
Identification of Small Ankyrin 1 as a novel
SERCA1 regulatory protein in Skeletal Muscle

Item Type dissertation

Authors Desmond, Patrick Francis

Publication Date 2016

Abstract Small Ankyrin 1 (sAnk1) is a ~20 kDa transmembrane (TM)
protein that binds to the cytoskeletal protein, obscurin, and
stabilizes the network sarcoplasmic reticulum (nSR) in skeletal
muscle. Previous reports from out lab show that sAnk1 knock
down re...

Keywords ATPase; SERCA; Adenosine Triphosphatases; Calcium; Muscle,
Skeletal; Sarcoplasmic Reticulum Calcium-Transporting ATPases

Download date 19/05/2023 15:18:19

Link to Item http://hdl.handle.net/10713/5467

http://hdl.handle.net/10713/5467


Patrick F. Desmond 
Biochemistry and Molecular Biology 
University of Maryland School of Medicine 
          108 N. Greene St, Baltimore, MD 21201 
          Pfd5006@gmail.com 
 
Education:     
Doctor of Philosophy, Biochemistry and Molecular Biology            08/2010 – 05/2016 
University of Maryland Baltimore, Baltimore, MD 
Thesis Advisor, Robert J. Bloch, Ph.D. “Identification of sAnk1 as a novel SERCA1 
regulatory protein in skeletal muscle”. 

 
Bachelor of Science, Biochemistry and Molecular Biology                08/2005 - 05/2010 
The Pennsylvania State University, University Park, PA 
 
Research Experience: 
Walter Reed Army Institute of Research, Silver Spring, MD   01/2009 – 08-2009 
Undergraduate Researcher (Mentor: Julian R. Haigh, Ph.D.)  Worked on project which 
tested efficacy of prophylactic drug used against chemical warfare agents. 
 
Graduate Course Work: 
Mechanisms in Biomedical Sciences A 
Advanced Biochemistry A 
Advanced Cancer Biology B 
Introduction to Membrane Biophysics  A 
Advanced Molecular Biology A-
Topics in Molecular Medicine A-
Muscle: Excitation-Contraction Coupling A
Ion Channels A
Muscle Cell Biology and Development Audit
Research Ethics 
Entrepreneurship in Life Sciences 

P
A

 
Teaching Experience 
Assistant mentor 

 Instructed lab technicians, graduate students, and post-doctoral fellows to perform 
several biochemical methods 

 Provided guidance on experimental design 
Guest lecturer and Tutor 

 Presented portion of special topics lecture in the ‘Mechanisms in Biomedical 
Sciences’ course 

 Provided one-on-one tutoring with first year students  
 
 
 
 



Abstracts 
Desmond P. F., Muriel J. M., Markwardt M. L., Rizzo M. A., Bloch R. J. Interactions 
between sAnk1 and SLN coordinately modulate SERCA activity. Joint symposium for 
musculoskeletal research. 2015. 
 
Desmond P. F., Muriel J. M., Markwardt M. L., Rizzo M. A., Bloch R. J. Identification 
of small ankyrin 1 (sAnk1) as a novel SERCA1 regulatory protein in skeletal muscle. 
Biophysical Journal, Vol. 108, Late Abstracts. 2015. 
 
Garcia-Pelagio K. P., Muriel J. M., O’Neill A., Desmond P. F., Lovering R. M., Lund L., 
Bond M., Bloch R. J. Myopathic Changes in Murine Skeletal Muscle Lacking Synemin. 
Biophysical Journal, Vol. 108, Issue 2, p424a. 2015. 
 
Peer-Reviewed Journal Articles 
Desmond P. F., Muriel J. M., Markwardt M. L., Rizzo M. A., Bloch R. J. Identification 
of Small Ankyrin 1 as a Novel Sarco(endo)plasmic reticulum Ca2+-ATPase 1 (SERCA1) 
Regulatory Protein in Skeletal Muscle. Journal of Biological Chemistry. 2015. 
 
Garcia-Pelagio K. P., Muriel J. M., O’Neill A., Desmond P. F., Lovering R. M., Lund L., 
Bond M., Bloch R. J.  Myopathic Changes in Murine Skeletal Muscle Lacking Synemin. 
Am. J. of Physiology. 2014.  
 
Mueller A.L., Desmond P.F., Hsia R.C., Roche J.A. Improved immunoblotting methods 
provide critical insights into phenotypic differences between two murine dysferlinopathic 
models.  Muscle and Nerve. 2014. 

 
Haigh J.R., Adler M., Apland J.P., Deshpande S.S., Barham C.B., Desmond P.F., 
Koplovitz I., Lenz D.E., Gordon R.K.  Protection By Pyriodostigmine Bromide of 
Marmoset Hemi-Diaphragm Acetylcholinesterase Activity After Soman Exposure.  
Chemico-Biological Interactions.  187: 416-420, 2010. 
 
Funding: 
Training Grant in Membrane Biology (5T32GM008181-25, Dr. Matthew C. Trudeau , 
P.I.) Pre-doctoral fellowship (2011-2012) 
 
Interdisciplinary Training Program in Muscle Biology (5T32AR007592-17, Dr. Martin F. 
Schneider, P.I.) Pre-doctoral fellowship (2012-2014) 

 
Select Communications: 
 
“Identification of sAnk1 as a novel SERCA1 regulatory protein in skeletal muscle,” oral 
presentation, Interdisciplinary retreat in muscle and membrane biology, Baltimore, MD 
(2015). 
 
“Identification of sAnk1 as a novel SERCA1 regulatory protein in skeletal muscle,” oral 
presentation, Graduate Research Conference, Baltimore, MD (2015). 



 
“Identification of sAnk1 as a novel SERCA1 regulatory protein in skeletal muscle,” 
poster presentation, 59th Annual Biophysical Society Meeting, Baltimore, MD (2015). 
 
“Identification of sAnk1 as a novel SERCA1 regulatory protein in skeletal muscle,” 
poster presentation, Annual Retreat in Biochemistry, University of Maryland Baltimore 
(2014). 
 
“Identification of sAnk1 as a novel SERCA1 regulatory protein in skeletal muscle,” oral 
presentation, Student Seminar Series, University of Maryland, Baltimore (2014). 
 
“Investigating the interplay between SERCA1, sAnk1 and Sarcolipin in the SR membrane 
of skeletal muscle,” poster presentation, Graduate Research Conference, University of 
Maryland Baltimore (2014). 
 
“Investigating the interaction between SERCA1 and small ankyrin 1 in the SR membrane 
of skeletal muscle,” poster presentation, Annual Retreat in Biochemistry, University of 
Maryland Baltimore (2013). 
 
“Small Ankyrin 1 interacts with SERCA1 within the network SR of skeletal muscle,” oral 
presentation, Membrane Biology Student Seminar Series, University of Maryland 
Baltimore (2013). 
 
Professional Societies 
Biophysical Society Member 2014-present

 
Service Activities 
School of Medicine Council (student representative) 2011-present
Biochemistry program student recruitment assistant 2011-present
GPILs award committee 2013
GPILs course tutor 2011-2012
 
Honors and Awards 
Best research talk: Annual retreat for 
Muscle and Membrane Biology 
Glaser Prize in Imaging 

2015

2013
Gerth CR Scholarship 2009-2010
Giangiordano Science Scholarship  2008-2009
Pennsylvania State University Deans List 2005-2010
 
 

 

 

 



ABSTRACT 

Title of Dissertation: Identification of Small Ankyrin 1 as a novel SERCA1 regulatory 
protein in Skeletal Muscle 

Patrick F. Desmond, Doctor of Philosophy, 2016 

Dissertation directed by: Robert J. Bloch, Ph.D., Professor, Department of Physiology 

Small Ankyrin 1 (sAnk1) is a ~20 kDa transmembrane (TM) protein that binds to 

the cytoskeletal protein, obscurin, and stabilizes the network sarcoplasmic reticulum 

(nSR) in skeletal muscle.  Previous reports from out lab show that sAnk1 knock down 

results in loss of network SR integrity, along with a decrease in SR Ca2+ load and Ca2+ re-

uptake rates. Upon closer examination of the sAnk1 transmembrane domain, we 

discovered that sAnk1 shares sequence similarity with sarcolipin (SLN), a small protein 

that inhibits activity of the sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA).  The 

goal of the current study was to determine if sAnk1 interacts with SERCA1 or SLN 

directly in skeletal muscle, and elucidate the consequences such interactions pose on 

SERCA1 activity.  Our results indicate that sAnk1 interacts specifically with SERCA1 

in SR vesicles isolated from rabbit skeletal muscle, and in COS7 cells transfected to 

express these proteins.  This interaction was demonstrated by co-immunoprecipitation 

and an anisotropy-based FRET method (AFRET).  Binding was significantly reduced by 

the replacement of all the TM amino acids of sAnk1 to leucines by mutagenesis.  This 

suggests that, like SLN, sAnk1 interacts with SERCA1 via its TM domain.  Assays of 

ATPase activity show that co-expression of sAnk1 with SERCA1 leads to a reduction of 

SERCA1’s apparent Ca2+ affinity, but that sAnk1’s effect is less than that of SLN.  

Interestingly, the sAnk1 TM mutant has no effect on SERCA1 activity.  Our results 

suggest that sAnk1 interacts with SERCA1 through its TM domain to regulate SERCA1 

activity and thereby modulate the sequestration of Ca2+ in the lumen of the ER and SR.  



Additionally, we determined that sAnk1 can also interact with SLN using the same 

analytical methods.  Unexpectedly, ATPase assays in which all three proteins were co-

expressed showed that sAnk1 was able to limit SLN’s ability to inhibit SERCA1 activity.  

Furthermore, coIP and AFRET experiments demonstrate that SLN promotes the 

interaction between SERCA1 and sAnk1. The identification of sAnk1 as a novel 

regulator of SERCA1 activity has significant implications for the physiology of muscle 

and the development of therapeutic approaches to treat heart failure and muscular 

dystrophies linked to Ca2+ misregulation. 
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Chapter I. Introduction 

A. Skeletal Muscle 

 i. Structural Overview 

 Skeletal muscle is a type of striated muscle tissue which in men and women, 

accounts for 42% and 36% of their average body weight, respectively (1).  The 

organization of skeletal muscle is uniquely structured in a repetitive manner.  A single 

muscle is made up of bundles of muscle fibers, each of which is a single multinucleated 

cell (or myocyte; Fig 1.1).   Each fiber is composed of myofibrils which extend the length 

of the muscle fiber.  Myofibrils are made up of thick and thin filaments which are 

arranged into the repeating unit of muscle known as the sarcomere.  The thin and thick 

filaments of the sarcomere are composed primarily of actin and myosin, respectively, and 

are the major components required for muscle contraction.  When visualized under a light 

microscope, the thin and thick filaments appear as alternating light (I-bands; isotropic) 

and dark (A-bands; anisotropic) bands, giving the characteristic striated pattern 

associated with striated muscle (Fig. 1.1).  The Z-disk defines the sarcomeric boarder and 

serves to anchor one end of the actin thin filaments (2, 3).  The center of the sarcomere is 

referred to as the M-band, from which the thick filaments extend out symmetrically in 

each direction to form the A-band (4).  Overlap between A- and I-bands allows formation 

of crossbridges between actin and myosin which mediate muscle contraction. 

 Striated muscle cells are surrounded by a plasma membrane linked to cytoskeletal 

and extracellular structures, together called the sarcolemma.  It also contains two 

specialized intracellular membrane compartments known as the transverse tubules (t-

tubules) and sarcoplasmic reticulum (SR; Fig. 1.2). These membrane systems surround 
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each myofibril and together regulate changes in the intracellular calcium ion 

concentration, [Ca2+]i, associated with muscle contraction and relaxation.  The t-tubule 

system appears as invaginations of the sarcolemma and, in skeletal muscle, resides at the 

edge of the sarcomere near the junction between A-bands and I-bands.  This differs from 

cardiac muscle, where t-tubules surround the Z-disk.  The SR serves as an internal 

storage compartment for Ca2+ and is composed of two distinct regions, the junctional SR 

(jSR or terminal cisternae) and the network SR (nSR).  The jSR is located on either side 

of the t-tubule system in skeletal muscle and is the site where Ca2+ release takes place.  

The structure in which a t-tubule is flanked on either side by jSR is referred to as the triad 

junction.  Between each consecutive jSR lies the mesh-like nSR, which is the primary site 

where Ca2+ is transported from the cytosol back into lumen of the SR.  The coordinated 

activity of these membrane systems is pivotal to the processes of excitation-contraction 

coupling and subsequence muscle relaxation.    

 ii. Skeletal Excitation-Contraction Coupling 

 The activation of skeletal muscle begins when an action potential arising in the 

motor neuron is conducted along the axon to the nerve terminus at the neuromuscular 

junction. Synaptic transmission results in depolarization of the postsynaptic membrane of 

the muscle cell, inducing an action potential that spreads along the sarcolemma and deep 

into the myofiber along the t-tubules to initiate the process of excitation-contraction (EC) 

coupling  (5, 6).  The change in membrane potential of the t-tubules first activates the 

voltage-gated L-type calcium channel, or dyhydropyridine receptor (DHPR).  In skeletal 

muscle, the DHPR is mechanically coupled to the SR calcium release channel 

(Ryanodine receptor; RyR1 (7)).  Each RyR monomer consists of ~ 5000 amino acids 
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and has a molecular weight of ~565 kDa (8).  Four RyR molecules come together within 

the SR membrane to form a ~ 2.2 MDa homotetrameric channel.  The four RyR 

monomers extend toward the t-tubules where they form end-feet to which 4 DHPR 

molecules bind to form a tetrad (9).  This physical link couples the conformational 

change from DHPR activation to opening of RyR and subsequent SR Ca2+ release. In 

addition to RyRs and DHPRs, several other proteins such as junctophilin (JPH), junctin 

(JCN), triadin (TRDN), and calsequestrin (CSQ) form a stable macromolecular complex 

referred to as calcium release units (CRUs; (10, 11).  Although the same components are 

involved for EC coupling in cardiac tissue, it is important to note that the mechanism is 

different. Release of Ca2+ through the RyR in the heart is induced via Ca2+ influx through 

the DHPR, a phenomena known as calcium-induced calcium release (CICR; (12)) 

  A relaxed muscle is so because the myosin heads are not attached to the 

surrounding actin filaments due to steric hindrance.  This physical blockage between 

myosin and actin is governed by tropomyosin (13, 14).  Each heterodimeric tropomyosin 

molecule aids to stabilize the actin filament and binds a Ca2+ -responsive regulatory 

complex called troponin (14).  The troponin complex is comprised of three distinct 

subunits which together regulate myosin’s accessibility to actin. The rapid increase in 

[Ca2+]i in response to muscle activation  relieves troponin-mediated inhibition of actin-

myosin crossbridge formation.  Actomyosin crossbridge cycling converts the chemical 

energy stored in ATP to mechanical energy and is responsible for muscle contraction 

(15).  Muscle relaxation occurs by removal of Ca2+ from the cytosol, which is mediated 

primarily by the activity of the sarco(endo)plasmic reticulum Ca2+ ATP-ase (SERCA) 

within the nSR (16, 17).  SERCA uses ATP to transport Ca2+ against its concentration 
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gradient from the myoplasm back into the lumen of the SR (18).  This activity replenishes 

the SR Ca2+ stores, and primes the muscle for its next round of activation and contraction.  

The process of EC coupling in skeletal muscle relies almost entirely on Ca2+ from the SR.  

As the calcium gradient across the SR membrane is thought to be ~10,000-fold, ([Ca2+]SR 

~2mM vs. [Ca2+]I  < 100nM;(19-22) ) the mechanisms which regulate SERCA activity 

are critical (23, 24). 

B. The Sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) Pump 

 i. SERCA Isoforms 

 As mentioned above, SERCA is the primary enzyme responsible for muscle 

relaxation, which acts by transporting Ca2+ from the cytosol into the lumen of the SR 

following contraction.  The expression of SERCA is not limited to muscle cells, however.  

This ~110 kD integral membrane protein belongs to the P-type family of ATPases, which 

includes members such as the plasma membrane Ca2+-ATPase (PMCA), the Na+/K+ 

ATPase, and the K+ and H+-ATPase (25).  A common characteristic among P-type 

ATPases is phosphate transfer from ATP to a conserved aspartic acid residue during the 

catalytic cycle, producing a conformational change associated with ion transport (18, 26, 

27).    

 In mammals, SERCA is encoded by three genes (ATP2A1-3), which produce at 

least 14 isoforms through alternative splicing (28) .  The SERCA1a/b isoform, which is 

encoded by the ATP2A1 gene, is found only in fast-twitch skeletal muscle.  The ATP2A2 

gene encodes various isoforms of SERCA2.  SERCA2a is expressed in cardiac muscle 

and slow-twitch skeletal muscle, while SERCA2b is ubiquitously expressed at low levels 

in muscle and non-muscle cell types alike.  A third SERCA2 isoform, SERCA2c, was 
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also found to be expressed in cardiac muscle (29).  More recently, mRNA was discovered 

in skeletal muscle for a SERCA2d isoform, but details regarding its expression at the 

protein level are lacking.  The six known SERCA3 isoforms, encoded by the ATP2A3 

gene, are mainly associated with non-muscle cell types such as hematopoietic cells, 

fibroblasts, and epithelial cells (29).  In addition to the tissue-dependent expression of 

SERCA variants, isoform switching is also known to occur at different stages of 

development.  For example, neonatal fast-twitch skeletal muscle fibers express a 

combination of SERCA2a and 1b, which is replaced entirely by SERCA1a in adulthood 

(30).  While each of the SERCA isoforms functions to pump Ca2+ against its 

concentration gradient, they operate at different kinetic rates.  These differences in 

activity are likely to account for the unique Ca2+ handling properties of each fiber type, 

cell type, or stage of development. 

 All the isoforms of SERCA share a highly conserved amino acid sequence (75% 

or greater), leading to a nearly identical tertiary structure (Fig. 1.3; (29)).  Each has ten 

transmembrane (TM) spanning helices connected by short lumenal loops, and a 

cytoplasmic headpiece consisting of three distinct domains; the actuator (A), nucleotide 

binding (N), and phosphorylation (P) domains.  The TM region of SERCA comprises two 

sites where Ca2+ binds in a cooperative manner.  The binding and hydrolysis of ATP by 

the N domain leads to conformational changes within the headpiece that are transmitted 

to the TM domains, changing the orientation and affinities of the 2 Ca2+ binding sites.  

Ultimately, the coordinated structural changes result in the transport of 2 Ca2+ ions from 

the cytosol to the SR lumen.  An immense amount of X-ray crystallographic research 

devoted to characterizing SERCA’s structure at each point within its reaction cycle has 
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significantly furthered our understanding on this process (18, 27).  Briefly, SERCA exists 

in one of two major conformations; the high Ca2+ affinity, E1 conformation, in which the 

Ca2+ binding sites face the cytosol, and the low affinity, E2 conformation where they face 

the SR lumen.  As can be inferred from the reaction cycle diagrammed in Fig. 1.4, this 

description is grossly oversimplified (see (27, 31) for more details on SERCA’s reaction 

cycle). 

 In addition to the structural and functional similarities shared among SERCA 

isoforms, these proteins are inhibited and regulated similarly. The chemical compounds 

thapsigargin (TG) and cyclopiazonic acid (CPA) are, respectively, potent irreversible and 

reversible inhibitors of all SERCA isoforms and are commonly used as experimental 

tools (32-36).  Physiologically, several protein regulators of SERCA activity have been 

identified to date.  Proteins such as BCL-2, presenilin, HAX-1, myoregulin (MLN), 

phospholamban (PLN), and sarcolipin (SLN) have all been reported to regulate the 

activity of specific SERCA isoforms (37-41).  Of these, PLN and SLN are the most 

thoroughly studied and understood. 

 ii. Regulation of SERCA Activity 

 The ubiquitous expression of SERCA in eukaryotic cells highlights its importance 

in maintaining Ca2+ homeostasis in muscle- and non-muscle cells alike.  Alterations in its 

expression and activity have been linked to several human diseases including muscular 

dystrophies, cardiomyopathies, and genetic disorders such as Brody myopathy and 

Darier’s disease, and will be discussed in greater detail in the following section.  For 

these reasons, the mechanisms which regulate SERCA activity have been extensively 

researched over the last several decades.  The homologous transmembrane proteins, 
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phospholamban and sarcolipin, are both well established as endogenous regulators of 

SERCA activity.  In this section I will briefly review how these proteins function. . 

 Phospholamban (PLN) is a 52 amino acid (a.a.; ~6 kDa) transmembrane protein 

that was first identified by Tada et al. in 1974 (42) as an inhibitor of SERCA2a and 

cardiac contractility.  In striated muscle, Phospholamban expression varies with fiber 

type (43).  Higher expression is observed in ventricular muscle compared to atrial muscle 

(~3-fold difference; (44)), and low levels are also found in slow-twitch skeletal muscle 

fibers (45-47). The homologous protein sarcolipin (SLN), first characterized by Odermatt 

et al. in 1997 is even smaller than PLN, consisting of only 31 amino acid residues (~4 

kDa; (48)).  Unlike PLN, SLN is most highly expressed in atrial muscle and fast-twitch 

skeletal muscle (44, 49, 50).  PLN and SLN have both been shown to interact directly 

with SERCA1 and SERCA2 within the SR membrane by binding to a pocket made up by 

TM helices M2, M4, M6 and M9 of SERCA (51).  Binding of either protein is associated 

with a reduction in SERCA’s apparent Ca2+ affinity.  More recent studies indicate that 

PLN and SLN each regulate SERCA using distinct mechanisms of action, suggesting a 

higher level of complexity than once believed. 

 Much of what was known early on about SERCA regulation by PLN and SLN 

was from research conducted by MacLennan et al. (48, 51-57).  Using Ca2+-uptake assays 

in microsomes isolated from HEK293 cells transfected with various combinations of 

cDNAs, they showed that PLN and SLN both function to reduce SERCA’s apparent Ca2+ 

affinity as measured by a reduced KCa2+ ([Ca2+] resulting in half-maximal activation).  

Additionally, mutagenesis studies helped determine the specific amino acid residues 

responsible for this effect, many of which are located in the TM helices noted above.   
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Interestingly, co-expression of both PLN and SLN with SERCA was found to result in 

synergistic inhibition (54).  This was initially thought to be a result of SLN-mediated 

depolymerization of PLN pentamers to inhibitory monomers (54), but, later studies 

suggested that superinhibition was due to the formation of a SERCA-PLN-SLN ternary 

complex (51, 57).  A recent study showed that co-expression of PLN and SLN occurs in 

human myofibers and suggests superinhibition may be a physiologically relevant 

phenomena. 

 As previously mentioned, PLN and SLN modulate SERCA activity by distinct 

mechanisms.  It is well established that PLN’s ability to reduce SERCA’s apparent Ca2+ 

affinity is dependent upon the phosphorylation state of its cytoplasmic N-terminus, 

consisting of 30 amino acids (49).  Specifically, phosphorylation of residues Ser17 and 

Thr17 is mediated by protein kinase A (PKA) and Ca2+/calmodulin kinase (CamKII) 

through β-adrenergic stimulation (42, 58-62).  Phosphorylation promotes dissociation of 

inhibitory PLN monomers from SERCA.  When dissociated, phosphorylated PLN tends 

to form homopentamers, which are thought to be non-inhibitory (63).  It has recently 

been shown that PKA has a higher affinity for pentamers of PLN, and is suggested to 

serve as a mechanism of attenuating PKA-dependent phosphorylation of PLN monomers 

(63).  In addition to phosphorylation, Ca2+ itself is sufficient to dissociate PLN from 

SERCA at high concentrations (64, 65).  The resulting effect of PLN dissociation is to 

increase SERCA’s apparent affinity for Ca2+.  This increase in SERCA’s apparent Ca2+ 

affinity promotes elevated activity at lower [Ca2+]i, and ultimately results in an increased 

rate of muscle relaxation (66). Higher levels of SERCA activity associated with the 

dissociation of PLN are also associated in the heart with increases in the SR Ca2+ load 
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and more forceful contractions, while having no effect on heart rate (66, 67).  

Experiments with animal models agree with in vitro studies and show that elimination of 

PLN expression by homologous recombination results in increased relaxation rates and 

cardiac contractility (67), with overexpression having the opposite effect (68).  

 Like PLN, the ability of SLN to modulate SERCA activity in cardiac myocytes is 

also regulated via phosphorylation of its cytoplasmic sequence, which extends from 

amino acids 1 – 7 (49).  Phosphorylation of SLN at Thr5 is specifically catalyzed by 

serine threonine protein kinase 16 (STK16(69) and CaMKII (70), which are both thought 

to be activated following β-adrenergic stimulation in cardiac tissue.  Phosphorylation of 

SLN is also associated with a relief of SERCA inhibition due to increases in SERCA’s 

affinity for Ca2+.  Consistent with this,  studies in which SLN was overexpressed in 

cardiomyocytes or hearts of transgenic mice both showed reduced rates of Ca2+ transport 

and decreased cardiac contractility (49, 50).  Other studies have demonstrated that 

alterations of SLN expression in atrial muscle are linked to atrial fibrillation and heart 

failure (71, 72).  These studies suggest that SLN plays an important role to regulate 

SERCA2 in atrial muscle similar to that of PLN in ventricular muscle, and that small 

changes in its expression level may be relevant to human disease.   

 While there are many parallels between SLN and PLN in their ability to regulate 

SERCA activity in cardiac muscle, recent studies have shed light on a more complex role 

for SLN in skeletal muscle.  The remainder of this section will highlight research focused 

toward elucidating SLN’s role in regulating SERCA activity differently than PLN in 

skeletal muscle.  The details regarding the mechanism behind SLN’s ability to reduce 

SERCA’s apparent Ca2+ affinity are not as clear, as the literature is contradictory.  Initial 
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experiments using Ca2+ uptake or ATP hydrolysis were considered interchangeable 

methods for measuring SERCA activity.  Smith et al. were the first to suggest this may 

not be the case as they found that SLN had no effect on SERCA ATPase activity, but 

markedly reduced Ca2+ accumulation within reconstituted lipid bilayers (73).  In 

agreement with this result, several additional reports using a Sln-/- mouse have found that 

SLN reduces Ca2+ uptake while having little effect on ATPase activity.  Together, they 

found that SLN promotes slippage of SERCA resulting in uncoupling of Ca2+ transport 

from ATP hydrolysis, and ultimately in increased heat production (74-77).  Some of the 

most recent work on SLN’s thermogenic role have come from the Periasamy laboratory.  

In a series of publications, they report that SLN was required for muscle-based non-

shivering thermogenesis and maintenance of body temperature in mice (78).  

Furthermore, their results suggest that SLN is a key regulator of basal metabolic rate, as 

SLN-null mice are prone to obesity while SLN over-expressing mice are resistant when 

fed a high calorie diet (78, 79)  For a detailed review covering SLN’s role in muscle 

based thermogenesis please refer to (80).  These reports open up a new possibilities by 

which skeletal muscle, and specifically SLN expression within skeletal muscle, could be 

targeted to manipulate energy expenditure and potentially combat obesity. 

 In contrast, other reports have shown that SLN can reduce SERCA’s ATPase 

activity (81-84).  Gorski et al. found that SLN significantly reduced SERCA’s Vmax and 

KCa2+, and that the highly conserved lumenal extension of SLN’s C-terminus was 

important for this effect (84).  Another group used an antibody to SLN to disrupt its 

interaction with SERCA in homogenates of human vastus lateralis muscle (83). 
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Interestingly, they found that addition of the anti-SLN antibody resulted in increased 

ATPase activity, consistent with the idea that SLN is inhibitory.   

 One possible reason for the discrepancy between these two sets of results is the 

way the assays were performed.  Several of the examples which show that SLN inhibits 

SERCAs ATPase activity were assayed with the Ca2+ ionophore, A23187, present, which 

prevents the buildup of a concentration gradient and subsequent ‘back inhibition’ of 

SERCA.  In most of the aforementioned experiments in which SLN had no effect on 

SERCA ATPase activity the ionophore was omitted from the assay.  It is reasonable to 

speculate that under conditions in which the Ca2+ gradient builds up to high levels that 

slippage would be more likely to occur ((77) but see (75)).  The ATPase assays reported 

in this thesis were performed in the presence of A21387 and used SERCA+SLN as a 

positive control for the ability to measure inhibition of SERCA activity.  The data 

reported here are consistent with the observation of Gorski et al that SLN reduces the 

affinity of SERCA for Ca2+ (77, 84), and will be discussed in detail in chapter 2. 

 Another interesting topic of research has been to investigate self-association of 

PLN and SLN, and their ability to interact with one another.  As previously stated, PLN 

exists in monomeric and pentameric forms (85, 86), and the flux between these states is 

largely regulated via phosphorylation (61, 69, 70, 87).  SLN also oligomerizes to form 

homodimers and higher order homooligomers (88).  Heterodimers between PLN and 

SLN have also been shown to form, and may account for the observation that together 

these proteins synergistically inhibit SERCA activity (54).  These interactions are 

believed to occur via leucine/isoleucine zipper interactions within their TM domains (86, 

89, 90).  Interestingly, we have found that the protein discussed here, small ankyrin 1 
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(sAnk1), shares the tendency to self-associate to form dimers and larger oligomers (91).  

Additionally, we have found that sAnk1 is able to bind to SLN (see chapter 3), 

presumably through similar hydrophobic leucine/isoleucine zipper interactions. 

 Significant advances have been made in recent years towards understanding 

SLN’s specific and unique role in regulating SERCA activity.  More work, however, will 

be required to understand the details regarding how it alters skeletal muscle 

thermodynamics.  As previously mentioned, the observation that certain muscle fibers co-

express SLN and PLN, as well as SERCA1 and SERCA2 isoforms, adds further 

complexity to understanding the dynamic interactions among these proteins.  

Furthermore, the discovery of novel SERCA regulators which are also expressed in tissue 

containing SERCA, SLN and PLN, such as MLN and, as this thesis demonstrates, sAnk1, 

highlights the challenge of fully understanding how SERCA is regulated in striated 

muscle fibers.  The range of diseases which have been linked to aberrant SERCA 

expression or function, or from general calcium dysregulation make this an exciting field 

for further research.  

C.  Ankyrin proteins: a brief review 

 The ankyrin protein superfamily is encoded in vertebrates by the ANK1, ANK2, 

and ANK3 genes.  These genes, which are highly subject to alternative splicing, encode 

the various isoforms of AnkR, AnkB, and AnkG, respectively (92-95).  Originally, 

ankyrin was identified as a large ~220 kDa erythrocytic protein which linked the spectrin 

cytoskeletal network to the anion exchanger 1 (AE1, band 3, SLC4A1) in the membrane 

of the red blood cell (96, 97).  Ankyrins are now well known to be ubiquitously expressed 

proteins which generally serve as a link between membranes and networks of proteins 
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that form intracellular scaffolds.  In addition to playing a role as molecular adapters, the 

proteins of the ankyrin superfamily all share a similar structural organization.  Ankyrins 

typically consist of an N-terminal domain composed of ankyrin repeats, a spectrin 

binding domain, a death domain, and a C-terminal domain believed to regulate the 

activities of the rest of the molecule (98).  The N-terminal domain is usually comprised of 

24 ankyrin repeats and is commonly involved in mediating protein-protein interactions 

(99, 100).   

 Striated muscle is known to express various ankyrin isoforms.  A ~220 kDa 

canonical isoform of AnkB is expressed in cardiac tissue, where it localizes to 

membranes at the level of Z-disks and M-bands.  Here, AnkB coordinates the assembly 

of ion channels and transporters of the t-tubule and SR including Na+/Ca2+ exchanger, 

Na+/K+ ATPase, Kir6.2 and IP3R (101-103).  Mutation or loss of AnkB has been 

associated with several human diseases including type 4 long QT syndrome, cardiac 

arrhythmia, and more recently, heart failure (94, 101, 104-106).  Skeletal muscle also 

expresses various isoforms of AnkG and AnkR.  It has been reported that the ANK3 gene 

produces at least six AnkG isoforms in striated muscle, which all possess a 76 amino-acid 

C-terminal insert found only in muscle (107).  These include large, canonical, AnkG 

isoforms with a molecular weight of 217 kDa and 197 kDa, and four smaller isoforms 

ranging between 107 and 130 kDa.  Each of these AnkG proteins contains a unique 

insert, which was termed the “Obscurin/Titin-Binding-related Domain” (OTBD) by 

Maiweilidan et al., and was shown to interact with plectin and filamin-C (93). They 

found colocalization between ankyrin-G, plectin, and filamin-C at costameres.  Their 

results suggested that these interactions may be important for sarcolemma integrity 



 
14 

 

during force transduction through costameres by linking ankyrin-G to the dystrophin-

associated glycoprotein and integrin-based protein complexes (93). 

 The ANK1 gene transcript also produces several alternatively spliced isoforms of 

AnkR (more commonly referred to as Ank1) in striated muscle.  This includes the 

canonical ~200 kDa Ank1 localized at the sarcolemma and several smaller isoforms, 

Ank1.5-Ank1.9, which range in molecular weight from approximately 17 to 24 kDa (108, 

109).  Unlike the larger canonical ankyrins, these small ankyrin isoforms lack the N-

terminal ankyrin repeats and central spectrin-binding domain.  Their C-terminal ends 

contain varying degrees of homology to the larger ankyrin isoforms (110, 111).  Our 

laboratory has long been interested in isoform Ank1.5, commonly referred to as small 

ankyrin 1 (sAnk1).  Here I focus on a novel role for sAnk1 in regulation of SERCA1 

activity (see chapter 2).  Initially, however, sAnk1 was identified as providing a critical 

link between the SR and the underlying contractile apparatus (see below). 

D. Small Ankyrin 1 (sAnk1) 

 Small ankyrin 1 (sAnk1) was first identified as a protein of 20 to 26 kDa which 

distribute in a reticular pattern within the myoplasm of both rat and rabbit skeletal 

muscle.  It is encoded by the terminal 4 exons (exons 39-42) of the human ANK1 gene 

(see above), located at chromosomal position 8p11.1.  Alternative splicing of the 

transcript leads to additional sAnk1 isoforms and may account for the multiple bands of 

different apparent molecular weights found on immunoblots.  Interestingly, western blots 

show not only are multiple bands observed within a single muscle tissue, but bands of 

slightly varying molecular weight are observed within the same muscle of different 

species.  The most abundant of these sAnk1 isoforms in SR preparations from rabbit 
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skeletal muscle is comprised of 155 amino-acid residues, with a predicted molecular 

mass of 17.5 kDa and molecular mass of ~22 kDa as determined in SDS-PAGE.  At its 

C-terminus, sAnk1 shares significant sequence homology with other Ank1 isoforms (Fig. 

1.5).  The N-terminus of sAnk1 is composed of 72 unique amino acids residues; the first 

29 of which are highly hydrophobic and serve to localize and anchor sAnk1 to the SR 

membrane in muscle and the ER membrane in HEK293 or COS7 cells (Fig. 1.5;(91, 

109)).  Porter et al. further demonstrated that these 29 N-terminal residues could 

sufficiently target proteins to the M-band and Z-disk in skeletal muscle fibers by creating 

a chimeric protein of sAnk1 (1-29) and Β-galactosidase.  Another interesting feature of 

sAnk1 is in its ability to form homodimers, and potentially higher order homooligomers 

(e.g. tetramers) through disulfide linkages.  This was observed in both isolated SR 

vesicles (91), and COS7 cells (see chapter 5), and is thought to be mediated through 

juxtamembrane residues C26 and C34.  The C-terminus of sAnk1 has been well 

established as a ligand of the giant muscle proteins, titin and obscurin (110, 112-119).  

Here I discuss a novel role for the transmembrane (TM) portion of sAnk1 and its ability 

to mediate an interaction with SERCA1 (see chapter 2). 

 Following the discovery of sAnk1, our laboratory focused on determining binding 

partners of sAnk1 using a yeast two-hybrid screen.  Using the cytoplasmic portion of 

sAnk1 as bait, the ~800 kDa protein obscurin (specifically, obscurin A; (120)) was 

identified as a ligand of sAnk1 (116).  Through a combination of yeast two-hybrid, blot-

overlay and GST pull down assays, it was demonstrated that sAnk1’s cytoplasmic 

domain specifically bound to the C-terminal region of obscurin, which could be localized 

by immunofluorescence studies of skeletal muscle at the level of Z-disks and M-bands 
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(116). These findings were supported by data from an independent group, although they 

identified a region of obscurin slightly N-terminal to the interaction site identified by 

Kontrogianni-Konstantopoulos et al., suggesting the possibility that two sAnk1 binding 

sites reside at the C-terminus of obscurin (118).  Together, these studies were the first to 

suggest a protein is able to directly link the SR membrane to the proteins of the 

underlying contractile apparatus.   

 The C-terminal portion of sAnk1 identified as the obscurin binding ligand 

contains two regions rich in positively charged residues.  Site-directed mutagenesis 

showed that both of these regions are essential for high affinity binding between sAnk1 

and obscurin (114).  Molecular modeling suggested these regions are helical structures 

similar to ankyrin repeat domains, and so named ankyrin-like repeats.  Further 

investigation into the regions of obscurin to which sAnk1 binds revealed that two distinct 

binding sites did exist. Site I, which encompasses obscurin residues 6316 to 6345, was 

found through Surface Plasmon Resonance (SPR) to bind sAnk1 with an affinity of 133 

nM, while Site II (Obsc6231-6260) exhibited a lower affinity of 384 nM (113).  The latter 

site corresponds to the site previously defined by Armani et al.  (110).  

 Another ligand of sAnk1 is the giant myofibrillar protein titin.  Titin connects the 

Z-disk and M-band together within the sarcomere and contributes to the passive elasticity 

characteristic of muscle.  Similar to the protein T-cap (telethonin), sAnk1 was found to 

bind the two most N-terminal Ig domains of titin found at the Z-disk (IgZ1/2; (117, 121)). 

Simultaneous binding of sAnk1 and T-cap to titin was also demonstrated through pull-

down experiments using recombinant fusion proteins.  This result suggested that these 

proteins may interact to form a three-way complex by which sAnk1 and T-cap link titin 
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to the SR membrane and t-tubules (117).  It is important to note that compared to 

obscurin, the binding affinity between sAnk1 and titin is far weaker and is not observable 

using SPR.  Additionally, another report found that sAnk1 was unable to bind the IgZ1/2 

domains of titin (110).  This contradiction may simply be due to different conditions used 

for each pull-down experiment.  Importantly, it further suggests sAnk1’s affinity for 

binding titin is significantly less than its affinity for obscurin.   

 Recently, the regulation of the turnover of the sAnk1 protein has been 

investigated.  It was shown using an obscurin knockout mouse (Obscn-/-) that loss of 

obscurin led to disrupted subcellular localization of sAnk1 in addition to reduced protein 

levels (122).  When analyzed in immunoblots, sAnk1 often shows a laddering pattern 

indicative of post-translational modifications such as ubiquitination.  To determine the 

type of modifications occurring, sAnk1 was co-expressed with GFP-tagged ubiquitin, 

sumo1, sumo2, or nedd8.  They observed modification by ubiquitin and nedd8, but not by 

sumo1 or sumo2 (122).  Later, it was shown that sAnk1 is subject to acetylation in 

addition to ubiquitination and neddylation (123).  This study showed that acetylation 

promotes the interaction between sAnk1 and KCTD6, which decreased sAnk1’s 

susceptibility to cullin-3 mediated ubiquitination and subsequent proteasomal 

degradation.  Interestingly, these results suggest that neddylation was not associated with 

increased sAnk1 turnover (123).  Rather neddylation may serve to occupy the lysine 

residues required for ubiquitin-mediated sAnk1 degradation. 

 A sAnk1 knockout mouse has been created to determine if sAnk1 is required for 

the health of skeletal muscles. .  Initial studies showed that loss of sAnk1 led to 

morphological and functional changes in the skeletal muscle.  This effect was observed 
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only in old adult mice (12-15 months) and not young adult mice (4-6 months), and was 

most pronounced in the extensor digitorum longus (EDL) and diaphragm muscles (124).  

Interestingly, preliminary studies ongoing in our laboratory have shown that sAnk1 

proteins levels are reduced in the skeletal muscle of aging wild-type mice compared to 

young mice of the same strain (see chapter 5). Another study used siRNA to knock down 

sAnk1 expression in mouse myofibers and showed similar disruption of SR morphology 

and functionality (125).  This study showed sAnk1 knock down significantly disrupted 

SERCA1 localization and protein levels, and first suggested the potential for sAnk1 and 

SERCA1 to interact in skeletal muscle 

E. Network SR Integrity Depends on sAnk1 

 In order to study the role of sAnk1 in skeletal muscle, Ackermann and colleagues 

used siRNA targeted to the 5’ untranslated region (UTR) of sAnk1’s mRNA in order to 

knock down its expression (125).  The reduced sAnk1 protein levels were accompanied 

by decreased levels of SERCA1 and SLN protein.  mRNA levels of both SERCA1 and 

SLN were not altered.  The localization of nSR proteins SERCA and SLN were 

significantly disrupted when sAnk1 was absent, in contrast to  proteins of the triad 

junction and sarcomere, which were only moderately effected, if at all.  In some cases the 

knock down of sAnk1 was only partial.  Colocalization analysis between residual sAnk1 

and SERCA1 was shown to be reduced by a factor of 2 compared to controls.  

Interestingly, the level of colocalization between the residual sAnk1 and SLN was 

unchanged at low sAnk1 levels.  Rescue of SERCA1 and SLN localization was observed 

when sAnk1 was reintroduced into the muscle fibers.  Consistent with these results, 

myofibers depleted of sAnk1 had reduced Ca2+ uptake kinetics and lumenal SR Ca2+ 
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stores.  Ackermann et al. speculate that based on these data, sAnk1 may interact with 

either SERCA or SLN.  This prompted us to examine this possibility more closely in this 

thesis   

F. Research Significance and Goals 

 All eukaryotic cells must maintain Ca2+ homeostasis in order to remain viable and 

functional.  Disruption of Ca2+ homeostasis has been linked to several human diseases, 

including heart disease and muscular dystrophy.  Therefore, the mechanisms which 

regulate intracellular Ca2+ ([Ca2+]i)are extensively researched.  By pumping Ca2+ from the 

cytosol back into the ER or SR lumen, SERCA plays a major role in maintaining low 

[Ca2+]i.  SERCA’s importance is exemplified by the ubiquitous expression of its various 

isoforms, and its link to human disease when expression or function is compromised (29, 

126).  Brody’s and Darier’s disease are two human genetic conditions caused by 

mutations in SERCA1 and SERCA2, respectively (126).  Other studies have implicated 

SERCA in various types of cancer, including colon cancer, lung cancer, head and neck 

squamous cell carcinoma and liver tumors linked to hepatitis B virus (126-129).   

 Reduction in SERCA activity levels has also been documented in muscular 

dystrophies (130, 131).  In skeletal muscle, elevated [Ca2+]i can contribute to the 

dystrophic phenotype by activation of Ca2+ dependent proteases (e.g. calpain) and lead to 

necrosis through inducing mitochondrial permeability transition pore formation (132-

135).  A 2011 study examined the idea that Ca2+ was a “final common pathway” for the 

muscular degeneration observed in muscular dystrophies.  It showed that overexpression 

of SERCA1 in muscle was able to improve the phenotype in three separate dystrophic 

mouse models, suggesting that reduction of intracellular Ca2+ alone may be a viable 
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therapeutic strategy (136).  Furthermore, reduced SERCA functionality is described in 

nearly all models of heart failure (137-140).  Consistent with this, mutations in the 

SERCA regulator, PLN, have been linked to dilated cardiomyopathies in humans.  As 

heart disease is the leading cause of death in the United States, accounting for 

approximately 1 in every 4 deaths according to a 2015 update from the CDC 

(http://www.cdc.gov/heartdisease/facts.htm), the importance of understanding causative 

mechanisms is paramount.   

 The broad spectrum of diseases associated with SERCA dysregulation or 

dysfunction make it an appealing system to study and manipulate.  As previously 

mentioned, gene therapy to overexpress SERCA1 or SERCA2 may be able to treat 

muscular dystrophies and cardiomyopathies, respectively.  Additionally, recent studies 

investigating the mechanism by which SLN promotes SERCA mediated thermogenesis in 

mice have huge implications for fighting obesity (79).  While PLN and SLN are well 

known regulators of SERCA, there is still much to understand about how they 

coordinately function to modulate SERCA activity.  Of course, the discovery of 

additional proteins that regulate SERCA increases the complexity of this system, making 

translational studies potentially more difficult. 

 The goal of the current study was to investigate the possibility, raised by the 

discovery of Ackermann et al. (see above), that sAnk1 interacts directly with SERCA1.  

In Chapter 2, I show that this is indeed the case, and that the interaction, like that between 

SERCA1 and SLN, is mediated at in part by TM interactions as hypothesized.  We 

further demonstrate that separate cytoplasmic contacts also contribute to sAnk1’s ability 

to interact with SERCA1.  Additionally, chapter 2 reports on the effects of sAnk1 on 
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SERCA1 activity.  In Chapter 3, I document the interactions between sAnk1 and SLN 

and the effects of SLN on the interactions between SERCA1 and sAnk1.  In Chapter 4, I 

present evidence consistent with a possible role of sAnk1 in the muscular dystrophy seen 

in the mdx mouse and in the loss of muscle function associated with aging in mice.  My 

results reveal a new mechanism of SERCA1 regulation that is essential for muscle health.  
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Table 1.1. The ATP2A Family of Genes 

Description of the ATP2A gene family.  These three genes encode the various SERCA 

isoforms.  Indicated ate their chromosomal location in both human and mouse. 
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Figure 1.1. Skeletal Muscle Structure 

A muscle fiber is a single multinucleated cell made up of many myofibrils.  Each 

myofibril is surrounded by a membranous network known as the sarcoplasmic reticulum.  

The repeating unit of each myofibril is known as a sarcomere which is organized into the 

thick (myosin) and thin (actin) filaments, and give the muscle its striated appearance.  

The thin filaments make up I band region which is bisected by the Z-disk and the thin 

filaments make up the A band region which is bisected by the M line.  The bottom 

section shows a close up image of a sarcomere obtained using electron microscopy.  This 

image has been adapted from Lehninger Principles of Biochemistry Fifth Edition by 

Michael M. Cox and David L. Nelson, 2008. 
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Figure 1.2. The Membrane Systems of a Skeletal Muscle Fiber. 
 

A skeletal muscle fiber contains two highly specialized membrane systems.  

Invaginations of the surrounding plasma membrane (sarcolemma) run through each 

myofiber to create the transverse tubules (t-tubules).  A second internal membrane system 

called the sarcoplasmic reticulum (SR) stores the calcium required for muscle 

contraction.  The SR consists of the junctional SR or terminal cisternae, and the network 

SR.  The junctional SR and t-tubles form structures called triads, and together work to 

regulate calcium release.  The network SR is responsible for the reuptake of calcium 

following muscle contraction. This image has been adapted from 

http://completesoccertraining.blogspot.com/2012/05/functional-anatomy-of-skeletal-

muscle.html 
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Figure 1.3. Domains of SERCA 

SERCA1a shown in its Ca2+-bound state (E1Ca2).  The Ca2+-ATPase consists of 10 

transmembrane spanning helices which comprise the 2 Ca2+ binding sites located within 

the transmembrane region.  The cytoplasmic portion of SERCA1a consists of three 

distinct domains: the actuator (A) domain, the phosphorylation (P) domain, and the 

nucleotide binding (N) domain.  These domains coordinate the binding and hydrolysis of 

ATP required for transporting Ca2+ from the cytoplasm to the SR lumen.  This image has 

been adapted from Green, N. M., MacLennan, D.H. Structural biology: calcium 

calisthenics. Nature. 418, 598-599 (2002). 
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Figure 1.4. SERCA Reaction Cycle 

The E1 and E2 states represent SERCA in its high and low Ca2+ affinity conformations, 

respectively.  Starting from the top left: Two Ca2+ ions bind sequentially followed by 

ATP binding and enzyme phosphorylation at D351.  Release of ATP stimulates the E1 to 

E2 conformational change and translocation of Ca2+.  SERCA dephosphorylation occurs 

via nucleophilic attack of a water molecule on the aspartylphosphate intermediate. This 

figure has been adapted from reference(65). 
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Figure 1.5. Small Ankyrin and Comparative Sequence Alignment 

A. Schematic representation of the sAnk1 (Ank1.5) protein.  sAnk1 has a unique N-

terminal domain which is composed of 73 amino acids.  The first 29 amino acids 

comprise the transmembrane domain.  The 82 C-terminal amino acids of sAnk1 are 

conserved with the larger canonical ankyrin isoforms.  B. Sequence alignment of the C-

terminal 100 amino acid residues of human Ank1.5 and several other ankyrin isoforms 

shows significant sequence conservation. 
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Chapter II. Identification of sAnk1 as a Novel SERCA1 Regulatory Protein in 

Skeletal Muscle1 

A. Abstract 

 Small Ankyrin 1 (sAnk1) is a 17 kDa transmembrane (TM) protein that binds to 

the cytoskeletal protein, obscurin, and stabilizes the network sarcoplasmic reticulum 

(nSR) in skeletal muscle.  We report that sAnk1 shares homology in its TM amino acid 

sequence with sarcolipin, a small protein inhibitor of the sarco(endo)plasmic reticulum 

Ca2+-ATPase (SERCA). Here we investigate whether sAnk1 and SERCA1 interact. Our 

results indicate that sAnk1 interacts specifically with SERCA1 in SR vesicles isolated 

from rabbit skeletal muscle, and in COS7 cells transfected to express these proteins.  This 

interaction was demonstrated by co-immunoprecipitation (coIP) and an anisotropy-based 

FRET method (AFRET).  Binding was reduced approximately two-fold by the 

replacement of all the TM amino acids of sAnk1 with leucines by mutagenesis.  This 

suggests that, like sarcolipin, sAnk1 interacts with SERCA1 at least in part via its TM 

domain.  Binding of the cytoplasmic domain of sAnk1 to SERCA1 was also detected in 

vitro.  ATPase activity assays show that co-expression of sAnk1 with SERCA1 leads to a 

reduction of SERCA1’s apparent Ca2+ affinity, but that sAnk1’s effect is less than that of 

sarcolipin.  The sAnk1 TM mutant has no effect on SERCA1 activity.  Our results 

suggest that sAnk1 interacts with SERCA1 through its TM and cytoplasmic domains to 

regulate SERCA1 activity and modulate sequestration of Ca2+ in the SR lumen.  The 

identification of sAnk1 as a novel regulator of SERCA1 has significant implications for 

                                                            
1 Patrick Desmond, Joaquin Muriel, Michele Markwardt, Mark Rizzo, Robert Bloch. As submitted to the 
Journal of Biological Chemistry. 2015. 
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muscle physiology and the development of therapeutic approaches to treat heart failure 

and muscular dystrophies linked to Ca2+ misregulation. 

B. Introduction 

The mechanisms that regulate calcium homeostasis are critical to the function and 

viability of eukaryotic cells.  In muscle, maintaining low resting intracellular Ca2+ 

([Ca2+]i  < 100 nM) compared to that found extracellularly (~2 mM) or within the lumen 

of the sarcoplasmic reticulum (SR; free, ~0.4 mM, total ~2 mM (19-22), is critical to 

excitation-contraction coupling (126).  The sarco(endo)plasmic reticulum calcium 

ATPase (SERCA) is the enzyme that pumps Ca2+ from the cytoplasm into the lumen of 

the SR, leading to muscle relaxation following contraction.  In mammals, there are three 

ATP2A genes that encode more than 10 different SERCA isoforms (29). The ubiquitous 

expression of one or more SERCA isoforms highlights its importance in the Ca2+ 

dynamics of muscle and non-muscle cells alike. Alterations in SERCA expression and 

activity are linked to several forms of muscular dystrophy and cardiomyopathies, 

including heart failure (126, 141-144).  In addition, age-related alterations in SERCA 

levels have been observed in both animal models of aging and senescent human 

myocardium, suggesting changes in SERCA activity may also be relevant to the aging 

process (29).   

The small transmembrane (TM) proteins, phospholamban (PLN) and sarcolipin 

(SLN), are the two most well-known regulators of SERCA activity.  PLN is expressed at 

high levels in the ventricles of the heart and at lower levels in the atria and in slow-twitch 

skeletal muscle (45-47).  SLN expression is more prominent in the atria and in fast-twitch 

skeletal muscle of larger mammals (44, 48, 50, 144-146).  SLN and PLN share extensive 
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homology in their TM sequences (48, 56, 88), which mediate their binding to several of 

the TM helices of SERCA (51, 55, 147-151).  The TM sequences also mediate homo- and 

hetero-oligomerization of PLN and SLN (54, 82, 87-89, 152-155). SLN and PLN also 

interact with SERCA via their lumenal and cytoplasmic sequences, respectively (52, 84, 

156).    

The binding of PLN or SLN to SERCA is associated with a reduction in 

SERCA’s apparent Ca2+ affinity (57), and both proteins together have been reported to 

have a synergistic effect, leading to super-inhibition of SERCA, presumably through 

forming a ternary complex (51, 54).  Recent studies demonstrate that  PLN and SLN  can 

be co-expressed in both human and rodent skeletal muscle tissue, suggesting that super-

inhibition of SERCA activity may play a significant role in the regulation of intracellular 

Ca2+ (83, 84).  Another small SR protein, myoregulin (MLN), which like SLN interacts 

with SERCA1 and inhibits its activity, has also been recently reported (41). 

Small ankyrin 1 (sAnk1, also known as Ank1.5), an alternatively spliced product 

of the ANK1 gene, is a 155 amino acid TM protein (109, 110, 157). The 82 C-terminal 

cytoplasmic residues share homology with the larger members of the ankyrin 

superfamily, while the 73 N-terminal residues are unique to sAnk1 and include a TM 

domain in its most N-terminal sequence (91, 110, 158).  sAnk1 localizes to the network 

compartment of the SR (nSR) (91, 110, 114, 116-118, 125, 159) and colocalizes with 

SERCA1 in the nSR surrounding Z-disks (109, 125).  The C-terminus of sAnk1 protrudes 

into the cytoplasm (91) where it can interact with the giant myofibrillar proteins, obscurin 

and titin (115-117).  These interactions provide a potential connection between the nSR 
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membrane and the underlying contractile apparatus, and are thought help to organize the 

SR membrane around each sarcomere (116, 122, 160). 

In a 2011 study, Ackermann et al. examined the effects of reducing the expression of 

sAnk1 in mouse myofibers using siRNA targeted to the 5’ UTR of its mRNA (125).  

Decreases in sAnk1 mRNA and protein levels were accompanied by a reduction in both 

SERCA and SLN protein (but not mRNA) levels.  Consistent with these results, Ca2+ 

uptake kinetics and lumenal SR Ca2+ stores  were reduced in myofibers depleted of 

sAnk1 (125). Reintroducing sAnk1 by transfection rescued SERCA localization.  

Remarkably, the loss of sAnk1 significantly disrupted SERCA and SLN localization 

within the nSR but had much smaller effects on proteins of the triad junction and 

sarcomere (125).  More recently, Giacomello et al. showed that muscle cells lacking 

sAnk1 due to homologous recombination have a compartment that was both reduced in 

size and slower to take up Ca2+ (124). These observations suggested that sAnk1 may play 

a broader role than initially believed in the organization and stabilization of the nSR.  

One possibility that we considered is that sAnk1 can interact directly with SERCA and 

that in its absence the nSR membrane either does not form or is unstable if it does.  Here 

we test this hypothesis in experiments to examine the interactions between sAnk1 and 

SERCA. 

C. Experimental Procedures 

 Materials— The chemiluminescence kit used for immunoblotting was from 

Applied Biosystems (Foster City, CA).  Thapsagargin (TG), A23187, and ATP were from 

Sigma Chemical Co. (St. Louis, MO). Dynabeads coupled with sheep anti-mouse IgG or 

sheep anti-rabbit IgG and Lipofectamine were from Invitrogen (Carlsbad, CA).  Pi 
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ColorLock ALS reagents were from Novus Biologicals (Littleton, CO).    Amylose resin 

was from New England Bioloabs (Ipswich, MA).  All buffers were supplemented with 

Complete Protease Inhibitor Cocktail Tables (Roche; Indianapolis, IN). 

 Antibodies—Primary antibodies against sAnk1 were made by injecting rabbits 

with the C-terminal sequence of sAnk1 (C-Ahx-VKRASLKRGKQ-OH)3 linked to BSA.  

Antibody generation and affinity purification was carried out by 21st Century 

Biochemicals, Inc. (Marlborough, MA). Other primary antibodies used include: SERCA1 

(IIH11 mAb), Ryanodine receptor-1 (RyR1) (34C mAb), and triadin (GE 4.90 mAb) 

from Thermo Scientific (Waltham, MA); Junctophilin-1 (JPH1) (ab57425 mAb) from 

abcam (Cambridge, MA); JPH1 (40-5100 rabbit pAb) from Invitrogen; FLAG (M2 mAb 

and rabbit pAb, Sigma; mCherry (rabbit pAb, Biovision (Milpitas, CA)); MBP (E8302 

mAb); mouse IgG1κ (MOPC-21, Sigma); rabbit IgG (Jackson ImmunoResearch (West 

Grove, PA)); and SLN (rabbit pAb, Proteintech Group (Chicago, IL)).  

 cDNA construction—Rabbit cDNAs encoding SERCA1 and an N-terminal 

FLAG-tagged sarcolipin (NF-SLN) in the pMT2 vector were gifts from Dr. David 

MacLennan (University of Toronto).  SERCA1 cDNA was extracted by digestion with 

EcoRI, and inserted into the pCDNA3.1 (-) vector.  A C-terminal FLAG-tagged sAnk1 

was generated by digesting sAnk1 cDNA from the pmCherry-N1 vector constructed 

previously (114) with EcoRI and BamHI, and ligating it into p3xFLAG-CMV-14. Sense 

(5’CCGATCATGGAGCGATCCACCCGGGAGCTGTGTCTCAACTTCACTGTTGTC

CTTATTACAGTGATCCTTATTTGGCTCCTTGTGAGGTCCTACCAGTACTGAG3’) 

and antisense 

(5’AATTCTCAGTACTGGTAGGACCTCACAAGGAGCCAAATAAGGATCACTGT
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AATAAGGACAACAGTGAAGTTGAGACACAGCTCCCGGGTGGATCGCTCCATG

ATCGGAGCT3’) oligomers of the rabbit SLN coding region were synthesized with SacI 

(5’) and EcoRI (3’) overhanging restriction sites (Integrated DNA Technologies, 

Coralville, IA) and hybridized.  The hybridized SLN oligomer, as well as cDNAs 

encoding SERCA1 (5’ SacI, 3’ EcoRI), sAnk1 (5’ KpnI, 3’ EcoRI) and dysferlin (5’ 

KpnI, 3’ BclI) were all inserted into the pmCerulean3-C1 (CFP) and pmVenus-C1 (YFP) 

vectors.  Construction of the mCerulean3: mVenus conjugate has been described (161, 

162).   

 Transfection— COS7 cells (American Type Culture Collection, Manassas, VA) 

were cultured in DMEM supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin in an atmosphere of 10% CO2/90% air and transiently transfected 

with cDNA at a concentration of 1 μg/mL  and either Lipofectamine 2000 (Invitrogen) or 

LipoD293 (SignaGen, Gaithersburg, MD), according to manufacturer’s protocols.  When 

two cDNAs were transfected together, we used a ratio of 1:2 (SERCA1 cDNA: X, where 

X was sAnk1 or SLN cDNA). Cells were seeded to achieve ~70-80% confluency at time 

of transfection, and incubated for 48h to allow protein expression.  Cells seeded on 35 cm 

tissue culture plates with glass bottoms (MatTek, Ashland, MA) were washed with 

Hank’s balanced salt solution + 0.1%  bovine serum albumin and used for anisotropy-

based fluorescence resonance energy transfer (AFRET).  Cells in 10 cm tissue culture 

dishes were washed twice with PBS, detached with a cell scraper, homogenized and 

subjected either to differential centrifugation (163) to obtain a microsomal fraction for 

ATPase measurements, or subjected to centrifugation at 12,000 x g and solubilized in a 

solution containing 0.5% Tween-20 (see below) for co-immunoprecipitation studies.  
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 Co-immunoprecipitation—CoIP experiments were performed as described in 

(164), with preparations of SR vesicles isolated by the method of Eletr and Inesi (165, 

166) from rabbit skeletal muscle from the back and hind limb (Pel-Freez, Rogers, AR), or 

from crude membrane extracts of COS7 cells prepared as described (163, 167).  For the 

latter, COS7 cells were harvested in PBS at 48h following transfection, collected by 

centrifugation, frozen in liquid N2 and stored at -80°C until needed.   Briefly, pellets were 

homogenized with 30 strokes of a glass Dounce homogenizer in resuspension buffer 

(0.25 M sucrose, 10 mM Tris-HCl, pH 7.5, 20 mM CaCl2, 3 mM 2-mercaptoethanol, 150 

mM KCl), and solubilized with an equal volume of lysis buffer (40 mM HEPES-NaOH, 

pH 7.5, 300 mM NaCl, 2 mM EDTA, 1% Tween 20).  SR vesicles were prepared for 

coIP by the same methods for resuspension and solubilization.  The muscle and cell 

extracts were pre-cleared with 50 µL uncoated Dynabeads.  The pre-cleared extracts were 

mixed with antibody-coated Dynabeads (5ug antibody/50uL beads) and incubated at 4oC 

for 4h.  Following ≥ 5 washes in washing buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 

1 mM EDTA, 0.5% Tween 20), protein was eluted by boiling the beads in 70 µL SDS-

PAGE sample loading buffer.  Proteins in the samples were separated by SDS-PAGE and 

analyzed via immunoblot as described (168). 

 Microscopy— Cultures of COS7 cells transfected as described above were fixed 

in PBS containing  4% paraformaldehyde and 4% sucrose for 15min at room temperature 

and mounted in Vectashield (Vector Laboratories, Burlingame, CA).  Confocal 

microscopy used a Zeiss 510 META system (Carl Zeiss, Thornwood, NY) equipped with 

a 63X, 1.4 numerical aperture objective lens.  Images were collected by exciting the 

samples at 458 nm (CFP) and 514 nm (YFP), provided by an argon laser, and collected 
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through 480-520 nm (CFP) and 530-600 nm (YFP) BP filters.  Co-localization was 

assessed by Pearson’s coefficients with ImageJ software 

(http://rsb.info.nih.gov/ij/index.html), and the Just Another Co-localization Plugin (169).   

 To study the interaction between SERCA1 and sAnk1 by AFRET, transfected 

COS7 cells on cover slips were washed with HBSS + 0.1% BSA without phenol red and 

examined with a specially equipped Zeiss AxioObserver microscope (170) with a 20X, 

0.75 numerical aperture dry objective lens.  Details of the filters used to collect emissions 

and equations used to analyze the data have been described (170, 171).  Briefly, fields 

were illuminated with vertically polarized light and the intensity of emitted light was 

measured in planes parallel (V) and perpendicular (H) to that used for illumination.  

Emissions were collected for donor, acceptor, and FRET (excite donor, collect acceptor) 

fluorescence in both planes.  Image J software was used to stack and align the images 

(16-bit) and to collect mean intensity values from a minimum of 3 regions of interest 

(ROI) per cell.  ROIs were excluded if their mean pixel intensity value was < 2000 above 

background. Microsoft Excel was used to calculate anisotropies and FRET, indicated by a 

non-zero difference between the anisotropy measured for the FRET channel compared to 

the anisotropy measured for the donor (Δr = rCFP – rFRET).  The many advantages of 

AFRET over other FRET methods have been discussed (161, 172).  

 Blot overlay assay— The blot overlay assay was performed as described (116, 

173) with minor modifications.  Aliquots containing 10 µg of SR vesicle protein, purified 

as described above, were separated on 4-12% SDS-PAGE gels and transferred to PVDF 

membranes.  Blots were placed in overlay buffer (50 mM Tris, pH 7.5, 120 mM NaCl, 

3% BSA, 2mM dithiothreitol, 0.5% NP-40, 0.1% Tween-20) for 4h at 25°C and then 
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incubated with 3 µg/mL MBP or  sAnk1 (29-155)-MBP in overlay buffer for 12h at 4°C.  

The generation and purification of these fusion proteins were as described (117).  A 

separate section of the membrane was reserved to identify SERCA1.  Blots were washed 

extensively with overlay buffer and once with TBS, pH 7.4, plus 0.5% Tween-20 

(TBST).  The blots were blocked in TBST + 4% non-fat dry milk for 4h at 25°C and 

probed with antibodies to MBP (overlay portion) and SERCA1 (non-overlay portion).  

Immunoblots were completed as described above. 

 MBP pull down assay— Maltose Binding Protein (MBP) and sAnk1 (29-155)-

MBP fusion protein (20 µg) were bound to 50 µL of amylose resin in MBP column 

buffer (20 mM Tris-HCl, 200 mM NaCl, 1mM EDTA).  Resin was washed extensively 

with column buffer and once with IP lysis buffer (see above) and then mixed with 250 µg 

protein from COS7 cell lysates transfected to express SERCA1 (see above), and 

incubated for 12h at 4°C.  After the amylose resin was washed extensively in IP buffer, 

bound proteins were eluted by boiling in 50 µL SDS-PAGE sample loading buffer and 

analyzed via SDS-PAGE and immunoblotting methods (168). 

 Assay of Ca2+-ATPase activity—ATPase activity was measured in microsomes 

prepared as described (163) from transfected COS7 cells with a colorimetric assay to 

detect inorganic phosphate (Pi) released during ATP hydrolysis.  Microsomal vesicles (20 

μg/ml) were incubated in assay buffer (20 mM MOPS, pH 7.0, 100 mM KCl, 5 mM 

NaN3, 5 mM MgCl2, 1 mM EGTA, 2.5 mM ATP, 2 μM ionophore A23187) .  Reactions 

were initiated by addition of different amounts of CaCl2 to achieve desired [Ca2+
free], as 

calculated by Maxchelator webware 

(http://maxchelator.stanford.edu/webmaxc/webmaxclite115.html). Following a 30min 



 
39 

 

incubation at 37°C, reactions were loaded in triplicate onto 96 well plates and terminated 

by addition of Pi ColorLock ALS reagent to detect Pi.  Absorbance was read 30min later 

at 635 nm on a Tecan Infinite M1000 Pro spectrophotometer.  Immunoblots were used to 

measure levels of SERCA1 in each experimental group.  Densitometric analysis with 

ImageJ quantified the relative expression levels of SERCA1 in the different cell 

preparations to normalize the measured ATPase activity.  Activity values are reported as 

percentage of the maximum level of activity when SERCA1 was expressed alone. 

 Transmembrane modeling and protein docking—The TM region of sAnk1 and 

SLN were modeled with I-TASSER (174) and the sequences of the human proteins.  

ClusPro version 2.0 was used for automated protein docking simulation (175-178).  The 

sAnk1 TM model obtained from I-TASSER was docked to the crystal structure of 

SERCA1 (4H1W). Models were visualized and annotated with DeepView, the Swiss-

PdbViewer version 4.10 (179).   

 Statistics—Values are reported as mean ± SE.  Each data point for AFRET 

experiments represents the average Δr value from all valid ROIs (see Microscopy for 

criteria).  T-tests compared these values to a theoretical mean of zero to determine if the 

mean AFRET value was statistically significant. Student’s t-test’s were used to compare 

sAnk1 (WT) and (all-L) for coIP and AFRET experiments with p < 0.05 being 

considered significant. Results of assays of ATPase activity were fit to the equation for 

an allosteric sigmoidal model (Y=Vmax*[S]h/(Kprime + [S]h): (77, 180).) from data 

acquired in 4 experiments conducted on microsomes from 3 independent transfections. 

KCa2+ ([Ca2+]free resulting in half-maximal activation) was calculated using nonlinear 

regression analysis.  All graphs were produced with GraphPad Prism 5 software (La 
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Jolla, CA). Statistics were evaluated with one-way ANOVA with p < 0.05 being 

considered significant. 

 Protein accession numbers— The NCBI accession numbers for the proteins 

studied here are: SERCA1 (Rabbit-NP_001082787), sAnk1 (Human-NP_065211.2; 

Mouse-NP_001264213; Rat-Not available), SLN (Human-NP_003054; Mouse-

NP_079816; Rat-NP_001013265), PLN (Mouse-NP_001135399), MLN (Mouse-

NP_001291668). 

D. Results 

 The TM domain of sAnk1 shares sequence similarity with SLN— The observation 

that sAnk1 colocalizes with SERCA1 and is required for the structural integrity of the 

nSR suggested a possible interaction between sAnk1 and SERCA1.  SLN is the major 

regulator of SERCA1 activity in skeletal muscle, and it is known to associate with 

SERCA through transmembrane (TM) interactions (55).  For these reasons, we compared 

the TM amino acid sequences of sAnk1 and SLN.  As sAnk1 and SLN are oriented in 

opposite directions within the SR membrane (Fig. 1a), we aligned the two sequences 

accordingly (Fig. 1b).  The TM domains of these proteins were 29% identical and 53% 

conserved, for an overall similarity of 82% (Fig. 1c). We also found that sAnk1 shared 

considerable sequence similarity with PLN (76%), and to a lesser extent with MLN 

(47%, Fig 1d).   

To determine the significance of the sequence similarity between sAnk1 and SLN, 

we searched a database comprised of 13,607 TM sequences for the identical residues 

shared between sAnk1 and SLN (181).   We found that 0.75% of sequences in this 

database contain the sequence TVLL or its reverse, LLVT, suggesting that the sequence 
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similarity is significant.  We also used the values of Senes et al. (181) for the frequency 

at which each amino acid occurs at a particular position in TM sequences, to calculate the 

chances of the 17-FXXXXXTVLL-8 sequence occurring randomly. This probability was 

<.00002. Consistent with these observations, NCBI BLAST alignment of the TM 

domains of sAnk1 and SLN gave an E-value of 7E-4. These results indicate that the 

similarity between these sequences is highly significant (182).     

Interestingly, two of the residues that sAnk1 shares with SLN, V19 and L21 (V10 

and L8 of sAnk1), mediate SLN’s ability to reduce the affinity of SERCA1 for Ca2+ (56).  

Therefore we hypothesized that, like SLN, sAnk1 interacts with SERCA1 and that this 

interaction occurs at least in part via its TM domain. 

 Interaction of sAnk1 and SERCA1— We first studied the interaction between 

SERCA1 and sAnk1 by co-immunoprecipitation (coIP), performed with SR vesicles 

prepared from rabbit skeletal muscle (see Methods).    Immunoblots of the proteins in the 

precipitate indicated that IP of SERCA1 resulted in specific coIP of sAnk1 (Fig. 2a, left).  

Similarly, blots of immunoprecipitates (IPs) generated with antibodies specific to sAnk1 

showed coIP of SERCA1 (Fig. 2a, right).  Ryanodine receptor 1 (RyR1) is the calcium 

release channel located in the SR membrane of skeletal muscle and is known to interact 

with several proteins at the triad junction, including the transmembrane proteins triadin 

and junctophilin-1 (JPH1)  (10, 183).  To confirm the specific interaction between 

SERCA1 and sAnk1, antibodies specific for JPH1 were compared to antibodies to sAnk1 

in their ability to coIP SERCA from SR vesicles.  Again, western blot analysis of the 

eluates confirmed that SERCA1 coimmunoprecipitated with sAnk1, but that triadin and 

RyR1 did not.  Antibodies to JPH1 resulted in coIP of both RyR1 and triadin, but not 



 
42 

 

SERCA1 or sAnk1 (Fig. 2b).  These results suggest that SERCA1 and sAnk1 interact 

specifically to form a distinct complex within the membranes of isolated SR vesicles.    

Interactions between SERCA and other proteins are commonly studied with 

exogenous expression systems to facilitate manipulation of experimental conditions.  One 

such method involves the preparation of microsomes from transfected eukaryotic cells 

(167), which we have adopted here.  We co-transfected COS7 cells with SERCA1-

pcDNA3.1 and with either sAnk1-mCherry or empty mCherryN1 vector.  We isolated a 

crude microsomal fraction from the cells ~48h later, dissolved them in detergent solution 

and subjected them to IP with antibodies against SERCA1 or mCherry.  Results showed 

that IP of either SERCA1 or sAnk1-mCherry led to coIP of the other protein, but that 

coIP did not occur from homogenates containing mCherry and SERCA1 (Fig. 3a).  In all 

cases, the level of specific IP and coIP was several fold greater than that of the non-

specific signals observed after IP with non-immune IgG.  IP of SERCA1 or a FLAG-

tagged sAnk1 variant (sAnk1-FLAG) was also able to coIP the other protein when co-

expressed in COS7 cells (Fig. 7a), suggesting that the association of these proteins in 

COS7 cells was not impacted significantly by the epitope tag.  These results further 

support the idea that sAnk1 and SERCA1 interact specifically.   

We next assessed the interaction of SERCA and sAnk1 in COS7 cells co-

transfected with SERCA1-CFP and sAnk1-YFP.  Both proteins distributed in a reticular 

pattern, typical of localization to the endoplasmic reticulum (ER; Fig. 4), although some 

may reside in other membrane compartments, including the Golgi complex.  Co-

transfections with DS-Red-KDEL (the gift of Dr. S. Feng, University of Maryland, 

Baltimore) confirmed the identity of this membrane compartment as ER (not shown).  
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Analysis with Pearson’s correlation coefficient showed significant colocalization 

of SERCA1-CFP and sAnk1-YFP (0.74 ± .03: Fig. 4A).  The level of codistribution was 

comparable when the CFP and YFP moieties were switched (0.83 ± .02; Fig. 4B).  

Colocalization studies of SERCA1-CFP and SLN-YFP (0.74 ± .031: Fig. 4C) and 

SERCA1-CFP and sAnk1 (all-L)-YFP (0.72 ± .01: Fig. 4D) gave similar results. 

We studied the co-transfected COS7 cells further using an anisotropy-based 

fluorescence resonance energy transfer (AFRET) assay to determine if SERCA1 and 

sAnk1 reside within molecular distances (≤ 10 nm) of each other in living cells.  The 

method is based on the principle that a fluorescently labeled protein excited with 

polarized light will emit highly polarized photons, leading to large anisotropy values 

(161, 172).  A nearby acceptor fluorescent protein is not fully constrained to the original 

polarization plane, resulting in reduced anisotropy if FRET occurs between the donor and 

acceptor.  By setting a minimum intensity cutoff required for inclusion of any region of 

interest (ROI), we ensured AFRET was examined only in areas of the cell that co-

expressed donor and acceptor.  

Our results with COS7 cells transfected with cDNAs encoding SERCA1-CFP and 

sAnk1-YFP are shown in Fig. 5a.  A construct encoding the CFP and YFP proteins 

tethered to one another was used as an intramolecular control to ensure effective 

transfection and detection of AFRET (Δrmean = .125 ± .004, data not shown).  The results 

indicate that the FRET donor-acceptor pair, SERCA1-CFP and sAnk1-YFP, exhibited 

energy transfer (Δrmean = .026 ± .004).  This value was significantly different from zero (p 

< .0001), but less than that obtained in similar studies of SERCA1-CFP and SLN-YFP 

(Δrmean = .064 ± .006; p < .0001).  Dysferlin, a protein of the transverse tubules of skeletal 
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muscle (184), was used as a negative control.  In COS7 cells, YFP- tagged dysferlin 

localizes primarily to the ER with SERCA1 and sAnk1 (Pearson’s coefficient = 0.47 ± 

.04 and 0.56 ± .12, respectively; Fig. 4E and 4F), with small amounts in the plasma 

membrane and, perhaps, the Golgi complex.  When YFP-dysferlin was used as the 

acceptor, FRET measured in the intracellular membrane compartment was not observed 

when SERCA1-CFP or sAnk1-CFP was co-expressed as the donor (Δrmean= -.035 ± .006 

and -.028 ± .006, respectively).  Additionally, there was no AFRET observed in the 

absence of acceptor (SERCA alone; Δrmean = -.033 ± .003).  These data indicate that 

sAnk1 and SERCA1, co-expressed as fluorescent fusion proteins in COS7 cells, reside 

within molecular distances of one another.   

 sAnk1 interacts with SERCA1 through its transmembrane domain— The TM 

domains of SLN and PLN play a pivotal role in the ability of each to interact with 

SERCA (51).  Due to the sequence similarity between sAnk1 and SLN, we hypothesized 

that sAnk1’s TM domain would play a role in its association with SERCA1.  To test this, 

we constructed a sAnk1 mutant which had TM amino acid residues 4-20 mutated to 

leucine, sAnk1 (all-L).  Importantly, sAnk1 (all-L) is expressed and targeted in a manner 

indistinguishable from WT sAnk1 (Fig. 3 and 4). Analysis of its colocalization with 

SERCA1 gave Pearson’s coefficients that were identical to wild type (0.72 ± .01), 

indicating that it too concentrates with SERCA1 in the ER.  Experiments in COS7 cell 

extracts showed that antibodies to sAnk1 coimmunoprecipitated only 49 ± 6 % of 

SERCA1 from microsomes with sAnk1 (all-L) compared to WT (Fig. 3b (right) and 3d).  

Similarly, antibodies to SERCA1 coimmunoprecipitated 49 ± 5 % sAnk1 (all-L) 
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compared to WT sAnk1 (Fig. 3b (left) and 3c).  These results suggest that the TM domain 

mediates binding of sAnk1 to SERCA1 in the microsomes of COS7 cells. 

We next utilized AFRET to determine if the sAnk1 (all-L) mutant interacts with 

SERCA1 in living cells.  As expected, sAnk1 (all-L) showed a reduced AFRET signal 

(Δrmean =.017 ± .005) compared to that of WT sAnk1 (Δrmean = .043 ± .005; Fig. 5b p = 

0.0008).  As above, SERCA-CFP and SLN-YFP was used as a positive control (Δrmean = 

.054 ± .006).  These results support the idea that the TM domain of sAnk1 plays a role in 

binding to SERCA1 in living cells. 

Effect of sAnk1 on SERCA1s Ca2+-ATPase activity— We used a colorimetric 

assay of Pi release to determine if sAnk1 alters SERCA1’s ATPase activity.  We 

prepared microsomes from COS7 cells that were transfected to express SERCA1 alone, 

or SERCA1 in combination with FLAG-SLN or sAnk1-FLAG, and assayed them for 

Ca2+-dependent, thapsigargin-sensitive ATPase activity.  The microsomes containing 

only SERCA1 showed the highest apparent affinity for Ca2+, with a KCa2+ ([Ca2+]free 

resulting in half-maximal activation) of 468 nM, equivalent to a pCa2+ = 6.33; Table 1) .  

Expression of a C-terminal FLAG-tagged sAnk1 variant with SERCA1  significantly 

inhibited SERCA1 by reducing its apparent Ca2+ affinity by -0.18 pCa2+ units in this 

experiment ( p < .05; Fig. 6a and b; the value was -0.20 for all studies; Table 1). This was 

significantly less than the inhibition obtained following co-expression of SERCA1 with 

SLN carrying an N-terminal FLAG tag (FLAG-SLN), which shifted SERCA1s apparent 

Ca2+ affinity by -0.38 pCa2+ units (p < .05).  These results suggest that sAnk1 inhibits 

SERCA1 by reducing its affinity for Ca2+, but that it is a less potent inhibitor than SLN. 



 
46 

 

To assess the role of the TM domain in sAnk1’s inhibition of SERCA1 activity, 

we measured ATPase activity in microsomes containing sAnk1 (all-L) and SERCA1.  

Expression of SERCA1 alone gave a value for pCa2+ = 6.31 ± 0.028.  Unlike WT sAnk1, 

which again significantly reduced SERCA1’s apparent Ca2+ affinity (ΔKCa2+ = -0.22 

pCa2+ units), the mutant sAnk1 failed to inhibit SERCA1 activity significantly (ΔKCa2+ = -

0.01 pCa2+ units; Fig. 6c and d).  The compiled results and statistical analysis for all 

ATPase assays performed for this study are summarized in Table 1. These findings 

suggest that, like SLN, the contacts made between the TM domain of sAnk1 and 

SERCA1 are essential to sAnk1’s ability to regulate SERCA1 activity. 

 sAnk1’s cytoplasmic domain interacts with SERCA1 in vitro— In addition to TM 

contacts, SLN and PLN are known to make luminal and cytoplasmic contacts with 

SERCA1, respectively (52, 53, 185).  As sAnk1 also has a long cytoplasmic extension, 

and as our coIP studies suggested that mutation of the TM domain alone was not 

sufficient to eliminate sAnk1-SERCA1 association, we investigated the possible 

interaction of sAnk1’s cytoplasmic domain with SERCA1 in vitro.   

We first performed coIP studies on extracts of COS7 cells transfected to express 

SERCA1 and WT sAnk1 or the cytoplasmic domain of sAnk1 (sAnk129-155), each with a 

FLAG epitope at its C-terminus.  Empty FLAG vector was used as a control. 

Immunoblots of the IP generated with antibodies to SERCA1 probed with anti-FLAG 

antibodies showed coIP of not only the WT sAnk1, as we reported above, but also of 

sAnk129-155. (Fig. 7a, bottom panel).  The intensity of the band in the coIP was less for the 

cytoplasmic domain than for the full length protein, however, consistent with the role of 

TM interactions in sAnk1-SERCA1 interactions noted in our experiments above.   
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We further confirmed interaction between the cytoplasmic domain of sAnk1 and 

SERCA1 using a bacterially expressed sAnk129-155 fused to maltose binding protein 

(MBP).  We bound amylose resin to sAnk129-155-MBP or MBP protein alone and 

incubated these samples with detergent extracts of COS7 cells transfected to express 

SERCA1.  Pull down of SERCA1 by the resins was assessed by immunoblot analysis.  

We found that the sAnk129-155-MBP fusion protein pulled down ~9-fold more SERCA1 

than the MBP control (Fig. 7b, top panel). 

Finally, we next performed blot overlay assays to determine if SERCA1 interacts with the 

cytoplasmic domain of sAnk1 directly.  SR vesicle proteins were separated by SDS-

PAGE, transferred to PVDF membranes and incubated with sAnk129-155-MBP fusion 

protein or MBP protein alone.  Probing the blots with anti-MBP revealed a band at ~110 

kDa only where sAnk129-155–MBP was overlaid.  Equivalent lanes were probed with anti-

SERCA1 to show this band corresponded with SERCA1 (Fig. 7c, left panel).  Equal 

loading was demonstrated by staining with Ponceau Red, which also showed a distinct 

band for SERCA1 at ~110 kDa.   Taken together with our coIP, Ca2+-ATPase assays, and 

AFRET data  (Fig. 5), these results indicate that sAnk1 associates with SERCA1 directly 

and that both its TM and cytoplasmic domains mediate this association. 

E. Discussion 

 Regulation of SERCA activity in both skeletal and cardiac muscle has been 

extensively investigated for over 20 years.  The majority of these efforts have focused on 

the homologous proteins, PLN and SLN.  These small TM proteins of the SR are 

differentially expressed in different muscle fibers while exhibiting a similar, though 

distinct, ability to modulate SERCA activity, mediated in part by the binding of their TM 
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domains to SERCA (48, 53, 56, 146, 186).  Binding is thought to occur within a pocket 

made up of SERCA’s TM helices M2, M4, M6 and M9 (82, 150), and leads to a 

reduction in SERCA’s apparent Ca2+ affinity (57). Our research has focused on sAnk1, a 

small protein encoded by the ANK1 gene that concentrates with SERCA in the nSR of 

skeletal muscle.  Previous studies from our laboratory established that reduced expression 

of sAnk1 is accompanied by disruption of the nSR and the loss of SERCA protein.  Here, 

we show that the TM domain of sAnk1 shares significant sequence similarity with SLN 

and mediates binding to SERCA and regulation of its enzymatic activity. We also show 

that, as in PLN-SERCA interactions (52, 53), the cytoplasmic domain of sAnk1 

contributes to the binding of sAnk1 to SERCA, and that this binding is direct.  Our results 

indicate that sAnk1 is a novel regulator of SERCA1 activity. 

sAnk1 was first identified as a small membrane-bound protein which co-purified 

with SERCA1 from enriched SR fractions of rabbit skeletal muscle (109).  It localizes to 

the SR surrounding M-bands and Z-disks, where its C-terminal, cytoplasmic domain is 

able to interact with obscurin (present at M-bands and Z-disks; (116, 117)) and titin 

(present at Z-disks; (118)).  Studies with mice lacking obscurin (122) or sAnk1 (124), as 

well as with mutant forms of sAnk1 expressed in skeletal myofibers, ongoing in our 

laboratory, are consistent with the idea that sAnk1’s binding to obscurin links the SR 

membrane to the underlying contractile apparatus.  Perhaps more significantly, however, 

sAnk1 is crucial in maintaining integrity of the nSR.  Using RNAi technology to reduce 

the expression of sAnk1, in flexor digitorum brevis (FDB) myofibers, we found that 

sAnk1 knockdown disrupts the nSR and also reduces the amount of SERCA protein 

(125).    These changes reduced SR Ca2+ load and the rate of Ca2+ clearance from the 
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cytosol following a 4-CmC- induced Ca2+ transient.  Furthermore, quantitative analysis of 

colocalization revealed that the remaining sAnk1 following knock down was only ~25% 

localized with SERCA1 compared to ~50% in controls.   

These observations raised the question of how sAnk1 influences the stability of 

the nSR and organization of proteins in the nSR membrane.  Comparisons showed that 

the TM sequence of sAnk1 is very similar to the TM region of SLN.  The total sequence 

similarity shared between both rodents and humans is > 80%, with 29% and 24% 

sequence identity, respectively. Our analyses reveal that these similarities are highly 

significant. As SLN interacts with SERCA via its TM domain (55), we predicted that 

sAnk1 would do so, too.  Co-immunoprecipitation experiments showed that sAnk1 and 

SERCA1 associated specifically in SR vesicles isolated from rabbit muscle and in 

membrane fractions from transfected COS7 cells.  Similarly, AFRET experiments in 

COS7 cells co-expressing pairs of CFP and YFP fusion proteins showed energy transfer 

from SERCA1-CFP to sAnk1-YFP.  This suggests that these proteins reside within 10 nm 

of one another in living cells (187) and are likely to interact directly.  Furthermore, Ca2+-

ATPase assays showed that co-expression of sAnk1-FLAG and SERCA1 significantly 

reduced SERCA1’s apparent Ca2+ affinity.  Together, these data support our hypothesis 

that sAnk1 is able to interact with SERCA1 to regulate its activity similar to SLN. 

Moreover, our experiments showing that the cytoplasmic domain of sAnk1 binds to 

SERCA1 in blot overlay experiments, indicate that the association of sAnk1 with 

SERCA1 is direct and not mediated by other proteins.  

We used a combination of coIP, AFRET and ATPase assays to elucidate the role 

of sAnk1’s TM domain in its ability to bind to SERCA1 and inhibit its activity.  We 



 
50 

 

found that the TM domain of sAnk1 is important in mediating its interaction with 

SERCA1.  sAnk1 (all-L) and SERCA1 were found to coIP together only ~50% as 

efficiently as WT sAnk1 and SERCA1. Similarly, AFRET analysis revealed a decrease in 

the Δrmean between SERCA1-CFP and sAnk1 (all-L)-YFP compared to WT.  The reduced 

interaction between SERCA1 and sAnk1 (all-L) suggests that sAnk1 may dock to 

SERCA1 in the same pocket, comprised of several of SERCA1’s TM helices, used by 

SLN and PLN.  We speculate that the binding that persists between SERCA1 and sAnk1 

(all-L) is due to sAnk1’s cytoplasmic domain. The most interesting effect of mutating 

sAnk1’s TM domain was the inability of the mutant to shift SERCA’s apparent Ca2+ 

affinity.  This observation suggests that specific amino acids within the TM region of WT 

sAnk1 are important for its inhibitory function. 

Recently, structural modeling was used to analyze the similarities between the 

alpha-helical TM region of SLN and myoregulin (MLN), another small protein of the SR 

membrane that can inhibit SERCA (41).  We used the same software to compare the TM 

regions of sAnk1 and SLN and found that several of the conserved TM residues of sAnk1 

shared similar spatial orientations with several identical and conserved residues of SLN 

(Fig. 8a).  In agreement with our hypothesis and our experimental observations, 

automated docking simulations predicted that the TM region of sAnk1 binds the same 

region of SERCA as SLN (Fig. 8b).  Closer examination of the predicted docking site of 

sAnk1 shows amino acid sidechains protruding into the binding pocket where SLN binds 

SERCA1 (55).  When compared to a published crystal structure of the SERCA1-SLN 

complex, it is clear that several of these residues are shared between sAnk1 and SLN 
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(Fig. 8c).  These models are consistent with sAnk1 binding to SERCA1 in the same 

pocket as SLN, PLN and MLN to modulate SERCA activity.  

The changes in binding and the ability of sAnk1 to inhibit SERCA1 activity when 

the TM domain is mutated to all leucines is particularly interesting considering the 

similarity between sAnk1 WT and sAnk1 (all-L).  WT sAnk1’s TM domain contains 6 

leucine residues, and 8 of the 11 remaining TM residues are hydrophobic.  Therefore only 

3 of the TM amino acid residues between positions 4 and 20 represent non-conservative 

mutations.  The 3 hydrophilic residues within the TM domain are Thr6, Glu7 and Thr11.  

We speculate that these residues may contribute to sAnk1’s ability to inhibit SERCA1 

activity, but we recognize that several specific hydrophobic residues may also play a role 

in modulating SERCA activity, as with SLN and PLN (51, 56, 164, 188, 189), including 

V10 and L8 residues, which are conserved between sAnk1 and SLN.   Future studies to 

determine the specific TM residues necessary for sAnk1 to exhibit its inhibitory effect 

will therefore be important. 

In addition to TM contacts, cytoplasmic and lumenal interactions are significant 

for PLN and SLN to regulate SERCA, respectively (52).  It was shown recently that 

mutation or deletion of the C-terminal residues of PLN led to improper localization and 

impaired regulatory activity (185).  Similarly, the highly conserved C-terminus of SLN is 

important for SLN function.  Gorski et al. showed that the lumenal tail of SLN (RSYQY) 

was required for SLN to inhibit SERCA1 activity maximally, and that a truncated SLN 

mutant lacking the 4 C-terminal amino acid residues inhibited SERCA1 activity less 

effectively than full-length SLN (84, 156).  These data are in agreement with earlier 

mutagenic studies that identified Y29, Q30, and Y31 as residues important for SLN’s 
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inhibitory effect (56).  The significance of SLN’s lumenal tail was further indicated with 

a chimeric PLN mutant which had these residues from SLN added to its C-terminus.  

This chimeric protein was super-inhibitory, and may help to explain the differences 

observed in the relative abilities of sAnk1 and SLN to inhibit SERCA1 activity (84).  

Future studies using chimeric variants of sAnk1 can address this possibility. 

As a significant portion of the sAnk1 polypeptide extends into the cytosol (91), 

we sought to determine if like PLN and SLN, sAnk1 could interact with SERCA1 

independently of the TM domain.  This was addressed using the cytoplasmic domain of 

sAnk1 (residues 29-155) in coIP, pull down, and blot overlay assays.  The results show 

that the cytoplasmic domain of sAnk1 is also able to interact with SERCA1, although less 

efficiently than full length sAnk1. This would be consistent with a model in which 

sAnk1-SERCA1 interactions are mediated by a combination of interactions occurring in 

the TM and cytoplasmic domains of both proteins. More extensive structural analyses 

and mutagenesis studies are under way to test this idea. 

Although sAnk1 interacts directly with SERCA1, it is not clear how, or even if, 

this interaction helps to stabilize or regulate the function of the nSR in muscle.  Short 

term incubation of myofibers with siRNA to reduce sAnk1 expression and elimination of 

sAnk1 completely by homologous recombination both lead to loss of the nSR and 

associated reductions in the rate of Ca2+ clearance from the myoplasm (124, 125),  

Decreased levels of sAnk1 should increase SERCA1 activity, leading to increased rates 

of Ca2+ clearance, but the effects of any such increase may be overridden by the loss of 

the nSR itself.  They may also be altered by changes in other proteins, such as SLN, that 

regulate SERCA activity but that may also interact with sAnk1 and the sAnk1-SERCA1 
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complex. These interactions may influence the stability of the nSR membrane either 

directly, through altered membrane curvature or changes in protein-protein or protein-

lipid binding, or indirectly, through changes in the handling of Ca2+.  Alternatively, the 

ability of sAnk1 to bind to cytoskeletal proteins, including obscurin (110, 114, 116, 159), 

may influence the stability of the nSR.  It will be of considerable interest to learn whether 

or not sAnk1’s cytoplasmic domain can bind obscurin and SERCA1 simultaneously.  

Alterations in expression and activity of SERCA in skeletal and cardiac muscle 

are linked to several forms of muscular dystrophy and cardiomyopathies, including heart 

failure (126, 141-144).  In addition, age-related alterations in SERCA levels have been 

observed in both animal models and senescent human myocardium, suggesting that it 

may be relevant to the aging process (29).  SERCA activity has also been shown to play a 

critical role in the pathogenesis of Alzheimer’s disease, exemplifying the broad 

implications of understanding SERCA regulation (39, 190, 191) and the significance of 

discovering potential targets for manipulating SERCA activity.   

  Here we have demonstrated that sAnk1 is able to interact with SERCA1 in 

skeletal muscle in a way much like SLN.  Furthermore, this interaction results in 

SERCA1 inhibition, as measured by a reduction in SERCA1’s apparent Ca2+ affinity.  

The possibility that the expression of sAnk1 is not limited to striated muscle suggests that 

it may play a more universal role as a regulator of SERCA activity in other tissues.  Co-

expression of sAnk1 with either SLN, PLN, or MLN in various tissues also suggests a 

more intricate level of co-regulation by multiple micropeptides and small proteins.    

Future studies will aim to determine if sAnk1 can interact with SLN and super-inhibit 

SERCA activity. 
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Table 2.1. ATPase Assays 

Shown is a summary of the compiled results of all ATPase assays presented in Figure 

2.6.  The KCa2+ ([Ca2+] required for half-maximal activation) is given in pCa2+ units 

(right-hand column) and nanomolar concentration (left-hand column).  The change in 

KCa2+ (ΔKCa2+) relative to control (SERCA1 Alone) is given in pCa2+ units. Results are 

mean values ± SE.  
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Figure 2.1. Sequence comparison in transmembrane regions of sAnk1 and SLN 

A. Relative orientation of sAnk1 and SLN within the SR membrane.   B. Residues that are 

identical or conserved in sAnk1 and SLN are highlighted in dark and light gray, 

respectively. C. Percent similarity between sAnk1 and SLN. D. Mouse amino acid 

sequence comparison of the transmembrane region of sAnk1, SLN, PLN and MLN.  

Similar residues are highlighted in gray. 
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Figure 2.2. CoIP of SERCA and sAnk1 from rabbit skeletal muscle.   

A. SR vesicles were solubilized and subjected to IP with antibodies to SERCA1 or 

sAnk1.  B. Specificity was demonstrated with an antibody to junctophilin-1 (JPH1), 

which co-immunoprecipitated RyR1 and TRDN but not SERCA1 or sAnk1.  Non-

immune rabbit or mouse IgG were used as controls and did not immunoprecipitate either 

SERCA1 or sAnk1.  The results show that SERCA1 and sAnk1 coIP specifically from 

solubilized SR vesicles.  
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Figure 2.3. CoIP of SERCA and sAnk1 from COS7 cells.   

A. Extracts of COS7 cells transfected as indicated below were subjected to IP with 

antibodies to SERCA1, sAnk1, or mCherry.  Non-immune rabbit or mouse IgG was used 

as controls.  The results show that SERCA1 and WT sAnk1 coIP specifically in COS7 

cells, consistent with the results from muscle tissue.  B. Compared to sAnk1 (WT), 

expression of sAnk1 (all-L) with SERCA1 led to a significant reduction in coIP between 

the two proteins.  C & D. Quantitative comparison showed that coIP was reduced by 

~50% for the mutant sAnk1 when normalized to coIP of SERCA1 and sAnk1 (WT). 

Reduction in coIP between SERCA1 and sAnk1 (all-L) ranged between 34 and 61%.  

This result was statistically significant by t-test (C, p = 0.0024 and D, p = 0.0033).  Note: 

bands observed in IP lanes above mCherry protein (A) and above and below sAnk1(WT)-

mCh are non-specific bands due to the presence of the subunits of the antibodies used for 

IP. 
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Figure 2.4. Colocalization of fluorescent fusion proteins in COS7 cells.   

A-C. COS7 cells were transfected with cDNA encoding the indicated fluorescent fusion 

proteins.  Significant colocalization was observed when SERCA1-CFP was co-expressed 

with SLN-YFP, sAnk1-YFP and sAnk1 (all-L)-YFP, and when SERCA1-CFP or sAnk1-

CFP was co-expressed with dysferlin-YFP (see merged panels A3, B3 and C3, 

respectively), as measured by Pearson’s correlation coefficient.  The values of the 

Pearson’s coefficient is included at the bottom of the merged image for each pair of 

proteins studied ( > 0.7 for each). Scale bar = 10 µm. 
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Figure 2.5. AFRET of sAnk1 and SERCA and SLN and SERCA in COS7 cells.   

A. COS7 cells were transfected with SERCA-CFP together with either sAnk1-YFP, 

sAnk1 (all-L)-YFP, SLN-YFP, or dysferlin-YFP.  SERCA-CFP alone was used as a 

control.  One day post-transfection, AFRET was measured and expressed as Δr (rCFP-

rFRET).  Each point represents the average AFRET for a single cell.  T-tests for each 

sample set were performed against a theoretical mean of zero; * indicates that the mean is 

statistically greater than zero (p < 0.0001).  Results show energy transfer between sAnk1 

and SERCA1, and SLN and SERCA1, but not between SERCA1 and dysferlin, sAnk1 

and dysferlin, or SERCA1 alone.  B. When compared to sAnk1 via t-test (WT), sAnk1 

(all-L) showed a significant reduction in Δr, suggesting reduced binding due to the 

mutated TM domain (***, p = 0.0008). 
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Figure 2.6. Ca2+- ATPase assay in COS7 microsomes.   

A. COS7 cells were transfected with the indicated cDNA construct(s).  ATPase activity 

was determined at each [Ca2+] free compared to the Vmax measured for SERCA1 alone, 

following normalization of the levels of SERCA1 expression as determined by 

immunoblotting (see Experimental Procedures). Data were fitted to the equation for a 

general cooperative model for substrate binding. Results show that co-expression of 

sAnk1 with SERCA leads to a reduction of SERCA’s apparent affinity for Ca2+, but that 

the effect of sAnk1 is less than that of SLN.  B. The KCa ([Ca2+] free required for half-

maximal activation) values were determined from each curve.  Mean KCa: SERCA1 pCa 

= 6.33 (468 nM), SERCA1 + sAnk1 pCa = 6.15 (708 nM), SERCA1 + SLN pCa = 5.95 

(1122 nM).  C. Unlike sAnk1 (WT), sAnk1 (all-L) did not significantly alter the affinity 

of SERCA1 for Ca2+.  D. Mean KCa: SERCA1 pCa = 6.31 (488 nM), SERCA1 + sAnk1 

pCa = 6.10 (794 nM), SERCA1 + sAnk1 (all-L) pCa = 6.30 (502 nM).  Statistics used 1 

way ANOVA: *, p < .05 vs SERCA1, **, p < .01 vs SERCA1 and #, p < .05 vs 

SERCA1+sAnk1 (all-L). 
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Figure 2.7. The cytoplasmic domain of sAnk1 directly interacts with SERCA1 in 

vitro.   

A. top: Extracts of COS7 cells transfected to express SERCA1 and WT sAnk1-FLAG 

were subjected to IP with antibodies to SERCA1 or FLAG.  Non-immune mouse or 

rabbit IgG were used as controls.  The results show that SERCA1 and sAnk1-FLAG 

specifically interact in COS7 cells, and that the epitope tag on sAnk1 does not alter this 

interaction.  bottom: COS7 extracts were co-transfected to express SERCA1 and FLAG-

tagged versions of full length sAnk1 or the cytoplasmic domain, sAnk129-155.. A FLAG 

empty vector was used as controls.  The results indicate that, like FLAG-tagged full 

length sAnk1 (sAnk1 WT), a FLAG-tagged form of the cytoplasmic domain of sAnk1 

(sAnk129-155) also coIPs with SERCA1.  B. Amylose resin bound to bacterially expressed 

sAnk129-155-MBP fusion protein was incubated with COS7 extracts transfected to express 

SERCA1.  MBP protein alone was used as a control.  Densitometric analysis of the 

eluates after SDS-PAGE and blotting with antibodies to SERCA1 revealed a 9-fold 

increase in the amount of SERCA1 pulled down by sAnk129-155 relative to the MBP 

control (bottom panel).  Ponceau staining was used as a loading control (top panel).  C. 

SR vesicle preparations were used for blot overlay assays.  Blots were first overlaid with 

sAnk129-155-MBP or MBP protein alone, followed by incubation with antibodies to MBP.  

The labeled band at ~110 kDa (left panel) indicates that sAnk1(29-155)-MBP, but not MBP 

protein alone, can bind to SERCA1 directly. Ponceau staining was used as a loading 

control (right panel).  
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Figure 2.8. Modeling the sAnk1 TM domain.   

A. The TM domains of SLN (top) and sAnk1 (bottom) were modeled with I-TASSER 

webware. The results show that 5 side chains in the TM α-helix of sAnk1 occupy very 

similar positions along the helix as their counterparts in the TM domain of SLN 

(highlighted in green).  B. ClusPro 2.0 webware was used to determine the predicted 

docking site of sAnk1 to SERCA1.  Comparison of this model to the published crystal 

structure of rabbit SERCA1a docked to SLN was performed with PyMOL 1.3.  The 

results show that sAnk1 is predicted to dock to SERCA1 in a similar, but not identical, 

position to SLN.  C.  Backbone helices of SERCA and sAnk1 are shown in white.  

SERCA residues highlighted in magenta and red are reported to be important for SLN-

mediated SERCA inhibition.  Similar residues shared between sAnk1 and SLN are 

highlighted in green.  The docking model shows that the sAnk1 residues which extend 

into the TM binding pocket of SERCA1 are positioned similarly to those of SLN.  

Orientation is from inside the SR lumen, looking down into the cytoplasm. 
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Chapter III. Interactions between Small Ankyrin 1 and Sarcolipin Coordinately 

Modulate Activity of the Sarco(endo)plasmic Reticulum Ca2+-ATPase (SERCA1)2 

A. Abstract 

 We recently reported that small ankyrin 1 (sAnk1) interacts with 

sarco(endo)plasmic reticulum Ca2+-ATPase in skeletal muscle (SERCA1)  to inhibit its 

activity.  This interaction was shown to occur at least in part through its transmembrane 

domain in a manner similar to sarcolipin (SLN).   Earlier studies have shown that SLN 

and phospholamban (PLN), the other small SERCA regulatory protein, are able to 

oligomerize either alone or together.  As sAnk1 is co-expressed with SLN in muscle, we 

studied if these proteins interact with one another when co-expressed exogenously in 

COS7 cells. Interaction was demonstrated using co-immunoprecipitation and anisotropy-

based FRET method (AFRET) assays.  We found that sAnk1 and SLN can associate in 

the SR membrane and after exogenous expression in COS7 cells in vitro by coIP and 

AFRET analysis.  Significantly, SLN promoted the interaction between sAnk1 and 

SERCA when the three proteins were co-expressed.  Ca2+-ATPase assays showed that 

sAnk1 reduced the ability of SLN to inhibit SERCA1 activity.  These data suggest that 

sAnk1 interacts with SLN either directly, or in complex with SERCA1, and results in a 

reduction in SLN’s inhibitory effect on SERCA1 activity.   

B. Introduction 

 The sarco(endo)plasmic reticulum Ca2+ ATPase (SERCA1) facilitates relaxation 

of skeletal muscle by pumping Ca2+ ions from the cytoplasm into the lumen of the 

                                                            
2 Patrick Desmond, Joaquin Muriel, Michele Markwardt, Mark Rizzo, Robert Bloch. In preparation for 
submission. 
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sarcoplasmic reticulum (SR; (29, 57)).  Its function is important to maintain cellular 

calcium homeostasis and proper excitation-contraction coupling.  As several human 

diseases related to improper calcium handling have been linked to alterations in SERCA 

expression or activity, the mechanisms regulating SERCA are of great interest (29, 126, 

142-144).  Much research has been performed to characterize the TM proteins 

phospholamban (PLN) and its homologue sarcolipin (SLN) and their ability to inhibit the 

activity of SERCA (44, 49, 57).  Recently a third micropeptide, termed myoregulin 

(MLN), has also been shown to interact with SERCA and to inhibit its activity in mouse 

skeletal muscle (41).  All of these SERCA regulatory proteins interact with SERCA at 

least in part through TM interactions that lead to a reduction in SERCA’s apparent Ca2+ 

affinity.  We have recently reported that another small protein can modulate SERCA. The 

protein, : small ankyrin 1 (Ank1.5, sAnk1), is a 17 kDa transmembrane (TM) protein of 

the network SR (nSR) in skeletal muscle that, like PLN, SLN and MLN, interacts with 

SERCA1 at least in part via its TM domain to decrease its apparent Ca2+ affinity (192).   

 Encoded by the ANK1 gene, sAnk1 is member of the ankyrin superfamily and is 

composed of 155 amino acids (a.a.).  It has a unique N-terminus (a.a. 1-73) which 

includes a TM domain (a.a. 1-19) that anchors it within the membrane of the network 

sarcoplasmic reticulum (nSR; (108-110, 157).  The remainder of the protein is exposed in 

the cytoplasm and includes the last 82 a.a. that share homology to the larger ankyrin 

isoforms (92, 125), Previous studies have shown that sAnk1 concentrates in the 

membrane at the level of the M-band and Z-disk, where its C-terminus is thought to 

interact with the myofibrillar proteins obscurin and titin, respectively (116, 117).  These 

interactions are hypothesized to maintain a link between the SR membrane and the 
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underlying proteins of the contractile apparatus.  Later studies revealed that elimination 

of sAnk1 by homologous recombination reduced SR function (124), and that short term 

reduction of sAnk1 expression by siRNA resulted in disruption of the nSR (125).  

Reducing sAnk1 expression with siRNA also was accompanied by a decrease of the 

levels of SERCA1 and SLN proteins and inhibited Ca2+ clearance from the myoplasm 

(125).  These results were among the first to suggest sAnk1 could interact with SERCA1 

and SLN. 

 We recently reported that sAnk1 interacts directly with SERCA1 in a manner 

similar to, but distinct from, SLN.  Similarities between sAnk1 and SLN include their 

TM a.a. sequence and their shared ability to homodimerize (91).  Also like SLN, we 

found that sAnk1 binding to SERCA1 leads to a similar reduction in SERCA1’s apparent 

Ca2+ affinity, and that mutation of the sAnk1 TM domain eliminated its ability to 

modulate SERCA1 activity.  

 Intriguingly, the studies of sAnk1 knock down by Ackermann et al. showed that 

the residual sAnk1 showed reduced colocalization with SERCA1 while its co-localization 

with SLN was unaffected (125).  Based on this observation, and the ability of SLN and 

PLN to form homo-oligomers and hetero-oligomers interactions, we asked if sAnk1 

could interact with SLN alone or in a three way complex with SERCA1.  As both sAnk1 

and SLN are co-expressed together in skeletal muscle, we hypothesize that the two 

proteins together may affect SERCA activity differently than either protein alone (91, 

109), as previously shown for SLN and PLN (51, 54).  Here, we investigate whether 

sAnk1 and SLN interact with one another, and how their co-expression with SERCA1 

alters these interactions and ability to regulate SERCA1 activity.   
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C. Experimental Procedures 

 Materials— The chemiluminescence kit used for immunoblotting was from 

Applied Biosystems (Foster City, CA).  ATP, A23187, and Thapsagargin (TG) were from 

Sigma Chemical Co. (St. Louis, MO). Lipofectamine and Dynabeads coupled with sheep 

anti-rabbit IgG or sheep anti-mouse IgG were from Invitrogen (Carlsbad, CA).  The Pi 

ColorLock ALS reagent was from Novus Biologicals (Littleton, CO).  Buffers were 

supplemented with Complete Protease Inhibitor Cocktail Tables from Roche 

(Indianapolis, IN).  

 Antibodies— Primary antibodies against SLN were made by injecting rabbits with 

the C-terminal sequence of SLN (acetyl-LVRSYQYC-amide and C-Ahx-LVRSYQY-

OH) linked to BSA.  Antibody generation and affinity purification was carried out by 21st 

Century Biochemicals, Inc. (Marlborough, MA). Primary antibodies against sAnk1 were 

generated as previously described (192). Other antibodies used include: SERCA1 (IIH11 

mAb); FLAG (M2 mAb and rabbit pAb, Sigma; mouse IgG1κ (MOPC-21, Sigma); rabbit 

IgG (Jackson ImmunoResearch (West Grove, PA)); and SLN (rabbit pAb, Proteintech 

Group (Chicago, IL)).  

 cDNA construction—Constructs encoding SERCA1-pCDNA3.1, CFP-SERCA1, 

YFP-SERCA1, YFP-SLN, FLAG-SLN, sAnk1-FLAG, CFP-sAnk1, YFP-sAnk1 and 

YFP-dysferlin were generated as previously described (192).   

 Transfection— COS7 cells (American Type Culture Collection, Manassas, VA) 

were cultured in DMEM supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin in an atmosphere of 10% CO2/90% air and transiently transfected 

with cDNA at a concentration of 1 μg/mL  and either Lipofectamine 2000 (Invitrogen) or 
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LipoD293 (SignaGen, Gaithersburg, MD), according to manufacturer’s protocols.  Co-

transfection of two or more cDNAs were carried out using a ratio of 1:2:2 (SERCA1 

cDNA: X: Y) unless otherwise indicated. Cells were seeded to achieve ~70-80% 

confluency at time of transfection, and incubated for 48h to allow protein expression.  

Cells seeded on 35 cm tissue culture plates with glass bottoms (MatTek, Ashland, MA) 

were washed with Hank’s balanced salt solution + 0.1%  bovine serum albumin and used 

for AFRET. Cells in 10 of 15 cm tissue culture dishes were washed twice with PBS, 

detached with a cell scraper, homogenized and subjected either to differential 

centrifugation (163) to obtain a microsomal fraction for ATPase measurements, or 

subjected to centrifugation at 12,000 x g and solubilized in a solution containing 0.5% 

Tween-20 (see below) for co-immunoprecipitation studies.  

 Co-immunoprecipitation (CoIP)—CoIP experiments were performed as described  

(164), with preparations of SR vesicles isolated by the method of Eletr and Inesi (165, 

166) from rabbit skeletal muscle from the back and hind limb (Pel-Freez, Rogers, AR),  

or crude membrane extracts of COS7 cells prepared as described (163, 167).  COS7 cells 

were harvested in PBS at 48h following transfection, collected by centrifugation, and 

processed for use or frozen in liquid N2 and stored at -80°C until needed.   Briefly, pellets 

were homogenized using 30 strokes of a glass Dounce homogenizer in resuspension 

buffer (0.25 M sucrose, 10 mM Tris-HCl, pH 7.5, 20 mM CaCl2, 3 mM 2-

mercaptoethanol, 150 mM KCl), and solubilized with an equal volume of lysis buffer (40 

mM HEPES-NaOH, pH 7.5, 300 mM NaCl, 2 mM EDTA, 1% Tween 20). SR vesicles 

were prepared for coIP by the same methods for resuspension and solubilization.  

Extracts were mixed with antibody-coated Dynabeads (1 µg antibody/10 µL beads) and 
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incubated at 4oC for 4h.  Following ≥ 5 washes in washing buffer (20 mM HEPES, pH 

7.5, 150 mM NaCl, 1 mM EDTA, 0.5% Tween 20), protein was eluted by boiling the 

beads in 70 µL SDS-PAGE sample loading buffer.  Proteins in the samples were 

separated by SDS-PAGE and analyzed via immunoblot as described (168). 

 Microscopy— Cultures of COS7 cells, transfected as described above, were fixed 

in PBS containing  4% paraformaldehyde and 4% sucrose for 15 min at room temperature 

and mounted in Vectashield (Vector Laboratories, Burlingame, CA).  Confocal 

microscopy used a Zeiss 510 META system (Carl Zeiss, Thornwood, NY) equipped with 

a 63X, 1.4 numerical aperture objective lens.  Images were collected by exciting the 

samples at 458 nm (CFP), 514 nm (YFP), and 543 nm (DS-Red and mCherry), provided 

by an argon laser, and collected through 480-520 nm (CFP), 530-600 nm (YFP) BP and 

560 nm (DS-Red and mCherry) LP filters.  Co-localization was assessed by Pearson’s 

coefficients with ImageJ software (http://rsb.info.nih.gov/ij/index.html), and the Just 

Another Co-localization Plugin (169).   

 For investigating the interaction between sAnk1, SERCA1, and SLN by AFRET, 

transfected COS7 cells on glass bottom plates were washed with HBSS + 0.1% BSA 

without phenol red and examined with a specially equipped Zeiss AxioObserver 

microscope (170) with a 20X, 0.75 numerical aperture dry objective lens.  The filters 

used to collect emissions and equations used to analyze the data have been described in 

detail (170, 171).  Briefly, fields were illuminated with vertically polarized light and the 

intensity of emitted light was measured in planes parallel (V) and perpendicular (H) to 

that used for illumination.  Emissions were collected for donor, acceptor, and FRET 

(excite donor, collect acceptor) fluorescence in both planes.  Image J software was used 
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to stack and align the images (16-bit) and to collect mean intensity values from a 

minimum of 3 regions of interest (ROI) per cell.  ROIs were excluded if their mean pixel 

intensity value was < 2000 above background. Microsoft Excel was used to calculate 

anisotropies and FRET, indicated by a non-zero difference between the anisotropy 

measured for the FRET channel compared to the anisotropy measured for the donor (Δr = 

rCFP – rFRET).  

 Assay of Ca2+-ATPase activity—ATPase activity was measured in microsomes, 

prepared from transfected COS7 cells as described (163), with a colorimetric assay to 

detect inorganic phosphate, Pi, released during ATP hydrolysis.  Microsomal vesicles (20 

μg/ml) were incubated in assay buffer (20 mM MOPS, pH 7.0, 100 mM KCl, 5 mM 

NaN3, 5 mM MgCl2, 1 mM EGTA, 2.5 mM ATP, 2 μM ionophore A23187) .  Reactions 

were initiated by addition of different amounts of CaCl2 to achieve desired [Ca2+
free], as 

calculated by Maxchelator webware.  Samples were incubated at 37°C for 30 min before 

being loaded in triplicate onto 96 well plates and terminated by addition of Pi ColorLock 

ALS reagent to detect Pi.  Following a 30 min incubation for color development, 

absorbance was read at 635 nm on a Tecan Infinite M1000 Pro spectrophotometer.  The 

amounts of SERCA1 in the different experimental groups were determined by 

immunoblotting and densitometric analysis with ImageJ to normalize the measured 

ATPase activity.  Activity values are reported as percentage of the maximum level of 

activity compared to SERCA1 alone. 

 Statistics—The values reported here are mean ± SE.  All graphs presented were 

created using GraphPad Prism 5 software (La Jolla, CA).  For AFRET experiments, each 

data point represents the average Δr value from all valid ROIs (see Microscopy for 
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criteria).  T-tests compared these values to a theoretical mean of zero to determine if the 

mean AFRET value was statistically significant. Student’s t-test’s was used to compare 

level of coIP of sAnk1 with or without SLN, with p < 0.05 being considered significant. 

Data for experiments examining titration of sAnk1 or SLN were fit using a linear 

regression.  Significance was determined by a non-zero slope for which p < 0.05.  Results 

of assays of ATPase activity were fit to the equation for an allosteric sigmoidal model 

(Y=Vmax*[S]h/(K’ + [S]h): (77, 180)) from data acquired in 4 experiments conducted on 

microsomes from 3 independent transfections. KCa2+ ([Ca2+]free resulting in half-maximal 

activation) was calculated using nonlinear regression analysis.  Statistics were evaluated 

with one-way ANOVA with p < 0.05 being considered significant. 

D. Results 

 Interaction of sAnk1 and SLN—Co-immunoprecipitation (coIP) was used to study 

the ability of sANk1 to interact with SLN in SR vesicles prepared from rabbit skeletal 

muscle tissue.  When antibodies against sAnk1 were used to generate the 

immunoprecipitate, immunoblot analysis revealed coIP of SLN (Fig. 3.1a).  This suggests 

that sAnk1 and SLN are able to interact to form a complex within the SR membrane.  We 

next assessed the ability of sAnk1 and SLN to interact in an exogenous expression 

system.  Using extracts from COS7 cells transfected to express the sAnk1-mCherry and 

FLAG-SLN fusion proteins showed similar results.  Immunoblots of the IP generated 

using anti-FLAG showed sAnk1-mCherry was co-eluted with SLN (Fig. 3.1b), consistent 

with their interaction in SR vesicles. 

As a second method to investigate the interaction between sAnk1 and SLN we 

used an anisotropy-based fluorescence resonance energy transfer (AFRET) assay which 
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we previously used to demonstrate interaction between sAnk1 and SERCA1.  Confocal 

microscopy was used to assess expression and localization of the fluorescent fusion 

proteins used for our AFRET studies.  COS7 cells transfected to co-express sAnk1-CFP 

and SLN-YFP showed significant co-localization of the two fluorescent proteins to the 

endoplasmic reticulum (ER).  Analysis with Pearson’s correlation coefficient showed a 

similar level of co-localization between sAnk1 and SLN, as we found with SERCA1 and 

sAnk1 or SLN in our previous study (Fig 2a; 0.74 ± 0.057; (192).  ER localization was 

confirmed via co-transfection with the ER marker, DS-Red-KDEL (Fig. 3.2b). 

 AFRET analysis was performed to determine if sAnk1 and SLN reside within 10 

nm or less of one another.  This method takes advantage of the intrinsically high 

anisotropy of fluorescent proteins (in contrast to small fluorescent molecules).  A donor 

fluorophore excited with polarized light will have polarized emissions and high 

anisotropy values.  Nearby acceptor molecules may accept photons outside the original 

plane of polarization via energy transfer, leading to a reduction in the measured 

anisotropy.  This method also reduces the likelihood of false positives caused by 

overlapping spectra, and eliminates the need for other methods of FRET confirmation 

such as donor dequenching after acceptor photobleach.  For more detail on this method 

and its advantages refer to (162, 170, 172). 

 Results for the AFRET experiments in COS7 cells are shown in Figure 3.3.  We 

found that energy transfer occurred in cells co-expressing sAnk1-CFP and SLN-YFP 

(Δrmean = 0.03 ± .006).  This value was determined to be statistically significant when 

tested against a theoretical mean of zero (p = .0001).  The AFRET value measured for 

sAnk1-CFP and SLN-YFP was in a range similar to that observed between SERCA-CFP 
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and SLN-YFP (Δrmean = 0.068 ± .007), and SERCA-CFP and sAnk1-YFP (Δrmean = 0.021 

± .005).  In contrast, dysferlin, a protein of the transverse tubules in skeletal muscle, 

failed to show energy transfer with sAnk1 when it served as the acceptor fluorophore (not 

shown; (192)).  The observed FRET between sAnk1 and SLN indicate these two proteins 

reside within the molecular distances of one another required for direct interaction.   

 SLN promotes interaction of sAnk1 and SERCA1— The results presented above 

raised the question of how sAnk1 and SLN may alter the other’s ability to interact with 

SERCA1.  To address this we first performed coIP experiments in COS7 cells transfected 

with SERCA1 and sAnk1-FLAG or FLAG-SLN, or with all three vectors.  Interestingly, 

when compared to co-transfection of SERCA1 and sAnk1, the addition of FLAG-SLN 

led to a dramatic increase in the coIP of sAnk1 with SERCA1 (Fig. 3.4a).  Upon 

quantitation, this increase was statistically significant (2.6-fold; p = 0.0047; Fig 3.4b).  It 

is important to note that two bands (~5kDa and ~10kDa) are observed when 

immunoblotting for FLAG-SLN.  This is likely due to SLN’s ability to form stable 

homodimers which persist even following boiling in the solutions containing SDS 

preparatory to SDS-PAGE (88).  Further experiments demonstrated that, increasing the 

expression of FLAG-SLN by introducing more FLAG-SLN plasmid during the 

transfection step promoted coIP of sAnk1-FLAG with SERCA1 (Fig. 3.4c and e).  The 

increase in coIP was linear with the amount of FLAG-SLN cDNA and was statistically 

significant, as determined via linear regression analysis (slope (m) = 0.67; p = 0.0018).  

We next performed the reciprocal experiment, in which sAnk1-FLAG was titrated, while 

SERCA1 and FLAG-SLN were kept constant.  Unexpectedly, we saw no effect on 

increasing the amounts of plasmid encoding sAnk1-FLAG on coIP of FLAG-SLN with 
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SERCA1 (Fig. 3.4d).  Linear regression analysis confirmed that sAnk1-FLAG did not 

alter coIP between SERCA1 and FLAG-SLN (m = 0.04, both bands; p = 0.046 upper 

band and 0.045 lower band; Fig. 3.4f). 

 We previously showed that sAnk1 interacts with SERCA1 through both TM and 

cytoplasmic interactions by using a TM mutant of sAnk1 in which all the residues were 

changed to leucines, and by using a bacterially expressed protein containing the 

cytoplasmic portion of sAnk1 (sAnk (29-155)).  Here we used the same cytoplasmic 

region of sAnk1 to determine if SLN had any effect on the cytoplasmic interaction 

between sAnk1 and SERCA1.  Similar to its effect on the interaction between SERCA1 

and full length sAnk1, the presence of FLAG-SLN enhanced the interaction between 

sAnk1(29-155) and SERCA1 2.7-fold (Fig 3.5). 

 We also used AFRET to determine if FLAG-SLN enhanced the interaction 

between sAnk1 and SERCA1.  Compared to the AFRET signal from COS7 cells 

transfected with SERCA-CFP and sAnk1-YFP, the signal from cells cotransfected with 

FLAG-SLN had an increased Δrmean (0.021 ± .005 vs. 0.036 ± .003; p = 0.04; Fig. 3.3).  

Thus, SLN promotes interaction between sAnk1 and SERCA1.    

 sAnk1 reduces SLN mediated SERCA1 inhibition— We next compared the effects 

on SERCA1’s Ca-ATPase activity of sAnk1 and SLN expressed together, compared to 

either one alone.  Our assays use microsomes prepared from COS7 or HEK293 cells and 

a colorimetric method to measure Pi release. Cells transfected with SERCA1 alone served 

as a control, and showed the highest level of Ca2+-dependent ATPase activity in both 

COS7 and HEK293 cells (pCa = 6.33 ± .016 and 6.38 ± .025, respectively).  As reported 

previously, sAnk1-FLAG reduced SERCA1’s apparent Ca2+ affinity, measured in pCa 
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units, in COS7 and HEK293 cells (ΔKCa2+ = -0.18 and -0.21, pCa2+ units respectively; 

Fig. 3.6; Table 3.1).  This shift was less than that produced by coexpression of FLAG-

SLN (ΔKCa2+ = -0.38 pCa2+ units in COS7 and -0.30 in HEK293; Fig. 3.6; Table 3.1).  

When sAnk1-FLAG and FLAG-SLN were coexpressed with SERCA1, the level of 

inhibition was less than that exhibited by FLAG-SLN alone (ΔKCa2+ = -0.21 in COS7 and 

-0.12 pCa2+ units in HEK293; Fig. 3.6; Table 3.1), and was statistically identical to that 

seen with sAnk1 and SERCA1.  These findings suggest that sAnk1 reduces SLN-

mediated SERCA1 inhibition and may ablate it completely.   

E. Discussion 

 sAnk1 and SLN share several features that suggest that they could interact in the 

membrane of the network SR and regulate SERCA1 activity in unique ways.  First, their 

TM sequences are highly similar (192), and both proteins homo-oligomerize; SLN 

primarily through interactions of its TM domain (89, 91). SLN also heterooligomerizes 

with its homologue PLN, which too shares sequence similarity with sAnk1 (49, 192).  

Furthermore, sAnk1 and SLN colocalize in small membrane compartments that appear 

with the nSR fragments in response to knock down of sAnk1 expression, and their 

colocalization is greater than that seen between sAnk1 and SERCA1 (125).   sAnk1, like 

SLN and PLN, interacts with SERCA1 to reduce its affinity for Ca2+ (43, 57), and, like 

SLN and PLN, it requires its TM domain for this inhibitory activity.  Finally, SLN and 

PLN can combine to super inhibit SERCA1 activity, presumably by forming a complex 

containing all three proteins.  These observations suggested an interaction between sAnk1 

and SLN was probable, and that this interaction would alter SERCA1 activity in a distinct 

way.  Here, we show that sAnk1 can indeed interact with SLN.  When coexpressed with 
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SERCA1, SLN promotes interaction between sAnk1 and SERCA1.  Surprisingly, sAnk1 

suppresses SLN’s ability to inhibit the Ca2+-ATPase activity of SERCA1.  As sAnk1 and 

SLN are coexpressed and colocalize with SERCA1 in the nSR, our results suggest that 

their interactions regulate Ca2+ homeostasis in skeletal muscle. 

  We started investigating whether sAnk1 and SLN interact with one another using 

co-IP and AFRET experiments similar to those used for characterizing the interaction 

between SERCA1 and sAnk1.  Co-IP revealed that sAnk1 and SLN were able to 

specifically associate in SR vesicles isolated from the back and hind limb of rabbit 

muscle, and in extracts of transfected COS7 cells.  Using AFRET, we showed that 

sAnk1-CFP and SLN-YFP fusion proteins exhibited energy transfer, indicating the 

fluorescent proteins reside within 10 nm of one another and strongly suggests direct 

protein-protein interaction.  Together, these data suggest that similar to SLN and PLN, 

SLN and sAnk1 are able to interact with one another as well.  We next questioned how 

their interaction would affect eithers ability to interact with SERCA1, and how these two 

proteins may together affect SERCA1 activity. 

 We addressed this using the same set of techniques, with COS7 cells transfected 

to express SERCA1, sAnk1-FLAG, and FLAG-SLN.  Compared to cells expressing only 

SERCA1 and sAnk1, those containing all three proteins showed a significant increase in 

the level of coIP and energy transfer between sAnk1 and SERCA1.  When coIP 

experiments were performed using increasing amounts of FLAG-SLN cDNA, sAnk1 in 

the pellet generated with antibodies to SERCA1 increased linearly with the expression of 

FLAG-SLN, suggesting that SLN promotes the association of sAnk1and SERCA1.  

Furthermore, we found that SLN was also able to promote the interaction between 
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SERCA1 and the cytoplasmic portion of sAnk1 (sAnk1 (29-155)). By contrast, the coIP 

of SLN with SERCA1 did not increase with increasing expression of sAnk1, suggesting 

that the effects of these two proteins on their association with SERCA1 are distinct.  

Together, these results suggest that SLN is able to promote the specific interaction 

between SERCA1 and, but the opposite does not hold true for sAnk1 altering the 

interaction between SLN and SERCA1.   

 This result is especially interesting considering results shown by Asahi et al. in a 

series of publications in 2002 and 2003.  They showed that coIP of SERCA1 with PLN 

was increased 3-fold when coexpressed with SLN (193).  Further, coIP of SLN with 

SERCA1 was not changed by the presence of PLN.  These results are strikingly similar to 

those I observe with SERCA1 and sAnk1.  The authors do not, however, speculate as to 

how or why they observed such an effect (55, 193). 

 Indeed, it remains unclear how SLN promotes the interaction between SERCA1 

and sAnk1.  One possible explanation is that SLN promotes a conformational change in 

one or more of SERCA1s domains.  If the conformation of the SLN-bound Ca2+ pump 

opens a new site for sAnk1 to bind, this could explain the observed increase in co-IP and 

energy transfer.  This possibility seems unlikely, however, as any effect of SLN on the 

apparent affinity of sAnk1 for SERCA1 should be reciprocal.  If this is the mechanism by 

which SLN promotes sAnk1-SERCA1 binding, it would be not be explained by 

traditional allosteric theory.  We are currently performing  experiments with compounds, 

such as thapsigargin and Mg2+ with TNP-AMP, to stabilize SERCA1 in its E2 and  the 

E1-Mg2+ conformation (which resembles the E1-2Ca2+ state), respectively (27, 194).  As 

PLN and SLN prefer binding to SERCA1 in its E1-2Ca2+ state, Mg2+ and TNP-AMP may 
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promote sAnk1-SERCA1 binding similar to the level observed when SLN is present.  

Alternatively, oligomers of SLN could promote SERCA-sAnk1 interaction.  Oligomers 

of SLN may interact with specific lipids to create extended rafts within the SR membrane 

in which SERCA1 and sAnk1 accumulate, increasing their local concentrations and thus 

their probability of interacting.  Protein-lipid rafts have been described in the cell 

membrane (195) but to our knowledge have not been reported for intracellular 

membranes, including the SR.  This explanation, however, is inconsistent with the 

observation that SLN promotes sAnk1’s cytoplasmic domain with SERCA1.  The 

inability to determine the stoichiometry of these interactions makes it impossible to 

understand the exact reason for these observations at this time. 

 While the exact dynamics between sAnk1, SLN and SERCA remain uncertain, it 

is clear that the three proteins coordinately regulate Ca2+ uptake.  ATPase activity assays 

revealed that sAnk1 ablates SLN-mediated SERCA1 inhibition.  Compared to the effect 

of SLN on SERCA1, the presence of sAnk1 prevents any additional shift in SERCA1’s 

apparent Ca2+ affinity.  The effect of all three proteins on SERCA1 activity was 

statistically indistinguishable from the effect of sAnk1 alone.  The observation that 

SERCA1’s activity in the presence of sAnk1 and SLN closely resembled that of sAnk1 is 

consistent with SLN promoting SERCA1-sAnk1 interaction.  Future experiments aimed 

to determine how these three proteins interact will be important to elucidate the 

mechanism behind sAnk1’s ability to reduce SLN-mediated SERCA1 inhibition.  

Furthermore, it has been experimentally shown that levels of SLN and SERCA1 are 

altered in the mouse model of Duchenne’s muscular dystrophy (DMD; increased and 
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reduced, respectively; (196)).  Therefore it will be of considerable interest to learn if the 

levels of sAnk1 are modified in ways that might contribute to pathogenesis.  
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Table 3.1. ATPase Assays 

Shown is a summary of the results from ATPase assays presented in Figure 3.6 for COS7 

(A) and HEK293 (B) cells.  The KCa2+ ([Ca2+] resulting in half-maximal activation) is 

given in pCa2+ units (right-hand column) and nanomolar concentration (left-hand 

column).  The change in KCa2+ (ΔKCa2+) relative to control (SERCA1 Alone) is given in 

pCa2+ units.  Results are mean values ± SE.  The following indicate significant difference 

(P < 0.05) in mean pCa2+ as measured by one-way ANOVA: *Compared to SERCA1 

Alone; #Compared to SERCA1 + SLN; $No significant difference.  †Data previously 

shown (192). 
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Figure 3.1. CoIP of sAnk1 and SLN from rabbit skeletal muscle and COS7 cells.   

A. SR vesicles were solubilized and subjected to IP with antibodies to sAnk1.  B. Extracts 

of COS7 cells transfected with sAnk1-mCherry and FLAG-SLN (NF-SLN) were 

subjected to IP with antibodies against mCherry.  Non-immune rabbit IgG was used as a 

control.  The results show that sAnk1 and SLN coIP in skeletal muscle extracts and 

COS7 cell lysates.
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Figure 3.2. Colocalization of sAnk1 and SLN and sAnk1, SERCA1, and SLN in 

COS7 cells. 

A. COS7 cells were transfected with cDNAs encoding sAnk1-CFP and SLN-YFP.  

Significant colocalization was observed as measured by Pearson’s correlation coefficient 

(See bottom right of merged panel).  B. Additionally, cotransfection of the indicated 

fluorescent fusion-proteins along with a DS-Red-KDEL marker revealed colocalization 

of these proteins to the ER.  Similar results were observed when SERCA1-CFP, sAnk1-

YFP, and SLN-mCherry were coexpressed. 
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Figure 3.3. AFRET of sAnk1 and SLN in COS7 cells.   

A. COS7 cells were transfected with the donor-acceptor pairs (e.g. SERCA-CFP/SLN-

YFP) indicated below the panel.  One day post-transfection, AFRET was measured and 

expressed as Δr (rCFP-rFRET).  Each point represents the average AFRET for a single 

cell.  T-tests for each sample set were performed against a theoretical mean of zero; * 

indicates that the mean is statistically greater than zero (p < 0.0001).  The combinations 

of sAnk1 and SERCA1 and SLN and SERCA1 were used as a positive control. AFRET 

was observed between sAnk1-CFP and SLN-YFP.  When FLAG-SLN was cotransfected 

with SERCA-CFP and sAnk1-YFP the average AFRET value was significantly increased 

as measured by T-test statistically analysis (#, p = 0.0401). 
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Figure 3.4. SLN promotes interaction between SERCA1 and sAnk1.   

A. COS7 cell extracts transfected as indicated below each panel were subjected to IP with 

antibodies specific to SERCA1.  B. Quantitative densitometry analysis was performed to 

assess coIP between SERCA1 and sAnk1 in the presence or absence of FLAG-SLN.  

There was a 2.6-fold increase in coIP of sAnk1 when coexpressed with FLAG-SLN.  C.  

Titration of FLAG-SLN as indicated below each panel reveals increased interaction 

between SERCA1 and sAnk1 with increasing expression of FLAG-SLN.  D.  Titration of 

sAnk1-FLAG has no effect on coIP between SERCA1 and FLAG-SLN. E and F. 

Graphical representation of densitometric analysis of experiments shown in C and D, 

respectively.  Linear regression shows a significant increase in coIP of sAnk1 with 

SERCA1 with increasing SLN expression (panel E: m = 0.0672 ± 0.15; P = 0.0018; n=2), 

while increasing sAnk1 expression had no significant effect on coIP of SLN with 

SERCA1 ( panel F: m = 0.0404 ± 0.53; P = 0.5921 (upper band) and m = 0.3992 ± 

0.05080; P = 0.6421 (lower band); n=2). Data represent slope ± S.E.M. 
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Figure 3.5. SLN promotes interaction between sAnk1’s cytoplasmic domain (sAnk29-

155) and SERCA1. 

Extracts of COS7 cells transfected with SERCA1 and sAnk1 (29-155)-FLAG in the 

presence or absence of FLAG-SLN (NF-SLN) were subjected to IP with antibodies 

against SERCA1.  Non-immune mouse IgG was used as a control.  The results show that 

the interaction between SERCA1 and the cytoplasmic domain of sAnk1 is increased in 

the presence of SLN. 
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Figure 3.6. Ca2+-ATPase assays.   

COS7 (A) and HEK293 (C) cells were transfected with the indicated cDNA construct(s).  

ATPase activity was determined at each [Ca2+]free compared to the Vmax measured for 

SERCA1 alone, following normalization of the levels of SERCA1 expression as 

determined by immunoblotting (see Experimental Procedures). Data were fitted to the 

equation for a general cooperative model for substrate binding.  Results from both cell 

lines show that co-expression of sAnk1 with SERCA leads to a reduction of SERCA’s 

apparent affinity for Ca2+, but that the effect of sAnk1 is less than that of SLN as was 

previously shown (192).  C and D. The KCa ([Ca2+] free required for half-maximal 

activation) values were determined from each curve and are summarized in Table 1a and 

b.  COS7 mean KCa: SERCA1 pCa = 6.33 (468 nM), SERCA1 + sAnk1 pCa = 6.15 

(708 nM), SERCA1 + SLN pCa = 5.95 (1122 nM), and SERCA1 + sAnk1 + SLN pCa 

= 6.12 (759 nM).  HEK 293 mean KCa: SERCA1 pCa = 6.38 (415 nM), SERCA1 + 

sAnk1 pCa = 6.17 (680 nM), SERCA1 + SLN pCa = 6.08 (830 nM), and SERCA1 + 

sAnk1 + SLN pCa = 6.26 (560 nM).  Statistics used 1 way ANOVA: *, p < .05 vs 

SERCA1, **, p < .01 vs SERCA1 and #, p < .05 vs SERCA1 + SLN. 

 

 

 

 

 

 

 

 



 
96 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
97 

 

Chapter IV. Small Ankyrin 1 levels are reduced in the mdx mouse model of 

Duchenne’s muscular dystrophy3 

A. Abstract 

 The coordinated release and re-uptake of calcium by the sarcoplasmic reticulum 

(SR) is essential for contraction and relaxation of striated muscle.  Following Ca2+ release 

and muscle contraction, Ca2+ is pumped back into the SR by the sarco(endo)plasmic 

reticulum Ca2+-ATPase (SERCA), leading to muscle relaxation.  Altered expression or 

activity of SERCA is linked to cardiomyopathy and muscular dystrophy.  We have 

recently identified a novel protein regulator of SERCA1, called small ankyrin 1 (sAnk1; 

17kDa), that inhibits its activity similar to the action of sarcolipin (SLN).  Previous 

studies have shown that protein levels of SERCA1 and SLN are significantly altered in 

the mdx mouse model of Duchenne’s muscular dystrophy (DMD).  Here we examine the 

changes of sAnk1 relative to SERCA1 and SLN in two murine models of muscular 

dystrophy.  Immunoblot analysis confirmed earlier results that protein levels of SERCA1 

are reduced in skeletal muscles of mdx mice, while those of SLN increase.  sAnk1 levels 

were also significantly reduced in mdx skeletal muscle tissue.  These changes were not 

observed in the dysferlinopathic BlaJ mouse model of muscular dystrophy.  Our results 

suggest that alterations in SERCA1, SLN and sAnk1 may contribute to the aberrant 

cytosolic [Ca2+] levels associated with progression of DMD in the mdx background, and 

that these changes are disease-specific. 

                                                            
3 Patrick Desmond, Alyssa Collier, Sankeerth Manne, Robert Bloch. In preparation for submission. 
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B. Introduction 

 Muscular dystrophies (MD) are genetic disorders characterized by progressive 

muscular atrophy and in most cases premature death (197).  The most common form of 

MD is Duchenne muscular dystrophy (DMD).  This X-linked disease is caused by a 

mutation in the dystrophin gene (198, 199) which leads to reduced synthesis or 

production of non-functional dystrophin protein.  Dystrophin is an integral component of 

the dystrophin-glycoprotein complex (DGC), which links the cytoskeleton to the 

extracellular matrix in striated muscle.  The DGC transmits some of the force generated 

through contraction laterally across the sarcolemma to the matrix, stabilizes the 

sarcolemma during the changes in muscle length associated with contraction and 

relaxation, and also harbors signaling domains that contribute to the regulation of muscle 

homeostasis (200).  The absence of dystrophin or other proteins in the DGC renders 

muscles susceptible to contraction-induced damage (200).   

 While the loss of sarcolemmal integrity is likely responsible for the primary onset 

of DMD (201), long-term increases in the concentration of in intracellular Ca2+ ([Ca2+]i) 

plays a large role in disease severity (136, 196, 202-206).  Increases in [Ca2+]i can 

activate of Ca2+-dependent proteases and opening of the mitochondrial transition pore, 

leading to aberrant protein degradation and necrosis, respectively (133, 134, 205, 207).  

Although the precise mechanism of the increased [Ca2+]i associated with DMD are 

unclear, it is believed to occur via increased Ca2+ entry through the sarcolemma and by 

the impaired functioning of SR Ca2+ handling proteins (131, 202, 204, 208-215), 

including enhanced leak of Ca2+ through the ryanodine receptor and altered expression or 

function of the sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA(130, 131, 202, 204, 
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216-219).  Recent studies have found that SERCA1 expression is reduced in mouse 

models of DMD (mdx and mdx/Utr-/-) and suggested that upregulation of the SERCA 

inhibitor, SLN, may contribute to alter Ca2+ handling in dystrophic muscle (196).  Other 

studies have shown that upregulation of SERCA1 can ameliorate symptoms in both the 

mdx and mdx/Utr-/- dystrophic mouse models, and protect against contraction-induced 

injury (220-222).  Together these results suggest that targeting SERCA expression or 

function may be beneficial in treatments of DMD. 

 We have recently identified a new regulator of SERCA called small ankyrin 1 

(sAnk; Ank1.5).  sAnk1 is an integral membrane protein which confers stability to the 

network sarcoplasmic reticulum (nSR), in part through its interactions with the 

cytoskeletal proteins obscurin and titin.  Our recent studies have shown that sAnk1 also 

interacts with sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA1) and SLN to 

modulate SERCA1 activity.  In particular, sAnk1 inhibits SERCA1 activity but reduces 

the level of inhibition exerted by SLN (192). Here we investigate whether, like SERCA 

and SLN, the level of expression of sAnk1 is altered in striated muscle of mouse models 

of DMD (mdx) and Limb Girdle Muscular Dystrophy2B/Miyoshi Myopathy (BlaJ).  Our 

results indicate that mdx muscles show reduced expression sAnk1, as well as an increase 

in SLN and decrease in SERCA1 levels, but that these changes are not observed in the 

muscle of BlaJ mice.  Thus, changes in sAnk1 could exacerbate the changes in 

SERCA1’s ability to sequester Ca2+, and may be specifically relevant in Duchenne’s 

muscular dystrophy. 
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C. Experimental Procedures 

Animals— Animals were 2 month old C57BL/10ScSnJ control and mdx mice, and 3 

month old C57BL.6 control and dysferlin-null BlaJ (B6.A-Dysfprmd/GeneJ) mice, all from 

the Jackson Laboratories (Bar Harbor, ME) or bred in our facilities.  All protocols were 

approved by the Institutional Animal Care and Use Committee of the University of 

Maryland School of Medicine and in accordance with guidelines of the NIH. 

 Materials— The chemiluminescence kit used for immunoblotting was from 

Applied Biosystems (Foster City, CA).  Homogenization buffer was purchased from 

Sigma Chemical Co. (St. Louis, MO) and was supplemented with Complete protease 

inhibitors (Roche, Indianapolis, IN). 

 Antibodies— Primary antibodies against SLN were made by injecting rabbits with 

the C-terminal sequence of SLN (acetyl-LVRSYQYC-amide and C-Ahx-LVRSYQY-

OH) linked to BSA.  Antibody generation and affinity purification was carried out by 21st 

Century Biochemicals, Inc. (Marlborough, MA) Primary antibodies against sAnk1 were 

generated as previously described (my paper)  Other antibodies used include: SERCA1 

(IIH11 mAb) and GAPDH (71.1 mAb) from Sigma . 

 Immunoblotting— Tissues extracted from mice were processed immediately or 

flash frozen in liquid N2 and stored at -80ºC until time of use.  Muscles were 

homogenized with a TissueLyser (Qiagen Hilden, Germany) in ice cold RIPA (Radio-

Immunoprecipitation Assay) buffer (150 mM NaCl, 1.0% IGEPAL® CA-630, 0.5% 

sodium deoxycholate, 0.1% SDS, and 50 mM Tris, pH 8.0), at 10 µL buffer/mg tissue.  

Homogenates were subjected to centrifugation at 4ºC for 15 min at 10,000 g and 

supernatants were collected.  Samples were diluted 1:1 with SDS-PAGE buffer (Bio-Rad, 
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Hercules, CA) and boiled at 100ºC for 5 min.  Aliquots containing 15 µg total protein 

was separated by SDS-PAGE on 10% Bis-Tris gels (Invitrogen) and transferred to PVDF 

membranes.  Membranes were incubated with Tris-buffered saline + 5mM sodium azide 

+ 0.5% Tween-20 (TBST) and 4% dry milk and probed with antibodies against SERCA1 

(1:2,500), GAPDH (1:20,000), sAnk1 (2 µg/mL), and SLN (2 µg/mL) overnight at room 

temperature (RT).  Antibodies were removed and the membrane was washed in TBST + 

4% dry milk for 3 x 10 min at room temperature.  Blots were probed with secondary 

antibodies conjugated to alkaline phosphatase from Jackson ImmunoResearch (West 

Grove, PA) and washed with TBST (3 x 10 min, RT).  Blots were developed by 

chemiluminescence as described (168). 

D. Results 

Altered expression level of Ca2+ handling proteins in skeletal muscles of the mdx mouse 

— Previously, it has been published that levels of SERCA1 are reduced and SLN are 

elevated in skeletal muscle tissues of mdx mice (196), which are a commonly used 

murine model of DMD.  We have recently shown that SERCA1 is regulated by the 

protein sAnk1, and that sAnk1 can interact with SLN to modulate its effect on the 

function of SERCA1.  We therefore determined if, like SERCA1 and SLN, the 

expression of sAnk1 protein is modified in mdx muscle tissue.  

 We used 12 week old mdx or C57BL/6ScSnJ (control) mice to assess relative 

levels of SERCA1, sAnk1, and SLN in the tibialis anterior (TA), gastrocnemius, 

quadriceps, soleus, extensor digitorum longus (EDL) muscles, and in the heart via 

immunoblotting (Fig. 4.1 A-F).  GAPDH was used as a loading control. Consistent with 

previous results (196), SERCA1 levels in mdx tissue were significantly reduced in all 
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skeletal muscles except soleus, where no significant change occurred (Fig. 4.2 A). We 

did not study SERCA1 in heart, as the major cardiac isoform is SERCA2 (29). 

The levels of SLN were also significantly upregulated in all the mdx skeletal 

muscle tissues we examined, including soleus (Fig. 4.2 B).  In some cases (e.g. 

quadriceps muscle) SLN levels were elevated over 5 times that found in controls (Figure 

4.2 B; Table 4.1).  The sole exception occurred in the heart, which showed a small yet 

statistically significant reduction in SLN expression. 

Immunoblots of murine muscle extracts for sAnk1 showed distinct bands at ~17 

kDa and ~25kDa (Fig. 4.1), with the lower molecular weight band being more prominent.  

Normalized to GAPDH levels, the amount the ~17 kDa sAnk1 band was significantly 

reduced in all tissues examined from mdx mice except for the soleus and EDL (Fig. 4.2 

C).  The reduction in the ~25kDa sAnk1 band was more dramatic, and was statistically 

significant in all tissues other than soleus (Fig. 4.2 B).  Both sAnk1 bands were also 

significantly reduced in heart muscle.  A full summary of the quantitative immunoblot 

analysis is shown in Table 4.1. 

 We also assessed the levels of these proteins in a dysferlinopathic mouse model 

(BlaJ).  We found that in the quadriceps of BlaJ mice, there were no significant 

differences in the levels of SERCA1, sAnk1, or SLN (Fig. 4.3a and 4.3b).  This suggests 

that Ca2+ dysregulation associated with changes in the expression of SERCA1, SLN and 

sAnk1 can vary with the form of MD    

E. Discussion 

 Research on muscular dystrophies, and specifically DMD, has dramatically 

improved the treatments available to those suffering from these devastating disorders.  
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There has been much progress in the field leading to several new clinical trials (198), 

however much remains unclear about the physiological changes associated with this 

disease.  One of the factors believed to contribute significantly to the pathological 

progression of DMD is the elevated level of intracellular Ca2+.  In skeletal muscle, 

SERCA is the primary enzyme responsible for regulation of intracellular Ca2+ by 

transporting Ca2+ from the cytosol to the SR.  Previous studies have shown the expression 

levels of SERCA and its regulator SLN are altered in two dystrophic mouse models.  

Together with our recent discovery of a new modulator of SERCA activity, sAnk1, led us 

to ask if sAnk1 expression is altered in the mdx mouse model of DMD. 

 Our findings here are the first to show alterations in sAnk1 protein expression 

level in an animal model of a disease.  We found that the levels of SERCA, SLN and 

sAnk1 in several skeletal muscle tissues were altered in mdx muscle compared to that 

observed in control mice via western blot analysis.  Our results confirmed findings 

published previously by Schneider et al. which showed the dystrophic mouse muscle had 

reduced SERCA1 expression and enhanced expression of SLN, and expand this 

observation to several muscles which were not assessed in the earlier study. It is 

important to make note that the only muscle which did not show changes between control 

and mdx was in the soleus (except for SLN, which was still significantly elevated in the 

soleus).  This finding suggests alterations in protein expression may be limited to fast-

twitch muscle fibers, while slow-twitch fibers like the soleus remain relatively 

unaffected. 

  The major finding of this study was that sAnk1 expression was found to decrease 

in mdx muscle, and suggests that alterations in sAnk1 protein levels may contribute to 
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elevate intracellular Ca2+ in mdx mouse muscle.  Interestingly immunoblots of sAnk1 

reveal a band at the expected MW of ~17 kDa and a band appearing as a doublet at ~ 25 

kDa.  It is currently unclear what contributes to the appearance of this higher MW 

doublet, but we speculate it is due to post translational modifications or an unidentified 

splice variant of the Ank1 transcript.  Quantitative analysis show that both MW forms of 

sAnk1 are reduced, and that this reduction is more dramatic for the higher MW form.  It 

will be interesting in the future to look at how sAnk1 expression changes in the mdx/Utr-/- 

mouse, and if these changes are more pronounced that those observed for the mdx mouse 

as is the case for SLN (196).  We also investigated the dysferlinopathic Bla J mouse 

model of muscular dystrophy for alterations in SERCA1, sAnk1 and SLN expression 

levels.  Unlike mdx quadriceps muscle, Bla J showed no alterations in any of proteins 

analyzed.  This finding suggests that targeting SERCA1 or its regulators (sAnk1 and 

SLN) may be beneficial in treating DMD while ineffective for other types of MD. 

 We have shown before that sAnk1 inhibits SERCA1 activity in a similar way to 

SLN, but to a lesser extent.  However that data presented in chapter 3 demonstrate that 

sAnk1 is also able to reduce SERCA1 inhibition by SLN.  Therefore it is possible that the 

reduction in sAnk1 levels observed in mdx muscle tissue is a compensatory response to 

the reduced level of SERCA1 and increased level of SLN.  It is also possible, however, 

that loss of sAnk1 exacerbates the disease state by allowing increased SERCA1 inhibition 

by SLN.  Future studies aimed at determining the mechanism by which sAnk1 reduces 

SLN-mediated inhibition of SERCA1 will help us answer this question.  We are currently 

conducting preliminary studies aimed to reveal if sAnk1 and SLN binding to SERCA1 

are mutually exclusive, or if the two proteins can simultaneously bind to SERCA1 
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resulting in a 3-way complex (see chapter 5).  Better understanding of the mechanisms by 

which sAnk1 and SLN coordinately modulate SERCA1 activity may provide insights for 

novel therapeutic approaches to restore Ca2+ homeostasis in diseases where its 

dysregulation contribute to pathogenesis. 
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Table 4.1. Expression levels of SERCA1, sAnk1, and SLN in mdx tissue.  

Expression levels were measured via immunoblotting and quantified using densitometric 

analysis after normalization to GAPDH.  Values represent percent expression relative to 

control C57BL/10 ScSnJ mice. 
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Figure 4.1. Immunoblot comparison of control and mdx mouse muscle tissue. 

A-F. Tibialis anterior (TA), gastrocnemius (GAS), quadriceps (QUAD), soleus (SOL), 

extensor digitorum brevis (EDL) and heart tissues from control C57BL/10 ScSnJ and 

dystrophic mdx mice were assessed for expression of SERCA1, GAPDH, sAnk1, and 

SLN via immunoblot analysis.  Expression levels were quantified using Image J for 

densitometric analysis and normalized to GAPDH which served as a loading control. 
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Figure 4.2. Graphical comparison of control and mdx mouse muscle tissue. 

The fold change of SERCA1 (A), SLN (B), and the upper and lower bands of sAnk1 (C 

and D, respectively) in mdx mouse muscle tissue compared to C57BL/10 ScSnJ are 

shown for the indicated muscles.  In most cases, SERCA1 and sAnk1 levels were 

significantly reduced in mdx mice, while SLN was significantly increased. Statistics 

measured via Students T-test: *, p < 0.05; **, p < 0.01; ns, not significant. 
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Figure 4.3. Comparison of Ca2+ handling proteins in dysferlinopathic mouse model 

(BlaJ). 

A. Immunoblot analysis of SERCA1, GAPDH, sAnk1, and SLN in control C57BL/6 and 

Bla J quadricep muscle.  Expression levels were quantified using Image J for 

densitometric analysis and normalized to GAPDH which served as a loading control.  B. 

Graphical representation of protein expression level.  The level of expression in Bla J was 

compared to C57BL/6 (normalized to equal 1).  No statistically significant differences 

were observed. 
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Chapter V. Comprehensive discussion, preliminary studies, and future direction 

 The work presented in this dissertation demonstrates that sAnk1 and SERCA1 

bind to one another via transmembrane and cytoplasmic interactions.  The 

transmembrane interactions are essential for sAnk1’s ability to modulate SERCA1 

activity.  Furthermore, interactions between sAnk1 and SLN reduce SLN-mediated 

SERCA1 inhibition.  This document also reports alterations in sAnk1 expression levels in 

the mdx mouse model of Duchenne’s muscular dystrophy (DMD) that are specific, as 

they are not seen in the BlaJ model of LGMD2B.  Together, my results suggest that 

sAnk1 is an important regulator of Ca2+ homeostasis in skeletal muscle, and implicate a 

possible link between altered sAnk1 protein expression and the elevated cytosolic Ca2+ 

levels associated with DMD.  This final chapter focuses on preliminary studies and future 

directions of this project. 

A. Characterization of the interaction between sAnk1 and SERCA1 

 The work presented in chapter 2 laid the groundwork toward characterizing the 

interaction between SERCA1 and sAnk1.  While it is clear that the transmembrane 

domain of sAnk1 is important for binding to SERCA1 and critical to sAnk1’s ability to 

regulate SERCA1 activity, the specific residues that confer this regulatory function 

remain unknown.  To address this questions, future studies could employ site directed 

mutagenesis in order to identify those residues within the transmembrane domain that are 

important for sAnk1’s inhibitory activity.  The model shown in Fig. 2.8 highlights the 

residues on sAnk1 which are similar to those found on SLN, and provide a starting point 

for determining the functionally important residues.  Several of the conserved residues 

shown in Fig. 2.8, panels a and c, have previously been found necessary for SLN’s ability 
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to bind to an inhibit SERCA activity (e.g. SLN residues V19 and L21 which correspond 

to sAnk1 residues V10 and L8).   

 To begin elucidating the specific residues important for sAnk1 binding or 

modulating SERCA1 we will shift V10 and T11 to different positions within the sAnk1 

transmembrane domain using site directed mutagenesis (Fig. 5.1).  These residues 

correspond to residues V19 and T18 of SLN and are predicted to fit within the binding 

pocket of SERCA1 made up by transmembrane helices M2, M6, and M9.  The prediction 

is that if these residues are indeed similar to those conserved with SLN, shifting their 

position within the membrane will alter sAnk1’s ability to bind to SERCA1 as measured 

by co-IP or AFRET.  Furthermore, if these residues are required for sAnk1’s inhibitory 

activity, ATPase measurements will show that the mutant sAnk1 is unable to shift 

SERCA1’s apparent Ca2+ affinity. Alternatively, they may be only 2 of several residues 

in sAnk1’s transmembrane domain that are required, or they may not be involved at all.  

In the latter case, mutagenesis should have no effect on sAnk1’s inhibitory activity; in the 

former, the effect of mutagenesis may only partial effect SERCA1’s ATPase activity. 

 Additionally, site directed mutagenesis of residues within the cytoplasmic domain 

of sAnk1 may help us understand which regions of sAnk1 are interacting with SERCA in 

the cytosol.  We have several sAnk1 mutants which have residues important for binding 

obscurin available in our laboratory for initial testing.  These include sAnk1 R68E, 

K101E, and the combination of both mutants.  Other mutants which have been produced 

previously and may be worth experimental consideration are sAnk1 E83K, E87K, E88K, 

E93K, and combinations of these mutations.  These amino acid residues are hypothesized 

to be important for sAnk1-titin interactions, though they were never fully tested.  Another 
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interesting set of experiments that could help us better understand how sAnk1 inhibits 

SERCA1 activity is to create chimeric fusion proteins composed of sections of sAnk1 

with SLN or PLN similar to previous studies by Gorski et al. (84) . By switching the 

cytoplasmic, transmembrane, and luminal domains for these proteins we could determine 

how each piece affects the chimaera’s ability to interact with SERCA and modulate its 

activity.  Chimaeras of SERCA1, in which regions of the enzyme are replaced with 

limited cytoplasmic sequences of the Na,K-ATPase alpha subunit,  the H+-ATPase, or 

PMCA, all of which have been used to create hybrid forms of SERCA (223-225), could 

be used similarly, to identify those regions of SERCA1 that interact with the cytoplasmic 

domain of sAnk1.  

B. Determining if sAnk1 and SLN bind SERCA1 simultaneously 

 Although the data presented in chapter 3 show that sAnk1 interacts with SLN, and 

that SLN promotes interaction between sAnk1 and SERCA1, several questions remain. 

One question is how sAnk1 reduces SLN- mediated SERCA1 inhibition.  Two possible 

mechanisms which may account for this effect are: i.) competition for binding to 

SERCA1, or ii.) formation of a distinct three-way complex which is less inhibitory than 

the complex formed by SLN and SERCA1.  Distinguishing between two distinct 2-way 

complexes and a 3-way complex is no small task, but we have an exciting new 

experiment in progress that should help us do so.  This experiment, suggested by Dr. M. 

Rizzo (Department of Physiology, University of Maryland School of Medicine) uses a 

combination of two fluorescent detection methods commonly used to investigate protein-

protein interactions.  The first technique employs fusion protein constructs which tag the 

desired proteins of interest with the N- or C-terminal half of a mVenus (YFP) molecule 
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(226).  If the proteins fused to either half of the YFP molecule interact with each other, it 

will bring the pieces of YFP close enough together for them to fold into the full YFP 

molecule.  Since the individual halves will not fluoresce on their own, a fluorescent 

signal is a strong indicator of protein-protein interactions.  The preliminary experiments 

in progress currently are using SERCA1 and sAnk1 fused to the half-YFP moieties. 

 In combination with the method described above, FRET analysis will allow us to 

determine if we are obtaining a 3-way complex between SERCA, sAnk1, and SLN.  The 

goal is to co-transfect the two fusion proteins described above containing the half-YFP 

domains along with SLN tagged with mCerulean (CFP) .  We will then use AFRET 

analysis as described in our earlier experiments to determine if energy transfer is 

observed.  The hypothesis is that if these proteins interact in a 3-way complex, the half-

YFP molecules will fold together to create a functional YFP molecule.  This full YFP 

protein can now serve as an acceptor fluorophore following excitation of the CFP-SLN 

only if the CFP-SLN is interacting with SERCA1 and sAnk1.  Therefore the observations 

of energy transfer from CFP to the reformed YFP fluorophore will strongly suggest these 

proteins are all interacting with one another in a complex.  The major advantage to this 

method is that false positives are highly unlikely since the YFP must reform and energy 

transfer must occur in order to have a positive result.  These experiments are currently in 

progress by another graduate student in our laboratory, Amanda Labuza. 

 Possible problems with this method include the efficiency of the reformation of 

YFP, and proper targeting of the proteins to the ER in the COS7 cells.  It is also possible 

that the proteins may interact with each other, but in such a way that does not allow 

reformation of the YFP molecule or energy transfer between donor and acceptor 
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fluorophores.  In this case we would first try switching the fluorescent tags on each of the 

proteins.  It may also be possible to alter the length of the amino acid linker connecting 

the protein of interest to its fusion partner, to allow greater flexibility and thereby 

improve the chance of the two half Venus moieties associating.  Another method which 

may be useful in addressing our question is to use Blue Native gels prepared from mild 

detergent extracts of COS7 cells that express SERCA1 with or without SLN and sAnk1, 

followed by immunoblotting.  Despite the challenging nature of these experiments, they 

are likely the key in determining if sAnk1 and SLN are able to interact with SERCA1 

simultaneously. 

 Distinguishing between 2-way and 3-way complexes may begin to explain our 

result that SLN promotes sAnk1 and SERCA1 interaction.  If we can determine that a 3-

way complex can form, it is possible that SERCA1 and SLN together comprise a distinct 

site for sAnk1 binding compared to the site it interacts with SERCA1 in the absence of 

SLN.  This idea is similar to that proposed for the binding of SLN to PLN bound 

SERCA1 (55, 193)  Another possible explanation of this is that SLN promotes a specific 

conformation of SERCA1 which opens up or stabilizes a second binding site on SERCA1 

for sAnk1 (see chapter 3).  X-ray crystallographic studies have shown that SLN (and 

PLN) prefer to bind to SERCA it is E1•Mg2+ state (194, 227)  These studies use Mg2+ and 

TNP-AMP to stabilize SERCA in this conformation.  An interesting study will be to co-

express sAnk1 and SERCA1 and perform co-IP experiments in the presence of Mg2+ and 

TNP-AMP.  If SLN is promotes the E1•Mg2+ state of SERCA, having these components 

added to the experiment may promote a similar increase in co-IP between SERCA1 and 

sAnk1. 
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C. C34 of sAnk1 mediates homodimerization via disulfide linkage 

 A major question that our laboratory has been addressing is if sAnk1 helps to link 

the SR to the contractile apparatus.  To this end, we have shown that interactions between 

sAnk1 and the two giant myofibrillar proteins, obscurin and titin, are capable of 

mediating such a link (110, 114, 116, 160). The interaction surfaces on sAnk1 found to 

bind to obscurin have been modeled as two ankyrin-like repeat motifs (111-113).  These 

ankyrin repeat domains, which consist of 33 amino acid residues, are well known motifs 

which mediate protein-protein interactions, including homodimerization (111).  Some 

examples of ankyrin repeat domains mediating dimerization are found in Notch1, Tvl-1 

and cpSRP (228-230).  Interestingly, dimers of both Tvl-1 and cpSRP have affinity 

toward different binding partners than their monomeric counterparts.   

 We have previously demonstrated that disulfide linkages stabilize homodimers of 

sAnk1 (91).  sAnk1 contains cysteine residues C22 and C34, with the latter likely to 

mediate disulfide formation.  This was further investigated by Ackermann et al. who 

showed that the mutation C34S eliminated dimerization of the cytoplasmic domain of 

sAnk1 (29-155) tagged with Maltose Binding Protein (MBP; (111)).   

 My results in SR vesicle preparations and in COS7 cells transfected with various 

sAnk1 variants agree with these experiments.  When SR vesicles prepared from rabbit 

skeletal muscle were boiled in sample loading buffer with 2-mercaptoethanol (2-ME) the 

characteristic doublet pattern at a MW of ~17 and 22kDa were observed when blotted 

with antibodies against sAnk1 (Fig. 5.2, lane 1).  When the same samples were not 

exposed to 2-ME, a second faint set of bands can be seen at ~50 kDa in addition to the 

sAnk1 monomers (Fig 5.2, lane 2).  When samples were treated with the irreversible 
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sulfhydryl crosslinker, bismaleimidohexane (BMH), prior to exposure with 2-ME, 

prominent bands were detected at ~50kDa (Fig. 5.2, lane 3).  Controls for BMH 

treatment, vesicles treated with DMSO alone, showed no evidence of dimerization of 

sAnk1 (Fig. 5.2, lane 4).  These results confirm previous findings that sAnk1 forms 

homodimers in native SR vesicles that are stabilized through disulfide bonds.  

 We have generated constructs that encode the cytoplasmic domain of sAnk1 only 

(sAnk1 29-155, described in chapter 2) and the TM/juxtamembrane region (sAnk1 1-29).  

Since each of these include just one of the two cysteine residues (C22 or C34; Fig. 5.3a), 

we utilized them to transfect COS7 cells to help determine which cysteine mediates 

disulfide bond formation and sAnk1 dimerization.  When 2-ME is excluded from sample 

preparation and analyzed via western blot, we find that sAnk1 (29-155) is also able to 

produce a signal at a MW corresponding to sAnk1 dimers similar to full-length sAnk1 

(Fig 5.3b, lanes 1 and 3).  When sAnk1 (1-29) is expressed in these cells we do not 

observe dimer formation (Fig. 5.3b, lane 2).  This result suggests that C34, not C22, is 

responsible, and that the cytoplasmic domain of sAnk1, containing the ankyrin-like 

repeats, is sufficient for dimers to form.  

D. SLN promotes interaction between sAnk1 and Obscurin 

 Binding of sAnk1 to the giant myofibrillar proteins obscurin and titin has been 

well characterized (112, 113, 116, 117, 160).  Using site directed mutagenesis, our lab 

has mapped out the regions on sAnk1 and obscurin which mediate their binding (112-

114).  Interestingly, it was previously observed that sAnk1 dimerization was able to 

promote obscurin binding (111).  My studies on sAnk1, SERCA1 and SLN interactions 

raised the question of how their binding affects sAnk1-obscurin binding.  Based on the 
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data of Ackermann et al., described above in section C of this chapter, and my 

observations, one possibility is that monomers and dimers of sAnk1 preferentially bind to 

SERCA1 or obscurin, respectively.  The preliminary results I have obtained in support of 

this hypothesis, and the future experiments required to test it further, are discussed below. 

 In order to determine how interactions among SERCA1, sAnk1, and SLN could 

affect sAnk1’s ability to bind to obscurin, we used lysates from COS7 cells transfected 

with various combinations of cDNAs in MBP ‘pull down’ experiments.  These 

experiments utilized the fragment of obscurin containing both sAnk1 binding sites (Obsc-

F3; see chapter 1 for a description of these sites).  The studies were performed under 

reducing and non-reducing conditions to assess how self-association of sAnk1 may affect 

its binding.  Under reducing conditions, we observed binding between Obsc (F3) and 

sAnk1-FLAG, as expected (Fig 5.4a).  The presence of SERCA1did not affect the 

pulldown of sAnk1 with Obsc (F3) (compare lanes 2 and 4, middle panel, Fig. 5.4a).  

Surprisingly, the presence of FLAG-SLN resulted in a dramatic increase in the level of 

sAnk1-FLAG pull-down with Obsc (F3).  Again, SERCA1 had no effect on this 

interaction (lanes 6 and 7, middle panel, Fig. 5.4a).  We did observe a low level of 

SERCA1 pull-down with the Obscurin fragment, but this binding was observed at much 

longer exposure times and is likely non-specific, as similar levels of SERCA1 were 

pulled down from control samples using MBP protein alone.  Hu et al. have recently 

shown that obscurin can associate with SERCA2a in cardiac muscle homogenates, but 

they utilized a different fragment of the obscurin protein, which may account for the 

differences observed (personal correspondence). 
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 Non-reducing conditions revealed that that, in lysates containing only sAnk1-

FLAG, Obsc (F3) specifically pulled down the dimeric form of sAnk1 (Fig. 5.4c).  The 

preferential binding of Obsc (F3) to dimeric sAnk1-FLAG is especially interesting based 

on the observation that monomeric sAnk1 is the predominant species, despite the non-

reducing atmosphere (Fig. 5.4b, right panel).  As was observed under reducing 

conditions, FLAG-SLN promoted the interaction of both the dimeric and monomeric 

forms of FLAG-sAnk1 and Obsc (F3), with the dimeric form being the predominant 

species pulled down (Fig. 5.4c). 

 These results strengthen the observation made previously that obscurin 

preferentially interacts with dimerized sAnk1 (111), and supports the hypothesis that self-

association between sAnk1 molecules helps determine whether it will interact with 

obscurin or SERCA1.  Future co-IP experiments conducted under reducing and non-

reducing conditions will be required to determine which species of sAnk1 preferentially 

interacts with SERCA1.  We can also use the sAnk1 variants with mutants of the amino 

acids important for obscurin binding in co-IP experiments, to determine if it interacts 

with SERCA1 and SLN differently than WT sAnk1. 

E. sAnk1 expression is reduced in aging mouse skeletal muscle tissue 

 In chapter 4, I presented data showing alterations in the expression of sAnk1 in 

mdx muscle.  Our results are the first to implicate changes in sAnk1 as a possible factor 

contributing to the elevated cytosolic Ca2+ levels associated with muscular dystrophy.  In 

addition to changes in Ca2+ handling proteins related to forms of muscular dystrophies, 

we have also begun to investigate age-related changes in these proteins.  A recent study 

using the sAnk1 knock out mouse model showed that the loss of sAnk1 was associated 
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with minor functional changes in EC coupling which progressed with age (124).  While 

impaired Ca2+ reuptake kinetics is inconsistent with our findings that sAnk1 acting to 

inhibit SERCA1, the authors suggest these changes may be due to partial loss of 

longitudinal SR and therefore local density of SERCA1 molecules.   

 We have started to determine whether sAnk1 expression levels change in aging 

muscle naturally.  This question was addressed via immunoblot analysis of the TA, 

gastroc, and heart muscles from 2 month and 18 month old C57BL/10 mice.  We found 

that SERCA1 levels were unchanged between the two age groups of mice for all of the 

tissues assayed (Fig. 5.5a and b).  Interestingly, sAnk1 expression decreased ~40-60% in 

the skeletal muscle tissue of 18 month old mice.  This trend was opposite in heart tissue, 

as the older mice showed ~25% increases in sAnk1 levels (Fig. 5.5.a and b).  More 

animals will be required in order to determine if these changes are statistically significant.    

 The changes in SERCA1, sAnk1, and SLN in relation to aging were also 

investigated for the dysferlinopathic BlaJ mouse.  For these experiments we compared 

levels of these proteins in 12 week and 12 month quadricep tissue in control (C57BL/6) 

and dysferlinopathic (BlaJ) mice by western blot (Fig. 5.6a).  The comparison with 12 wk 

old C57BL/6 and BlaJ, shown previously in chapter 4, showed no significant differences 

in any of the proteins being studied.  With age, both control and BlaJ quadriceps had a 

slight reduction in SERCA1 expression, but this decrease was not statistically significant 

(Fig. 5.6a and b).  No significant changes were observed in the expression of the highest 

and lowest MW sAnk1 bands, although an intermediate band at ~20 kDa decreased in the 

12 month old relative to the 12 wk old muscle (Fig. 5.6a and c-e).  This change was 

statistically significant (p < 0.05) for control mice, but not BlaJ (p = 0.19).  The most 
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noticeable change observed with age occurred for SLN expression.  Interestingly, the 

C57BL/6 and BlaJ mice showed opposite changes with age (Fig.5.6a and f).  In control 

mice there was a significant reduction in the level of SLN (5.8-fold; p < 0.01), while in 

BlaJ mice we found SLN expression dramatically increased (3.5-fold; p < 0.001).  As 

mentioned before, there was no significant difference in SLN expression level between 

control and BlaJ at 12 weeks of age, in contrast to the two genotypes at 12 months of age, 

which show a 15.6-fold increase in SLN in BlaJ relative to controls (p < 0.001).   

 These age-related changes in the proteins that regulate SERCA activity may 

correlate with changes in Ca2+ handling and muscle function with aging (231).  We 

speculate that, similar to muscular dystrophies, abnormally high Ca2+ levels in the cytosol 

could be directly related to the muscle degeneration and wasting associated with 

sarcopenia that occurs in aging muscle. In the future we plan to expand this research to 

look at how these proteins change over time.  It will also be interesting to look at how 

SERCA1 ATPase activity changes in various muscle tissues with age. 

F. The role of sAnk1 in other tissues. 

My studies have focused on sAnk1 interactions with SERCA1, SLN, and to a lesser 

extent obscurin, in skeletal muscle.  It is important to point out that sAnk1 is also 

expressed at high levels in cardiac muscle, and may well be expressed in many other 

tissues.  It will be interesting to begin investigating the role of sAnk1 in the heart, and if it 

is able to interact with SERCA2a in a similar way to SERCA1.  I have shown that sAnk1 

interacts with SLN to coordinately modulate SERCA1 activity, but have not yet begun to 

address the possibility that sAnk1 could interact with phospholamban.  It is reasonable to 

hypothesize that sAnk1 may interact with PLN in a similar manner to coordinately 
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regulate SERCA2a activity in cardiac muscle.  The differential expression of SLN and 

PLN in the atria and ventricles, respectively, suggests that sAnk1 may play distinct roles 

within different regions of the heart.  While these ideas are speculative, immunoblot 

comparison of atrial and ventricular cardiac muscle in the future will be an important 

starting point at elucidating the potential role of sAnk1 in regulating Ca2+ in the heart. 

 The interaction between sAnk1 and SERCA is not only interesting in striated 

muscle, but could also be important in non-muscle tissues.  SERCA isoforms are 

ubiquitously expressed, and through alternative splicing, at least 14 isoforms of SERCA 

are known to exist.  Currently, another graduate student in our laboratory, A. Labuza, is 

examining sAnk1 and SERCA2 in the brain, and how they may interact.  The expression 

of sAnk1 in a variety of cell and tissue types suggests it may have a broader role in 

regulating SERCA activity. 
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Figure 5.1. sAnk1 transmembrane mutant sequence. 

Site-directed mutagenesis will be used to create mutants of the sAnk1 TM domain in 

order to assay its ability to bind to and inhibit SERCA1 ATPase activity.  The bold TV is 

part of the TVLL sequence which is conserved between sAnk1 and SLN.  Due to the 

hydrophilic nature of the threonine residue, and its predicted location within the SERCA1 

TM binding pocket, this was elected as the first mutant to investigate.  
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Figure 5.2. Dimerization of sAnk1 through chemical crosslinking. 

Only monomeric sAnk1 was observed in untreated and DMSO treated SR vesicles 

prepared from rabbit skeletal muscle tissue.under reducing conditions (+2ME, lanes 1 

and 4).  Under non reducing conditions, a low level of dimeric sAnk1 was observed (lane 

2).  When vesicles were pretreated with the irreversible crosslinking reagent BMH 

(bismaleimdohexane), high levels of sAnk1 dimers were observed even under reducing 

conditions (lane 3).  These results indicate that homodimers of sAnk1 are stabilized 

through disulfide linkages.  
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Figure 5.3. Cysteine 34 mediates sAnk1 dimerization. 

A. Schematic representation of sAnk1 protein with enlarged segment to highlight location 

of the two cysteine residues potentially responsible for sAnk1 homodimerization.  B. 

Immunoblots from cells transfected to express full length (WT) sAnk1, sAnk1 (1-29), 

and sAnk1 (29-155) under non- reducing conditions reveal dimerized sAnk1 for WT 

sAnk1 and sAnk1 (29-155) (lane 1 and 3), but not for sAnk1(1-29) (lane 2).  These 

results suggest that C34 mediates sAnk1 dimerization.  
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Figure 5.4. Dimeric sAnk1 preferentially interacts with obscurin and the interaction 

is enhanced by SLN. 

COS7 cells were transfected with 7 combinations of cDNAs (see key).  Cells were 

transfected with empty vector to control for total cDNA used for transfection.  A. sAnk1 

and SLN were both detected on immunoblots by anti-FLAG antibody (middle and bottom 

sections, respectively). Inputs in the left panel show similar amounts of proteins in all 

experimental groups.  Obscurin (F3)-MBP pulls down sAnk1 alone or in the presence of 

SERCA1 (middle panel, lanes 2 and 4).  The presence of SLN greatly enhances the 

amount of sAnk1 that is pulled down with obscurin (middle panel, lanes 6 and 7).  MBP 

protein does not pull down sAnk1 under any conditions to a significant level (right 

panel).  Due to non-specific pulldown of SERCA1 and SLN by MBP, it remains unclear 

if obscurin interacts with either of these proteins specifically.  B. The inputs were run 

under reducing (left panel) and non-reducing (right panel) conditions and subject to SDS-

PAGE.  Non-reducing conditions reveal low levels of sAnk1 dimers relative to the 

amount of monomeric sAnk1. C. The same pull down experiments decribed in A were 

performed under non-reducing conditions.  Dimeric sAnk1 is preferentially pulled down 

with the Obsc(F3)-MBP.  Again, the presence of SLN promotes the interaction of sAnk1 

and Obsc(F3)-MBP.  MBP does not pull down sAnk1 under any conditions.  SLN is 

pulled down with Obsc(F3)-MBP at low levels.  As above, non-specific pull-down of 

SERCA1 is observed. 
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Figure 5.5. sAnk1 levels are reduced in aging mouse muscle tissue. 

A.  Tibialis Anterior (TA), gastrocnemius (Gastroc), and heart tissue from 2 month and 

18 month old control C57BL/10 ScSnJ mice were assayed via immunoblotting for 

SERCA and sAnk1 expression.  B.  Densitometric quantitation of these preliminary 

experiments showed reduced sAnk1 levels in TA and gastrocnemius, and increased levels 

in heart tissues of aging mice.  SERCA1 levels were relatively unaffected.   
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Figure 5.6. Alterations of sAnk1 and SLN in aging, dysferlinopathic mouse muscle 

tissue. 

A. Levels of SERCA1, sAnk1 and SLN were investigated in quadriceps tissue from 12 

week and 12 month control (C57BL/6) and dysferlinopathic (BlaJ) mice by western blot 

analysis.  B. SERCA1 levels were slightly reduced in aging mice, but the decrease was 

not significant.  C. The highest MW band of sAnk1 was unchanged in aging mice from 

either genetic backgrounds.  D. Levels of the middle MW band of sAnk1 was 

significantly reduced in aging control mice.  There was a small, but non-significant, 

reduction in BlaJ mice.  E. The lowest MW form of sAnk1 was not changed with aging.  

F. SLN expression was significantly reduced in aging control quadriceps muscle and 

significantly up-regulated in aging BlaJ quadriceps tissue.  Comparison of 12 month 

control vs BlaJ tissue showed SLN expression was greatly increased in BlaJ muscle.   
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