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ABSTRACT 

Calcium (Ca2+) is stored in the sarcoplasmic reticulum (SR) in both cardiac and 

skeletal muscle.  A Ca2+ induced Ca2+ release mechanism triggers the ryanodine receptor 

(RyR) to release Ca2+ from the SR into the cytoplasm.  This Ca2+ discharge increases the 

Ca2+ concentration causing the muscle to contract.  RyR is regulated by calmodulin 

(CaM), a Ca2+ binding protein that inhibits RyR when the [Ca2+] > M.  To relax the 

muscle, the Sarco-endoplasmic Reticulum Calcium Adenosine Triphosphatase (SERCA), 

an integral membrane enzyme, pumps Ca2+ back into the SR driven by ATP hydrolysis.  

In cardiac tissue, SERCA is regulated by phospholamban (PLB), an integral membrane 

protein that inhibits SERCA at submicromolar [Ca2+].  This inhibition is relieved either 

by addition of micromolar Ca2+ or by phosphorylation of PLB by cAMP-dependent 

protein kinase A (PKA).   

The goal of this research was to investigate Ca2+ regulation during muscle 

contraction and relaxation.  The major findings included: 1) two PLB variants bind 

tightly to SERCA, thus competing with and displacing wild-type (WT) PLB, 2) SERCA 

contains a novel nucleotide binding site that is not an artifact of crystallization, and 3) 

oxidation of specific Met residues in CaM are vital for proteasomal degradation. 

Using functional co-reconstitution and fluorescence resonance energy transfer 

(FRET), we tested the hypothesis that the loss-of-function (LOF) mutants can compete 

with WT-PLB to relieve SERCA inhibition.  We investigated two LOF mutants, S16E 

(phosphorylation mimic) and L31A, for their inhibitory potency and their ability to 

compete with WT-PLB.  Our functional studies demonstrate that SERCA co-

reconstituted with mixtures of WT-PLB and LOF PLB mutants had a lower inhibitory 
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potency compared to SERCA and WT-PLB mixtures only.  FRET experiments added 

further support by showing that unlabeled LOF mutants lowered the FRET between 

donor-labeled SERCA and acceptor-labeled WT-PLB.  Thus, we have provided a 

convenient FRET method for screening future PLB mutants for the use in gene therapy to 

treat heart failure.   

Similarly, we used another fluorescence technique, time-resolved fluorescence 

resonance energy transfer (TR-FRET), to investigate nucleotide binding in SERCA.  

Based on biochemistry and crystallography, it has been proposed that SERCA has two 

distinct modes of nucleotide binding. To extend this observation from the crystal to the 

functional sarcoplasmic reticulum membrane, we have performed TR-FRET to measure 

the distance between donor-labeled SERCA and the fluorescent nucleotide TNP-ADP, in 

the presence and absence of inhibitors.  TR-FRET experiments confirmed a novel 

binding site in SERCA, bringing the -phosphate of ADP closer to the phosphorylation 

site, Asp351, compared to other crystal structures with bound nucleotide.  To determine 

whether these modes of nucleotide binding occur in solution during SERCA enzymatic 

cycle, we performed transient TR-FRET ([TR]2FRET) experiments, in which a complete 

subnanosecond TR-FRET decay was recorded every 0.1 ms after rapid mixing of donor-

labeled SERCA and TNP-ADP in a stopped-flow instrument.  We clearly observed a 

biphasic reaction with a fast component (260 s-1) and a slower component (17 s-1).  TR-

FRET is a powerful technique for connecting structural dynamics of SERCA with its 

static crystal structures. 

The major focus of this research has been muscle relaxation through the 

interaction of SERCA and PLB utilizing fluorescence spectroscopy.  However, another 
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project with implications for muscle contraction concentrated on the signals for 

proteasomal degradation by using CaM as a model system.  CaM variants were designed 

using site-directed mutagenesis in order to perform site-specific oxidation of Met 

residues.  Utilizing circular dichroism (CD), thermodynamic stability CD experiments, 

and proteasomal degradation assays, it was demonstrated that oxidation of Met residues 

51, 71, and 72 located in the N-terminus of CaM are essential for degradation.  

Functional data from ryanodine binding assays showed that oxidation of Met residues in 

the C-terminus of CaM completely abolished CaM’s ability to bind and inhibit RyR.  

Accumulation of these CaM within the cell could be detrimental to CaM regulation of 

RyR impairing Ca2+ regulation during muscle contraction.  
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CHAPTER 1 – Introduction 

1.1. Proteins of the Sarcoplasmic Reticulum 

The sarcoplasmic reticulum (SR) stores calcium (Ca2+) in both cardiac and 

skeletal muscle.  During an action potential, the ryanodine receptor (RyR) is stimulated 

by a Ca2+ induced Ca2+ release mechanism causing RyR to discharge Ca2+ into the 

cytoplasm, increasing the [Ca2+] by 10,000 fold.  This rise in [Ca2+] results in muscle 

contraction (Figure 1) (1).  In order for the muscle to relax, the Sacro-endoplasmic 

Reticulum Calcium Adenosine Triphosphatase (SERCA) pumps Ca2+ back into the SR 

 

Figure 1:  Contraction and relaxation of muscle. The sarcoplasmic reticulum (SR) is the 
primary storage unit of calcium in cardiac and skeletal muscle.  The main calcium regulatory 
proteins in muscle are RyR, SERCA (labeled ATP in figure), and PLB.  Upon stimulation, RyR 
releases Ca2+ into the cytoplasm causing the muscle to contract (1).  SERCA is responsible for 
muscle relaxation by pumping the Ca2+ back into the SR.  In cardiac muscle, SERCA is regulated 
by PLB. 
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against its concentration gradient.  This process of transporting Ca2+ is driven by ATP 

hydrolysis, where 1 ATP is hydrolyzed per 2 Ca2+ ions carried back into the SR (2-4). 

In the heart, SERCA is regulated by phospholamban (PLB), an integral membrane 

protein that inhibits SERCA at sub-micromolar [Ca2+] (5).  PLB exists in a dynamic 

equilibrium between a pentamer and monomer state.  The monomeric PLB is thought to 

be the inhibitory form of SERCA (6-8).  This inhibition is relieved by either micromolar 

[Ca2+] or by phosphorylation of PLB by protein kinase A (PKA) at Ser 16 or by 

calcium/calmodulin kinase II (CaMKII) at Thr 17 (5, 9).  The role of dual 

phosphorylation continues to be contentious, but it 

has been demonstrated that phosphorylation of 

Ser16 alone is enough to relieve inhibition of 

SERCA (10, 11).   

1.2. RyR 

1.2.1. RyR Structure 

 The ryanodine receptor (RyR) is composed 

of homotetramers of 550 kDa subunits yielding a 

2.3 MDa Ca2+ sensitive release channel (Figure 2), 

the largest ion channel known to date (13-15). It is 

expressed in three isoforms sharing 65% sequence 

identity in mammals (15).  They include RyR1 in 

skeletal muscle, RyR2 in cardiac muscle, and 

RyR3 in lower levels in various tissues.   

 
Figure 2: RyR structure. Cryo-electron 
microscopy structure at 9.6 A resolution. 
Upper panel: top view; Middle panel: 
side view; Bottom panel: side-view detail 
of binding sites for protein regulators 
(12). 
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The structures of these isoforms are virtually identical based on cryoelectron 

microscopy (16-28).  The cytoplasmic domain of RyRs makes up ~80% of the channel 

while the transmembrane (TM) domain is ~20% of the channel.  The transmembrane 

region contains the ion pore thought to involve 6 TM helices per subunit based on 

modeling with the mammalian potassium channel Kv1.2 (21, 29).  The cytoplasmic 

region contains multiple indentations and grooves that are sites of interactions with 

protein regulators (Figure 2C).  The corners of the cytoplasmic domain are called 

“clamps” that are connected to the “handle” domain encompassed by the “central rim” 

domain that joins the cytoplasmic and transmembrane regions together (30).  The 

“clamps” undergo large conformational changes upon the opening and closing of the 

channel (21, 25).  They are also proposed sites for RyR intermolecular interactions, and 

are sites for protein modulators to bind (31-36).   

1.2.2. RyR Regulation 

 RyR regulation involves multiple interactions ranging from ions to protein 

modulators.  Two protein regulators that bind to RyR are calmodulin (CaM) and FK506-

binding proteins (FKBP) 12 and 12.6.  CaM is a 17-kDa Ca2+ binding protein that binds 

to one site per RyR subunit (37).  It has four EF-hand Ca2+ binding motifs total: 2 are 

located in the N- terminus and the other 2 are located in the C- terminus.  CaM binds and 

regulates all three RyR isoforms in their Ca2+ free and Ca2+ bound states with different 

effects (38, 39).  For RyR1, CaM acts as a partial agonist in the Ca2+- free state whereas 

CaM acts as an inhibitor in the Ca2+ bound state (40).  CaM binding inhibits RyR2 

opening at all Ca2+ concentrations, increasing the threshold [Ca2+] required to activate the 

channel (40, 41).   
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 Both FKBP 12 and 12.6 bind to all RyR isoforms (42) at a ratio of four FKBPs 

per RyR channel (43-45).  Each FKBP has different expression and binding affinities for 

RyR.  For instance, FKBP12 binds mainly to RyR1 (43, 46) whereas FKBP12.6 binds 

predominantly to RyR2 (47-50).  The proposed role of FKBP is to stabilize the closed 

form of RyR (46, 51-55).  

1.3. SERCA 

1.3.1. SERCA Enzymatic Cycle 

 The enzymatic cycle of SERCA has been widely studied and is proposed to have 

two biochemical states, a high calcium affinity (E1) form and a low calcium affinity (E2) 

form (56-61).  The cycle begins with apo-SERCA binding two Ca2+ ions in its 

transmembrane domain inducing a conformational change between the E2 and E1 states.  

This change permits Mg-ATP to bind within the nucleotide binding domain generating 

the E1-ATP state.  SERCA then hydrolyzes ATP, transferring the γ-phosphate of ATP to 

Asp351, located in the phosphorylation domain of SERCA.  Next, ADP is released 

producing a low Ca2+ affinity intermediate that releases the two Ca2+ ions into the SR 

lumen forming the E2 state.  A conformational change brings about the E2-P state, 

2CaE1 2CaE1ATP 2CaE1PADP 2CaE1P

E2PE2

2 Ca2+ (cytoplasm)

ATP ADP

2 Ca2+ (lumen)

Pi

(1)
(2) (3)

(5)
(4)

(7) E2Pi (6)
 

Figure 3: Schematic of SERCA enzymatic cycle.  High Ca2+ affinity (E1) 
states are shown in red while low Ca2+ affinity (E2) states are shown in blue. 



 5

preparing SERCA to discharge the inorganic phosphate, and leaving it in the E2 state in 

order for the cycle to repeat itself (Figure 3).  

1.3.2. Interchangeability of SERCA Isoforms 

 Humans have three SERCA genes (1, 2, and 3), each of which can be 

alternatively spliced and expressed in a tissue-dependent manner. SERCA1 isoforms (a 

and b) are mainly found in fast-twitch skeletal muscle, where SERCA1a is the adult form 

and SERCA1b is the embryonic form (62-65).  SERCA2a is expressed primarily in the 

heart and slow-twitch skeletal muscle(66).  Unlike SERCA 2a, SERCA 2b is expressed 

ubiquitously throughout all tissues (67).  SERCA 3 isoforms are more diverse (a-f) and 

are located in non-muscle cells such as hematopoietic cells and in epithelial and 

endothelial cells (68, 69). 

 These isoforms have very few functional and structural differences between them.  

Their primary amino acid sequence is highly conserved.  SERCA1a and SERCA2a have 

84% identity whereas SERCA3a has 75% identity with SERCA1a and SERCA2a (65).  

Ca2+ binding sites, ATP binding site, and phosphorylation residue have been shown to be 

highly conserved based on mutagenesis studies (70).  These studies also determined that 

the Ca2+ uptake and ATP and Ca2+ affinities were different amongst these isoforms (71).  

SERCA2 had a slower Ca2+ turnover rate and SERCA3 had lower affinity to Ca2+ 

compared to SERCA.  These differences were attributed to the small variances in their 

sequences and their specific function in their localized expression (70).  Overall, these 

isoforms have great similarities suggesting that they have analogous structures.  One 

study that provided strong evidence that SERCA1 and SERCA2 can be interchanged with 

one another used transgenic mice expressing SERCA1a in the heart. They found that 
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SERCA1a had the same properties of SERCA2a when subjected to a cardiac environment 

(72).  This finding allowed for SERCA1a to be used as a model for all isoforms in 

functional and structural studies.  X-ray crystallography studies on SERCA have been 

done exclusively with SERCA1a since it is abundant in tissues, and these isoforms can be 

interchanged with each other.   

1.3.3. SERCA Structure 

SERCA is defined as a P-type 

ATPase because of its ability to auto-

phosphorylate itself at Asp 351 during its 

enzymatic cycle.  It contains four domains 

named for each domain’s function: actuator 

(A), nucleotide binding (N), 

phosphorylation (P), and transmembrane 

(TM) domain (Figure 4).  A-domain gates 

Ca2+, N-domain contains the nucleotide 

binding site, P-domain includes the 

phosphorylation residue, Asp 351, and the 

TM- domain has ten  helices (M1-M10) 

that has the 2 Ca2+ binding sites.  The 

transmembrane domain also contains a 

hydrophobic groove between M2, M4, M6, 

and M9 where PLB binds and regulates SERCA (74). 

SR lumen

cytoplasm

 

Figure 4:  SERCA structure.  The E2 (1IWO) 
crystal structure of SERCA showing the 
nucleotide binding (green), phosphorylation 
(blue), actuator (red), and transmembrane 
(grey) domains.  Thapsigargin used to 
crystallize the E2 form is shown in purple (73).  
Structural representation made using PyMol. 
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The current number of crystals structures of SERCA has grown steadily since 

2000 when the first structure was published (Figure 5) (75).  These structures now 

include E1, E2, and intermediate biochemical states of SERCA with and without 

inhibitors.  The first published structures contained inhibitors, thapsigargin (TG), 

cyclopiazonic acid (CPA) or 2,5-di(tert-butyl)-1,4-benzohydroquinone (BHQ) that were 

thought to stabilize the TM domain of SERCA in order to crystallize it (73, 75-77).  

However, in 2007, Olesen et al published the crystal structures of the E2-P and E2-P* 

(E2-Pi in Figure 3) states without inhibitors. 

Comparing the structures with and without 

inhibitors, no major conformational changes were 

observed (78).   

One contested SERCA structure has been 

the E1-Ca state.  Its first published structure 

determined by x-ray crystallography contained a 

large opening, 6.6 nm, between the N and A 

domains in the presence of 10 mM Ca2+ (Figure 5) 

(75).  Other x-ray structures with bound nucleotide 

in the E1 state only had 4 nm distance between 

these domains (73, Sorensen, 2004 #233).  In 

2008, the Thomas lab expressed SERCA with 

fusion proteins attached to the N and A domains in 

insect cells to determine if this large distance 

occurred physiologically or was it an artifact of crystallization.  Using fluorescence 

 
Figure 5:  E1-Ca X-ray crystal 
structure of SERCA.  First published 
E1-Ca crystal structure at 2.6 Å.  Ribbon 
structure of SERCA is overlaid with 
surface rendering mode using PyMol 
and coordinates from PDB:ID 1SU4 
(75).  N domain (green), the P domain 
(blue), the A domain (yellow) and the 
ten TM -helices (grey) are shown. Two 
Ca2+ ions (yellow) are highlighted.   
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resonance energy transfer (FRET) and molecular modeling, we concluded that the 

distance between the N and A domains in the E1-Ca state is more compact, similar to the 

other structures in the enzymatic cycle (Figure 6)(79). 

 

 

Figure 6: Schematic of SERCA enzymatic cycle with revised E1-Ca structure.  
Revised reaction scheme assumes E1 state has small opening and bound nucleotide 
or Pi at all intermediates of the enzymatic cycle.  Model based on PDB:ID (1)1VFP, 
(2)1BA6, (3)3B9B, (4)3B9 (78, 80). Structural representations made using PyMol.  
Adapted from (78). 
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1.4. PLB 

 Phospholamban is a single-pass 

transmembrane protein containing 52 

amino-acids and is known to regulate 

SERCA2a in cardiac tissue (5).  It consists 

of three domains.  Domain Ia (residues 1-

16), located in the cytoplasm of the SR, 

contains a PKA phosphorylation site at Ser 

16.  The loop region (residues 17-22) acts 

as a flexible hinge that connects domain Ia 

to domain Ib (residues 23-31).  Domain II 

(residues 31-52) comprises the 

transmembrane portion of PLB that is 

inserted into the membrane (Figure 7) (81, 

82).   

 PLB exists in dynamic equilibrium 

between monomer and pentamer states.  The monomeric species is the inhibitory form 

while the pentameric species acts a storage component for PLB in the membrane (6-8).  

Mutagenesis studies have shown that the pentamer form of PLB is stabilized by a 

leucine-isoleucine zipper in the transmembrane domain with three essential cysteines at 

positions 36, 41, and 46 (6).  Further analysis revealed that mutating these three cysteines 

to Ala, Phe, and Ala respectively resulted in the monomeric species of PLB, referred to as 

AFA, with identical inhibitory properties (83, 84).  Additional mutagenesis studies 

1

Ia

L
oo

p

(II)

Ib

52

Figure 7: AFA-PLB structure in DPC 
micelles.  NMR determined structure of AFA-
PLB in DPC micelles (1N7L).  Highlighted are 
domain Ia (yellow), the loop (red), domain Ib 
(grey), and domain II (blue).  The three Cys 
residues which are mutated to Ala, Phe and Ala, 
respectively are colored in orange (81).  
Structural representation made using PyMol. 
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demonstrated that the transmembrane domain of PLB was sufficient for inhibition while 

the cytoplasmic domain alone has no inhibitory effect (85).  It has also been shown that 

the phosphorylation of PLB in cytoplasmic domain is responsible for the relief of 

inhibition (85-87).   

 Several models based on nuclear magnetic resonance (NMR) exist for PLB.  The 

first structures were determined in organic solvents that revealed slight differences in the 

transmembrane domain.  However, large differences were seen in the cytoplasmic 

domains.  From these NMR experiments, four different models have been proposed: 

extended helix/sheet, continuous helix, bellflower, and pinwheel (Figure 8)(88-92).  

Collaborations between the Thomas and Veglia have sought to clarify the structure of the 

pentameric form of PLB.  Using NMR and electron paramagnetic resonance (EPR), they 

determined that the pinwheel model of PLB most accurately describes the pentamer 

structure in both micelles and lipid bilayers (91-94).  Further collaborations of these 

laboratories have yielded results on the orientation and dynamics of AFA, the monomeric 

PLB (Figure 9)(95).   

 

Figure 8:  Proposed PLB pentamer structures.  (A) Helix/sheet/helix (88). (B) 
Continuous helix (89). (C) Bellflower [PDB:ID 1ZLL (90) (D) Pinwheel [PDB:ID 
1XNU (91)  Structural representations made using PyMol.  Adapted from (92). 
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1.5. SERCA-PLB Complex and Regulation 

 Currently, no crystal structure exists with 

PLB bound to SERCA.  However, a model based 

on cross-linking, crystallography, and NMR 

experiments was created utilizing molecular 

dynamic calculations (74, 96, 97).  PLB was 

docked into SERCA, and its transmembrane 

domain was shown to interact with M2, M4, M6, 

and M9 of SERCA (Figure 10).  Domain Ib of 

PLB was modeled to be an extended disorder 

region while domain Ia was considered to be -

helical lying in a groove on M9 of SERCA.  Both 

phosphorylation sites are exposed in this model, 

and these sites are important for the regulation of SERCA (98). 

 

Figure 9: Structure of AFA-PLB in a 
lipid bilayer.   High resolution structure 
of AFA-PLB in a lipid bilayer shows both 
secondary structure and topology.  The 
cytoplasmic domain is partially buried in 
the lipid and makes a 102 ° angle with 
respect to the bilayer normal. The TM 
domain is a continuous helix and is tilted 
24 degrees with respect to the 
membrane normal.  Adapted from (95). 
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 PLB binds and inhibits SERCA in cardiac tissues at submicromolar [Ca2+].  This 

inhibition can be relieved by either increasing [Ca2+] to micromolar or phosphorylation of 

PLB by PKA (5, 11, 99).  It has been proposed that the relief of this inhibition requires 

complete dissociation of SERCA-PLB complex.  This hypothesis was established based 

on a series of cross-linking studies that demonstrated PLB completely dissociated from 

SERCA under micromolar [Ca2+], phosphorylation of PLB, and addition of a PLB 

antibody (100, 101).  However, work from the Thomas lab revealed that PLB remained 

bound to SERCA when micromolar [Ca2+] was added (85, 102, 103).  Differences 

between these results were explained by uncontrolled [Ca2+] concentration in the cross-

linking studies (103).  Currently, the mechanism of relief of inhibition is still contentious.   

Interestingly, the Na+/K+ ATPase (NKA), a relative of SERCA, has a regulatory subunit 

called phospholemman (PLM) that is also a single pass transmembrane protein (104-

106).  Like PLB, PLM binds and inhibits NKA.  This inhibition is relieved by 

Hughes and Middleton
JBC 2003

A B C

 

Figure 10:  Models of the SERCA-PLB Complex.  (A)  Model of AFA-PLB 
(yellow) docked to E2 SERCA crystal structure (96). (B)  Model of AFA-PLB 
(orange) docked into E2 SERCA (green) crystal structure (74).  (C)  Model of 
SERCA-PLB complex from (B). Colors other than yellow on PLB represent those 
amino acids affected by SERCA binding based on NMR experiments (97). 
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phosphorylation of either S63 or S68 by PKA or PKC (104, 107-109).  Based on these 

similarities and work in our lab and several others, the hypothesis is that PLB is 

essentially a subunit of SERCA (85-87, 93, 103, 110, 111), but more investigations are 

need to support this idea. 

1.6. SERCA, PLB, and Disease 

1.6.1 SERCA and Disease 

Mutations within all SERCA isoforms have been linked to diseases, but none 

have been associated with heart disease.  SERCA1a mutations lead to a condition called 

Brody’s disease that causes severe muscle cramping due to difficulties with muscle 

relaxation (112).  Lifespan of patients with Brody’s disease are not affected due to the 

upregulation of SERCA2 isoforms, which help with muscle relaxation (65).  Mutations 

within the SERCA2 gene that affect both SERCA2a and SERCA2b protein expression 

have been associated with a skin condition called Darier’s disease that causes 

keratinization and loss of adhesion between epidermal cells.  Like Brody’s disease, 

Darier’s disease does not affect lifespan or have any association with heart disease (113).  

SERCA3 mutations have been linked to type-II diabetes (114).  Further studies using 

different SERCA null mice revealed roles for each SERCA isoforms.  SERCA1a null 

mice yielded pups that survived birth but died shortly after due to severe respiratory 

stress (115).  SERCA2 null mice produced offspring that did not survive birth because of 

its vital role in the heart and muscles (116).  As for SERCA3 null mice, Liu et al did not 

see any phenotypic differences between the null mice and WT mice (117). 
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1.6.2. PLB and Cardiovascular Disease 

In contrast to SERCA, PLB mutations have been associated with many different 

forms of cardiomyopathies in humans.  The first discovery in a human was a missense 

mutation in PLB that changed Arg 9 to a Cys (R9C) (119).  After generating a family 

tree, it was noted that this mutation lead to an autosomal dominant dilated 

cardiomyopathy and caused early death.  These affected individuals carried one wild-type 

allele for WT-PLB and one allele for the R9C mutation.  This mutation was characterized 

in HEK-293 cells transfected with R9C and in a transgenic mouse model.  In living cells, 

experiments demonstrated that R9C PLB was not able to be phosphorylated by PKA 

leading to constant inhibition of SERCA by R9C (119).  

A more recent study using FRET in living cells and 

biochemical assays revealed that R9C stabilizes the 

pentamer form of PLB preventing deoligomerization of 

the pentamer, and therefore, preventing the regulation of 

SERCA by the monomeric form of PLB (120).  Ha et al 

also corroborated that PKA was unable to phosphorylate 

R9C PLB mutant (120).  In the transgenic mice models, 

tests revealed decreased contractility, lethargy, and 

peripheral cyanosis.  After death, autopsies disclosed the 

increase in heart size especially on the left side of the 

heart, characteristics of dilated cardiomyopathy (Figure 11).   

Constant inhibition of SERCA by PLB leads to disease, but ablation of PLB also 

results in disease.  A PLB-L39stop mutation produces a protein truncation in which the 

 

Figure 11:  Cross-sectional view 
of normal and diseased states 
of the heart.  Left ventricle and 
left atrium exposed from normal 
heart and hearts with dilated 
cardiomyopathy or familial 
hypertrophic cardiomyopathy 
(118).  
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first 39 amino acids are present (121).  Affected individuals can be either heterozygous or 

homozygous leading to dilated cardiomyopathy.  Since the majority of the 

transmembrane domain of PLB (amino acids 31-52) is missing, this PLB-L39stop does 

not properly insert itself into the SR membrane.  Expression of this mutation in HEK-293 

cells showed that PLB-L39stop was located in the plasma membrane and not the SR 

membrane.  Therefore, PLB-L39stop was not inhibiting SERCA leading to a 

constitutively active SERCA, which results in cardiac disease at an early age (15-25 

years) in humans, who are either heterozygous or homozygous for this mutation. 

Unlike the previous mutations, deletion of Arg 14 in PLB (PLB-R14) causes 

heart disease, mainly dilated cardiomyopathy, in older individuals (122).  Using HEK 

293 cells, researchers found that PLB-R14 was expressed and was able to be 

phosphorylated by PKA.  Further experiments with transgenic mice revealed that the 

homozygous mice had dilated cardiomyopathy.  The co-expression of PLB-R14 with 

WT PLB within the hearts of these mice led to super inhibition of SERCA meaning that 

SERCA’s calcium affinity was significantly decreased and muscle contraction would be 

extended (122). 

1.6.3. SERCA, PLB, and Treatments for Cardiovascular Disease 

Cardiovascular disease is the leading cause of mortality worldwide.  A major 

feature of cardiovascular disease, especially heart failure, is the mishandling of Ca2+ that 

may be explained by the relative abundance of SERCA-PLB in the heart (7, 99, 123).  

The result is that the intracellular [Ca2+] is too high, preventing the heart from fully 

relaxing and consequently leading to a smaller contraction.  Unfortunately, the existing 
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treatments only deal with the symptoms and do not directly address the root of the 

problem.   

Newer approaches are focusing on utilizing recombinant associated adenosine 

vector (rAAV) to deliver either SERCA2a or pseudo-phosphorylated PLB to restore the 

SERCA-PLB ratio in the heart (124).  Since it is known that SERCA2a expression is 

decreased in heart failure models (125, 126), clinical efforts to correct this imbalance 

were to deliver SERCA2a using rAAV in pigs.  The results revealed that long-term 

expression of SERCA2a in the heart improved contractility (127).  These positive 

findings led to a Phase 1 human clinical trial where patients showed improvements in a 

variety of heart failure parameters including diastolic and systolic functions (128).  

Another possible option is using rAAV to deliver a pseudo-phosphorylation PLB mimic, 

S16E.  This procedure has been tried in both large and small heart failure animal models.  

In both cases, heart failure progression was reversed along with improved cardiac 

diastolic and systolic functions (129-133).   

1.7 Aims 

Aim 1:  To investigate the molecular effectiveness gene therapy proposals for 

heart failure by using co-reconstitution of labeled SERCA, labeled WT-PLB, and 

unlabeled loss-of-function PLBs, S16E and L31A in functional and FRET assays.  In 

large and small heart failure animal models, S16E, a phosphorylation mimic PLB mutant, 

has been delivered to the heart using rAAV and was shown to improve cardiac function 

(129-133).  L31A is a transmembrane domain mutation that almost completely relieves 

SERCA inhibition (134).  Functional and FRET data in Chapter 3 demonstrate that both 

LOF PLBs are able to maintain their ability to bind SERCA and compete both physically 
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and functionally with WT.  These data support the efficacy of using S16E in gene therapy 

and demonstrate that other LOF PLBs may be used as well in gene therapy. 

 Aim 2:  To probe nucleotide binding in SERCA with labeled SERCA and 

TNP-ADP, a fluorescent nucleotide, utilizing time-resolved FRET and transient 

time-resolved FRET.  Based on kinetic studies and crystallography, it has been proposed 

that SERCA has two distinct modes of nucleotide binding. To examine this observation 

from the crystal to the functional SR membrane, we have performed time-resolved FRET 

to measure the distance between donor-labeled SERCA and the fluorescent nucleotide 

TNP-ADP, in the presence and absence of inhibitors.  Transient time-resolved FRET was 

used to study the kinetics of this nucleotide binding in SERCA.  Chapter 4 data confirm 

the existence of this novel nucleotide binding site in SERCA and show a biphasic 

reaction for nucleotide binding. 

 Aim 3:  To determine the molecular signals for 20S proteasomal degradation 

using calmodulin as a model system.  CaM variants were designed utilizing site-

directed mutagenesis in order to perform site-specific oxidation of Met residues.  Using 

circular dichroism, thermodynamic stability CD experiments, and proteasomal 

degradation assays, it was shown that oxidation of Met residues 51, 71, and 72 located in 

the N-terminus of CaM are essential for degradation.  Functional data from ryanodine 

binding assays showed that oxidation of Met residues in the C-terminus of CaM 

completely abolished CaM’s ability to bind and inhibit RyR.  Accumulation of these 

CaM within the cell could be detrimental to CaM regulation of RyR impairing Ca2+ 

regulation during muscle contraction.  These data are presented in Chapter 5. 
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CHAPTER 2 – Fluorescence Spectroscopy 

2.1. Fluorescence Theory 

 Luminescence occurs when an electronically excited molecule emits a photon.  It 

is divided into two processes, fluorescence (singlet excited state) and phosphorescence 

(triplet excited state).  In both cases, a molecule absorbs a photon (hν) that excites an 

electron from the ground singlet state (S0) to the first excited singlet state (S1).  The 

photon absorbed must have an energy that is equal to the energy gap between these two 

singlet states.  Occasionally, the excited electron enters a higher vibrational energy level 

within the S1 state.  When this event occurs, the electron undergoes vibrational relaxation, 

a non-radiative process, in which the excited electron returns to the lowest vibrational 

level within the S1 state.   

 

Figure 12:  Jabloński diagram.  Jabloński diagram illustrating energy transitions for a typical 
fluorescent molecule.  Radiative transitions such as absorption or emission of photon are 
represented by straight lines.  Non-radiative processes (relaxation or quenching) are depicted as 
wavy lines. Modified from (135) and Dr. David Thomas’s lecture notes. 
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From this lowest vibrational level of the S1 state, the electron can undergo 

multiple processes including fluorescence and phosphorescence to return to the ground 

state.  Fluorescence occurs when an electron spontaneously emits energy as it returns to 

the S0 state from the S1 state.  Since this process is allowed, it occurs on a timescale of 

nanoseconds to microseconds.  In order for phosphorescence to happen, the excited 

electron must undergo a spin conversion into the first excited triplet state (T1) known as 

intersystem crossing.  Phosphorescence is the emission of a photon from T1 and is a 

forbidden transition so it occurs on the millisecond to second time range.  Another 

process that an excited electron can experience in order to return to the ground state is 

internal conversion.  In this process, the excited electron emits thermal energy instead of 

a photon as it goes back to the ground state.  This process has a timescale similar to 

fluorescence and usually occurs before emission of a photon.  Other processes that are 

non-radiative, such as collisional quenching and fluorescence resonance energy transfer 

(FRET), also contribute to de-populating the excited state.  

Both fluorescence and phosphorescence can be directly detected because they 

both involve emission of a photon.  Non-radiative processes are studied through changes 

in emission intensity, which is directly proportional to the quantum yield of a 

fluorophore.  The quantum yield of fluorescence (F) is the probability that an excited 

fluorophore will emit a photon.  It is defined as the number of photons emitted per 

photons absorbed, or the ratio the fluorescence rate constant (kF) to the sum of fluorescent 

and non-radiative (kNR) rate constants:   
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Since a fluorophore has invariable rate constant, changes in quantum yields are due to 

differences in non-radiative processes.  These variations can be studied in the emission 

intensity in steady state and in the lifetimes in time-resolved fluorescence.  

2.2. Fluorescence Resonance Energy Transfer 

 Fluorescence resonance energy transfer (FRET) is a non-radiative transfer of 

energy from an excited donor molecule to an acceptor molecule within a certain distance 

(R).  This transfer of energy does not involve the emission or absorbance of a photon; it is 

caused by dipole-dipole interactions between the donor and acceptor molecules.  In order 

for FRET to occur, the emission spectrum of the donor molecule must overlap with the 

absorption spectrum of the acceptor molecule.  FRET is known as the “spectroscopic 

ruler” that is used to measure distances between proteins on a scale of 20-100 angstroms 

(136).   

 The rate of energy transfer (kT) between a donor and acceptor at a certain distance 

(R) can be described by the Förster equation:  
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Here, τD symbolizes the unquenched donor excited state lifetime, R represents the 

distance between the donor and acceptor probes, and R0 is the Förster distance that is the 

distance (R) when the energy transfer efficiency (E) is 50%.  

 The Förster distance is defined as: 
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In this equation, , 2 is the orientation factor that relies on the orientation of the donor and 

acceptor transition dipoles and is assumed to be 2/3 for a random orientation,  
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symbolizes the refractive index of the medium and is assumed to be 1.4 for aqueous 

solutions, D is the quantum yield for the donor, and J is the integrated spectral overlap 

between the donor emission spectrum and the acceptor absorption spectrum.  J is 

calculated by: 
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where FD(λ) represents the donor emission spectrum and εA(λ) symbolizes the acceptor 

absorption spectrum. 

 The energy transfer efficiency (E) is obtained from the ratio of transfer rate (kT) to 

the total decay rate: 
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where kD is the donor’s rate decay.  To relate E to distances, the Förster equation 

(Equation 2) is substituted into Equation 5to yield:  
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When R is equal to R0, E is equal to 50%, which is optimal for measuring distances.  E is 

most sensitive to R between 0.5 R0 and 1.5 R0.  

E is also the fractional decrease of the donor emission (FD) in the presence of the 

acceptor (FDA) in steady state fluorescence or the fractional decrease of the donor decay 

(τD) in the presence of the acceptor (τDA) in time-resolved fluorescence: 
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2.3. Fluorescent Probes 

 To study the interaction between SERCA 

and PLB, extrinsic fluorescence probes were used 

to label specific sites on these proteins.  Two 

fluorescent probes, 5-((((2-

iodoacetyl)amino)ethyl)amino) naphthalene-1-

sulfonic acid  (IAEDANS) and 4-((4-

(dimethylamino)phenyl)azo)-benzoic acid 

succinimidyl ester (Dabcyl-SE or Dabcyl), were 

chosen as the fluorescent donor and acceptor 

respectively (Figure 13).  The spectral 

overlap between these probes is 32 Å 

meaning that these probes can detect 

distances between 16Å and 48 Å since the 

sensitivity range of FRET is given by 

0.5R0 and 1.5R0 (Figure 14). At R=R0, 

FRET is the most sensitive to changes in 

distances.  Therefore, if PLB dissociates 

from SERCA, the energy transfer between 

these proteins will be zero because 

distance between the donor and acceptor is larger than their sensitive range. 

SERCA was specifically labeled at Cys674 with IAEDANS through a covalent 

linkage between the thiol of Cys and the acetamide group of IAEDANS (Figure 15).  

Donor: IAEDANS
(SERCA C674)

Acceptor: DABCYL
(PLB N-terminus)

 
Figure 13:  Fluorescent probes.  
Structures of IAEDANS and DABCYL 
fluorescent probes used as donor on 
SERCA and acceptor on PLB, 
respectively. 
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Specific labeling procedure can be 

found in Chapter 3.  IAEDANS was 

selected due to its maximum excitation 

at 336 nm, which is optimal for the 355 

nm laser on the time-resolved 

instrument, and its long fluorescent 

lifetime of 18 ns.  In a FRET experiment where the efficiency = 50% and IAEDANS is 

the fluorescent donor, a 9 ns lifetime would be easily resolved from the donor only 

lifetime of 18 ns.   

PLB was assembled on Fmoc-Leu-PEG-PS resin by Fmoc chemistry using a PE 

Biosystems PioneerTM peptide synthesis system, as previously reported (103). The N-

terminal amino group was acetylated using acetic anhydride. For FRET, PLB was labeled 

with DABCYL-SE on Lys 3. DABCYL was chosen because it lacks fluorescence 

emission and, therefore, does not 

interfere with the donor emission 

signal. All synthetic PLBs were 

submitted to MALDI-TOF and amino 

acid analysis to confirm peptide 

composition and concentration. The 

purified PLBs were stored in methanol 

at –80°C until used for reconstitution.  

(Figure 16).  
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Figure 15:  Reaction scheme of IAEDANS.  
Iodoacetamide group reacts specifically with the 
sulfonic anion of cysteine.   
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Figure 16:  Reaction scheme of DABCYL.  
Succinimidyl ester reacts specifically with free amine 
groups.   
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2.4. Fluorescent Instrumentation 

 A common technique applied throughout this dissertation is fluorescence 

spectroscopy.  Specifically, steady-state fluorescence, time-resolved fluorescence, and 

transient time-resolved fluorescence are used in this work.  SS-fluorescence experiments 

in Chapter 5 are utilized to determine if hydrophobic regions of CaM get exposed after 

oxidation of methionines.  SS-fluorescence experiments involving FRET are applied in 

Chapter 3 to screen potential PLB candidates for use in gene therapy.  SS-fluorescence 

measures the average distances of each sample, but it cannot resolve different distances 

within a sample.  However, TR-FRET is able to determine these different distances and 

different mole fractions associated with these distances.  TR-FRET was required in 

Chapter 4 in order to determine if two different nucleotide binding sites exist in SERCA.  

Additionally, transient TR-FRET experiments were performed in Chapter 4 to test the 

kinetics of nucleotide binding in SERCA. 

 Steady-state Fluorescence.  A Jobin-Evon Spex Fluoromax 2 was used to excite 

1- anilinonaphthalene-8-sulfonate (ANS) at 372 nm and record the fluorescence emission 

from 450 nm – 600 nm after incubating CaM mutants with ANS.  This instrument has a 

Xenon light source with adjustable slits to optimize the bandwidth.  It also contained dual 

monochromators for 1 nm measurements during wavelength scanning.   

Steady-state FRET.  For steady-state FRET experiments, spectra were detected 

using a Gemini EM spectrofluorimeter microplate reader from Molecular Devices 

(Sunnyvale, CA).  This instrument has a Xenon flash lamp (1 Joule/flash) and with dual 

monochromators in order to allow for 1 nm increment measurements during wavelength 

scanning.  SERCA-PLB samples were pipetted into 384 well Greiner clear flat bottom 
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plate.  AEDANS-SERCA was excited at 350 nm, and donor emission was recorded from 

420-600 nm with 2 nm increments.  Buffer background was subtracted from the 

experimental emission spectra.  FRET was calculated by Equation 7. 

Time-resolved FRET. Time-resolved fluorescence waveforms were recorded 

utilizing an instrument designed by the Thomas laboratory and Fluorescence Innovations, 

Inc (Bozeman, MT).  In detailed, this instrument has a frequency-tripled neodymium-

doped yttrium/aluminum garnet (Nd:YAG) pulsed laser that is utilized to excite 

AEDANS-SERCA at 355 nm. It also operates at a rate of 10 kHz with an Acqiris 

digitizer that acquires the entire fluorescence waveform after each laser shot, at a time 

resolution of 0.125 ns/data point.  An instrument response function (IRF) was measured 

with a light scattering sample and was used in data analysis to determine fluorescence 

lifetimes in order to calculate the FRET efficiency.   
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Transient time-resolved FRET.  The same laser and digitizer were used here as in 

time-resolved FRET.  However, the laser is aligned to hit a cuvette within a rapid mixing 

apparatus that is connected to two syringes, one with AEDANS-SERCA and the other 

with TNP-ADP (Figure 17).  In the case of transient time-resolved measurements, a 

complete subnanosecond TR-FRET decay (from 0 to 60 ns after the pulse, 0.125 ns/data 

point) was recorded every 0.1 ms after rapid mixing of 10 M AEDANS-SERCA and 30 

M TNP-ADP, which was averaged over five shots. One rapid mixing experiment takes 

about 1 s.  This technology allowed us to capture structural data (e.g. inter-probe 

distance) with sub-millisecond time resolution. 
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Figure 17: Transient time-resolved FRET instrumentation.  Rapid mixing of IAEDANS-
SERCA and TNP-ADP occurs and is excited at 355 nm by a Nd:YAG laser pulsing every 
0.1 ms.   
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We have used functional co-reconstitution of purified sarcoplasmic reticulum (SR) Ca2+-

ATPase (SERCA) with phospholamban (PLB), its inhibitor in the heart, to test the 

hypothesis that loss-of-function (LOF) PLB mutants (PLBM) can compete with wild-type 

PLB (PLBW) to relieve SERCA inhibition. Co-reconstitution at varying PLB-to-SERCA 

ratios was conducted using synthetic PLBW, gain-of-function mutant I40A, or LOF 

mutants S16E (phosphorylation mimic) or L31A. Inhibitory potency was defined as the 

fractional increase in KCa, measured from the Ca2+-dependence of ATPase activity. At 

saturating PLB, the inhibitory potency of I40A was about three times that of PLBW, while 

the potency of each of the LOF PLBM was about one third that of PLBW. However, there 

was no significant variation in the apparent SERCA affinity for these four PLB variants. 

When SERCA was co-reconstituted with mixtures of PLBW and LOF PLBM, inhibitory 

potency was reduced relative to that of PLBW alone.  Furthermore, FRET between donor-

labeled SERCA and acceptor-labeled PLBW was decreased by both (unlabeled) LOF 

PLBM.  These results show that LOF PLBM can compete both physically and functionally 

with PLBW, provide a rational explanation for the partial success of S16E-based gene 

therapy in animal models of heart failure, and establish a powerful platform for designing 

and testing more effective PLBM targeted for gene therapy of heart failure in humans. 
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3.1. Introduction 

Muscle relaxation occurs when the sarcoplasmic reticulum (SR) Ca2+-ATPase 

(SERCA) hydrolyzes ATP and pumps Ca2+ from the sarcoplasm back into the SR against 

its concentration gradient.  In the heart, SERCA activity is regulated by phospholamban 

(PLB), a single-span membrane protein that functions to inhibit SERCA by decreasing its 

apparent Ca-affinity (increasing KCa) (137).  PLB inhibition of SERCA is relieved 

physiologically either by micromolar Ca2+ or by phosphorylation of PLB at Ser 16 by 

PKA (5, 99, 138), and can also be relieved by a number of point mutations (134), 

including S16E (a cytoplasmic domain mutation that partially mimics phosphorylation 

(86)) and L31A (a transmembrane domain mutation (134)).  

Insufficient SERCA activity is a hallmark of heart failure (HF), which is a leading 

cause of hospitalization and death in most parts of the world (123), and overexpression of 

SERCA, using recombinant AAV vectors, has been shown to relieve heart failure in 

clinical trials (124). HF is associated with an increased ratio of PLB to SERCA (7), so the 

inhibitory interaction between SERCA and PLB has become an attractive therapeutic 

target (99).  Indeed, interfering with the SERCA-PLB interaction in HF animal models 

can result in improved cardiac function (129-133). However, complete ablation of PLB 

can lead to premature death in humans (121), suggesting that a more subtle approach is 

needed. 

Relief of PLB-dependent SERCA inhibition, whether by micromolar Ca2+, PLB 

phosphorylation, or functional mutation in PLB, has long been thought to require 

dissociation of the SERCA-PLB  complex (Figure 18A), a hypothesis supported 

primarily by cross-linking studies (100, 101). However, this hypothesis is inconsistent 
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with measurements of fluorescence resonance energy transfer (FRET) from SERCA to 

PLB that demonstrated no Ca2+-dependence of SERCA-PLB affinity (103) and with 

intra-PLB FRET and electron paramagnetic resonance (EPR) studies that showed no 

SERCA-PLB dissociation by either Ca2+ or phosphorylation of PLB at S16 (85, 102), 

suggesting that PLB remains bound upon SERCA activation (Figure 18B). In addition, 

several loss-of-function (LOF, with less inhibitory potency than WT) PLB mutants have 

been shown to retain at least some SERCA binding affinity (86, 87, 139). These results 

suggest that it might be feasible to identify a LOF PLB mutant (denoted PLBM below) 

with sufficient SERCA affinity to compete with WT (denoted PLBW below) for SERCA 

binding, and that such a mutant would be a useful therapeutic reagent. Intriguingly, in 

vivo cardiac rAAV delivery of a gene corresponding to S16E, a pseudophosphorylated 

PLB mutant, prevents HF occurrence or progression in small and large animal models 

(129, 131, 140). To understand the molecular basis of the therapeutic effectiveness of 

S16E, we previously studied its structural dynamics, showing that the S16E mutation 

does not abolish SERCA binding, but it partially unfolds the cytoplasmic domain of PLB 

(detected by EPR and NMR) (86, 87), almost as much as is caused by phosphorylation at 

S16 (85, 87, 110). We suggest that S16E can relieve SERCA inhibition by competing 

with PLBW for SERCA binding. 
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In the present study, we test this 

hypothesis directly and quantitatively 

by performing both FRET and 

functional assays on reconstituted 

membranes containing donor-labeled 

SERCA, acceptor-labeled PLBW, and 

unlabeled S16E. We ask whether this 

LOF mutant of PLB can compete with 

the native WT for SERCA binding, 

which should reduce both FRET and 

inhibition (Figure 18C). We use a 

similar approach to evaluate the LOF 

PLB mutant L31A (134) as a 

phosphorylatable alternative to S16E. 

The results have important implications for future efforts in gene therapy. 

3.2. Materials and Methods 

3.2.1.. SERCA Purification and Labeling  

SERCA was purified (141) and labeled with IAEDANS (103) as described 

previously. To determine the dye concentration in labeled samples, the absorbance (ε334nm 

= 6100 M-1 cm-1) (142), was taken after treatment with 0.1M NaOH and 1% SDS. 

Samples of AEDANS-SERCA were flash-frozen and stored in the dark at -80°C until 

further usage.  
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Figure 18: Models for relief of SERCA inhibition. Left: 
PLBW binding to SERCA is detected when the 
fluorescence of donor (blue) on SERCA is quenched by 
the acceptor (orange) on PLB via FRET. (A) In the 
Dissociation Model, loss of function (e.g., due to 
phosphorylation) requires dissociation of the SERCA-PLB 
complex, which would completely eliminate FRET. (B) In 
the Subunit Model, inhibition can be relieved by a 
structural rearrangement, without dissociation of the 
SERCA-PLB complex. (C) For HF gene therapy 
applications, if a LOF mutant PLBM has affinity for SERCA 
comparable to that of PLBW, it can compete with PLBW to 
increase SERCA function. These hypotheses can be 
tested by FRET. 
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3.2.2. Synthesis, Purification, and Labeling of PLB Mutants 

PLB was assembled on Fmoc-Leu-PEG-PS resin by Fmoc chemistry using a PE 

Biosystems Pioneer™ peptide synthesis system, as previously reported (103). The N-

terminal amino group of unlabeled PLBs was acetylated using acetic anhydride. For 

FRET, PLBW was labeled at the N-terminus with the non-fluorescent acceptor Dabcyl-SE 

(denoted Dab-PLBW). Peptide composition and concentration were confirmed by 

MALDI-TOF and amino acid analysis, and samples were stored in methanol at -20°C.  

3.2.3. Co-reconstitution of SERCA and PLB 

SERCA and PLB were co-reconstituted, as previously described (143-145), at 700 

lipids/SERCA. Each sample contained 40μg of SERCA and varying amounts of PLB to 

obtain molar ratios of 0-20 PLB to SERCA. Ca2+-ATPase activity and FRET 

measurements were performed immediately after co-reconstitution. 

3.2.4. Ca2+-ATPase Functional Measurements  

Functional and FRET measurements were carried out at 25oC. ATPase activity 

was measured using an NADH-detecting enzyme-linked assay, as a function of [Ca2+], in 

96-well microtiter plates (144, 146). The time-dependence of absorbance at 340 nm was 

measured in a SpectraMaxPlus™ microplate reader (Molecular Devices, Sunnyvale, CA). 

Data were fitted using the Hill function: 

 V = Vmax/[1+ 10–n (pKCa – pCa)] , Equation 8 Hill

where V is the initial ATPase rate and n is the Hill coefficient.  The inhibitory effect of 

each PLB variant was indicated by the observed increase in the apparent Ca2+ 
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dissociation constant KCa, measured relative to SERCA reconstituted in the absence of 

PLB. 

Based on KCa measured as above, we define inhibitory potency, P, as the % 

increase in KCa (decrease in apparent Ca2+ affinity) caused by PLB:  

 P(n) = [KCa(n)/KCa(0) – 1]*100 , Equation 9 Pot

where n = PLB/SERCA.  

To determine the apparent affinity of each PLB variant for SERCA, P(n) data in 

Figure 19B were fitted using the specific binding function: 

 P(n) = Pmax*n/(n + Kd) ,  Equation 10 SB

where Kd is the apparent dissociation constant. 

We assume that the effects of a mixture of PLBW with a LOF PLBM (Figure 20) 

on the SERCA KCa depends on the relative potencies and affinities of the PLB variants 

competing for a single inhibitory binding site on SERCA: 

 P(w+m)={[w*P(w)+A*m*P(m)]/(w+A*m)} , Equation 11 FCom

where w = PLBW/SERCA; m = PLBM/SERCA; A = Kd(PLBW)/Kd(PLBM). 

3.2.5. Fluorescence Resonance Energy Transfer (FRET) Measurements  

Fluorescence emission spectra were acquired using a Gemini EM microplate 

fluorimeter (Molecular Devices, Sunnyvale, CA) with excitation at 350 nm from a Xenon 

flash lamp (1 Joule/flash).  Samples were plated in triplicate (75 L per well) on 384-

well, black wall, optical bottom well plates (Nalge Nunc International, Rochester, NY). 

Emission spectra were recorded in triplicate, from 420 nm to 600 nm, with a 2 nm step 

size, and a 420 nm long-pass emission filter. The fractional decrease in the integrated 
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fluorescence emission of the donor (AEDANS-SERCA) caused by the presence of an 

acceptor (Dab-PLBW) is defined as the FRET efficiency E = 1 – (FD+A/FD), where FD+A 

and FD are the fluorescence intensities in the presence and absence of acceptor. If the 

acceptor-labeled PLB binds to a single specific binding site with a dissociation constant 

Kd, then  

 E = Emax*[PLB]/(Kd + [PLB])  ,  Equation 12 E

where Emax is the limiting value of E for the SERCA-PLB complex at saturation, and 

[PLB] and Kd are in 2-dimensional units, PLB per 1000 lipids (103). For convenience, 

titration curves are plotted below with units of PLB/SERCA on the abscissa, but the units 

are converted to PLB per 1000 lipids to calculate meaningful Kd values. In the 

competition experiments, when AEDANS-SERCA is co-reconstituted with Dab-PLBW 

and unlabeled PLBM, E depends on the relative affinities of the co-existing PLBs 

competing for binding to SERCA: 

 E(w+m)= w*E(w)/(w+A*m) , Equation 13 ECom

where w, m, A, E are as defined as in Equation 11. Equation 13 is simpler than Equation 

11 because PLBM is unlabeled, so E(m) = 0. 
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3.3. Results 

3.3.1. Effects of Synthetic PLB and its Mutants on SERCA KCa 

The effects of synthetic PLB variants on KCa, the apparent Ca2+-affinity of 

SERCA, were determined in co-reconstituted samples of well-defined lipid/SERCA, and 

PLB/SERCA.  At the approximately physiological level of 5PLB/SERCA (147), all PLB 

variants decrease the apparent Ca2+ affinity of SERCA (KCa values in Figure 19A).  This 

pattern of potency is consistent with previous results using recombinant PLB variants 

(86, 134, 144, 148, 149); I40A inhibits much more than PLBW, while S16E and L31A 

inhibit much less. While I40A is predominantly monomeric, the other three PLB variants 

have been shown to be primarily pentameric, (134, 138, 150), so loss of inhibitory 

function is not due to differences in PLB oligomeric stability. 

To further characterize the inhibitory potencies of these PLB mutants, we 

performed co-reconstitution varying PLB/SERCA from 0 to 20 (maintaining 700 

lipids/SERCA), thus probing the normal physiological range (PLB/SERCA ≤ 5), as well 
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Figure 19: Effect of PLB mutants on the apparent Ca2+-affinity of SERCA. (A) Ca2+ dependence of 
ATPase activity of SERCA reconstituted in lipid in the absence of PLB or in the presence of 5 moles of PLB 
per mole of SERCA. Activity is normalized relative to Vmax, along with fits using the Hill function (Equation 8), 
with best-fit KCa (M ) values in inset table. (B) Dependence of PLB inhibitory potency (P, Equation 9) on 
PLB/SERCA, along with fits to the data using Equation 10, with best-fit Pmax (%) and Kd (PLB/1000 lipids) 
values in inset table. Each plotted symbol represents mean ± SEM from at least three measurements. 
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as the pathophysiological range (PLB/SERCA > 5) that is often present in failing 

myocardium (151, 152). Potency profiles are given in Figure 19B, along with fits to 

Equation 10. As expected, the saturating potency, Pmax, of I40A (345 ± 3%) is about 3 

times that of PLBW (120 ± 6%) (134, 144, 148), whereas both LOF PLBM have Pmax 

values about 3 times less than that of PLBW (43 ± 7% for S16E, 35 ± 10% for L31A). 

Surprisingly, the apparent affinities of PLBW and I40A for SERCA obtained from fitting 

their potency profiles in Figure 19B are not significantly different: Kd values (PLB/1000 

lipids) are 4.1 ± 0.8 (PLBW), 4.0 ± 0.4 (I40A), 5.1 ± 1.1 (S16E), and 9.1 ± 4.9 (L31A). 

We conclude that the differences in potency displayed by these PLB variants reflect 

mainly the intrinsic potency of the SERCA-PLB complex at saturation, Pmax, not the 

binding affinity, 1/Kd (Equation 10). 
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3.3.2. Functional Competition between PLBW and LOF PLBM 

To determine whether LOF 

PLBM can attenuate the inhibition of 

SERCA induced by PLBW, we co-

reconstituted SERCA with mixtures of 

PLBW and each of the LOF PLBM 

(S16E and L31A).  In Figure 20, 

triangles illustrate the measured 

potencies of SERCA/PLBW/PLBM 

mixtures at 1/2/2, 1/2/5, 1/5/5, and 

1/5/10. Functional competition data are 

displayed relative to the inhibition profile of PLBW from Figure 19B (as upper bound, 

Figure 20 dashed line) and an average of LOF PLBM profiles from Figure 19B (as lower 

bound, Figure 20 dotted line).  For each sample containing w PLBW and m PLBM 

mixtures, the increase in KCa is significantly smaller than for the corresponding reference 

samples containing only w PLBW.  This is the relevant effect for gene therapy 

applications. These experimental data, reflecting the functional competition of PLBM 

with PLBW for SERCA binding (Figure 20 symbols), were fitted using Equation 11, 

yielding apparent Kd values (PLBM/1000 lipid) of 3.2 ± 0.5 for S16E and 3.5 ± 0.6 for 

L31A.  These are similar to the Kd values measured directly from the functional potency 

profiles of these PLBM (Figure 19B, Equation 10). 
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Figure 20: Functional competition. Effects of LOF PLBM 
(S16E solid triangles, L31A open triangles) on inhibitory 
potency, P, in the presence of 2 (green) and 5 (blue) 
PLBW/SERCA. Dashed curve: PLBW-alone profile (from 
Figure 19B).  Dotted curve: averaged LOF PLBM profile 
(from Figure 19B). Solid curves represent fits to the 
competition data using Equation 11.  Each plotted point is 
the mean ± SEM from at least three measurements. 
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3.3.3. FRET Measurement of Competition between PLBW and LOF PLBM 

We measured FRET between 

AEDANS-SERCA and Dab-PLBW co-

reconstituted in lipid over a range of 

PLB/SERCA. Lipids/SERCA was 

fixed at 700. The resulting FRET 

profile (Figure 21, circles) allows a 

direct determination of PLB’s binding 

affinity for SERCA, as previously 

shown (103). The dashed line 

represents the best fit to Equation 12, 

giving Kd = 1.2 ± 0.3 PLB/1000 lipids. 

This affinity is significantly tighter 

than indicated by the functional profile (Figure 19B, PLBW), suggesting that some 

binding occurs without inhibition. To determine whether PLBM and PLBW physically 

compete for SERCA binding, we co-reconstituted AEDANS-SERCA, Dabcyl-PLBW, and 

unlabeled LOF PLBM at SERCA/PLBW/PLBM = 1/2/m (m= 2, 4, 8). As in the case of 

functional competition, FRET is decreased by both PLBM (Figure 18, triangles are below 

circles), indicating competition with PLBW for binding to SERCA. Thus, both unlabeled 

LOF mutants PLBM compete physically with labeled PLBW (Figure 21). These FRET 

competition data were fitted using Equation 13, yielding Kd values (PLB/1000 lipids) for 

the two PLBM binding to SERCA that were indistinguishable: 1.8 ± 0.5 for S16E and 2.2 

± 0.8 for L31A. 
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Figure 21: FRET Competition. The dependence of FRET 
E(w) on the ratio w of Dab-PLBW to AEDANS-SERCA 
(circles) was fitted using Equation 10 (dashed curve), 
giving Kd = 1.2 ± 0.3 PLB/1000 lipids. FRET competition 
data, E(w+m), are shown for w = 2 Dab-PLBW and m = 2, 
4, or 8 unlabeled PLBM (S16E closed triangles, L31A open 
triangles). Solid curve shows the best fit of the averaged 
PLBM data to Equation 13, giving Kd = 2.0 ± 0.9 PLB/1000 
lipids. Each plotted point represents the mean ± SEM from 
at least three measurements. 
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3.4. Discussion 

By varying the molar ratio of PLB to SERCA and measuring the Ca2+-dependence 

of SERCA activity, we found that the potency profiles, P(n), of all four PLB variants are 

characterized by indistinguishable affinities (1/Kd), despite saturating potencies (Pmax) 

that vary by a factor of 10 (I40A>>PLBW>S16E>L31A) (Figure 19B). We conclude that, 

for these PLB variants, the inhibition in the SERCA-PLB complex at saturation (Pmax) is 

essentially independent of affinity.  This result suggests that the two LOF PLBM should 

compete effectively with PLBW for SERCA binding, thus relieving SERCA inhibition. 

The functional competition data (Figure 20) supports this hypothesis – both S16E and 

L31A compete effectively with PLBW to decrease the net potency (shift in KCa). Indeed, 

the Kd values of S16E and L31A calculated from the functional competition 

measurements (3.2 ± 0.5 for S16E and 3.5 ± 0.6 from L31A, Figure 20) are even slightly 

smaller (greater affinity) than calculated from the potency profiles (5.1 ± 1.1 for S16E 

and 9.1 ± 4.9 for L31A, Figure 19B). The similar SERCA affinity of PLBW and LOF 

PLBM is further supported by the FRET data, which demonstrate physical competition 

between these PLB variants (Figure 21).  

These results demonstrate that inhibitory potency of PLBM is distinct from 

binding affinity and thus provide a rational explanation for the partial success of S16E-

based gene therapy in animal models of heart failure (129, 131, 140). This work 

establishes a convenient, rapid FRET-based method for testing improved PLBM 

candidates for HF therapies. Indeed, the L31A mutant may already be superior to S16E as 

a therapeutic candidate, because it can be phosphorylated by PKA at Ser 16, thus 

providing a level of adrenergic response that S16E lacks.  Although the current collection 
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of PLB variants does not show significant variation in Kd, the observation that Pmax is 

uncoupled from Kd supports the hypothesis that more LOF PLBs can be designed that 

have either (a) a lower Pmax than S16E or L31A, without decreasing affinity, or (b) a 

higher affinity without increasing Pmax. Indeed, previous studies with PLB mutants show 

that insight into structure-function correlations, gained from EPR and NMR analysis of 

PLB structural dynamics and function, can be used effectively to guide the PLBM 

engineering process (86, 87). 
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CHAPTER 4 - Nucleotide Movement within SERCA Detected by FRET Resolved 

on the Nanosecond and Millisecond Time Scales 

Elizabeth L. Lockamy purified and labeled SERCA, prepared all samples, performed all 

experiments, and analyzed data in and made Figures 23 and 24.  David Kast assisted in 

transient time-resolved FRET experiments and fitted the data in order to determine a 

plausible model.  He also made Figure 26 and 27.  Bengt Svensson made Figure 21 and 

will be writing the manuscript.  David D. Thomas assisted in developing experiments and 

how to fit the data. 

4.1. Introduction 

 SERCA relaxes muscle by pumping Ca2+ from the cytosol to the lumen of the 

sarcoplasmic reticulum at the expense of ATP hydrolysis.  The canonical binding mode 

for ATP, based on theE2P-AMPPCP.Tg crystal (PDB code 2C88) (153), has the adenine 

Control +CPA

R = 30.1Å R = 32.2Å

 

Figure 22: Two modes of nucleotide binding within SERCA.  Left panel shows TNP-
ADP, a fluorescent nucleotide, in the canonical binding position. Measured distance from 
TNP-ADP to the center of AEDANS is 30.1Å using PyMol (based on PDB 2C88) (153). 
Right panel depicts TNP-ADP in a new binding mode from the CPA crystal structure with a 
distance of 32.2Å from TNP-ADP to the center of AEDANS (based on PDB 2OA0) (154).  
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ring coordinated by F487, K515, and R560 of the P domain (Figure 22, left panel).  

Recently, a crystal structure of SERCA was reported in which the presence of 

cyclopiazonic acid (CPA), a toxin found in certain fungi that is an inhibitor of SERCA, 

produced a novel nucleotide binding mode where the adenine ring is between R489 and 

R678 of the N and P domains of SERCA, respectively (PDB code 2OA0) (Figure 22, 

right panel)(154).   

To test if this binding site was induced by CPA, we have used functional 

sarcoplasmic reticulum membrane, where we have performed time-resolved FRET (TR-

FRET) to measure the distance between C674 (labeled with the dye AEDANS) in the P 

domain and the fluorescent nucleotide TNP-ADP, in the presence and absence of CPA.  

Furthermore, we have tested the kinetics of TNP-ADP binding to SERCA using transient 

Time-Resolved FRET (TR2-FRET).  In these experiments, a complete subnanosecond 

TR-FRET decay (from 0 to 60 ns after the pulse) was recorded every 0.1 ms after rapid 

mixing of AEDANS-SERCA and TNP-ADP in a stopped-flow instrument.  We observed 

a clear biphasic reaction with a fast component (260 s-1, a rate constant proportional to 

nucleotide concentration, presumably representing the nucleotide binding reaction) and a 

slower component (17 s-1) representing a conformational change within SERCA, that 

likely corresponds to the predicted nucleotide rearrangement.  These results confirm that 

CPA changes the mode of nucleotide binding without perturbing the separation of the N 

and P domains of SERCA, consistent with the model based on the 2OA0 crystal 

structure.  This new ATP binding mode, which is found in a third of all ATP-dependent 

proteins (155, 156), may play a critical role in the Ca2+-ATPase reaction mechanism.  
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Only by simultaneously measuring fluorescent decays and biochemical kinetics can 

structure and function be connected. 

4.2. Materials and Methods 

 Materials.  Fluorescent probes, IAEDANS and 2’- O-(trinitrophenyl)adenosine 5'-

diphosphate (TNP-ADP) were both purchased from Invitrogen.  CPA and thapsigargin 

(TG) were bought from Sigma.   

SERCA purification and labeling.  SERCA was purified (141)and labeled (103) as 

previously reported.  Dye concentration of labeled SERCA was determined using the 

absorbance of IAEDANS at 334 nm (ε334nm = 6100 M-1 cm-1) (142) after treatment with 

0.1M NaOH and 1% SDS.   

Sample preparation.  Samples were prepared using 10 M AEDANS-SERCA and 

30 M TNP-ADP.  For equilibrium experiments, a range of TNP-ADP concentrations 

were utilized to determine the Kd of TNP-ADP.  Samples containing 330 M CPA and 

30 M thapsigargin (TG) were incubated for 20 minutes prior to measuring fluorescence.  

A higher concentration of CPA was used because it is a less specific inhibitor of SERCA 

than TG.  Calcium concentration was kept constant at 210 M Ca2+ using EGTA.  

Time-resolved FRET.  Time-resolved fluorescence decays were detected using a 

fluorometer from Fluorescence Innovations, Inc. (Bozeman, MT) as described in Chapter 

2.  Briefly, the instrument contained a Nd:YAG laser that operates at 10kHz and a 

digitizer that acquires entire fluorescence waveforms every 0.1 ms.  Decays were 

analyzed using global nonlinear fits as described previously (157, 158).  The instrument 

response function (IRF) was measured with water as a light-scattering sample.  Data were 

fitted by Equation 14,  



 44

FD+A(t) = (1-XB)FD(t) + XBFDA(t) Equation 14 

where FD is the measured donor only waveform, FDA is the measured donor with 

acceptor waveform, and XB represents fraction bound.  Fraction bound was then plotted 

as a function of acceptor concentration and fitted to a total binding curve, 

y = ymax(x)/(x+Kd) + (x/Kns) Equation 15 

where x is the concentration of TNP-ADP, ymax is the maximum limit of TNP-ADP 

bound, Kd is the apparent affinity of TNP-ADP for SERCA, and Kns is the non-specific 

binding constant. 

Transient time-resolved FRET.  The same laser and digitizer were used here as in 

time-resolved FRET.  However, the laser is aligned to hit a cuvette within a rapid mixing 

apparatus that is connected to two syringes, one with AEDANS-SERCA and the other 

with TNP-ADP.  In the case of transient time-resolved measurements, a complete 

subnanosecond TR-FRET decay (from 0 to 60 ns after the pulse, 0.125 ns/data point) was 

recorded every 0.1 ms after rapid mixing of 10 M AEDANS-SERCA and 30 M TNP-

ADP, which was averaged over five shots. One rapid mixing experiment takes about 1 s.  

This technology allowed us to capture structural data (e.g. inter-probe distance) with sub-

millisecond time resolution. 
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4.3. Results 

 Effect of CPA on nucleotide 

binding.  To investigate the effect 

of CPA on nucleotide binding, we 

utilized the fluorescent nucleotide, 

TNP-ADP, and TR-FRET.  The 

control sample had a distance of 

31Å while the CPA sample had a 

distance of 33Å (Figure 23).  Both 

of these experimental distances are 

similar to the reported distances 

within their respective crystal 

structures.  CPA induced at ~2Å increase in distance compared to the control, which is 

consistent with the effect seen crystal structure 2OA0 (154) compared to 2C88 (153).  

These data suggest that there is another binding state of SERCA and nucleotide.   
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Figure 23: TR-FRET from AE-SERCA to TNP-ADP in the 
presence of CPA.  Waveforms for AE-SERCA only (FD) and 
AE-SERCA + CPA (FDA).  Samples containing CPA are 
shown in red.  Mean distance ± std. dev of n = 3 trials. 
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 Equilibrium TR-FRET.  Different concentrations of TNP-ADP were titrated into 

AEDANS-SERCA in order to establish the Kd values of the proposed two different 

binding sites.  After globally fitting the waveforms, the fraction bound for each waveform 

was plotted versus the concentration of TNP-ADP.  These data are the fraction of 

SERCA molecules with bound TNP-ADP and were fitted using a total binding equation 

(Equation 15).  From this equation, we determined that the Kd for TNP-ADP to be 10 

M.  If there are two binding sites, their Kd values are not distinguishable at equilibrium 

(Figure 24).   
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Figure 24: Equilibrium TR-FRET from AE-SERCA to TNP-ADP.  Shown are measured 
waveforms containing increasing concentrations of TNP-ADP starting at the red 
waveform.  Inset illustrates the fraction bound determined from global fitting the 
waveforms versus the concentration of TNP-ADP.   
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 Transient time-resolved FRET.  In order to resolve these two proposed binding 

modes, we used transient time-resolved FRET to determine both the distance and fraction 

bound.  Because we can measure on the nanosecond time scale, we are able to ask 

whether these sites are resolved kinetically.  AEDANS-SERCA and TNP-ADP were 

rapidly mixed and a measured waveform was measured every 0.1 ms.  A biphasic 

reaction with a fast component (260 s-1), presumably representing nucleotide binding, and 

a slow component (17s-1) possibly representing a conformational change within SERCA 

(Figure 25 inset) were detected.   
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Figure 25: Transient TR-FRET from AE-SERCA to TNP-ADP.  Rapid mixing of 
IAEDANS-SERCA and TNP-ADP occurs and is excited at 355 nm by a Nd:YAG laser 
pulsing every 1 ns.  Gray waveform represents SERCA only.  Colored waveforms 
represent the fluorescent decay collected sequentially after 10 ms of rapid mixing over the 
course of 1 second.  Inset is the total fraction bound versus the reaction time in ms.  A 
clear biphasic reaction is seen. 
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4.4. Discussion 

Relationship between crystal structure and time-resolved fluorescence.  The 

crystal structure containing CPA placed the 

nucleotide, ADP, within a novel binding mode.  The 

adenine ring of ADP was sandwiched between two 

arginines, R489 and R678 of the N and P domains 

of SERCA, respectively (PDB code 2OA0) (Figure 

22, right panel) (154).  Time-resolved fluorescence 

experiments confirmed the existence of this nucleotide binding site (Figure 23).  It was 

not an artifact of crystallization; it exists under physiological conditions.  This binding 

mode is consistent with an adenine recognition motif found in about one-third of all ATP 

dependent proteins (155, 156).  This year, Toyoshima et al determined the crystal 

structure of SERCA in the presence of TNP nucleotides including TNP-ADP (159).  This 

crystal structure using the standard inhibitor, thapsigargin, showed that TNP-ADP was 

located between R489 and R678.  Likewise, the other TNP nucleotides were bound in 

this fashion.  This binding mode brings the -phosphate of ADP within 4.3Å of the 

residue Asp351 that is phosphorylated during SERCA’s catalytic cycle (Figure 22, right 

panel).  Compared with the 2C88 crystal structure (153) in Figure 22 (left panel) that has 

the -phosphate of ADP 9.0Å away from Asp351, this novel binding site is closer and 

helps explain how a reaction between ADP and Asp351 occurs, a crucial step in 

SERCA’s enzymatic cycle.   

Proposed Model of Binding.  Transient time-resolved FRET experiments allowed 

us to resolve kinetically the proposed two binding modes.  We observed a biphasic 

E+S ES E*S
fast slow

 

Figure 26: Proposed model of 
nucleotide binding to SERCA.  Plausible 
scheme involves a fast component 
representing when the nucleotide binds to 
SERCA given by ES and a slow 
component representing a conformational 
change within SERCA given by E*S. 
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reaction that begins with a fast component (260 s-1), representing the nucleotide binding 

reaction (ES in Figure 26).  The other component was slower (17 s-1) representing a 

conformational change within SERCA, that likely corresponds to the predicted nucleotide 

rearrangement (E*S in Figure 26).  These data verify that CPA traps the nucleotide in a 

novel binding site between two arginines, an established adenine recognition motif within 

other ATP-dependent proteins (155, 156), without perturbing the separation of the N and 

P domains of SERCA.  These data are also consistent with the model based on crystal 

structures.  This new ATP binding mode may be a crucial step in SERCA’s enzymatic 

cycle bringing the -phosphate of ADP close enough to Asp351 for phosphorylation to 

take place.   
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CHAPTER 5 – Site-Specific Methionine Oxidation Initiates Calmodulin 

Degradation by the 20S Proteasome 

 

5.1. Preface 

 My primary focus has been muscle relaxation studying the interaction between 

SERCA and PLB.  Another project expanded my research into the field of proteasomal 

degradation using calmodulin, a calcium binding protein of ryanodine receptors, as a 

model system.  Though the goal of this work was to determine the molecular signals that 

target a protein to the proteasome for degradation, this study has implications for Ca2+ 

regulation.  Experiments included [3H]ryanodine binding assays that were utilized to 

ascertain the functional consequence of CaM mutants.  CaM binds and inhibits RyR 

channel opening, preventing the release of Ca2+.  Ryanodine binds specifically to open 

RyR channels with high affinity.  By measuring the amount of [3H]ryanodine bound to 

RyR, we were able to monitor the changes in the number of open receptors.  We found 

that oxidation of the C-terminal methionines in CaM, which do not signal for proteasomal 

degradation, had a more deleterious effect on the RyR.  Therefore, accumulation of these 

oxidized CaM could impair CaM regulation of RyR affecting Ca2+ equilibria during 

muscle contraction. 
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Elizabeth L. Lockamy designed and performed all proteasomal degradation assays, 

circular dichroism, thermal denaturation, fluorescence, and mass spectrometry 

experiments.  In addition, I analyzed all data from above experiments and made Figures 

27-32, 35 and Table 1 to report the results.  I also wrote the methods and materials 

involving those experiments and edited the paper.  Edward M. Balog designed and 

performed mutagenesis for each calmodulin (CaM) variant.  He also characterized and 

analyzed the CaM mutants functional abilities as shown in Figure 33, Figure 34, and 

Table 2.  He wrote the methods and materials section for the ryanodine binding 

(functional) experiments and the part of the discussion involving the significance of the 
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ryanodine binding.  David D. Thomas aided in the design of thermal denaturation and 

circular dichroism experiments.  He also wrote the abstract and edited the paper. Deborah 

A. Ferrington designed all experiments and performed statistical analysis on degradation 

experiments. She also wrote the Introduction, Results, and Discussion sections of the 

paper. 
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The proteasome is a key intracellular protease that regulates processes, such as 

signal transduction and protein quality control, through the selective degradation of 

specific proteins.  Signals that target a protein for degradation, collectively known as 

degrons, have been defined for many proteins involved in cell signaling.  However, the 

molecular signals involved in recognition and degradation of proteins damaged by 

oxidation have not been completely defined.  The current study used biochemical and 

spectroscopic measurements to define the properties in calmodulin that initiate 

degradation by the 20S proteasome.  Our experimental approach involved the generation 

of multiple calmodulin mutants with specific Met replaced by Leu. This strategy of site-

directed mutagenesis permitted site-selective oxidation of Met to Met sulfoxide.  We 

found that the oxidation-induced loss of secondary structure, as measured by circular 

dichroism, correlated with the rate of degradation for wild-type and mutants containing 

Leu substitutions in the C-terminus.  However, no degradation was observed for mutants 

with Met to Leu substitution in the N-terminus, suggesting that oxidation-induced 

structural unfolding in the N-terminal region is essential for degradation by the 20S 

proteasome. Experiments comparing the thermodynamic stability of CaM mutants helped 

to further localize the critical site of oxidation-induced focal disruption to residues 51 and 

72 in the N-terminal region.  This work brings new biochemical and structural clarity to 

the concept of the degron, the portion of a protein that determines its susceptibility to 

degradation by the proteasome. 
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5.2. Introduction 

The selective degradation of proteins by the proteasome is a key mechanism for 

regulating processes essential for cell survival.  The proteolytic core of the proteasome, 

known as the 20S proteasome, is composed of four stacked rings of seven subunits each.  

The catalytic sites are sequestered within the core’s interior, so proteins destined for 

degradation must first be unfolded to gain access to the catalytic sites.  The functions of 

the 20S proteasome include both basal degradation of proteins containing an unfolded 

region inherent to their native conformation, e.g., p53, p21 cip, -synuclein (160) and 

conditional degradation of proteins that contain an unfolded region induced by heat, 

stress, or mild oxidation (161, 162).  The 26S proteasome, formed when the regulatory 

complex PA700 binds to the 20S catalytic core, recognizes and degrades both ubiquitin-

modified (163-165) and some non-ubiquitinated (166-170) protein substrates.  Selective 

destruction of proteins involved in cell signaling, cell cycle progression, and regulation of 

apoptosis are examples of processes controlled by the 26S proteasome (164, 165).  

The ATP-independent degradation of proteins by the 20S proteasome has been 

suggested as the primary mechanism for degrading oxidized proteins following an 

oxidative insult (162, 171).  The signals that target a protein for degradation, such as 

specific amino acid sequences or structural motifs that are revealed by oxidation-induced 

post-translational modifications, are collectively known as degrons.  One well-described 

degron associated with the proteasome-dependent degradation of oxidized proteins is 

exposure of hydrophobic patches (172-174).  However, this degron is not the universal 

signal for degradation of all oxidized proteins.  For example, calmodulin (CaM) is one 
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oxidized protein that does not utilize this degron (175), suggesting that other molecular 

signals trigger degradation of this oxidized protein.   

CaM is a ubiquitously expressed calcium-sensing protein that binds to and 

regulates over 100 distinct proteins, including calcium channels and pumps, kinases, 

phosphatases and transcription factors (176).  Thus, regulation of cellular CaM levels is 

an important determinant in cell signaling.  CaM’s ability to regulate large numbers of 

molecules can be attributed to its unique structure, which consists of N- and C-globular 

domains connected by a flexible linker.  Different environmental conditions (e.g., 

calcium concentration, pH, ionic strength) can alter CaM’s conformation and change its 

affinity for select targets.  

Previous work has demonstrated ubiquitin-independent degradation of CaM 

following in vitro oxidation or deamidation/isomerization of asparagines side-chains by 

both the 20S and 26S proteasomes, respectively (169, 170, 175, 177, 178).  In our 

previous work using hydrogen peroxide to selectively oxidize Met in CaM to Met 

sulfoxide, we showed that the extent of in vitro oxidation of CaM correlates with both the 

rate at which CaM was degraded by the 20S proteasome and the degree of CaM structural 

unfolding (175).  Others have also reported a strong correlation between CaM global 

structural rearrangement induced by oxidation and degradation by the 20S proteasome 

(178).  These results suggest that a loss of native structure induced by oxidation could 

expose a degron, i.e., a specific sequence or structural motif, which signals degradation 

by the proteasome.  Additionally, it is possible that oxidation of specific Met residues is 

required for this signal to become solvent exposed, triggering proteasome proteolysis.   
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A limitation of using peroxide to oxidize Met to Met sulfoxide is that a mixture of 

multiple oxidized species of CaM is generated (175, 179). An additional limitation of our 

previous work (175) was that we could not distinguish the specific site of oxidation. To 

overcome these limitations, the current study used site-directed mutagenesis, facilitating 

site-selective oxidation, to define the Met residues that are critical for signaling 

proteasome degradation.  We show that oxidation of N-terminal Met residues 51, 71, and 

72 are essential for degradation by the 20S proteasome, suggesting the presence of a 

putative degron in CaM’s N-terminus.  

5.3. Materials and Methods 

Materials- Pigs were obtained from the University of Minnesota Experimental 

Farm and from Clemson University Research Farm Services. The Quick Change Site-

Directed Mutagenesis Kit was purchased from Stratagene (LaJolla, CA).  Fluorescamine 

was purchased from Sigma.  1-Anilinonaphthalene-8-sulfonate (ANS) was obtained from 

Molecular Probes (Eugene, OR).  The bicinchoninic acid protein assay kit (BCA) was 

from Pierce (Rockford, IL). [3H]Ryanodine was purchased from PerkinElmer Life 

Sciences (Waltham, MA). Unlabeled ryanodine was obtained from Calbiochem (La Jolla, 

CA). Adenosine 5’-(β,γ-imido)triphosphate tetralithium salt (AMPPNP) was from Sigma 

(St. Louis, MO). All other reagents were HPLC grade or better. 

Purification of 20 S Proteasome- The 20S proteasome was purified from frozen 

rat liver as previously described (175).  Samples were stored in 10 mM Tris and 200 mM 

KCl (pH 7.5) at -80ºC.  Protein concentrations were determined using the BCA assay 

with bovine serum albumin as the protein standard.  The purity of 20S proteasome 

preparations, which includes HSP90, was similar to previous reports (175, 177).   
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Site-directed Mutagenesis of 

CaM-  Seven CaM mutants were 

generated, in which different 

combinations of Met were mutated to 

Leu.  The nomenclature for the mutants 

indicates the number of Leu 

substitutions and their position within 

the protein (Figure 27).  Mutants were 

constructed from the wild-type (WT) 

rat CaM cDNA by using primer-based 

site-directed mutagenesis following the 

protocol provided by Stratagene’s 

Quick Change Site-Directed 

Mutagenesis Kit (LaJolla, CA).  DNA 

sequence analysis, performed at the 

DNA Sequencing and Analysis Facility 

(University of Minnesota, Minneapolis, 

MN), confirmed the correct sequence for each mutant. 

Expression and Purification of WT and Mutant CaM- CaM was expressed in E. 

coli (BL21(DE3)pLys5), purified via phenyl-Sepharose chromatography (180), and 

dialyzed overnight at 4ºC against 2 mM HEPES (pH 7.0).  Protein concentration was 

determined using the Micro BCA protein assay using wild-type CaM as the protein 

standard.  The concentration of the CaM standard was determined using the published 

 
Figure 27: Diagram of proposed PEST sequence and 
CaM mutants. (A) Putative PEST sequence in CaM 
(amino acids 37-73), includes Pro, Glu, Ser, or Thr (in 
italics), and is flanked by charged amino acids 
(underlined). (B) Structures of Met and derivatives. (C) 
CaM mutants; numbers indicate the positions of nine Met 
present in WT CaM.  Amino acids 51, 71, 72 are located 
within the putative PEST sequence.  Mutant names reflect 
the number of Leu substitutions and the relative position of 
the mutation: all 9 Met mutated (L9), mutation of 51, 71, 
72 (L3 PEST), mutation of all non-PEST Met (L6 NP); 
mutation of all Met in the N-terminus (L5 NTerm) or C-
Terminus (L4 CTerm).  C Terminal “Pseudo-PEST” (L3 
CTPP) indicates mutation of the C-terminal Met (124, 144, 
145) that are analogous to the N-terminal PEST 
sequence. Mutation of all Met except 124, 144, 145 is 
designated as C Terminal Non-“Pseudo-PEST” (L6 
CTNPP).  *PEST region mutants contain Met to Leu 
substitutions for amino acids 51, 71, and 72. 
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molar extinction coefficient, ε 277-320 nm = 3,029 M-1 cm-1 (181). The purity of the 

preparations was confirmed by a single protein band on Coomassie blue-stained gels that 

migrates at ~16 kDa.    

Mass Spectrometric Analysis- Matrix-assisted laser desorption ionization time-of-

flight (MALDI-TOF) mass spectrometry was used to determine the masses of non-

oxidized and oxidized mutants.  Prior to analysis, samples were desalted using Millipore 

C4 ZipTips as instructed by the manufacturer’s protocol.  Molecular mass was 

determined using a Bruker Biflex III Mass Spectrometer (Bruker Daltonics, Billerica, 

MA) and -cyano-4-hydroxycinnamic acid as the matrix.   

CaM Oxidation- Met in CaM were selectively oxidized by incubating 60 µM 

CaM (1 mg/mL) in 50mM HOMOPIPES (pH 5.0), 0.1 M KCl, 1 mM MgCl2, and 0.1 

mM CaCl2 with 50mM H2O2 at 25°C for 24 hr (16).  To stop the reaction, the sample was 

dialyzed (MWCO = 1,000 kDa) overnight at 4°C in distilled water buffered with 1 mM 

ammonium bicarbonate (pH 7.7).   

Circular Dichroism (CD) Spectroscopy of CaM- CD spectra were recorded from 

250 to 200 nm using a JASCO J-710 spectrophotometer and a temperature-jacketed 

spectral cell with a path length of 0.1 mm.  Spectra were recorded at 1 nm intervals for 

CaM (50 µM) in 50 mM Tris (pH 7.5), 100 mM KCl, 10 mM MgCl2, 1mM EGTA, and 

600 µM CaCl2 at 37°C.  Two separate measurements were performed on each sample.  

CD spectra were analyzed based on the standard assumption that the CD spectrum is a 

linear combination of contributions from three discrete secondary structural populations, 

 E()  = x E () + x E () + xRER()  Equation 16  
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where E is the molar ellipticity per residue, and xi and Ei() are the mole fraction and 

molar ellipticity, respectively, of residues in  helix,  sheet, and random coil (182, 183).  

Specifically, at 208 nm and 222 nm (184),  

 E(208 nm)  = -32 x  - 4 x  - 4 x 

E(222 nm) = -36 x  - 14 x  + 6 x
 

Equation 16 

But xB = 0 for CaM (184), so Equation 16 reduces to 

 x  = (6R – 4)/(42R + 28), Equation 17 

where R = E(208 nm)/E(222 nm) and  x  is the -helical content. Data are expressed as 

mean ± SD. 

Thermal Denaturation Experiments- Thermal denaturation experiments were 

performed using a JASCO J-815 spectrophotometer with an automated temperature 

controller.  Samples had a concentration of 10 M in 50 mM Tris (pH 7.5), 100 mM KCl, 

10 mM MgCl2, 1mM EGTA, and 600 µM CaCl2 in a cuvette with a path length of 1.0 

mm.  Samples were heated from 10°C to 90°C at a rate of 2°C/min, then cooled from 

90°C to 10°C.  Ellipticity was recorded at 222 nm at one degree increments. A minimum 

of two separate measurements was performed on each sample.   

Analysis of Hydrophobicity of Oxidized CaM- The surface hydrophobicity of CaM 

was evaluated from fluorescence enhancement of ANS.  CaM (180 nM) was incubated at 

37°C in 50 mM HEPES, 100 mM KCl, 10 mM MgCl2, 1mM EGTA, and 600 µM CaCl2 

for 30 min with 16-fold molar excess of ANS.  Fluorescence emission spectra, with 

excitation at 372 nm, were recorded from 450 nm to 600 nm with a Jobin-Evon Spex 

Fluoromax-2.  Hydrophobicity was defined as the increase in integrated fluorescence 
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intensity due to addition of CaM, normalized to WT.  Four separate measurements were 

performed on each sample. Data are expressed as mean ± SD. 

CaM Proteolysis by the 20S Proteasome-  The rate of proteolysis using CaM as 

the substrate was determined using fluorescamine, which forms a fluorescent adduct with 

the amino termni of peptides released by proteasome cleavage of CaM (177).  CaM (31.5 

nM) was incubated at 37°C in 50 mM HEPES, 100 mM KCl, 10 mM MgCl2, 1mM 

EGTA, 600 µM CaCl2 and 1.5 nM 20S proteasome.  Aliquots were removed every 

minute for 5 min.  Measurement of the fluorescent adducts was performed in a Cytofluor 

4000 Multiwell Plate Reader (ex=360 nm; em=460 nm). The concentration of peptides 

hydrolyzed was determined by comparing the linear response of sample fluorescence 

with the fluorescence of a glycine standard curve.  The rate of CaM degradation was 

linear with respect to proteasome concentration. 

[3H]Ryanodine Binding to Skeletal Muscle Heavy Sarcoplasmic Reticulum (HSR)- 

Skeletal muscle HSR vesicles were prepared from porcine longissimus dorsi muscle and 

[3H] Ryanodine binding was performed as described previously (185).  Ryanodine binds 

to the open RyR with high affinity and specificity and is therefore a sensitive indicator of 

channel activity (186, 187). HSR vesicles (0.2 mg/ml) were incubated for 90 min at 37°C 

in medium containing 120 mM potassium propionate, 10 mM PIPES, pH 7.0, 1.5 mM 

AMPPNP, 100 nM [3H]ryanodine, and a Ca-EGTA buffer set to give the desired free Ca2+ 

concentration (188). HSR vesicles were then collected on Whatman GF/B filters and 

washed with 8 ml of ice-cold 100 mM KCl buffer. Radioactivity retained by the filters 

was determined by liquid scintillation counting. Estimates of maximal [3H]ryanodine 

binding capacity of each HSR vesicle preparation were determined in medium that in 
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addition contained 500 mM KCl, 5 mM ATP, and 100 µM Ca2+. Nonspecific binding was 

measured in the presence of 20 µM nonradioactive ryanodine. [3H]Ryanodine binding is 

expressed as a percent of maximal [3H]ryanodine binding.  The CaM concentration 

dependence of SR vesicle [3H]ryanodine binding was fit with a four parameter Hill 

equation using SigmaPlot 9.0 (Systat Software, Point Richmond, CA). Data are presented 

as means±S.E.  

Statistical Analysis- Degradation rates were compared for oxidized and non-

oxidized samples using a Student’s t-test.  Linear regression analysis was performed to 

test the relationship between (i) -helical content and the number of substitutions, (ii) 

degradation rate and -helical content or (iii) degradation rate and ANS binding.  

Student’s t-test and linear regression were performed using the statistical software in 

Origin 7.5 (Microcal).  Parameters derived from the Hill equation fit to [3H]ryanodine 

binding data were compared using a one-way analysis of variance with a Holm-Sidak 

multiple comparison as a post-hoc test. Statistical analysis was performed using 

SigmaStat 3.1 (Systat Software, Point Richmond, CA). Statistical significance was set at 

p<0.05.  Results are expressed as mean ± SEM unless otherwise specified. 

5.4. Results 

Description and Rationale for CaM Mutants- CaM contains nine Met that can be 

oxidized to Met sulfoxide.  Previous work has shown that the extent of in vitro oxidation 

of CaM using hydrogen peroxide correlates with both the rate of CaM degradation by the 

20S proteasome and the degree of CaM structural unfolding (175).  These results suggest 

that loss of secondary structure induced by oxidation could unmask a specific sequence 

or structural motif that signals degradation by the proteasome.  One well-characterized 
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degradation signal, also known as a degron, is the PEST sequence.  This degron is 

defined by the inclusion or exclusion of specific amino acids and the sequence 

hydrophobicity (189). The PEST sequence includes the amino acids Pro, Glu, Asp, Ser, 

and Thr that are flanked by positively charged amino acids; Lys and Arg are not 

permitted within the sequence.  As determined using the PEST algorithm 

(https://emb1.bcc.univie.ac.at./toolbox/pestfind/), CaM contains a poor PEST sequence 

(score = -3.07, where positive scores indicate potential PEST sequences) within residues 

37 to 73 (Figure 27A).  Considering the structural and chemical similarities between Met 

sulfoxide and glutamine (Figure 27B), we substituted glutamine for Met (residues 51, 71, 

72) and found that the PEST score improved to -0.33.  It is likely that presence of an 

oxygen on the side chain alters the hydrophobicity of the sequence, making it a stronger 

PEST degron.  Thus, we hypothesize that the oxidation of Met within the putative N-

terminal degron will cause conformational unmasking of a signal that elicits degradation 

by the proteasome.    

A limitation of using peroxide to oxidize Met to Met sulfoxide is that a mixture of 

multiple oxidized species of CaM is generated (175), thus complicating identification of 

key Met.  To overcome this limitation, site-directed mutagenesis and site-specific 

oxidation were used to define the Met residues that are critical for eliciting proteasome 

degradation.  Figure 27C defines the site of Met to Leu substitutions for the seven 

mutants that were studied.  (See also Figure 27 legend for explanation of the 

nomenclature. Note that the nomenclature utilizes “PEST” as an indication of the position 

of Met mutations in relation to residues 37-73 in the N-terminus.  However, we are not 

inferring that this region contains a legitimate (confirmed) PEST sequence.)  Of 
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particular importance are the mutants containing Leu substitutions in positions 51, 71, 72, 

which prevent oxidation in the putative PEST region of the protein.  These mutants (L3 

PEST, L6 CTNPP, L5 NTerm) are referred to as the PEST-region mutants.  The 

reciprocal mutants (L6 NP, L3 CTPP, L4 CTerm) were generated for each PEST-region 

mutant as negative controls and contain oxidizable Met in the PEST region.  The Met in 

positions 124, 144, and 145 are located within the C-terminal EF-hand at approximately 

the same position as Met 51, 71, and 72 that are within the N-terminal EF-hand.  We refer 

to the sequence containing Met 124, 144, 145 as the “Pseudo-PEST” sequence because it 

is the positional correlate to the PEST sequence in the N-terminus. However, the 

“Pseudo-PEST” sequence does not contain a putative PEST degron.  Also included in the 

analysis are the two extremes; WT containing no substitutions and L9, where all 9 Met 

are mutated to Leu.   

Characterization of CaM mutants- Analysis of the DNA sequence for each CaM mutant 

confirmed that the planned mutations were correctly generated (data not shown).  Mass 

spectrometry was used to determine the molecular mass for WT and CaM mutants.  WT 

CaM exhibits a single major peak at 16702 ± 1 Da, which is in close agreement with the 

experimental molecular mass for rat CaM (16706 Da) (Table 1).   
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Table 1: Characterization of CaM Mutants. 

Molecular Mass 
b

  α-Helix Content 
c 

     Hydrophobicity 
d

     Non-oxidized          Oxidized

Sample
a  

Theor Exper Er(%) Theor Exper Er(%) Non-ox Ox Dif(%) ANS Binding

Wt          16706 16702 0.03 63 ± 2 71 0.99 ± 0.02
Ox Wt 16850 16846 0.02 18 ± 1 1.00
L9 16544 16552 0.05 16544 16558 0.08 52 ± 2 53 ± 1 0 1.05 ± 0.02

L3 PEST
 e

16652 16645 0.04 16748 16751 0.02 61 ± 1 43 ± 3 30 0.88 ± 0.03
L6 NP 16598 16589 0.05 16646 16645 0.01 58 ± 4 43 ± 1 41 0.96 ± 0.00

L6 CTNPP 
e

16598 16608 0.06 16646 16654 0.05 55 ± 1 48 ± 1 15 1.09 ± 0.06
L3 CTPP 16652 16666 0.08 16748 16754 0.04 65 ± 1 30 ± 1 54 0.94 ± 0.05

L5 NTerm 
e

16616 16612 0.02 16680 16681 0.01 61 ± 1 47 ± 1 25 0.97 ± 0.02
L4 CTerm 16634 16628 0.04 16714 16711 0.02 60 ± 1 29 ± 1 52 0.96 ± 0.03

 
a Nomenclature reflects the number and location of Met to Leu substitutions. See Figure 27 for description.b Theoretical 
molecular mass was based on the sequence for CaM from rat (P62161, Swiss Prot) and the loss of 18 daltons for each 
Met to Leu substitutions.  Theoretical mass of oxidized samples includes the addition of one oxygen (+16 daltons) for 
each Met. Experimental molecular mass was determined using MALDI-TOF mass spectrometry. The percent error was 
calculated by [(Exp MW – Theoret MW)/ Theoret MW] *100 .  c -helix content was calculated from the ratio of ellipticity at 
208 and 222 nm, measured by CD spectroscopy. Values are mean ± SD of two separate measures for each sample. The 
percent difference (Dif) in -helix content due to oxidation was calculated as (1-(oxidized/non-oxidized)) for each sample. 
d Hydrophobicity of oxidized samples was estimated from fluorescence of ANS binding. All values were normalized to Ox 
Wt for each trial. Values are mean ± SD of two separate measures for each sample. e PEST-region mutants.  
 

Each of the unoxidized CaM mutants exhibited a single major peak that closely 

matched the theoretical mass; the average percent difference was 0.04±0.006%.  Using 

experimental conditions where complete hydrogen peroxide-induced oxidation of Met to 

Met sulfoxide was achieved, there was a shift in the single major peak that corresponded 

to the addition of one oxygen (+16 daltons) for each Met present in the sequence.  For 

example, oxidation of WT CaM resulted in the addition of 144 Da.  In contrast, 

replacement of all Met with Leu (L9) resulted in no oxidation-dependent change in mass.  

The average percent difference comparing theoretical with experimentally measured 

masses for oxidized samples was 0.03±0.006%.     
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Circular dichroism (CD) 

spectroscopy was performed to 

evaluate changes in secondary structure 

due to either the Met to Leu 

substitutions or site-specific oxidation.  

Under our experimental conditions, 

WT CaM contains ~63% -helix 

(Table 1).  For the non-oxidized 

mutants, three to five substitutions had 

no effect on the -helix content, 

whereas a minor loss in -helix content 

was observed for mutants containing 

six or nine substitutions.  With 

oxidation by hydrogen peroxide, all samples except L9 demonstrated a loss in secondary 

structure that correlated with the number of Met to Leu substitutions (Table 1, Figure 28). 

These results confirm that Met oxidation disrupts the secondary structure of CaM and 

that the decrease in -helical content depends on the extent of Met oxidation.  Of note, 

preventing oxidation of Met in the PEST region via their substitution to Leu, i.e., the 

PEST-region mutants, resulted in a loss in secondary structure that was similar to the 

reciprocal mutants containing an equivalent number of Met substitutions.     

 

Figure 28: Decreased -helix content after oxidation 
correlates with the extent of Met substitutions.  Linear 
regression analysis shows a significant negative 
relationship between the number of Met to Leu 
substitutions and the loss in -helix content after oxidation 
(p=0.002, R=0.91, slope= -8.04).  Secondary structure 
was evaluated by CD spectroscopy.  -helical content was 
calculated from the ratio of ellipticity at 208 and 222 nm for 
non-oxidized and oxidized CaM samples. The percent loss 
in alpha helical content following oxidation for each CaM 
mutant is provided in Table 1* Indicates PEST region 
mutants.  
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PEST-Region Mutants Resist 

Degradation by the 20S Proteasome- 

To determine whether oxidation of 

specific Met residues alters the 

proteolytic susceptibility of CaM, the 

rate of degradation for WT and CaM 

mutants by the 20S proteasome was 

compared (Figure 29).  With the 

exception of L9, degradation of the 

non-oxidized proteins was negligible.  For oxidized WT and mutants containing 

oxidizable Met in the PEST region (L6 NP, L3 CTPP, and L4 CTerm), a significant 

increase in degradation rate was observed.  However, oxidized PEST-region mutants 

were resistant to degradation, even though the extent of secondary structure loss was 

similar to the reciprocal non-PEST mutants (Figure 28).  In plotting the rates of 

degradation versus the alpha helical content (Figure 30A), the dramatic differences 

between the PEST and non-PEST mutants are further highlighted.  The loss of secondary 

structure observed for WT and oxidized Non-PEST mutants demonstrate a significant 

correlation with their rate of degradation.  In contrast, oxidation and the corresponding 

loss in secondary structure for PEST-region mutants had no effect on the rate of 

degradation by the proteasome.   

Hydrophobicity Is Not Altered in PEST-region Mutants- An oxidation-induced 

exposure of hydrophobic regions within proteins has been suggested as a signal for 

proteasome degradation (172-174).  The relative hydrophobicity of WT and mutant CaM 

 
Figure 29: Degradation of CaM mutants by 20S 
proteasome: PEST region mutants resist proteolysis. 
CaM degradation by the 20S proteasome was determined 
from the reaction of free amines generated by peptide 
bond cleavage with fluorescamine.  A minimum of 2-5 
separate measurements were performed in triplicate for 
each sample.  * p<0.01, **p<0.06 comparing oxidized 
versus non-oxidized samples by t-test analysis.  
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was measured to determine whether mutation of the PEST region preferentially altered 

the hydrophobicity of the mutant protein and therefore could explain their resistance to 

degradation.  The fluorescence emission of 1-anilinonaphthalene-8-sulfonate (ANS) was 

used as an indicator of hydrophobicity; an increase in fluorescence is associated with 

binding of ANS to hydrophobic surfaces that become accessible to the probe (190).  ANS 

binding to CaM is blue shifted and increased by binding of calcium to CaM, due to the 

exposure of hydrophobic pockets (191-193).  To establish a benchmark for ANS 

fluorescence changes, WT CaM was incubated with ANS in a buffer containing either 

EGTA or high (700 μM) calcium.  Calcium induced the expected blue shift in emissions 

maximum along with a 1.9 ± 0.4-fold increase in integrated ANS fluorescence.  By 

comparison, minimal differences in hydrophobicity were observed for oxidized CaM 

mutants relative to WT CaM; ANS fluorescence intensities ranged from 0.88 to 1.09 

(Figure 30B) with no significant change in emissions maximum (data not shown).  These 

results indicate that altered hydrophobicity does not explain the resistance of PEST-

region mutants to proteasome degradation.  
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Thermodynamic Stability:  One 

possible mechanism explaining the 

difference in susceptibility to 

proteasome degradation is that 

oxidation of the N-terminal Met in the 

non-PEST mutants causes greater 

destabilization of CaM conformation.  

This destabilization could promote 

accelerated unfolding and subsequent 

rapid degradation by the proteasome.  

To test the conformational stability of 

select mutants that are oxidized in 

either the N- or C-terminus, we 

monitored the ellipticity at 222 nm 

using CD spectroscopy.  Thermal 

denaturation and subsequent cooling 

was performed for temperatures 

between 10°C and 90°C.  For all 

samples, ellipticity at each temperature 

with either heating or cooling was essentially identical, suggesting the thermal unfolding 

was reversible (data not shown).  Figure 31 reports the temperature-dependent changes in 

CD spectra, where the loss of ellipticity reflects CaM denaturation.  The non-oxidized 

samples, including WT and mutants containing three to six Leu substitutions, displayed 

 
Figure 30: Dependence of CaM degradation on 
secondary structure and hydrophobicity. (A) The rate 
of CaM degradation as a function of -helical content 
demonstrates a significant linear relationship for WT and 
all non-PEST region CaM mutants (p=0.04, R=0.83, slope 
= -0.41) (filled circles).  PEST region mutants are plotted 
as filled triangles. Calculation of -helical content and 
CaM degradation are as described in Figure 28 & Figure 
29. Oxidized and non-oxidized WT are indicated by a and 
b, respectively.  (B) The rate of CaM degradation showed 
no significant correlation with hydrophobicity (p=0.65).  
Hydrophobicity was determined from the fluorescence due 
to binding of ANS, as described in “Experimental 
Procedure”.  Normalized fluorescence is mean ± SD of two 
separate measures for each sample. Oxidized and non-
oxidized WT are indicated by a and b, respectively.
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nearly identical patterns of unfolding (Figure 31).  These results suggest the Leu 

substitutions did not alter overall protein conformational stability.  Note that two 

transitions of accelerated denaturation occurred at ~40°C and ~62°C. Previous thermal 

and chemical denaturation experiments with non-oxidized, calcium-bound CaM 

determined that the first and second transitions are associated with unfolding of CaM’s 

N- and C-domains, respectively (194).   

Spectra from oxidized WT 

CaM showed a significant decrease in 

signal intensity that corresponds with a 

mainly unstructured protein (~18% 

alpha helix at 37°C, (Table 1); no 

evidence of further unfolding occurred 

within the temperature range studied.  

Oxidation of the Non-PEST mutant 

containing five N-terminal Met (L4 C-

Term) also demonstrated a significant 

loss of signal intensity compared with non-oxidized samples, which is indicative of 

reduced secondary structure (~29% alpha helix at 37°C, Table 1). There is no evidence of 

the transition at 40°C, suggesting the N-domain is significantly denatured by oxidation.  

A minor transition at 60°C is consistent with denaturation of the C-domain.  For the L3 

PEST mutant, oxidation of five C-terminal Met and Met 36 in the N-terminus resulted in 

an intermediate loss of signal intensity and reduced secondary structure (~43% alpha 

helix at 37°C, Table 1).  In contrast with L4 C-Term, the L3 PEST mutant exhibited a 

 
Figure 31: Thermodynamic Stability of WT, PEST- and 
Non-PEST region mutants. WT (circles), L3PEST (up 
triangles), L4CTerm (left triangles), and L6NP (squares).  
Oxidized and non-oxidized samples are represented by 
open and filled symbols, respectively.  Vertical lines 
indicate C terminal (C) and N terminal (N) domain 
transitions as reported by Masino et al (194).  Thermal 
denaturation experiments were performed as described in 
“Experimental Procedures.”.
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single transition that correlates with melting of the N-domain, suggesting the C-domain is 

significantly denatured by oxidation.  These results suggest oxidation of five N-terminal 

Met (L4 C-Term) destabilizes CaM conformation more than oxidation of five C-terminal 

Met (L3 PEST) and thus decreased conformational stability may provide a partial 

explanation for the accelerated degradation of Non-PEST mutants.  

To test this idea further, we measured the thermodynamic stability of an 

additional non-PEST mutant, L6 NP.  This mutant contains only three Met that are 

located in the putative PEST region of the N-terminus. Thus, the L6 NP mutant is the 

direct correlate to the L3 PEST mutant, where Leu replaces the three Met in the putative 

PEST region. Importantly, oxidized L6 NP is degraded as rapidly as oxidized L4 C-term, 

which contains all five met in the N-terminus (Figure 29).  Spectra from oxidized L6 NP 

showed a loss of signal intensity and reduced secondary structure (~43% alpha helix at 

37°C, Table 1) that was similar to the thermodynamic changes in ellipticity demonstrated 

for L3 PEST.  Thus, decreased conformational stability is not an absolute requirement for 

eliciting proteasome degradation.  Our results support the hypothesis that CaM 

degradation is triggered by oxidation-induced disruption of the specific region between 

Met 51 and Met 72 in the N-terminus.  As a caveat, it is possible that limited sensitivity 

of CD measurements will not permit observing focal disruptions of CaM structure.  

However, these results help to localize critical points of disruption that trigger 

proteasome proteolysis.  
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Table 2: Hill equation parameters for fits to calmodulin concentration dependence 
of inhibition of sarcoplasmic reticulum vesicle [3H]ryanodine binding. 

 

Wild Type L3PEST L6NP
Oxidized 

L6NP Wild Type L5NTerm
Oxidized 
L5NTerm Wild Type L4CTerm

Oxidized 
L4CTerm

Inhibition
(% Maximal
Binding) 12.1±1.0 9.4±1.2 9.2±0.7 7.2±1.4* 15.0±0.8 10.7±0.8* 7.2±1.4*

#
17.5±1.7 15.8±1.1 10.3±2.3*

ni -1.99±0.53 -2.84±1.33 -3.18±0.93 -2.12±1.41 -2.10±0.38 -3.77±1.34 -2.37±2.09 -1.78±0.53 -1.6±0.34 -2.39±1.8

IC50 (nM) 27.8±4.0 35.8±7.5 37.8±4.7 20.5±6.8 31.3±3.0 30.9±3.0

248.3±96.1

*
#

37.9±7.4 53.7±7.8 47.5±18.8

n 4 4 4 4 6 6 6 10 10 10

 
ni, the Hill coefficient of ryanodine binding; IC50, the concentration of CaM required to achieve half-inhibition 
of ryanodine binding; n, number of separate experiments performed. *Significantly different (p<0.05) from 
Wild Type. #Significantly different (p<0.05) from unoxidized. 
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Functional Consequences of 

PEST-region Mutants- To determine 

the functional consequence of the site-

specific mutagenesis and oxidation, we 

measured CaM regulation of the 

ryanodine receptor calcium release 

channel (RyR1) isolated from skeletal 

muscle.  In vitro, calcium-activated 

CaM regulates RyR1 function by 

inhibiting channel opening, which is 

measured from the binding of [3H] 

ryanodine.  Ryanodine is a neutral 

plant alkyloid that binds with high 

affinity and specificity to open RyR1 

channels. Thus, changes in the amount 

of [3H] ryanodine bound by RyR1 

indicate changes in the number of open 

release channels (186, 187)). 

 
Figure 32: Inhibition of skeletal muscleRyR1 
[3H]ryanodine binding for WT and mutant L3PEST and 
L6NP CaM. (A) non-oxidized WT (○),non-oxidized 
L3PEST (●), oxidized L3PEST (▼), (B) non-oxidized WT 
(○), non-oxidized L6 NP (■) and oxidized L6 NP (▲). 
RyR1 ryanodine binding was performed as described 
under “Experimental Procedures” in medium containing 
700 μM Ca2+.  Solid lines represent fits to a four parameter 
Hill equation.  Data are the mean±SEM of 6-10 
experiments performed in duplicate. Table 2 reports the 
kinetic parameters derived from these fits, i.e., extent of 
inhibition of ryanodine binding, the concentration of CaM 
required to achieve half-inhibition of ryanodine binding 
(IC50) or the Hill coefficient (ni) of ryanodine binding for 
each fit..
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We have previously shown that 

oxidation of all nine Met residues 

abolished CaM regulation of RyR1 

(185).  Here we show that while the 

mutations had no or only minor 

functional effects on the extent of 

inhibition of ryanodine binding, the 

concentration of CaM required to 

achieve half-inhibition of ryanodine 

binding (IC50) or the Hill coefficient 

(ni) of ryanodine binding (Figure 32, 

Figure 33, Table 2), oxidation of the 

PEST-region mutants, L3 PEST and L5 

NTerm, causes significant functional 

impairment for CaM regulation of 

RyR1.  Oxidation of L3 PEST, 

containing three Met to Leu 

substitutions within the putative PEST 

sequence, completely abolished CaM inhibition of ryanodine binding (Figure 32). 

Oxidation of L5 NTerm, where all N-terminal Met are replaced by Leu and the C-

terminal Met are oxidized, also exhibited a loss in function as demonstrated by the 

decreased extent of inhibition and an eight-fold increase in IC50 (Figure 33, Table 2). 

Compared to the effects of oxidizing PEST region mutants, oxidizing non-PEST region 

 
Figure 33: Inhibition of skeletal muscle RyR1 
[3H]ryanodine binding for WT and mutant L5 NTerm 
and L4 CTerm CaM.  (A) non-oxidized WT CaM (○), non-
oxidized L5 NTerm CaM (●), oxidized L5 NTerm CaM (▼), 
(B) non-oxidized WT CaM (○),non-oxidized L4 CTerm 
CaM (■) and oxidized L4 CTerm CaM (▲). RyR1 
ryanodine binding was performed as described under 
“Experimental Procedures” in medium containing 700 μM 
Ca2+.  Solid lines represent fits to a four parameter Hill 
equation.  Data are the mean±SEM of 6-10 experiments 
performed in duplicate. Table 2 reports the kinetic 
parameters derived from these fits, i.e., extent of inhibition 
of ryanodine binding, the concentration of CaM required to 
achieve half-inhibition of ryanodine binding (IC50) or the 
Hill coefficient (ni) of ryanodine binding for each fit.  



 74

mutants, L6 NP and L4 CTerm, had relatively minor effects on CaM inhibition of RyR1. 

Specific oxidation of the Met residues within the PEST sequence (Ox L6 NP) did not 

alter the extent of inhibition, the Hill coefficient or the IC50 when compared to the 

unoxidized mutant (L6 NP) (Table 2, Figure 32). However, oxidation of L6 NP did cause 

a decrease in the extent of inhibition compared to WT CaM. Similarly, oxidation of all of 

the N-terminal Met (L4 CTerm) did not alter any of the Hill equation parameters when 

compared to the unoxidized mutant, but did cause a significant decrease in the extent of 

inhibition compare to WT CaM.  These results suggest that oxidation of the C-terminal 

Met residues (i.e., PEST-region mutants) have a greater negative impact on CaM 

regulation of the RyR1 than oxidation of Met residues in the N-terminus (i.e., non-PEST 

region mutants).  Since oxidation of C-terminal Met does not signal proteasome 

degradation (Figure 29), accumulation of this CaM oxiform within the cell has the 

potential to adversely affect CaM regulation of RyR1 and calcium homeostasis. 
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5.5. Discussion 

A 
Comparison of Amino Acids Corresponding to Rat CaM Met Residues  
Species Identity 36 51 71 72 76 109 124 144 145 
Human 98% M M M M M M M M M 
Chicken 99% M M M M M M M M M 
Xenopus 100% M M M M M M M M M 
Yeast 60% M M(52) L M L L M L L 
Wheat 91% M M L M M M M V M 
C. elegans 37% M V C M Q A V I V 
 

B 
Rat 36 M R S L G Q N P T E A E L Q D M I N E V D A D G N G T I D F P E F L T M M 72

Wheat 36 M R S L G Q N P T E A E L Q D M I N E V D A D G N G T I D F P E F L N L M 72

Yeast 36 M R S L G L S P S E A E V N D L M N E  I D V D G N H Q I E F S E F L A L M 72

C. elegans 78 M  I S  I G L H A N K A E I D N V I K E V D A D G N G E I D F E E F C A C M 114  

Figure 34:  Alignment of CaM sequences. (A) Comparison of amino acids corresponding with rat CaM 
Met residues show complete conservation of Met 36 and Met 72 among multiple species.  Identity is the 
percent of amino acids in the entire sequence that are identical with rat CaM.  In yeast, there was a Leu in 
position 51 and a Met in position 52.  (B)  Figure shows alignment of CaM sequences that correspond with 
the region containing the putative degron.  Identical amino acids and conservative substitutions are 
highlighted in dark and light grey, respectively. 
 

System of Site-specific Oxidation-  The current study utilized site-directed 

mutagenesis coupled with site-selective oxidation of Met to identify residues that are 

critical for oxidation-induced degradation by the 20S proteasome.  Mutation of Met to 

Leu is considered a conservative substitution based on data from evolution and the 

physico-chemical properties of the two amino acids.  Throughout evolution, Leu is the 

most common substitution for Met (195).  For example, in comparing the CaM sequence 

from Sarccharomyces cercvisiae and mammals, only three of the nine Met are retained in 

CaM from yeast; the remaining six residues contain Leu substitutions (Figure 34A).  

Considering the physico-chemical properties, Leu is slightly more hydrophobic than Met, 

but both amino acids have similar volumes and propensity to form -helices, which is 

important considering the abundance of -helices in CaM (193, 196).  Data from the 
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current study is also consistent with the conservative nature of the Met to Leu 

substitutions; neither secondary structure nor hydrophobicity were substantially altered in 

CaM mutants containing 3 to 5 substitutions (Table 1).    

Model of Protein Degradation by the Proteasome-  Recent evidence suggests that 

signals for substrate recognition by both the 26S and 20S proteasomes are often bipartite, 

involving binding of an unstructured region coupled with secondary interactions that 

tether the substrate to the proteasome (160, 197, 198).  An additional element of the 

recognition signal is the presence of a sequence within the unstructured region, a degron, 

that is recognized by the proteasome (197).  Since the degron is part of the structured 

region in native protein, it can only become accessible after a post-translational 

modification, such as phosphorylation or oxidation, causes regional unfolding.  Tethering 

the substrate to the proteasome can be accomplished via ubiquitin, which is recognized 

by subunits in PA700 (199).  Other mechanisms for tethering substrates to either the 26S 

and 20S proteasomes are the ATPase subunits of PA700 and adaptor molecules that bind 

to the 20S, such as HSP90 or NAD(P)H quinone oxidoreductase 1, that recognize 

unfolded proteins or specific protein substrates (170, 200, 201).  Recent studies suggest 

that even in the absence of adaptor molecules, proteins containing disordered regions can 

bind to and be degraded by the 20S proteasome (202).  Taken together, these studies 

suggest the critical element for initiating degradation is the engagement of an 

unstructured region of the substrate with either the 20S or 26S proteasome.  
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Model of CaM Degradation by the 20S Proteasome- Results from the current 

study shows that preventing oxidation of 3 to 5 Met in the N-terminus via Leu 

substitutions produces mutants that are resistant to degradation (Figure 29, PEST Region 

Mutants).  Conversely, the unique oxidation of 3 to 5 N-terminal Met elicits rapid 

proteolysis by the 20S proteasome (Figure 29).  These data suggest that the N-terminus 

contains a degradation signal that is revealed by site-specific oxidation of N-terminal 

Met.  As a caveat, our in vitro results were obtained in the absence of the cadre of cellular 

proteins that could influence CaM proteolysis. Thus, these results may reflect an 

oversimplified view of CaM degradation by the proteasome.  On the other hand, these in 

vitro experiments bring new biochemical and structural clarity to specific regions within 

 
 
Figure 35:  Model for CaM degradation by the 20S proteasome.  CaM ribbon structure is shown with Met 
residues indicated as grey balls.  The 20S proteasome is represented as a cylinder of four seven-member 
rings of subunits.  CaM degradation is initiated by events, such as oxidation of N-terminal Met, that cause 
regional unfolding in the N-terminus (1).  The degron, consisting of the disordered N-terminus plus a cryptic 
degradation sequence, is recognized and binds to the 20S and/or HSP90 (dark oval) (2).  Degradation of the 
N-terminus occurs following translocation of either an unstructured loop (endoproteolysis) (3) or the free N-
terminus (4) into the catalytic chamber.  N-terminal peptides are initially released (5). 
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CaM that contain a potential degron, thus providing important guidance for future 

experiments in cultured cells where the in vivo conditions are more closely aligned. 

As a general model for CaM degradation, we propose that an essential step in 

eliciting digestion by the proteasome is regional unfolding of the N-terminus caused by 

events such as oxidation of N-terminal Met (Figure 35).  The unstructured region, along 

with a cryptic sequence that becomes solvent exposed, serves as the recognition element 

for binding to the 20S proteasome and/or adaptor proteins, such as HSP 90.  Degradation 

of the N-terminus occurs following translocation of either an unstructured loop 

(endoproteolysis) or the free N-terminus into the catalytic chamber.  As shown 

previously, the initial products of degradation are peptides derived from the N-terminus 

(175, 178, 179).   

In our preparations of proteasome from liver, HSP 90 is tightly associated and co-

purifies with the 20S catalytic core (177, 200).  Previous reports have demonstrated an 

essential role for HSP90 in the degradation of oxidized CaM by the 20S proteasome 

(200). While all of the 20S preparations used in this study contained essentially the same 

amount of HSP90, we did not specifically test for mutant-specific differences in HSP90 

interaction, which could affect rates of degradation.  Another factor that could influence 

the rate of degradation is conformational stability since less stable proteins may be more 

easily unfolded and rapidly degraded.  We tested stability under conditions of heat 

denaturation (Figure 31) and found similar conformational stability for oxidized mutants 

containing either Leu substitutions for Met 51, 71, and 72 (L3 PEST) or Leu substitutions 

at all positions except Met 51, 71, 72 (L6 NP).  Oxidized L6 NP is rapidly degraded but 

oxidized L3PEST resists proteasome degradation.  Taken together, these results suggest 
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that altered conformational stability does not explain the difference in susceptibility to 

proteasome degradation.  These results also support the hypothesis that oxidation-induced 

perturbation of the region localized to residues 51 to 72 triggers proteasome proteolysis. 

Sequence alignment of CaM from multiple species shows complete conservation 

of Met 36 and 72 (Figure 34A) even between divergent species, i.e., rat, wheat, and C. 

elegans.  With the exception of C. elegans, Met 51 is also highly conserved among 

different species.  The evolutionary conservation suggests that these residues are involved 

in critical functions.  In addition to the well-described function of Met in providing 

surface contact with target proteins (176), data from the current study suggests that 

oxidation of one or more of these residues may also be an essential component for 

triggering proteasome degradation.   

Besides oxidation of N-terminal Met, mutations or oxidation of other sites in the 

protein that cause conformational rearrangement could also elicit proteasome proteolysis.  

In the current study, mutation of all nine Met to Leu (L9) resulted in a loss of secondary 

structure (Table 1) that correlated with increased proteasome degradation (Figure 29, 

Figure 30).  These results are consistent with a previous report of increased susceptibility 

of the L9 CaM mutant to proteasome degradation (178).  Notably, mutation or oxidation 

of a single Met in the C-terminus can also elicit rapid proteasome proteolysis.  Squier and 

colleagues showed that either mutation or oxidation of Met145 caused global tertiary 

structural rearrangements that correlated with rapid proteolysis by the proteasome (178, 

203).  Thus, it is possible that the conformational changes associated with altering Met145 

causes regional unfolding and exposure of the recognition elements in the N-terminus 

that initiate proteasome proteolysis.   
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The unstructured region is often part of a bipartite recognition element that forms 

in conjunction with other residues that occur nearby in the primary sequence.  Some 

degrons have sequences that are unique to specific proteins.  For example, the degron 

specific for ornithine decarboxylase contains a structural motif that consists of the Cys 

441-Ala 442 recognition element plus an unstructured C-terminus (167).  The degron for 

cFos includes the tri-peptide motif Pro-Thr-Leu plus an additional undescribed structural 

element (168, 204).  Notably, the “Pro-Thr-Leu” signal is unique to cFos since other 

protein family members contain a similar sequence that does not elicit degradation. 

The PEST motif, which is rich in Pro, Glu, Asp, Ser, and Thr, is a well-known 

degron that is found in many proteins. While historically PEST was first described in 

proteins with short half-lives, our expanded understanding of protein degradation 

suggests that PEST is not limited to these proteins.  For example, myosin heavy chain 

from rat heart has a half-life of 5.9 days (205) and contains a potential PEST sequence 

(PEST score +19.32) encompassing residues 369 to 382.  Reported half-life of CaM in rat 

muscle and brain are 10 and 18 hours, respectively (206, 207).  This half-life is short 

compared with the half-lives of the sarcoplasmic reticulum Ca-ATPase (14 days) and 

plasma membrane Ca-ATPase (12 days) reported from rat muscle and brain (207, 208). 

Thus, CaM may qualify as a “short-lived protein” when compared with other calcium 

regulatory proteins in the same tissue.   

Although analysis of the CaM sequence using the PEST algorithm indicated CaM 

residues 36 to 72 as a weak PEST signal (Figure 27), substitution of Gln for Met to 

mimic oxidation improved the likelihood of a PEST motif.  Sequence alignment of CaM 

from divergent species shows considerable identity (Figure 34B), providing further 
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support that this region contains a sequence that is part of the recognition element for 

proteasome degradation.  It is also possible that a CaM-specific sequence in the N-

terminus, such as the highly conserved residues 58DGNxxIDFxEF68, could serve as the 

degron.   

One model of proteolytic digestion of substrates involves the translocation of the 

unstructured N- or C-termini into the catalytic chamber where the protein is fully 

degraded into peptides (204, 209).  A second model involves endoproteolysis, where a 

disordered polypeptide loop is translocated into the catalytic chamber, resulting in partial 

digestion of the substrate (203, 210).  This is the putative mechanism utilized for 

activation of transcription factors, such as the processing of the active nuclear factor  B 

transcription factor p50 from the inactive precursor p105 (210).  Another factor that 

influences the extent and rate of degradation includes the secondary structure of the 

region directly adjacent to the degradation signal.  For example, proteins are readily 

digested when the degradation signal is next to a region containing either -helices or 

irregular loops (211).  Conversely, regions containing highly stable secondary structure, 

such as β-sheet, resist degradation (211).   

With CaM, the N-terminal globular domain is followed by a flexible linker region 

(residues 75 to 86) consisting of an eight turn -helix that tethers the two opposing 

domains (176).  Biophysical measures of the solution structure of CaM report that the 

central linker exhibits considerable flexible and can adopt a non-helical conformation 

upon binding many of its target proteins (176).  Thus, the presence of a favorable 

secondary structure adjacent to the putative degron that is exposed upon oxidation of the 

N-terminal Met may promote rapid CaM digestion.  Additionally, the flexible central 
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linker region could permit endoproteolysis of CaM when conditions cause disorder in this 

region.  Indeed, peptides generated from proteolysis of oxidized WT CaM by the 20S 

proteasome are consistent with both endoproteolysis as well as N-terminal degradation.  

Supporting endoproteolysis of oxidized CaM are the release of large N-terminal domain 

fragments (A1-F92 and A1-K30) (178, 179) and multiple peptides originating from the 

flexible linker region (179).  Consistent with proteolytic digestion of the free N-terminus, 

data from our previous work (175) showed numerous peptides originating mainly from 

the N-terminal domain were produced after one hour digestion of oxidized WT CaM.  

These differences in peptides released by the 20S proteasome could depend on the region 

and extent of CaM structural unfolding or could be due to differences in the adaptor 

molecules that co-purify with the 20S proteasome.  None-the-less, these data support the 

hypothesis that the site of recognition and initial degradation is in CaM’s N-terminus. 

Physiological Relevance of CaM Oxidation and Proteasome Proteolysis-  The 

binding of up to four calcium ions to CaM elicits significant conformational changes that 

increase the exposure of hydrophobic residues, e.g., Met, that serve as binding sites for 

target proteins (176).  This conformational flexibility allows CaM to regulate over 100 

different proteins in a wide variety of configurations (176).  Additionally, the extent of 

calcium (Ca2+) saturation and location of bound Ca2+ ions also influences CaM’s binding 

to targets.  For example, the Ca2+-loaded N-lobe of CaM binds to a peptide of the Ca2+-

activated small conductance potassium channel while the Ca2+-free C-lobe binds to a 

noncontiguous region of the target (212). Conversely, CaM binds anthrax adenylyl 

cylcase endotoxin via a Ca2+ loaded C-lobe and a Ca2+-free N-lobe (213).  Thus, CaM 

binding to specific targets can alter the solvent exposure of select Met residues.  Because 
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solvent accessibility is a major determinant of susceptibility to oxidation, the specific Met 

residues subjected to oxidative modification may vary depending on the cellular 

conditions that determine intracellular calcium levels and subsequently, CaM binding 

partners.    

Data from the current study (Figure 31, Figure 32) and others (214-216) have 

shown that oxidation of specific Met can significantly alter CaM’s ability to regulate 

protein targets.  Therefore, efficient removal of oxidized CaM is critical for maintain cell 

signaling.  In the case of RyR1, oxidation of CaM’s C-terminal Met were more 

deleterious to regulation of the channel than oxidation of CaM’s N-terminal Met (Figure 

31, Figure 32).  Unless C-terminal oxidized CaM is removed from the cell, cell signaling 

would be significantly impaired.   

In the current study, data support the presence of a degron in the N-terminus that 

is reveal by oxidation of N-terminal Met (Figure 29).  The presence of an additional 

degron in CaM’s C-terminus has also been proposed (178).  Squier and colleagues (178) 

reported that oxidation of Met 145 induced an alteration in CaM’s tertiary structure that 

triggered degradation.  In the present study, oxidation of multiple C-terminal Met (L6 

CTNPP), including Met 145, did not increase the rate of CaM degradation (Figure 29).  It 

is possible that under our experimental conditions, i.e., oxidation of multiple C-terminal 

Met and a lower free calcium concentration (~10 μM versus 100 μM), the C-terminal 

degron is not exposed.  Therefore, we cannot rule out the possibility that CaM contains 

degrons in both the N- and C-terminus.  Multiple degrons would be advantageous 

considering the potential for site-selective oxidation that occurs when CaM is complexed 

with specific proteins. 
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The extent of CaM methionine oxidation in vivo has been estimated at ~two Met 

sulfoxide per CaM in both young and aged rat muscle (217) and in the brain of aged rats 

(218).  In brain, the in vivo sites of modification were defined by HPLC separation of 

trypsin-generated peptides followed by mass spectrometry (218).  In both young and aged 

brains, Met sulfoxide at position 76 was detected, suggesting that this site is readily 

oxidized in vivo and is likely not a signal for degradation. In aged brain, there was a 

general increase in oxidation of Met based on the appearance of multiple tryptic peptides 

containing Met sulfoxide.  However, abundantly present in aged brain were two tryptic 

peptides containing a single added oxygen that corresponded with oxidation of Met 36 

and oxidation of either Met 51, 71, or 72.  The presence of oxidized Met in the putative 

CaM degron coupled with decreased proteasome activity reported in aged rat brain (219) 

suggests aging is accompanied by defects in proteasome-dependent removal of damaged 

CaM, which could lead to an in vivo loss in CaM signaling.  In support of this idea, the 

age-dependent increase in Met sulfoxide content correlated with a reduction in the ability 

of CaM isolated from aged brain to activate the plasma membrane Ca-ATPase, an in vivo 

CaM target (218).  Hence, even limited Met oxidation can alter the ability of CaM to 

regulate target proteins, further supporting an essential role for proteasome in maintaining 

cell signaling via the efficient removal of oxidatively damaged proteins.     

Conclusion. We have used site-directed Met oxidation, followed by measurement 

of proteasome susceptibility and circular dichroism, to define both the chemical and 

structural features of the degron, the portion of CaM that is involved in targeting 

proteasome degradation.  These results are important not only in providing the molecular 
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details of CaM as a proteasome substrate, but also in furthering our fundamental 

understanding of proteasome action on oxidized protein substrates. 
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CHAPTER 6 - Discussion and Future Directions 

6.1. Summary of Current Study 

 The work presented here provides new insights into the regulation of calcium in 

the heart, which depends on the coordinate regulation of SERCA by PLB.  Having a 

better understanding of how PLB regulates SERCA is crucial for designing and testing 

new treatments for heart failure.  Toward this end, one major contribution we made was 

establishing a quick and convenient FRET method to screen potential PLB mutants for 

usage in gene therapy to treat heart failure.   

Many fluorescence techniques were utilized during this work to determine the 

mechanism of Ca2+ transport in the heart.  We established a FRET procedure for 

screening potential PLB mutants for use in gene therapy trials to treat heart failure.  

Time-resolved FRET experiments permitted us to verify another nucleotide binding site 

in SERCA, bringing the -phosphate of ADP closer to the Asp 351 that gets 

phosphorylated.  Transient time-resolved FRET was a powerful technique for connecting 

structural dynamics of SERCA with its static crystal structures by identifying a biphasic 

reaction for TNP-ADP binding to SERCA.  Steady state fluorescence experiments 

disproved that hydrophobicity is a signal for proteasomal degradation.  Fluorescence 

spectroscopy is a potent technique for probing the SERCA-PLB interaction and is quite 

versatile in its applications. 
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6.2. FRET Screening Method for Testing Potential PLB Mutants for Use in Gene 

Therapy  

The interaction between SERCA and PLB has become a therapeutic target since 

heart failure has been associated with an increase in ratio of PLB to SERCA (7).  Studies 

have been performed on small and large animals to investigate an in vivo cardiac rAAV 

delivery of S16E, a pseudophosphorylated PLB mutant.  The reports found that this 

method improved cardiac function (129-133).  The results presented here provide a 

rational explanation for the partial success of S16E-based gene therapy.  Specifically, we 

have illustrated that two LOF PLB mutants were able to compete with WT-PLB both 

functionally and physically, and that the inhibitory potency of these PLB mutants is 

distinct from the binding affinity.  With these results, we will be able to design and test 

PLB mutants using this convenient FRET method.  Work has already begun to design 

double mutants so that one mutation affects the affinity and the other affects the 

functional effect on SERCA.  In addition, this technology has been transferred to an HEK 

system utilizing FRET to see if competition occurs in living cells.  Results so far are 

promising and will add extra support to using FRET to screen PLB mutants for use in 

gene therapy to treat heart failure.   

6.3. TR-FRET Confirms the Existence of a New Nucleotide Binding Site in SERCA 

 A newer FRET technique, transient time-resolved FRET, allowed us to resolve 

whether a novel nucleotide binding site existed in SERCA based on the crystal structure 

containing CPA (PDB code 2OA0) (154).  Using AEDANS-SERCA and TNP-ADP, a 

fluorescent nucleotide, we found that our FRET data was consistent with the crystal 

structure, implying that there is another nucleotide binding site within SERCA.  This site 
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brings the -phosphate closer to the Asp351, which gets phosphorylated during SERCA 

catalytic cycle.  This step is crucial for transporting Ca2+ across the membrane through 

SERCA.  Additionally, transient time-resolved FRET experiments depicted a biphasic 

reaction revealing a fast component, representing nucleotide binding (ES from Figure 

26), and a slow component, representing a structural change within SERCA (E*S from 

Figure 26).  Future studies will include the effect of Ca2+ and the effect of PLB on 

nucleotide binding within SERCA.  This method will also be applicable to other systems 

involving kinetics of nucleotide binding.   

6.4. Signals for Proteasomal Degradation Using CaM as a Model System 

 Using calmodulin as a model system, we also investigated the signals for 

proteasomal degradation.  Our approach utilized site-directed mutagenesis in order to 

perform site-selective oxidation of methionine residues.  We found that oxidation of Met 

residues 51, 71, and 72 located in the N-terminus of CaM are critical for degradation.  

We also tested the hypothesis that hydrophobicity is a signal for degradation using 

fluorescence spectroscopy.  However, our results did not confirm this hypothesis.  

Though, the focus was on determining the signals for degradation, this work did relate to 

Ca2+ regulation.  Functional data from ryanodine binding assays demonstrated that 

oxidation of Met residues in the C-terminus completely abolished CaM inhibition of 

RyR.  Accumulation of these oxidized CaM in the cell could be detrimental to CaM 

regulation of RyR, altering Ca2+ regulation during muscle contraction.  Future studies 

using will continue to elucidate oxidation of CaM affects its binding to RyR. 
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APPENDIX 1 – Dabcyl Masks the Effect of PLB Phosphorylation  

A1.1 Introduction 

In heart muscle, calcium translocation into the sarcoplasmic reticulum (SR) by the 

Ca2+-ATPase (SERCA) is regulated by phospholamban (PLB), a 52-residue membrane 

protein that inhibits SERCA at submicromolar [Ca2+] (5).  Reversal of inhibition can be 

achieved by micromolar [Ca2+] or -adrenergic stimulation of PLB phosphorylation by 

protein kinase A (PKA) (5, 11, 99).  PLB inhibits SERCA through tight physical 

interaction between the two proteins (5, 220).  However, the mechanism responsible for 

reversal of inhibition remains quite controversial.   

The original goal of this project was to investigate molecular mechanisms of 

SERCA regulation by PLB, by studying the effects of phosphorylation of PLB and 

micromolar Ca2+.  We used AEDANS-SERCA with DABCYL-PLB in known lipid 

compositions to test the dissociation model of SERCA regulation by PLB (Figure 36).  

However, the use of the fluorescent probe, DABCYL, limited this work, and project 

shifted to examining the effect of DABCYL on PLB phosphorylation.   

-Ca2+-P

+P +Ca2+
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Active 
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P
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Figure 36: Dissociation Model of SERCA Regulation by PLB.  Complete dissociation 
of PLB from SERCA is required for relief of inhibition.  
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A1.2 Materials and Methods 

SERCA Purification and Labeling.  SERCA was isolated from New Zealand 

White Rabbit skeletal muscle and purified using Reactive Red method in 0.01% C12E8 

(141).  Aliquots were flash frozen and stored at -80°C until further use.  For labeling, 

detergent was removed with Biobeads SM2 (37.5 mg/mg) stirring for three hours.  

SERCA (18.2 M) was labeled with IAEDANS (364 M) for 30 min at 25°C in the dark 

(labeling buffer: 80 mM KCl, 5 mM MgCl2, 1 mM CaCl2, 20 mM MOPS, pH 6.8).  

Excess dye was removed by washing two times with wash buffer (20 mM sucrose, 100 

mM KCl, 20 mM MOPS, pH 7.0) (103).  Concentration of IAEDANS was determined 

from absorbance at ε334nm = 6100 M-1 cm-1 after treatment with 0.1 M NaOH and 1% 

SDS) (142).  Concentration of protein was determined by the BCA assay using BSA as a 

standard.  Aliquots were flash frozen and stored at -80°C until usage in co-reconstitution 

for ATPase and FRET assays. 

Synthesis and Purification of AFA PLB.  Using Fmoc chemistry, PLB was 

synthesized with Fmoc-Leu-PEG-PS resin with a PE Biosystems PioneerTM peptide 

synthesis instrument (103).  The residues Cys 36, Cys 41, and Cys 46 were replaced with 

residues Ala, Phe, and Ala (AFA) respectively to ensure monomer formation of PLB.  

ESI and amino acid analysis were used to confirm the peptide concentration and 

sequence of each PLB mutant.  AFA was dissolved in TFE and stored at -20°C until co-

reconstitution.  

Phosphorylation of PLB by PKA.  HPLC-purified Ac-AFA-PLB was dissolved in 

20 mM MOPS with 1% -OG at pH 7.2 for a final PLB concentration of 0.3 mg/mL.  

Next, 1 mM MgCl2, 1,000 IU PKA, and 1 mM ATP were added to the mixture in that 
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order.  Samples were incubated overnight at 30°C for ~16 hours.  After incubation, 

samples were purified using HPLC with a C8 column.  Phosphorylation of PLB was 

confirmed using ESI mass spectrometry.  

DABCYL Labeling of Phosphorylated PLB.  HPLC-purified Ac-pSer16-AFA-

PLB (0.3 mol) was labeled with DABCYL (0.6 mol) in 100 mM NaHCO3 containing 

1% SDS at pH 9.0.  Samples were shaken overnight at 25°C and then flash frozen to stop 

the labeling reaction.  Samples were then purified using HPLC with a diphenyl column.  

DABCYL labeling of PLB was confirmed using ESI mass spectrometry.  Concentration 

of DABCYL was determined from absorbance at ε453nm = 32,000 M-1 cm-1 in TFE.  

Protein concentration was measured utilizing a BCA assay with BSA as a standard.   

Co-reconstitution of SERCA and PLB.  As previously reported, SERCA was co-

reconstituted with PLB at 700/1 lipid/SERCA molar ratio and varying amounts 

PLB/SERCA molar ratios (103).  The desired amount of PLB in TFE and lipids (4:1 

DOPC:DOPE weight ratio) were mixed with an equal volume of methanol (143, 144).  

These samples were dried using a rotovap to remove solvent and to create a thin film.  To 

ensure all solvent was removed, the PLB-lipid samples were stored overnight in a 

vacuum desiccator.  PLB-lipid sample were solubilized in buffer (5 mM MgCl2, 0.1M 

KCl, 10% glycerol, 20 mM MOPS, pH 7.0) by vortexing and mild sonication for 55 sec 

to form unilamellar vesicles; afterwards, C12E8 (2 mg/mg lipid) was added.  Co-

reconstituted samples contained 50 g of purified IAEDANS-SERCA and varying molar 

ratios of PLB.  Detergent was removed with Biobeads (37.5 mg/mg C12E8) for three 

hours.  Ca2+-ATPase and FRET measurements were taken immediately after co-

reconstitution.   
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Ca2+-ATPase Functional Measurements.  Ca2+-ATPase activity was determined 

using a NADH-enzyme linked microtiter plate assay (221) with the [Ca2+] prepared with 

EGTA buffering (222).  Activity was determined by the decrease in absorbance at 340 

nm, corresponding to the decrease in [NADH], with a SpectroMax Plus 384 microplate 

reader (Molecular Devices, Sunnyvale, CA).  To prevent build up of Ca2+ in the vesicles, 

ionophore A23187 was used.  Data were plotted V vs. pCa, fitted to a Hill equation, V = 

Vmax/[1+ 10–n (pKCa – pCa)], and normalized to maximal rate, Vmax, which was obtained from 

the fit.  Replots of the data were used to determine the shift in pKCa.   

A1.3 Results 

Characterization of Labeled Proteins.  The dye-to-protein molar ratio of 

AEDANS-SERCA was calculated to be 0.92 ± 0.09.  Labeled SERCA, reconstituted into 

lipid membranes, maintained 80% of its Ca-ATPase activity and all of its sensitivity to 

PLB inhibition.  ESI mass spectrometry was used to confirm that PLB had been 

phosphorylated and labeled with DABCYL.  The labeling efficiency of DABCYL PLBs 

was calculated from concentrations from BCA assays and absorbance readings at 453 

nm.  The dye-to-protein molar ratios for DABCYL-AFA-PLB was 0.93 ± 0.17 and 

DABCYL-pAFA-PLB was 1.4.   
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The effect of DABCYL on Ca-

ATPase activity was studied previously 

in Mueller et al (103).  They found that 

DABCYL did not effect the inhibition 

of mutants in their research.  However, 

they were not investigating the effect 

of phosphorylation.  In the current 

study, we began looking at effect of 

PLB phosphorylation as a relief 

mechanism of SERCA inhibition.  We 

found that DABYCL masked the effect 

of phosphorylation of PLB even 

though PLB was fully phosphorylated 

before labeling (Compare Figure 

37A&B).  Phosphorylation of 

unlabeled AFA resulted in ~ 70% relief 

of inhibition  compared to labeled phosphorylated PLB mutants that only had 30% relief 

of inhibition (Figure 38).   
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Figure 37: Effect of Phosphorylation on Inhibition. A) 
Normalized Ca-ATPase curves of unlabeled SERCA and 
AFA fitted with Hill Equation. B) Normalized Ca-ATPase 
curves of AFA labeled with DABCYL. Data represent the 
mean ± standard error of 4 separate trials. 
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A1.4 Discussion and Future 

Directions 

Due to limits of this probe, we 

were unable to investigate the original 

goal of studying relief mechanism for 

SERCA.  We discovered that 

DABCYL was masking the effect of 

PLB phosphorylation probably due to 

DABCYL sticking to the membrane.  

A similar result was seen when a lipid 

anchor was synthesized on the N-terminus of PLB.  This PLB with the lipid anchor was 

then phosphorylated, and no relief of inhibition was seen in the ATPase-assay.  Further 

experiments with EPR noted an increase of the inhibitory form (“T” state) of PLB due to 

the lipid anchor (85).   
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Figure 38: Comparison of Effect of Phosphorylation on 
Unlabeled and Labeled AFA. Black bars represent 
unphosphorylated AFA while green bars represent 
phosphorylated AFA.  Data represent the mean ± standard 
error of 4 separate trials.  
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Figure 39:DABCYL PLUS effect on phosphorylation of PLB. A) Normalized Ca-ATPase curves fit with 
Hill Equation. B) The black bar represents unphosphorylated DabP-AFA and the green bar symbolizes 
phosphorylated DabP-AFA.  PLB phosphorylation causes a partial relief of inhibition.  Data represent the 
mean ± standard deviation of 2 separate trials.  
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To address this probe problem, preliminary experiments have already begun to 

look at the effect of DABCYL-PLUS, a hydrophilic derivative of DABCYL, on 

phosphorylation of AFA-PLB.  The results have been positive; supporting the hypothesis 

that DABCYL masks the phosphorylation effect of PLB (Figure 39).  Phosphorylation of 

DABCYL-PLUS AFA (DabP AFA) partially relieves the inhibition of SERCA by PLB.  

This response is greater than the effect seen with Dab-AFA by ~20% (compare Figure 37 

B & Figure 39 B).  Further experiments are needed to establish the effect of DABCYL-

PLUS on inhibition and on phosphorylation.   
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APPENDIX 2 – Probing the SERCA-PLB Complex Using FRET 

One study that has started 

in our laboratory using DABCYL 

is probing the SERCA-PLB 

complex.  To date, there is no 

crystal structure of this complex.  

Therefore, I began labeling 

different sites in PLB with 

DABCYL to determine the 

distance between specific 

residues on PLB and SERCA 

using FRET.  The first three distances are in good agreement with the modeled distances 

(Figure 40).  The A24K distance varies from the predicted distance from the model, 

which will be used to refine the Toyoshima model based on cross-linking, 

crystallography, and NMR experiments (74).  Since DABCYL does not affect 

measurements made here at low Ca2+, the preliminary data collected is still valid. 

However, future studies need to include the effect of high Ca2+ and phosphorylation of 

PLB on the SERCA-PLB complex.  These proposed experiments should be continued 

with DABCYL-PLUS.  In addition, a different probe is required to measure the longer 

distances since the sensitivity range of DABCYL and DABCYL-PLUS is 16Å-48Å.  5-

iodoacetamidofluorescein (5-IAF) has been selected in order to probe these longer 

distances in the transmembrane domain.  These experiments will be insightful for 

PLB site  Model (Å) Expt (Å)
N-term 28.6 27 ± 1.9
K3 33.0 34 ± 1.1
A11K 26.6 25 ± 2.8
A24K 33.3 27 ± 1.0
C36 47.7
C46 62.8

 
Figure 40:  SERCA-PLB complex detected by FRET.  
Model of SERCA-PLB complex by Toyoshima et al made 
using PyMol (74).  Distances measured between the 
center of IAEDANS-SERCA and DABCYL-PLB.  Mean ± 
standard deviation, n = 3. 
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understanding how these proteins interact and what structural rearrangements occur to 

relieve SERCA inhibition by PLB. 


