAAV gene therapy, and effectively reduced the progression of the cardiac failure 

(32).  The model has also been introduced into large animal models with success (33).   

 Numerous mutagenesis studies of PLN have been carried out by the MacLennan and 

Jones groups, offering invaluable insight by identifying residues crucial to PLN’s inhibitory 

ability (34, 125). Although these studies served as a crucial starting point to understanding the 

effect of point mutations in PLN have on SERCA activity, they often did not identify the reasons 

for observed functional effects, i.e. whether the mutation induced a change to structural 

dynamics, altered the binding surface, decreased SERCA binding, etc.  What is clear from the 

data is that the transmembrane domain is Janus-faced, with one side of the helix primarily 

involved in oligomerization and the other side binding to SERCA.  Mutagenesis studies show 

that domain Ia and the loop are the optimum targets for designing loss-of-function (LOF) 
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mutants.  In contrast, mutations in domain Ib and domain II yield varying results, but all known 

gain-of-function (GOF) and super-inhibitors are concentrated in those two domains (Fig 6.1B).   

PLN is a 52-amino acid integral membrane protein which is comprised of three structural 

domains (5, 6, 57) that are further subdivided into four dynamic domains (cytoplasm: domain Ia 

(residues 1-16), loop (residues 17-22), domain Ib (residues 23-30); transmembrane: domain II 

(residues 31-52)) (5, 6, 22) (Fig 6.1A).  The transmembrane helix of PLN is the principle 

structural domain which inhibits SERCA (128, 185), while the regulatory phosphorylation Ser 16 

site, which determines the inhibitory or non-inhibitory state, lies in the cytoplasmic helix (82).  

Despite its small size, PLN can populate several conformational states, and domain Ia and Ib 

participate in folding/unfolding equilibria, which are important for SERCA inhibition as well as 

recognition by PKA(21, 23, 24).  The loop connecting these two domains also has functional 

relevance, in particular the Pro21 residue that lies in the center of the loop.  Squier and co-

workers report that mutation of Pro21 to Ala in a monomeric cysteine-null background led to 

partial inhibition of SERCA, increase in overall helicity, decreased dynamics at the C-terminus, 

and local structural changes at the loop, most notably diminished solvent accessibility of the loop 

(171).  Additionally, our group has reported that the SERCA inhibition and binding could be 

tuned based on modulating the dynamics of the loop through mutation in the Pro21 site (25) and 

that the loop domain could act as a dynamics rheostat.  Our studies identified the mutant species 

AFA-PLNP21G to be a possible candidate for treatment of heart failure by delivery via rAAV gene 

therapy. AFA-PLNP21G was found to have the same structural dynamics and functional 

characteristics as PLNS16E, a PLN mutant already proven to be successful in reversing heart 

failure in animal models by Chien and coworkers (32, 33).   

The rationale of this study is to build on our previous success tuning the structural dynamics 

of PLN to control SERCA function by systematically introducing a series of glycine residues to 

the loop domain. Our original hypothesis was that an increase of dynamics in the loop would 

interrupt the structural coupling between the transmembrane helix, which is primarily 

responsible for SERCA inhibition, and the cytoplasmic helix, which contains the 

phosphorylation sites that dictate the inhibition state. To test this hypothesis, we sought to 

introduce single Gly mutations at the M20 site and Q22 site to investigate whether the loss-of-

function (LOF) rendered by the P21G mutation was site-specific (Fig 6.2).  Secondly, we 

determined the SERCA inhibition of the phosphorylated species to see if post-translational 

control of these single Gly-mutants of PLN still remains intact, a property which has been 

suggested to be crucial for therapeutic success (25).  Thirdly, we expanded the Gly mutations 
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into double and triple mutations: AFA-PLNM20G P21G and AFA-PLNM20G P21G Q22G.  Our results 

suggest that the structural dynamics of the glycine mutants can be tuned, resulting in varying 

degrees of fast timescale dynamics and degrees of SERCA inhibition.  However, species where 

the mutation increased the dynamics past the threshold set by the phosphorylated species behave 

as the transmembrane helix alone. 

 

6.2 MATERIALS AND METHODS 

 

6.2.1 Cloning of PLN mutants 

Primary sequences of the mutants cloned in this study are described in Fig 6.2. Cloning was 

performed using the Stratagene QuikChange protocol as previously described (25).  For the 

AFA-PLNM20G, AFA-PLNP21G, and AFA-PLNQ22G constructs, the pMal-c2E-TEV-AFA-PLN 

plasmid was used as a parental template, which expresses a maltose binding protein (MBP) PLN 

fusion protein with a tobacco etch virus (TEV) protease cleavage site encoded in-between.  The 

forward primer for the AFA-PLNM20G is as follows: 5’ – ACC ATT GAA GGC CCG CAG CAG 

GCG CGC CAG AAC – 3”.  The forward primer for the AFA-PLNQ22G is as follows: 5’ – ACC 

ATT GAA ATG CCG GGC CAG GCG CGC CAG AAC – 3”.  The forward primer for the AFA-

PLNM20G P21G is as follows: 5’ – GGC AGC ACC ATT GAA GGC GGC CAG CAG GCG CGC 

CAG AAC CTG – 3”.  The cloning of GGG-PLN required two PCR reactions on the P21G PLN 

AFA background, first converting M20 to G and then Q22 to G.  Pentameric mutants were 

cloned using the pMal-c2E-TEV-wtPLN plasmid as the parental template.  PLNM20G, PLNP21G, 

PLNQ22G were cloned using the same primers as for the AFA-PLN constructs.  PLNM20G P21G was 

cloned stepwise, using PLNP21G as the initial template.  PLNM20G P21G was then used as the 

template for the PLNM20G P21G Q22G mutant.  Stepwise mutagenesis was necessitated due to the 

high Tm values of primers containing codons encoding for glycine, because of their high GC 

content.  After mutagenesis was confirmed from EtBr stained agarose gels, the PCR reaction was 

transformed into DH5α cells and grown on ampicillin-agarose plates.  Subsequent colonies were 

grown overnight in 5 mL Luria-Bertani (LB) media with 0.1% ampicillin, and then spun down on 

a tabletop centrifuge at 13,000 RPM.  The remaining pellet was resuspended and the plasmid was 

extracted from the pellet using the Qiagen Quick-Spin Miniprep kit.  Constructs were confirmed 

through sequencing at the University of Minnesota Biomedical Genomics Center.  Correct target 

constructs were then transformed into BL21(DE3) Escherichia coli cells.   
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6.2.2 Protein Preparations and ATPase Activity Assays  
Protein expression and purification were performed on all constructs as previously 

described(41, 101). Phosphorylation of PLN samples at Ser16 was performed as previously 

described (23, 25, 105) using recombinantly expressed protein kinase A purified by an 

established protocol (200).  Phosphorylation was confirmed by a band shift in the SDS-PAGE, 

and by MALDI-TOF mass spectrometry. The degree of SERCA inhibition by PLN analogs was 

determined using a coupled enzyme assay correlating the depletion in NADH absorbance to 

ATPase activity as previously described (25, 145).  SERCA inhibition was measured in 

reconstituted lipid samples according to Reddy et al. (167). PLN variants were co-reconstituted 

with purified SERCA in lipid bilayer membranes (DOPC:DOPE, 4:1) at molar ratios of 10:1 

PLN:SERCA and 700:1 lipids:SERCA.  The calcium dependence of the ATPase activity was 

measured at 37 °C using a coupled enzyme assay, monitoring the consumption of NADH by the 

decrease in absorbance at 340 nm using a Spectromax microplate reader (Molecular Devices).  

Initial rate of SERCA (V) was measured as a function of calcium concentration (pCa), and data 

was fit to the Hill equation (167). 

6.2.3 NMR Studies 
Unless otherwise noted, NMR samples were prepared with a buffer containing 20 mM 

Na2HPO4 (J.T. Baker), 120 mM NaCl (Malinkrodt), 0.1% NaN3, and 300 mM 

dodecylphosphocholine (DPC) (Avertec).  Lyophilized PLN was weighed and added in 

increments to 300 μL buffer until the sample reached an approximate concentration of 1 to 1.5 

mM protein.  After addition of HPLC purified protein, all samples were adjusted to pH 6.0 with 

dilute NaOH to neutralize residual trifluoroacetic acid remaining in the protein powder. All 

heteronuclear single quantum coherence (HSQC) spectra were collected on a Varian 

spectrometer operating at a 1H Larmor frequency of 600 MHz.  Sample quality was assessed by 

signal-to-noise and resolution in the 2D spectrum with between 32 to 64 increments in the 

indirect dimension.  Heteronuclear steady-state NOE spectra were collected as previously 

described (22, 25).  Briefly, two spectra were collected using the established pulse sequence 

based on Farrow, et al. (79) with a spectral width of 6000 Hz in the direct proton dimension.  128 

scans were done with 64 points in the indirect dimension.  The saturation spectrum was collected 

with a 3 s presaturation period on the proton frequency.  Peak intensities were analyzed using 

NMRView5 software (164). 
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6.3 RESULTS 

Single Gly mutations were successfully cloned on a monomeric AFA-PLN background, 

yielding AFA-PLNM20G, AFA-PLNP21G, and AFA-PLNQ22G.  The species were expressed in E. 

coli, and subsequently isolated by affinity and HPLC chromatography.  SERCA activity 

measurements served as the initial screen to assess the effects of the mutations.  Functional 

assays were performed with SERCA reconstituted in lipids alone as the negative control, and 

also in the presence of AFA-PLN or the super-inhibitor mutant AFA-PLNN27A as a positive 

control, giving a consistent ∆pKCa shift of 0.3 and 0.5 pCa units, respectively.  Fig 6.3A displays 

a representative normalized ATPase activity curve which yields the pKCa shifts.  Fig 6.3B shows 

the average ∆pKCa values for the three mutants as compared to the control AFA-PLN (filled 

bars).  Compared to the AFA-PLN species, the AFA-PLNM20G, AFA-PLNP21G, and AFA-PLNQ22G 

analogs reduced the PLN inhibition by approximately one-third.  Therefore, irrespective of their 

positioning in the dynamic loop, the single site mutations manifested an LOF character.  The 

extent of this effect is variable, with a gradient of SERCA inhibition ranging from ∆pKCa of 0.23 

± 0.01 for M20G to ∆pKCa of 0.16 ± 0.02 for Q22G. Remarkably, previous studies showed that 

Ala mutations of M20 or Q22 do not render LOF characteristics (14, 34).  

To test their propensity to be phosphorylated by protein kinase A (PKA-C) and thereby 

reverse SERCA inhibition, the Gly mutants of PLN were incubated with catalytic amounts of the 

kinase and analyzed by gel shift assays.  We found that all of the single Gly PLN mutants were 

quantitatively phosphorylated in vitro by recombinant protein kinase A. Importantly, SERCA 

functional assays revealed that  phosphorylation at Ser 16 for each single Gly mutant was 

sufficient to completely reverse inhibition (Fig 6.3B, open bars).    

To investigate whether the combination of two or more Gly mutations would increase the 

LOF effect, we cloned a double mutant, AFA-PLNM20G P21G, and a triple Gly mutant, AFA-

PLNM20G P21G Q22G. We found that (1) the AFA-PLNM20G P21G species was a complete LOF mutant, 

and (2) AFA-PLNM20GP21GQ22G completely recovers the inhibitory function (Fig 6.3B).  Based on 

these results, we speculate that combining the Gly at position M20 and P21 conferred even 

stronger LOF behavior, creating an additive effect in the double mutant. In contrast, a triple 

mutation eliminated the structural coupling between the cytoplasmic and transmembrane helix, 

resulting in a species that is similar to the transmembrane helix alone (185).   

As just indicated, electrophoretic gel shift assays show that incubation of PKA with these 

mutants does result in a gel shift typically observed for the phosphorylated species, consistent 
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with quantitative phosphorylation. These results were confirmed by mass spectrometry. The 

cytoplasmic helix contains the phosphorylation site, while the transmembrane helix is the 

principal domain responsible for inhibition.  We sought to test the hypothesis that 

phosphorylation of the Gly mutants would not reverse the effects of inhibition, due to the 

possible breaking of the conformational coupling between these domains.  Results indicate that 

phosphorylation does indeed reverse the effects of inhibition for PLNM20G P21G and also PLNM20G 

P21G Q22G.  Fig 6.3B shows the averaged SERCA activity measurements of several different 

samples of unphosphorylated (closed bars) and phosphorylated (open bars) of the double and 

triple glycine AFA- PLN loop mutations.  Values of ∆pKCa are reported in Table 6.1. 

A critical issue in the design of possible therapeutic mutations for delivery through gene 

therapy is the effect the species will have in vitro versus in vivo, particularly when dealing with 

possible functional effects that are the result of unknown protein-protein interactions and also 

interactions with the endogenous species.  Hence, we studied the function of mutant with the 

most LOF character, AFA-PLNM20G P21G by comparison to the endogenous wild-type background 

sequence in order to determine whether the functional results may be due to altered oligomeric 

states.  Functional results with SERCA in the presence of the PLNM20G P21G mutant show that this 

is a strong LOF mutant, with a ∆pKCa of 0.095 ± 0.021 (Fig 6.3A, right), confirming that the 

M20G P21G mutation results in a LOF species regardless of its monomeric or pentameric state. 

To characterize the structural features of the mutations, AFA-PLNM20G, AFA-PLNM20G P21G, and 

AFA-PLNM20G P21G Q22G were expressed in 15N isotopically labeled media, purified, and 

reconstituted in DPC micelles.  The 1H-15N HSQC spectra of all three mutants were well resolved 

(Fig. 6.S1A) and assigned using 15N edited NOESY-HSQC experiments at short (70 ms) mixing 

times to identify short-range NOEs.  Amide resonance assignments were correlated to the 1H-15N 

HSQC assignment for AFA-PLN (Fig 6.S1B). Most changes are localized near the mutation site.  

However, some distal changes, especially in domain Ib, are detected, specifically residues Arg25 

and Asn27. 

The structural dynamics of these mutations were characterized using nuclear spin 

relaxation measurements (208). R1, R2, and NOE values were measured for AFA-PLNM20G, AFA-

PLNM20G P21G, and AFA-PLNM20G P21G Q22G (Fig 6.S2) in DPC micelles.  While the structure is 

largely intact, as evidenced by only minor perturbations in the 1H-15N HSQC spectrum compared 

to AFA-PLN, we do observe an increase in the fast (ps-ns) conformational dynamics of the 

backbone for all of the mutants examined. Increased motions are detected in the intervening loop 

and domains Ia and Ib.  While domain Ib and the loop of the Gly mutants have conformational 
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dynamics similar to that of pSer16 AFA-PLN, the phosphorylated species is significantly more 

mobile in domain Ia. Thus, introduction of the single or multiple Gly mutants change only the 

local motion and does not mimic the conformational dynamics found in the phosphorylated 

species (pSer16-AFA-PLN). A possible explanation is that the negatively charged phosphoserine 

interacts with the positively charged side chains of Arg13 and 14, forming transient salt bridges 

that affect the folding and dynamics of the entire cytoplasmic regions including domain Ia. In 

fact, the presence of the phosphoryl group shifts the conformational equilibrium of domain Ia of 

PLN from a folded (T state) to an unfolded (R state) (23, 24). The 15N relaxation data do not 

support a significant T to R state transition upon Gly mutations. The latter was confirmed by 1H-
13C HSQC experiments that image the side chains bearing methyl groups. Indeed, we found that 

the Gly mutations in the loop do not affect the T to R state equilibrium substantially, i.e. we 

observed only minor chemical shift changes for the domain Ia methyl groups (Fig 6.S3). These 

findings indicate that the LOF character of the Gly mutants is not directly related to the T/R 

equilibrium of domain Ia, and that the Gly mutations in the intervening loop cause a local 

increase in backbone flexibility.   

6.4  DISCUSSION 

We sought to expand on previously published results on tuning the function of SERCA by 

altering the dynamics of the loop domain in PLN (25).  Our previous results showed that AFA-

PLNP21G displayed similar structural dynamics to the pseudo-phosphorylated species PLNS16E, 

which has shown promise in reversing heart failure in animal models upon delivery via rAAV-

mediated gene therapy (133).  In addition to mimicking the structural dynamics of the pseudo-

phosphorylated form, AFA-PLNP21G also has the additional characteristic of being able to be 

post-translationally-modified by phosphorylation at Ser16 by PKA, a regulatory feature which is 

crucial for maintaining Ca2+ homeostasis (173).  

The functional results of AFA-PLNM20G, AFA-PLNP21G, and AFA-PLNQ22G (Fig 6.3, 

Table 6.1) show that introduction of the Gly residue did not need to be specifically positioned at 

Pro 21 in order to have a LOF effect.  Additionally phosphorylation results of the three species 

suggest that these mutants can still also be post-translationally modified in vivo.  Remarkably, 

similar alanine mutations at M20 and Q22 did not show appreciable differences in SERCA 

inhibition (34, 130), demonstrating the sensitivity of SERCA activity on the PLN sequence.  

While all of the mutants resulted in LOF characteristics, they inhibited SERCA to different 
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degrees, resulting in a gradient of function.  This is an important factor when designing 

mutations to alter contractility.  While introducing PLN mutants which are completely LOF 

would increase SERCA activity and activate diastole in the short term, constitutive activation of 

SERCA is known to promote hypertrophy (209) and a PLN null genotype is found in humans to 

result in heart failure (29, 31).  Hence, development of mutations of PLN for use in gene therapy 

would necessitate mutants which sampled a wide array of levels in SERCA inhibition. 

The results of AFA-PLNM20G P21G show that the LOF effects for the M20 and P21 site 

were additive, resulting in the least inhibitory mutant of this study.  Phosphorylation of this 

species AFA-PLNM20G P21G mutant resulted in a ∆pKCa similar to that of pSer16 AFA-PLN.  The 

NMR results show minimal differences in the structures of the various mutants. In fact, 

comparison of the protein fingerprints ([1H,15N] HSQC spectra) of the AFA-PLNM20G P21G mutant 

and AFA-PLN show some slight differences, especially in residues near the mutation site in the 

primary sequence. A few differences are also evident for residues located in the juxtamembrane 

domain Ib (Fig 6.1).  A map of the chemical shift changes upon increasing glycines in the loop 

did not follow the same trajectory that was seen for pseudo-phosphorylated mutants and the 

Ser16 phosphorylated species (23).  Also, the NMR dynamic parameters (R1, R2 and 

heteronuclear NOE values) in domain Ia indicate that AFA PLNM20G P21G is significantly less 

dynamic than pSer16 AFA-PLN in this domain (Fig 6.S2). Still, AFA-PLNM20G P21G mimics 

pSer16-PLN functionally, which suggests that mutations in the loop leads to the reversal of 

SERCA inhibition by a different mechanism that an order-to-disorder transition of domain Ia, a 

mechanism that has been proposed for phosphorylated and pseudo-phosphorylated mutants of 

PLN (23).  In contrast to domain Ia, the conformational dynamics of the loop and domain Ib of 

the Gly mutants are similar to that of pSer16 PLN and thus more mobile than AFA-PLN.  Taken 

together with the chemical shift changes in domain Ib, this alteration of domain Ib 

conformational dynamics may be responsible for the functional effects associated with the Gly 

mutations.   

Based on the data collected on these single, double, and triple Gly mutants, we 

hypothesize that the functional effects of the Gly mutations are related to a gradual structural 

uncoupling of the two helical domains of PLN: the inhibitory transmembrane domain and the 

regulatory cytoplasmic regions. A single Gly mutation increases the local dynamics and induces 

LOF character. Also, a double mutation augments the LOF character with concomitant increase 

of local dynamics. However, three sequential mutations cause a complete loss of the structural 

coupling between the regulatory cytoplasmic domain and the inhibitory transmembrane domain, 
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rendering the mutant similar to the isolated transmembrane domain, which has an inhibitory 

potency similar to that of PLN (185). To support this hypothesis, we showed that single and 

double Gly mutants have increasing LOF character, while the inhibitory potency of the triple Gly 

mutant is virtually identical to that of AFA-PLN. 

Interestingly, AFA-PLNM20GP21GQ22G can be still phosphorylated, reversing SERCA inhibition. 

The substitution of the three Gly residues in the loop does not prevent the signal of 

phosphorylation to be relayed from PLN to SERCA to reverse its inhibition.  This suggests that 

phosphorylation is a more complex event that involve both structural and electrostatic changes in 

both binding partners, with a possible allosteric mechanism where interactions of the 

phosphorylated domain Ia lead to changes within SERCA that are relayed to domain II.  The 

latter will be resolved when atomic resolution structural information on the SERCA/PLN will be 

available.  

Although the original Ala-scanning experiments performed by MacLennan and coworkers 

(34) show Ala mutations in the loop region to be non-effectual on SERCA function (with the 

exception of P21A), Gly mutations in the same region reveal that fairly conservative alterations 

in the loop region can have a significant impact on SERCA function.  Fig 6.4 shows a structural 

dynamics and function correlation between different species of PLN, and the blue triangle 

highlights the optimum area to target when designing LOF mutants to improve cardiac 

contractility by improving SERCA function.  The results of this study are promising in revealing 

the loop region as an area to target for development of therapeutic PLN mutants, since the 

phosphorylation site remains intact.  The results of studying PLN mutations have established that 

for a mutant to maintain proper function: (a) it must be able to be phosphorylated in order to 

relieve inhibition, and (b) the dynamic changes throughout domain Ia, the loop, and domain Ib 

can mimic the order-to-disorder transition induced by phosphorylation, but they should not 

exceed the dynamics of pSer16 PLN.   
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 ∆pKCa Error 

AFA-PLN 0.31 0.02 

pSer16 -AFA-PLN 0.025 0.012 

AFA-PLNM20G 0.23 0.01 

pSer16-AFA-PLNM20G 0.031 0.018 

AFA-PLNP21G 0.18 0.01 

pSer16-AFA-PLNP21G 0.042 0.013 

AFA-PLNQ22G 0.16 0.02 

pSer16-AFA-PLNQ22G 0.068 0.014 

AFA-PLNM20G P21G 0.047 0.009 

pSer16- AFA-PLNM20G P21G 0.015 0.010 

AFA-PLNM20G P21G Q22G 0.33 0.01 

pSer16- AFA-PLNM20G P21G 

Q22G 

0.090 0.017 

Table 6.1  ∆pKCa values for all PLN species averaged over 6 measurements.  ∆pKCa values are calculated 

from as the difference in pKCa values from the fits of the SERCA activity curves in the absence and 

presence of PLN inhibitor. 
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Fig 6.1 Hybrid solution and solid state NMR structures for pentameric wt-PLN (left) and 

monomeric AFA-PLN (center). The four dynamic domains of PLN are color-coded: domain Ia, 

green; loop, orange; domain Ib, red; domain II, blue. Sites of loop mutations are rendered in the 

space-filling motif. 
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Fig 6.2 Primary sequences of glycine mutants in this study. The secondary structure motifs of 

PLN (helix, loop, helix) and dynamics domains are displayed above. Mutations are highlighted in 

the loop region. 
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Fig 5.3 Functional measurements of SERCA in reconstituted lipids in the presence of PLN Gly 

loop mutants. A. Coupled enzyme activity assay measurement of SERCA in absence (black 

circles) and presence of PLN species. Left panel: unphosphorylated (closed green triangles) and 

phosphorylated (open green triangles) monomeric M20G P21G AFA-PLN. Right panel: wt-PLN 

(blue circles) and M20G P21G mutant on pentamer background (PLNM20GP21G , green 

triangles). As in the monomeric conditions, the M20G P21G mutation in pentameric conditions is 

still severe LOF. B. Histogram of ∆pKCa measurements of all PLN species. Error bars are 

indicative of standard deviation from averaged values of ∆pKCa. 
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Fig 6.4 Stuctural dynamics-function correlation plot of PLN Gly mutants. Left axis is degree of 

SERCAinhibition, with a larger ∆pKCa indicating more SERCA inhibition. ∆NOE is difference 

in average NOE valuesfor each PLN species in the loop and domain Ib (residues 17-30) from 

AFA-PLN. Higher values in ∆NOE indicates more fast dynamics for that mutant. Red box 

highlights range of dynamics which results in a completely LOF PLN. Blue triangle highlights 

optimum region for designing PLN mutants to improve cardiac contractility. 
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Fig 6.S1  1H-15N HSQC spectra of AFA-PLNM20G (top left), AFA-PLNM20G P21G (top middle), 

AFAPLN M20G P21G Q22G (top right) and combined chemical shift perturbations between AFA-PLN 

and the M20G mutant (bottom left, dark blue), M20G P21G mutant (bottom middle, evergreen), 

and M20G P21G Q22G mutant (bottom right, lime). 
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Fig 6.S2 Fast amide backbone dynamics measurements by solution state NMR of Gly PLN 

mutants. R1(left), R2 (middle), and {1H-15N} steady state NOE measurements were done in 300 

mM DPC micelles. AFA-PLN (black) and pSer16-AFA-PLN (red) are plotted for comparison. 

Data for AFA-PLN and pSer16-AFA-PLN are taken from Metcalfe, et. al. 2003 and 2005. (22, 

105). 
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Fig 6.S3. Overlay of [1H-13C] HSQC spectra of AFA-PLN (black), AFA-PLNM20G (navy), and 

AFA-PLNM20GP21G (dark green) in 300 mM DPC at 37 °C. 
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