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Abstract 

Understanding the Role of Small Ankryin 1 in Calcium Regulation in Excitable Cells 

Amanda Labuza, Doctor of Philosophy, 2020 

Dissertation directed by: Robert J. Bloch, Ph.D., Professor, Program in Neuroscience, 

Department of Physiology 

 
Small Ankryin 1 (sAnk1) is a 17kD transmembrane protein that plays a role in 

stabilizing the network sarcoplasmic reticulum in skeletal muscle (Ackermann et al., 2011). 

Recent studies have shown that sAnk1 can bind to and regulate sarco(endo)plasmic 

reticulum Ca2+-ATPase1 (SERCA1) activity (Desmond et al., 2015). SERCA1 transports 

Ca2+ against its gradient into the SR after muscle contraction. SERCA is inhibited by 

sarcolipin (SLN) in fast twitch skeletal muscle and atrial cardiac muscle and by 

phospholamban (PLN) in slow twitch muscle and ventricular cardiac muscle. Like SLN 

and PLN, sAnk1 also interacts with SERCA at least in part through its transmembrane 

domain (Asahi et al., 2003; Hutter et al., 2002; Desmond et al., 2015). The interaction of 

SERCA with SLN and PLN has been studied individually and together, but the effects of 

sAnk1 and its regulatory activity have only recently started to be addressed (Desmond et 

al., 2015, 2017). Here I show that sAnk1 can interact with PLN or SLN independently of 

SERCA1. sAnk1 forms a three-way complex with SLN and SERCA1 that ablates SLN 

inhibition (Desmond et al., 2017). sAnk1 can also form a three-way complex with PLN 

and SERCA1 that abolishes all inhibition. I show that the complexes that sAnk1 forms with 

SLN or PLN and SERCA1 are distinct, suggesting unique roles for each protein in SERCA 

regulation.  I also examined sAnk1 and SERCA in several CNS tissues, and found that 

sAnk1 is not expressed in neurons, but that it is expressed in astrocytes, where it has the 



 

 

potential to bind and regulate SERCA2B. Studying the multi-protein complex of SERCA, 

sAnk1, SLN, and/or PLN can help us better understand physiological SERCA regulation. 

This knowledge can lead to better treatment for diseases related to misregulation of 

calcium, including muscular dystrophies and potentially some neuropathies.   
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Chapter 1: Introduction 

A. Skeletal Muscle 

i. Structural Overview 

In men and women, skeletal muscle comprises 42% and 36% of average body weight, 

respectively. There are over 650 muscles in the human body (Marieb & Hoehn, 2010), each 

composed of bundles of muscle fibers, each of which is an individual muscle cell or 

myocyte. Muscle fibers are comprised of many myofibrils, long rod-like structures that 

extend in parallel columns and contain the contractile components of muscle. Sarcomeres 

are aligned end-to end in and constitute the repeating contractile units of muscle tissue (Fig 

1.1).  

 

Figure 1.1: Structure of skeletal muscle. A muscle fiber is a single muscle cell 
(myocyte) is composed of many myofibrils which are composed of a repeating 
contraction unit call the sarcomere. Adapted from Biga et al. 2020 
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 The sarcomere is a highly organized repeating unit within skeletal and cardiac muscles 

that give it the “striated” pattern. The ends of sarcomeres are defined by the Z disk, 

comprised largely of α-actinin.  Actin filaments emerge symmetrically from the Z-disk and 

extend towards the middle of the sarcomere, where they overlap with bilaterally 

symmetrical filaments of myosin, bisected by the M-line (M, for “mitte”).  Regions 

containing actin but not myosin are termed “I-bands”, regions containing myosin are 

termed “A bands”, and regions of actin-myosin overlap are termed “H-bands” (Sanger et 

al, 2004; Sanger et al, 2005). Overlap between A- and I-bands allows interaction between 

thin and thick filaments to generate muscle contraction (Clark et al, 2002; Franzini-

Armstrong & Peachey, 1981). 

Striated muscle cells are ensheathed by the sarcolemma, a cellular structure comprised 

of the plasma membrane and associated cytoskeletal and extracellular structures.  

Individual myofibrils are surrounded by transverse tubules (t-tubules) and the sarcoplasmic 

reticulum (SR), which together with intracellular buffers regulate intracellular calcium 

(Ca2+) concentration. The t-tubule system appears as invaginations of the sarcolemma and 

resides at the edge of the sarcomere near the junction between the A-bands and I-bands in 

skeletal muscle. The SR is an internal storage compartment for Ca2+. In skeletal muscle 

there are at least two distinct regions of the SR, the junctional SR (jSR or terminal 

cisternae) and the network SR (nSR). The jSR faces the t-tubule and is the site where Ca2+ 

release from the SR takes place to initiate contraction. Linking the jSR compartments along 

the lengths of the sarcomere around the I and A bands is the nSR, a mesh-like membrane 

network primarily responsible for Ca2+ reuptake into the SR, to promote relaxation. The 
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coordinated activity of these membrane systems is vital for muscle excitation-contraction 

coupling, muscle relaxation and the overall health of striated muscle. 

ii. Fast and Slow-Twitch Skeletal Muscle 

Different skeletal muscle groups have different functions. As a result, there are three 

major types of skeletal muscle fibers: slow-twitch, fast-twitch, and intermediate. Slow-

twitch muscles generate lower amounts of force and are slow to fatigue. Fast-twitch 

muscles can create large force, but are fast to fatigue. Intermediate filaments fall in between 

the two and share features of each. Each muscle can contain a mix of fiber types (Marieb 

& Hoehn, 2010). 

The different fiber types express different proteins. For example, the myosin heavy 

chain (MHC) isoform expressed in myofibers changes with each fiber type. From fastest 

to slowest, muscles can express MHC IIb, IIx, IIa, or I (Fitzsimons et al. 1990; Deschenes 

et al. 1995, Sullivan et al. 1995). Fiber types are determined by mainly by location/function, 

sex, and species (Haizlip et al., 2015). Females show higher percentage of slow twitch 

muscle than males. This is influenced by levels of thyroid hormone (T3), estrogen, and 

testosterone. Fibers can transition between fiber types primarily through exercise and 

stimulation (Green et al., 1984; Ohlendieck et al. 1999; Froemming et al. 2000; Green et 

al., 2003).  

iii. Skeletal Muscle Function 

Activation of skeletal muscle begins with an action potential transmitted by motor 

neurons to their nerve termini at the neuromuscular junction. Synaptic release of 

acetylcholine causes activation of ionotropic receptors on the postsynaptic region that 

results in depolarization of the myofiber. This depolarization initiates action potentials that 
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propagate along the sarcolemma, via voltage-gated Na+ channels, and into the t-tubules, 

via voltage-gated Ca2+ channels, to initiate excitation-contraction (EC) coupling (Franzini-

Armstrong & Peachey, 1981) (Fig 1.2). The first step in EC coupling is the activation of 

the voltage-gated L-type calcium channel, a.k.a. dihydropyridine receptors (DHPR), in the 

t-tubules. In skeletal muscle, DHPR is mechanically coupled to ryanodine receptors 

(RyR1) Ca2+channels in the jSR membrane, which upon activation by a change in 

conformation of the DHPR open to allow calcium to be released from the lumen of the SR 

(Schneider, 1994). It should be noted that this mechanically coupling to RyR1 in skeletal 

muscle is different from calcium-induced calcium release (CICR) in cardiac muscle 

because the primary signal for RyR1 opening is mechanochemical, not calcium itself 

(Fabiato, 1983). 

 

Figure 1.2: Calcium regulation in skeletal muscle. Action potential cause signaling that 
results in RyR linked to DHPR in the t-tubules to release Ca2+ from the SR. Increased 
cytosolic Ca2+ results in muscle contraction. For muscle relaxation Ca2+ is moved back into 
the SR through SERCA. Adapted from Regan et al., 2015. 
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The influx of calcium from the SR into the cytoplasm results in muscle contraction. In 

the relaxed state, tropomyosin blocks myosin heads from binding to actin filaments, 

preventing contraction (Fig 1.3). When Ca2+ levels increase in the myoplasm following 

opening of the RyR1s, it binds to troponin, which then moves tropomyosin out of the way 

to allow actin to bind to myosin (Lin et al, 2008; Zot & Potter, 1987).  Contraction persists 

as long as Ca2+ remains in the myoplasm and able to bind the troponin complex.   

 

Figure 1.3: Troponin and tropomyosin regulate contraction via Ca2+ binding. This 
simplified schematic shows actin molecules (grey balls), covered with tropomyosin 
filaments. Troponin (subunit shown in red) moves tropomyosin upon binding to Ca2+, 
exposing the myosin-binding site on actin. Adapted from (Lehman et al., 1994). 
 

Muscle relaxation requires the dissociation of Ca2+ from troponin, followed by removal 

of Ca2+ from the cytosol. Removal is primarily mediated through the activity of the 

sarco(endo)plasmic reticulum Ca2+ -ATPase (SERCA) within the nSR (Gordon et al, 2000; 

Franzini-Armstrong, 1999; Floyd, 1980). SERCA cleaves ATP to push Ca2+ against its 

gradient from the cytosol back into the lumen of the SR (Toyoshima, 2009). This 

replenishes SR Ca2+ stores and prepares the muscle for the next round of activation and 

contraction. In the relaxed state, the concentration of Ca2+ within the SR is thought to be 

about 2mM while the concentration in the cytosol is less than 100nM (Somlyo et al, 1981; 
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Ziman et al, 2010; Kabbara & Allen, 1999). This ~10,000-fold difference is thought to be 

the main driver of EC coupling. 

B. Sarco(endo)plasmic Reticulum Ca2+-ATPase (SERCA) 

As stated, SERCA pumps calcium from the cytosol of cells into the endoplasmic 

reticulum (ER)/sarcoplasmic reticulum (SR). It is a ~110kDa transmembrane protein, that 

can function as a monomer or dimer (Castellani et al., 1985; Young et al., 2001). Its 

function is vital for all cell types, not just muscle. 

i. SERCA Isoforms 

All mammalian cells express at least one isoform of SERCA. Three genes encode 

SERCA in mammals, ATP2A1-3. ATP2A1 encodes two isoforms, SERCA1a and 

SERCA1b, both of which are expressed primarily in fast-twitch muscle. ATP2A2 encodes 

three isoforms, SERCA2A-C. SERCA2A is primarily expressed in cardiac muscle, slow-

twitch muscle, and Purkinje cells. SERCA2B is ubiquitously expressed, including in low 

levels in muscle cells. SERCA2C is a less well studied isoform that is also expressed in 

cardiac muscle (Guerini et al., 2002; Lytton et al., 1992). ATP2A3 encodes SERCA3, which 

is expressed in a number of different splice forms, the exact number of which is still 

unclear. SERCA3 is primarily expressed in epithelial cells, endothelial cells, fibroblasts, 

and hematopoietic cells (Anger et al., 1993; Wuytack et al., 1995).   

SERCA2B is expressed in whole brain lysates (Baba-Aïssa et al., 1996; Baba-Aissa et 

al., 1998; Salvador et al., 2001) and in astrocytes, as shown by western blots (WB) (Morita 

& Kudo, 2010). SERCA3 and SERCA2A are expressed in Purkinje cells in the cerebellum 

along with SERCA2B, but all other brain regions showed weak to no expression of 
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SERCA2A or SERCA3 (Baba-Aïssa et al., 1996; Plessers et al., 1991).  SERCA2B is the 

major isoform in all other regions.  

While each cell type is associated with specific isoforms, isoform switching has been 

demonstrated at different stages of development. For example, neonatal fast-twitch skeletal 

muscle expresses a combination of SERCA2A and SERCA1Bbefore it is replaced entirely 

by SERCA1A during postnatal maturation (Brandl et al., 1987).  

All isoforms of SERCA are highly conserved within species (75% or greater shared 

amino acid sequence), leading to nearly identical tertiary structure (Periasamy & 

Kalyanasundaram, 2007). Each has ten transmembrane (TM) spanning helices and a 

cytosolic headpiece. The TM region of SERCA contains two sites where Ca2+ binds in a 

cooperative manner. The N-domain binds and hydrolyses ATP, leading to conformational 

changes that change the orientation and affinity of the 2 Ca2+ binding sites. SERCA mainly 

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 the 

Ca2+ binding sites face the SR lumen (Toyoshima & Cornelius, 2013) (Fig 1.4). While the 

activity of all SERCA isoforms is generally the same, each operate at different kinetic rates 

(Dode et al., 2002; Lytton et al., 1992).  



9 

 

 

Figure 1.4: SERCA catalytic cycle. Schematic outline of the sequential states along the 
cycle of Ca2+ transport from the cytoplasm to the SR lumen via SERCA. ATP cleavage, 
Ca2+ movement, and Mg2+ binding are marked. Adapted from Drachmann et al., 2014. 
 

ii. SERCA’s Role in Disease 

SERCA is vital for healthy cellular function. Mutations in SERCA can lead to multiple 

diseases. Inactivating mutations in SERCA1 have been linked to Brody disease, a skeletal 

muscle disorder characterized by impaired muscle relaxation and stiffness (Brody, 1969; 

Odermatt et al., 1997). SERCA1-null mice showed impaired diaphragm function and died 

shortly after birth (Pan et al., 2003). Mutations in SERCA2B cause Darier’s disease, a skin 

disease that also has increased risk of neuropathy (Gordon-Smith et al., 2010; Sakuntabhai 

et al., 1999). Knock-out of SERCA2A is embryonic lethal, likely due to impaired heart 

function (Periasamy et al., 1999), and point mutations in SERCA2A impair cardiac muscle 

function in murine models (Aoyagi et al., 1999; Takizawa et al., 1999; Wankerl & 

Schwartz, 1995). For review (Prasad et al., 2004). 

Dysregulation of SERCA activity has been linked to several diseases as well. Diabetes 

is attenuated in mouse models by activating SERCA2B via CDN1163, a small molecule 

(Kang et al., 2016). Dysregulation of SERCA is linked to several neurological diseases 
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including amyotrophic lateral sclerosis (ALS), bipolar disorder, schizophrenia, and 

depression (Hough et al., 1999; Kusumi et al., 1992, 1994; Lidow, 2003; Tedeschi et al., 

2019). 

Furthermore, SERCA has been shown to bind to aggregates in neurodegenerative 

diseases. SERCA plays a role in regulating the production and binding of amyloid beta, the 

protein that forms the hallmark plaques in Alzheimer’s disease (Green et al., 2008; LaFerla, 

2002; Nensa et al., 2014). SERCA also interacts with alpha-synuclein aggregates in 

Parkinson’s disease models (Betzer et al., 2018). Various small molecules activating 

SERCA have shown to improve memory and cognition in Alzheimer’s models (Krajnak & 

Dahl, 2018) and to ameliorate dyskinesia in Parkinson’s models (Dahl, 2017). 

iii. Regulation of SERCA Activity 

In addition to these (over-simplified) shared structural and functional features, SERCA 

isoforms are regulated in similar ways. All SERCA isoforms are inhibited by the chemical 

compounds, thapsigargin (TG) and cyclopiazonic acid (CPA), which act irreversibly and 

reversibly, respectively (Laursen et al., 2009; Ma et al., 1999; Sabała et al., 1993; Treiman 

et al., 1998; Urbina et al., 2006; Young et al., 2001). Within the cell, several small 

regulatory proteins and miRNAs regulate SERCA activity. The two most characterized 

regulators are sarcolipin (SLN) and phospholamban (PLN), which inhibit SERCA1 or 

SERCA2A activity (for full review see (Gorski et al., 2017a) by decreasing their apparent 

Ca2+ affinity (Cantilina et al., 1993; Wegener & Jones, 1984). Although they do not lower 

maximum activity, they lower the ability of SERCA to pump Ca2+ at levels within 

physiological range by reducing apparent affinity, as measured by ATPase or 

Ca2+sequestration assays. Studies have also shown SLN to inhibit SERCA2B activity. This 
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inhibition is thought to be primarily mediated through interaction via the TM domains of 

each protein (Winther, 2013; Toyoshina, 2013; Akrin, 2013).  

 PLN and SLN show significant homology within their TM regions. Of the 19 

residues in SLN’s TM domain, seven are identical to those in PLN’s TM domain, and seven 

are hydrophobically conserved (Bhupathy et al., 2007; Shaikh et al., 2016). An additional 

protein, small ankyrin 1 (sAnk1) also has high homology in its TM region with SLN and 

PLN, and like these proteins it also inhibits SERCA1 activity (Desmond et al., 2015). These 

proteins will be discussed further in sections C, D and E. Less well characterized inhibitors 

of SERCA include myoregulin (MLN), dwarf open reading frame (DWORF), and 

endoregulin (ELN)  (Anderson et al., 2016.; Anderson et al., 2015; Nelson et al., 2016; 

Singh et al., 2019). 

C. Sarcolipin (SLN) and Phospholamban (PLN) 

SLN and PLN are small TM proteins that inhibit SERCA activity. Both proteins 

interact with SERCA by binding to the same TM helices (M2, M4, M6, and M9) and once 

bound reduce SERCA’s apparent Ca2+ affinity. (Morita et al., 2008). This is measured by 

reduced half maximal activity of SERCA (KCa2+([ Ca2+]). However, PLN and SLN are 

mechanistically independent and not redundant (Shaikh et al., 2016). These major 

similarities and differences are summarized in Table 1.1 and discussed in detail below. 
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  SLN PLN 

Size 3.8 kDa 6.1 kDa 

Expression 

fast twitch muscle, atria of heart, less 
in slow twitch muscle 

ventricle of heart and slow 
twitch muscle, less in atria 
of heart and fast-twitch 
muscle 

Phosphorylation blocks inhibitory effect on SERCA 

blocks inhibitory effect on 
SERCA; promotes 
pentameric "inactive" state 

SERCA binding 

site 

SERCA TM helices M2, M4, M6, & 
M9 

SERCA TM helices M2, 
M4, M6, & M9 

High Ca2+ 

concentrations remains bound to SERCA dissociates from SERCA 

Structure of N-

terminus 7 a.a., varies across species 
30a.a., conserved across 
species 

Role of N-

terminus necessary for inhibition of SERCA 
necessary for binding to 
SERCA 

Structure of C-

terminus 4 a.a. in SR lumen entirely within TM 

Role of C-

terminus 

critical for localization and SERCA 
binding 

critical for localization, 
SERCA binding, and 
oligomerization 

Mechanism of 

SERCA 

inhibition 

inhibits Ca2+ binding; promotes 
“slippage” of SERCA to uncouple 
Ca2+ transport from ATP hydrolysis inhibits Ca2+ binding 

 

Table 1.1: Summary of SLN and PLN differences and similarities. Though SLN and 
PLN both inhibit SERCA activity, they are not functionally redundant proteins. There are 
distinct mechanistic differences between how they inhibit SERCA activity. 
 

i. Sarcolipin 

Sarcolipin is a 31-a.a., ~4kDa TM protein whose primary function is thought to be 

inhibiting SERCA activity (Babu et al., 2007; Bhupathy et al., 2007; Odermatt et al., 1998). 

Sarcolipin is most highly expressed in the atrial of heart and fast-twitch skeletal muscle 

(Hellstern et al., 2001). SLN can form dimers or higher order oligomers (Bhupathy et al., 

2009; Gramolini et al., 2006). 
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SLN can be phosphorylated by Ca2+/calmodulin kinase (CamKII) and serine threonine 

protein kinase 16 (STK16) at threonine 5 by  (Babu et al., 2005; Bhupathy et al., 2007). 

Both kinases can be activated by β-adrenergic stimulation in cardiomyocytes. 

Phosphorylation of SLN blocks its ability to inhibit SERCA activity while 

dephosphorylation increases SLN inhibition leading to less myocyte contractility. 

Regulation of SLN is linked to healthy cellular function. Overexpression of SLN in 

cardiac leads to reduced Ca2+ transport and decreased cardiac contractility in mice 

(Shanmugam, et al., 2011a; Shanmugam, et al., 2011b; Xie et al., 2012). Altered expression 

is also linked to atrial fibrillation and heart failure (Smith et al., 2002). Knocking out SLN 

reduces Ca2+ uptake while having little effect on ATP hydrolysis (Bombardier 2013a; 

Bombardier et al., 2013b; Mall et al., 2006; Sahoo et al., 2013).  

 This finding led initially to the hypothesis that SLN promotes “slippage” of 

SERCA, defined as the uncoupling Ca2+ transport from ATP hydrolysis. This slippage 

causes increased heat production in myocytes (Bal et al., 2012; Sopariwala et al., 2015). 

This is consistent with other findings that SLN is a regulator of metabolic rate. SLN-null 

mice are prone to obesity while overexpression of SLN in mice make them resistant to 

obesity, suggesting that SLN is a potential target for treating obesity (Bombardier et al., 

2013a; Gorski et al., 2013; Sahoo et al., 2013). 

Recent studies have shown SLN can not only alter Ca2+ uptake but also decrease ATP 

hydrolysis. The difference in these studies is that Ca2+ ionophore, A23187, was used to 

prevent buildup of a concentration gradient. This prevents subsequent “back inhibition” of 

SERCA (Gorski et al., 2013). In these studies, SLN reduced both the Vmax and KCa2+ of 

SERCA activity (Babu et al., 2007; Bhupathy et al., 2007). 
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ii. Phospholamban 

Phospholamban is a 52-a.a., ~6.6kDa TM protein (Tada, 1989) that inhibits SERCA 

activity at low calcium concentrations. It is primarily expressed in the ventricle of the heart 

and slow-twitch muscle, with lower concentrations in atria muscle and fast-twitch muscle 

(Kelly et al., 2008; Wegener & Jones, 1984; Wittmann et al., 2015). PLN exists either in a 

monomeric or pentameric state (Bhupathy et al., 2009; Fujii et al., 1989; Gramolini et al., 

2006; Kirchberger et al., 1974; Peuch et al., 1979; Simmerman et al., 1986; Tada et al., 

1974, 1975). This switch is regulated by phosphorylation, specifically of serine 17 and 

threonine 17 by protein kinase A (PKA) or CamKII (Simmerman et al., 1996). The 

pentamer is stabilized by a leucine zipper in the TM region (Chen et al., 2005; Gustavsson 

et al., 2013). The dephosphorylated, monomeric PLN is more likely to bind to SERCA 

(Asahi et al., 2000; Chen et al., 2010) (Fig 1.5). Though PLN can remain bound to SERCA 

when phosphorylated, it does not inhibit activity.  

 

Figure 1.5: PLN binding to SERCA. Phosphorylated PLN forms pentamers and is non-
inhibitory when bound to SERCA. SERCA can only bind to monomeric PLN. Adapted 
from (Gorski et al., 2017). 
 

At high concentrations of Ca2+, PLN can dissociate from SERCA even when it is 

dephosphorylated (MacLennan et al., 2003). Dissociation of PLN from SERCA in skeletal 



15 

 

muscle led to increased rates of relaxation (Luo et al., 1994) and in heart to increased SR 

Ca2+ load and more forceful contractions (Kadambi et al., 1996; Luo et al., 1994). 

Therefore, SERCA has higher activity when unbound from PLN. Elimination of PLN in 

vitro results in increased relaxation rates and cardiac contractility while overexpression 

results in decreased relaxation rates and cardiac contractility (Morita et al., 2008). 

iii. Sarcolipin vs Phospholamban 

While SLN and PLN both inhibit SERCA activity, they seem to be mechanistically 

distinct. Both proteins bind to the same TM groove of SERCA (Sahoo et al., 2013). 

Mutations in the binding region of SERCA had different effects on the binding 

characteristics of PLN and SLN, suggesting they do not interact identically (Akin et al., 

2010, 2013; Bal et al., 2012; Chen et al., 2006; Jones et al., 2002; Sahoo et al., 2013). SLN 

has been shown to remain bound to SERCA even at high Ca2+ concentrations while PLN 

only interacts with Ca2+ free SERCA (Buffy et al., 2006; Odermatt et al., 1998). Crystal 

structures suggested both SLN and PLN hinder the movement of the Ca2+ binding domain; 

SLN by over-rotation and PLN by collapsing the Ca2+ binding site (Jones et al., 2002; 

Toyoshima et al., 2013; Winther et al., 2013). This mechanism implies SLN can cause 

uncoupling of SERCA to Ca2+ while PLN inhibits Ca2+ binding.  

These different mechanisms may be due to the different roles played by the N- and C-

termini of SLN and PLN. SLN has a short C-terminal sequence (a.a. 27-31) that juts out 

into the SR lumen, while the last 2 residues of PLN are within the TM α-helix (Gramolini 

et al., 2004; Odermatt et al., 1998) (Fig 1.6). Mutations in the C-terminus of PLN shows 

decreased oligomerization, SERCA inhibition, and mislocalization to the cytoplasm and 

nucleus (Abrol et al., 2014). The C-terminus of SLN has been shown through mutation 
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studies to be critical for SLN localization and SERCA inhibition (Gramolini et al., 2004). 

C-terminal FLAG tags on SLN were shown to generate a “super-inhibitor” of SERCA 

while N-terminal FLAG tags had no such effect (Jones et al., 2002; Simmerman et al., 

1996).  

 

Figure 1.6: Shared homology of PLN and SLN. SLN has a short luminal tail, while PLN 
does not. The TM region is conserved between PLN and SLN. PLN has a longer 
cytoplasmic domain than SLN. Adapted from (Gorski et al., 2017). 

 
The N-terminus of PLN, which consists of 30 a.a. assembled into an α-helical structure, 

can be phosphorylated. Cross-linking studies show the N-terminus of PLN interacts with 

SERCA, but the exact residues within this region that interact have not yet been identified 

(Shaikh et al., 2016). While the N-terminus of PLN is conserved across species, the 7 a.a. 

in SLN varies across species (Bhupathy et al., 2009; Gramolini et al., 2006). The N-

terminus of SLN is also phosphorylatable, though phosphorylation has not been shown in 

vivo (Sahoo et al., 2015). While the mechanism is still being studied, it is known that 

deleting the N-terminus causes SLN to remain in the transmembrane groove of SERCA 

but without inhibiting SERCA’s activity. Therefore, the TM and C-terminus are sufficient 

for SLN binding to SERCA but not for its function. Switching the N-terminii of PLN and 
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SLN causes each protein to behave like the other, implying the important role of this 

domain in inhibiting SERCA function (Lytton et al., 1992; MacLennan et al., 2003; Morita 

et al., 2008).     

SLN AND PLN can also work together, forming multimers with each other. Although 

SLN and PLN are preferentially expressed in different tissue types, they can be co-

expressed in myofibers (Asahi et al., 2002; Autry et al., 2011; Cornea et al., 2000; Kelly et 

al., 2008). When co-expressed, PLN and SLN can form heterodimers via a 

leucine/isoleucine zipper in the TM region (Asahi et al., 2002, 2003). PLN can bind directly 

to SLN without SERCA present (Asahi et al., 2002, 2003) 

Co-expression of SLN and PLN can lead to super-inhibition of SERCA1a or 

SERCA2a. SLN increases the binding of PLN to SERCA, though PLN does not increase 

SLN’s binding to SERCA1a or SERCA2a. (Akin et al., 2013; MacLennan et al., 2003; 

Morita et al., 2008). Super-inhibition is caused by SLN increasing the number of PLN 

monomers and by a ternary complex being formed in which PLN binds to the regulatory 

site of SERCA while SLN binds to the exposed side of PLN and SERCA (Shigetomi et al., 

2016). 

Original reports of SLN and PLN inhibition came from the MacLennan lab which 

showed SLN can alter both Vmax and KCa2+ but PLN only altered KCa2+ of SERCA activity 

(Fig 1.7) (Odermatt et al., 1998; Toyofuku et al., 1993). This was considered the field 

standard for several years. Since then, there are discrepancies between reports of SLN and 

PLN altering the Vmax or KCa2+ of SERCA, or both (Table 1.2).  Measurement of SERCA 

inhibition by Ca2+ uptake or ATP hydrolysis, two methods that were initially thought to be 

interchangeable. However, this is no longer true (Smith et al., 2002). Smith et al. showed 
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that SLN had no effect on SERCA ATPase activity, but markedly reduced Ca2+ 

accumulation. This partially explains discrepancies between reports such as Gorski et al, 

reporting SLN does not alter Vmax in the same year Bombardier et al, reported that SLN 

can decrease Vmax (Bombardier et al., 2013b; Gorski et al., 2013). The presence of Ca2+ 

ionophore A23187 was also found to alter measurements (Bombardier, Smith, Vigna, et 

al., 2013). Bombardier found that without a Ca2+ ionophore there was no buildup of Ca2+ 

within SR vesicles, so while SLN caused slippage of SERCA, no change in Ca2+ was seen 

and SERCA did not appear to be inhibited. In the presence of A23187 there was back-

inhibition on SERCA and SLN reduced Ca2+ uptake. The presence of A23187 also explains 

why two studies that did not use a Ca2+ ionophore reported that PLN altered only KCa2+ 

(Luo et al., 1994; Odermatt et al., 1998; Seidel et al., 2008; Trieber et al., 2005) while 

studies that used A23187 reported changes in both KCa2+ and Vmax (Akin et al., 2010). It 

was also found that isolation from different muscles also affected whether knocking out 

SLN altered KCa2+, Vmax, or both (Tupling et al., 2011). There is also one report of SLN 

with or without PLN reducing KCa2+ but increasing Vmax (Odermatt et al., 1998). However, 

this study had the highest ratio of SERCA to SLN/PLN transfected (1:5) and did not 

normalize for the amount of SERCA per microsome preparation. There may have been 

more SERCA present when co-expressed with PLN/SLN.  

Overall, it seems that SLN and PLN alter both Vmax and KCa2+ in ATPase assays when 

Ca2+ ionophores are present, the same settings used in this study. 
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A       B 

   

Figure 1.7: ATPase measurements of SERCA activity. The MacLennan lab originally 
reported that SLN alters Vmax and KCa2+ of SERCA while PLN alters only the KCa2+ of 
SERCA. (A) Microsomes were collected from HEK293 cells transfected with either 
SERCA1 or SERCA1 and Rabbit-SLN. Adapted from Odermatt et al., 1998. (B) 
Microsomes were collected from HEK293 cells transfected with SERCA2 and PLN and 
treated with either vehicle or PKA (which blocks PLN inhibition). Adapted from Toyofuku 
et al., 1993. 
 
 
 
 
 
 
 
Table 1.2: Comparison of reported SERCA activity assays. All but Luo et al., used 
SERCA1. The measurement of SERCA inhibition is dependent on several factors. Tissues 
tested in EDL (extensor digitorum longus) and Quad (quadricep femoris). Preparation 
refers to whether studies were done with whole cell homogenate or isolated SR 
microsomes. For transfected cell culture the ratio of SERCA:PLN/SLN used is noted. The 
use of Ca2+ ionophore A23187 is noted. No other Ca2+ ionophores were reported to be used. 
Tupling et al. did not note if changes in Vmax in the EDL were statistically significant (noted 
as ??). Different publications reported changes in KCa2+ as increases/decreases of the value 
of KCa2+ or as left/right shifts of the activity curve. This is not a full list, but includes at 
least one reference from each major lab in the field of SERCA activity and demonstrates 
the variety of conditions used to measure SERCA activity that may alter if Vmax, KCa2+ or 
both are reported as being altered by inhibitory proteins. 
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D. Small Ankryin 1 (sAnk1) 

sAnk1 (also known as Ank1.5) is a spliced isoform of the ANK1 gene (also known as 

AnkR). It is a small protein, only 155 amino acids (a.a.) long (~17kDa), (Birkenmeier et 

al., 1993). Though it has a predicted size of 17kDa, bands are often observed closer to 

22kDa on SDS-PAGE gels. sAnk1 is primarily expressed in striated muscle (Zhou et al., 

1997). The N-terminal has a unique 77a.a. sequence, the first 29 of which are highly 

hydrophobic and anchor the protein to the SR membrane (Porter et al, 2005; Fig 1.8). The 

C-terminus is a short segment of the normal ankyrin R (also known as Ank1) C-terminal 

sequence that projects into the cytoplasm (Porter et al., 2005; Zhou et al., 1997). sAnk1 is 

preferentially located to the SR surrounding the M-band and to a lesser extent the Z-disk 

(Bagnato et al., 2003a; Kontrogianni-Konstantopoulos et al., 2003; Zhou et al., 1997).   

 

Figure 1.8: Gene structure coding for sAnk1 isoform. A) sAnk1 is a short isoform of 
the ANK1 gene with a C-terminal encoded by the 39A exon. B) The first 29 a.a. encode the 
TM domain and the remaining a.a. from exon 39A encode the unique C-terminal 
cytoplasmic domain. Adapted from Hanna et al., 2018 and Zhou et al., 1997. 

 

sAnk1 has been studied for its role in stabilizing the SR network (Ackermann et al., 

2011). This is believed to be mediated by sAnk1 binding with two other network proteins, 

obscurin and titin (Kontrogianni-Konstantopoulos & Bloch, 2003; Young et al., 2001). 
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sAnk1 has been shown to bind to the C-terminal, non-modular domain of obscurin A as 

early as E14 in mice (Bagnato et al., 2003b; Giacomello & Sorrentino, 2009; Kontrogianni-

Konstantopoulos & Bloch, 2003; Willis et al., 2012). Obscurin A associates with the Z-

disks and M bands and also plays a role in regulating SR structure (Lange et al., 2009). 

sAnk1 stabilizes the SR network through its interaction with obscurin (Bagnato et al., 

2003). 

Studies have found that sAnk1 can self-associate to form dimers or higher order 

oligomers. This may occur through disulfide linkages between residues C26 and C34 

(Porter et al., 2005). Recent studies have shown mutating the same amino acids needed to 

bind to obscurin also prevent self-association (Borzok et al., 2007; Subramaniam et al., 

2020).  

Expression of sAnk1 can be regulated myostatin or interactions with KCTD6 

(potassium channel tetramerization domain containing 6) (Lange et al., 2012). Knock-out 

of myostatin showed increased sAnk1 mRNA, suggesting expression of sAnk1 can be 

downregulated by myostatin (Hitachi et al., 2014). In muscle, KCTD6 mediates protein 

recognition for ubiquitylation. Ubiquitylation is consistent with findings from Lange et al. 

(2009) that reported sAnk1 was post-translationally modified in C2C12 cells by ubiquitin 

and nedd8, but not sumo1 and sumo2. Post-translational modifications of sAnk1 may also 

include four potential sites for phosphorylation, but none have been shown to be 

phosphorylated in vivo.  

Skeletal muscle specific knock out of sAnk1 results in altered SR organization 

beginning in mice at 4 months of age. Severe structural abnormalities can be observed 

starting at 12-15 months, especially in the diaphragm. By this time, knock-out muscle also 
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shows decreased SR volume, shorter time to exhaustion, and decreased force, which 

worsen with age (Giacomello et al., 2015).  Consistent with this, knocking down sAnk1 in 

myofibers with siRNA disrupted SERCA1 and SLN localization and reduced their 

expression, though mRNA expression was unchanged (Ackermann et al., 2011). SERCA1 

and SLN expression and localization was rescued by reintroducing sAnk1. Furthermore, in 

partial knock-down of sAnk1, the remaining sAnk1 colocalized with SERCA1 2-fold less, 

but colocalization with SLN was unchanged. These results suggest that sAnk1 can interact 

with both SERCA1 and SLN individually.  My results in Chapter 3 confirm this.  

The interaction of sAnk1 with SERCA1 was demonstrated directly by Desmond et 

al.(Desmond et al., 2015). They first showed that, allowing for the fact that the proteins are 

oriented oppositely in the membrane (the N-terminus of sAnk1 is membrane-bound, 

whereas SLN is anchored to the membrane towards its C-terminus), sAnk1 shares 

homology with SLN in the TM region (Fig 1.9).  Amino acid identities include Val-19 and 

Leu-21 of SLN (Val-10 and Leu-8 of sAnk1), which mediate SLN’s binding to SERCA1. 

Computer modeling showed sAnk1 can bind to the same TM region of SERCA1 as SLN. 

SERCA1 and sAnk1 interaction was observed using colocalization, Co-IP, and FRET. This 

interaction was partially disrupted by mutating the transmembrane region to all leucines. 

This led to the hypothesis that sAnk1 can bind not only to SERCA1, but also to SLN or 

PLN alone or when either molecule is complexed with SERCA. 
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Figure 1.9: sAnk1 homology with SLN. A) sAnk1 is oppositely oriented than SLN. B) 
When this is taken into account there are 5 identical a.a. in the TM and 14 similar a.a. C) 5 
side chains in TM occupy similar positions as modeled with I-TASSER. D) Compared to 
crystal structure of SLN, sAnk1 binds similarly but not identically to SERCA1 based on 
modeling using ClusPro. Adapted from Desmond et al., 2015.  

 

E. Neurons and Astrocytes 

The central nervous system is made up of several different cell types. Most cells fall 

into two categories, neurons and glial cells. Neurons send signals via chemical and 

electrical signaling. Glial cells are mostly known for their role in supporting neurons 

(Baumann and Pham-Dinh, 2001). Three major types of glial cells are microglia, 

oligodendrocytes, and astrocytes. Microglia act as the macrophages of the brain and play a 

major role in the immune response and pruning synapses within the brain (Kreutzberg, 

1996). Oligodendrocytes are the smallest population of glial cells, and are responsible for 

myelinating axons. The majority of glial cells are astrocytes.  

Astrocytes were originally identified for their role in metabolic support of neurons, as 

they metabolize approximately 80% of the glucose taken up into the brain from the blood 

(Takano et al., 2006; Pellerin et al., 1998). More recent studies have shown astrocytes also 
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play a role facilitating neurotransmitter diffusion, and uptake, and recycling of glutamate 

(Allen, 2014) (Fig 1.10). Astrocytes also express glutamate receptors and can therefore 

respond to neuronal stimulation. This has led to the idea of neuron-astrocyte crosstalk and 

models of a tripartite synapse (Parri et al., 2001; Halassa et al., 2007). 

 

 

Figure 1.10: Neuron-Astrocyte Crosstalk. Release of glutamate from the pre-synaptic 
neuron can bind to receptors both on the post-synaptic terminal and astrocytes. Astrocytes 
can also release glutamate that binds to extra-synaptic NMDA receptors which act on the 
post-synaptic terminal. Adapted from (Carmignoto & Fellin, 2006). 
 

A major mechanism studied in astrocytes is inositol 1,4,5-triphosphate (IP3) mediated 

Ca2+ signaling (Fig 1.11). In this pathway agonists are detected by G-protein coupled 

receptors on the plasma membrane. This activates phospholipase C which produces IP3. 

IP3 binds to IP3 receptors on the ER membrane, causing Ca2+ release from internal ER 

stores. As in muscle, Ca2+ is removed from the cytosol back into the ER via SERCA 

proteins (Berridge, 1987, 1993, 2000; Bootman & Berridge 1995). Other sources of 

intracellular stores in astrocytes include the Golgi and acidic organelles, although the ER 

is the largest with the highest concentration of Ca2+ (Charles, 1994; Denizot et al., 2019; 

Manning & Sontheimer, 1997; van den Pol et al., 1992; Wang et al., 2006). 
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Figure 1.11: IP3 signal pathway in astrocytes. Agonists bind to G-protein coupled 
receptors. This causes PLC to cleave DAG to IP3. IP3 binds to receptors on the ER 
membrane and releases Ca2+ to the cytosol. Modified from (Pastor & G., 2011). 

 
As the field continued to investigate astrocyte function, it was found there was large 

variability in astrocyte Ca2+ regulation across different regions of the brain. Variation in 

expression of potential sources and sinks of Ca2+ in astrocytes varies between brain regions, 

including ligand-gated ion channels, voltage-gated Ca2+ channels, TRP channels, and Orai 

channels on the plasma (Zheng et al., 2015).  Recent studies found even the basal mean 

Ca2+ concentration is inconsistent in astrocytes populations (Delekate et al., 2014; 

Kuchibhotla et al., 2009). There seems to be two main populations, one with a resting 

concentration at ~70-75nM and another at ~120-130nM (Grimaldi, 2006; Kahlert et al., 

2005; Komin et al., 2015; Kovacs et al., 2005; Li et al., 2011; Liang et al., 2014). Changes 

in basal Ca2+ levels are elevated in astrocytes isolated from Alzheimer’s disease tissue 

(Jiang et al., 2016; Tong et al., 2014). Additionally, Ca2+ release can also occur 

spontaneously within astrocytes independent of neuronal stimulation, but the mechanism 

is not well understood (Jiang et al., 2016; Tong et al., 2014). A reduction in spontaneous 

Ca2+ release in astrocytes has been observed in mouse models of Huntington’s disease, 
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suggesting these spontaneous releases are vital to healthy cellular function (Morita & 

Kudo, 2010; Wuytack et al., 1992).  

The role of SERCA in astrocytes has been confirmed through observing 

pharmacological effects of adding highly specific SERCA blockers, such as CPA or TG 

(Baba-Aïssa et al., 1998; Baba-Aissa et al., 1998; Kopach et al., 2016; Lencesova et al., 

2004).  A few studies have used western blot with antibodies against SERCA (Baba-Aïssa 

et al., 1996; Plessers et al., 1991), especially antibodies against specific isoforms of 

SERCA (Baba-Aïssa et al., 1996; Plessers et al., 1991) to show that SERCA2B is the likely 

isoform in astrocytes.  

As previously stated, SERCA2B has also been found to be the major isoform of 

SERCA expressed in most neurons (Baba-Aïssa et al., 1998; Campbell et al., 1991; Kopach 

et al., 2016; Lencesova et al., 2004; Campbell et al., 1993). However, there is a specialized 

population found to express other isoforms. Purkinje cells in the cerebellum express 

SERCA2A and SERCA3 in addition to SERCA2B (Baba-Aïssa et al., 1996; Plessers et al., 

1991).  

Little is still known about how SERCA is regulated in neurons and astrocytes. 

Expression of SLN and PLN in the brain have only been studied in large RNA seq studies 

(Zhang et al, 2015). These data do not cover the sAnk1 isoform of ANK1 specifically. 

F. Hypothesis 

SERCA is necessary for healthy cellular function. Here I focus on the role of SERCA 

in excitable cells. SERCA is inhibited by SLN and PLN. In fast-twitch SERCA1 is mostly 

inhibited by SLN and to a lesser extent PLN. Recent studies from the Bloch lab have shown 

that sAnk1 also inhibits SERCA1 activity (Desmond et al., 2015). SERCA2B, SLN, and 
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sAnk1 mRNA are all expressed in the brain, but PLN is not (Zhang et al., 2015; Ling et al. 

2020). While studies have looked at the ability of SLN, PLN, or sAnk1 individually to 

inhibit SERCA activity, it is unknown how sAnk1 works with SLN and PLN to modulate 

SERCA and what the additive effect of sAnk1 is with SLN or PLN in any cell type.  

I hypothesized that sAnk1 modulates SERCA activity by forming a multi-protein 

complex with SERCA and its known regulators, SLN and PLN, in excitable cells.  This 

thesis tests this hypothesis, which makes 3 main predictions that the following chapters 

will address. 1) sAnk1 binds with SLN and SERCA1 in a three-way complex to modulate 

enzymatic activity in skeletal muscle. 2) sAnk1 binds with PLN and SERCA1 in a three-

way complex to modulate enzymatic activity in skeletal muscle. And 3) sAnk1 binds to 

and inhibits SERCA2 activity in neurons.  
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Chapter 2: Materials and Methods 

Antibodies 

Primary antibodies against sAnk1 were made by injecting rabbits with the C-

terminal sequence of sAnk1 (C-aminocaproic acid-VKRASLKRGKQ-OH) linked to BSA. 

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 

bovine serum albumin (BSA).  Antibody generation and affinity purification was carried 

out by 21st Century Biochemicals, Inc. (Marlborough, MA). 

Other primary antibodies include antibodies to SERCA1 (IIH11 mAb and 

ab124501 rabbit pAb); FLAG (M2 mAb and rabbit pAb, Sigma); mCherry (rabbit pAb, 

Biovision (Milpitas, CA) and 1C51 mAb, Novus); mouse IgG1κ (MOPC-21, Sigma); 

rabbit IgG (Jackson ImmunoResearch (West Grove, PA)); SLN (rabbit pAb, Proteintech 

Group (Chicago, IL)); PLN (2D12 mAb, ThermoFisher and EPR1911 rabbit pAb, Novus); 

GFP (JL-8 mAb); GAPDH (G8795 mAb, Sigma);   SERCA2 (S1439 mAb, Sigma and 

2A7-A1 mAb, ThermoFisher); PDI (RL90 mAb and ab31811 rabbit pAb, Abcam); GFAP 

(ab7260 rabbit pAb and GF5 mAb, Abcam); and NeuN (EPR12763 rabbit pAb and 1B7 

mAb, Abcam). 

Other Materials 

The chemiluminescence kit used for immunoblotting in Chapter 3 was from 

Applied Biosystems (Foster City, CA). All other immunoblotting developed using 

Supersignal West Femto Max from Invitrogen (Carlsband, CA). Thapsigargin, A23187, 

and ATP were from Sigma-Aldrich (St. Louis MO). Dynabeads coupled with sheep anti-

mouse IgG or sheep anti-rabbit IgG and Lipofectamine were from Invitrogen. PiColorLock 
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ALS and PiColorLock Gold reagents were from Novus Biologicals (Littleton, CO). 

Amylose resin was from New England Biolabs (Ipswich, MA). All buffers were 

supplemented with Complete Protease Inhibitor Mixture tablets (Roche Applied Science).  

cDNA Construction 

Rabbit cDNAs encoding SERCA1 and an N-terminal FLAG-tagged 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. 

SERCA2A vector from Origene was digested with EcoRI and HindIII and inserted into 

pcDNA3.1(-) vector to generate SERCA2A-WT. A C-terminal FLAG- tagged sAnk1 was 

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

(Borzok et al, 2007) with EcoRI and BamHI and ligating it into p3xFLAG-CMV-14. Sense 

(5’-CCGATCATGGAGCGATCCACCCGGGAGCTG 

TGTCTCAACTTCACTGTTGTCCTTATTACAGTGATCCTTATTTGGCTCCTTGTG

AGGTCCTACCAGTACTGAG-3’) and antisense (5’-

AATTCTCAGTACTGGTAGGACCTCACAAGGAGCCAAATAAGGATCACTGTAA

TAAGGACAACAGTGAAGTTGAGACACAGCTCCCGGGTGGATCGCTCCATGAT

CGGAGCT-3’) 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 (Rizzo et al, 2006; Markwardt et 

al, 2011).  
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The mVen vectors used for fluorescence complementation experiments were 

constructed using the mVen-C-N1 and mVen-N-C1 vectors that code for the C- and N-

terminal portions of mVen, respectively (gifts from M. Frohman, Stony Brook University). 

sAnk1-mVen-C was generated by inserting the sAnk1 open reading frame into the mVen-

C-N1 vector between the EcoRI (5′) and KpnI (3′) restriction sites. SLN-mVen-N was 

generated using oligomers spanning the entire rabbit SLN-coding region flanked with SacI 

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

IA) and hybridized. The hybridized SLN oligomer was inserted into the mVen-N-C1 

vector, also digested with SacI and EcoRI. This digest was repeated with the pmVenus-C1 

vector, and ligated with the SLN oligomers to generate SLN-Ven. PLN-mVen-N was 

generated using oligomers spanning the entire PLN-coding region flanked with XhoI (5’) 

and EcoRI (3’) overhanging restriction sites that were inserted in to the mVen-N-C1 vector. 

The same PLN oligomers were also inserted into the pmVenus-C1 vector to generate PLN-

Ven and pcDNA 3.1 (-) to generate WT-PLN. I generated Dysf-mVen-N by amplifying a 

segment of dysferlin composed of 10 amino acids upstream of the transmembrane domain 

through its C terminus using primers containing BglII (5′) and EcoRI (3′) and inserting it 

into the mVen-N-C1 vector. Oligomers encoding the 3× FLAG sequence flanked by EcoRI 

(5′) and SacII (3′) overhangs were designed and ligated to the C-terminal end of Dysf-

mVen-N to generate the Dysf-mVen-N-FLAG construct used in our experiments. All 

constructs prepared as described above were verified by sequencing. 

The DS-Red-KDEL construct was a gift from Dr. S. Fang, Dept. of Physiology, 

University of Maryland, Baltimore. I use the generic terms CFP, YFP, and RFP henceforth 
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when referring to constructs made using the pmCerulean3-C1, pmVenus-C1, and DS-Red-

KDEL vectors, respectively. 

Cell Culture 

COS7 and HEK293 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 (SigmaGen, Gaithersburg, MD), according to the manufacturer’s protocols. 

When two cDNAs were transfected together in Chapter 3, we used a ratio of 1:2 (SERCA1 

cDNA/X, where X was sAnk1 or SLN cDNA).  All others used a 1:1 ratio. If more than 

one cDNA was transfected, controls were transfected with pcDNA 3.1 (-) to account of the 

difference in total transfected DNA. Cells were seeded to achieve ~70–80% confluence at 

the time of transfection and incubated for 48 hours after transfection to allow protein 

expression. Cells seeded on 35cm tissue culture plates with glass bottoms (MatTek, 

Ashland, MA) were washed with Hanks’ balanced salt solution + 0.1% bovine serum 

albumin and used for anisotropy-based fluorescence resonance energy transfer (AFRET). 

Cells in 10cm tissue culture dishes were washed twice with PBS, detached with a cell 

scraper, homogenized, and either subjected to differential centrifugation (Fu & Tupling, 

2009) 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 (Co-IP) studies.  

Primary neuronal cultures were collected and grown by Minerva Contreras in Dr. 

Thomas Blanpied laboratory. GGaMP neuronal cultures were prepared by Dr. Sarah 
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Ransom Metzbower in the Dr. Thomas Blanpied laboratory. Primary astrocyte cultures 

were grown by Dr. Jonathan VanRyzin in Dr. Margaret McCarthy laboratory. Rat muscle 

was a gift from Dr. Jessica Mong’s laboratory. 

Co-immunoprecipitation 

Co-IP experiments were performed as described (Asahi et al, 1999), with 

preparations of SR vesicles isolated by the method of Eletr and Inesi (Eletr & Inesi, 1972; 

Kosk-Kosicka, 2013) 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 (Fu & 

Tupling, 2009; Maruyama & MacLennan, 1988). For the latter, COS7 cells were harvested 

in PBS at 48 h 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, 3mM 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 Co-IP by the same methods for resuspension and solubilization. The 

muscle and cell extracts were precleared with 50μl of uncoated Dynabeads. The precleared 

extracts were mixed with antibody-coated Dynabeads (5μg of antibody, 50μl of beads) and 

incubated at 4°C for 4 hours. Following ≥5 washes in washing buffer (20mM HEPES, pH 

7.5, 150mM NaCl, 1mM EDTA, 0.5% Tween 20), protein was eluted by boiling the beads 

in 70μl of SDS-PAGE sample loading buffer. Proteins in the samples were separated by 

SDS-PAGE and analyzed via immunoblot as described (Lencesova et al, 2004). 
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Imaging and Image Analysis 

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 for BiFC 

(Bimolecular Fluorescence Complementation) experiments used a Zeiss 510 META 

system (Carl Zeiss) equipped with a 63X, 1.4 numerical aperture objective lens. 

Colocalization experiments used LSM Duo system 40X with oil. Neuronal and astrocyte 

images obtained using Nikon W-1 Spinning Disk 40X with oil. Images were collected by 

exciting the samples at 458 nm (CFP) and 514 nm (YFP), provided by an argon laser, and 

collected through 480–520-nm (CFP) and 530–600-nm (YFP) band pass filters. Co-

localization was assessed by Pearson’s coefficients with ImageJ software (National 

Institutes of Health), and the Just Another Co-localization Plugin (Bolte & Cordelieres, 

2006). 

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

COS7 cells on coverslips were washed with Hanks’ balanced salt solution + 0.1% BSA 

without phenol red and examined with a specially equipped Zeiss AxioObserver 

microscope (Piston & Rizzo, 2008) 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 (Piston & Rizzo, 2008; Gade et al, 2012). 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 

through 460-500nm (CFP), 520-550nm (Venus), and FRET (excite donor, collect acceptor) 

fluorescence in both planes. Thirty images were collected from each dish; at least 6 dishes 
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were used, 2 from each transfection of DNA. Each image had anywhere from 2-15 cells 

per field (exclusion criteria listed below), with 100-2000 pixels per cell. 

Analysis in Chapter 3 was completed using pixel-by-pixel, as follows. Parallel and 

perpendicular polarization images were extracted from raw “dual-view” images and 

aligned using FIJI software (Armani et al, 2006). Image data were then loaded 

into R statistical software package (www.r-project.org)4 using the EBImage package 

(Porter et al, 2005). Anisotropy values for each pixel were then calculated (r=(P - S*g)/(P 

+ S*g*2) where r = anisotropy, P = parallel intensity, S = perpendicular intensity, and g = 

correction factor for alignment). Background pixels that were either saturated or showing 

low signal-to-noise were excluded from the analysis.  

Analysis in Chapter 4 & 5 was completed using cell-by-cell analysis in R statistical 

software rather than pixel-by-pixel. Channels were separated using FIJI software. 

EBImage, reshape2, and stringr packages in R were used. For “watershedding”, which 

define what shape to define as individual cells, a value of 3 was used. Parallel and 

perpendicular polarization image intensities were measured and anisotropy was calculated 

as described above. Intensity above 62,000, cell sizes less than 100 pixels, and pixels with 

S values less than 1000 were excluded. Only r values between 0.0 and 0.4 were included, 

as all others are outside the theoretical possible values of anisotropy. 

qPCR/RNA Isolation 

Total RNA of tissue was extracted using Trizol reagent (Invitrogen). cDNAs were 

synthesized using random primers in the QuantiTect Reverse Transcription Kit (Qiagen). 

qPCR reactions used the SYBR green detection system (Bio-Rad). All primers used were 
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designed to have amplify a region 100 – 200 bp (Table 2.1). Samples were analyzed using 

2-ΔΔCT method unless otherwise noted. 

Protein Forward Primer (5' to 3') Reverse Primer (5' to 3') 

SERCA1 CCGTGTCACAGATCCAGAAGAC GGAAGAAGGGTCAGTGCCTCAG 
SERCA2A CCATTTGCAGAAATATAAGGGTG  GCTAAAACCCCACTGGTAATAC 
SERCA2B GCCACCAAATCTTCCTGCTCCCTG GTTAAACATCTTCTGTATGTAGC 

sAnk1 CTGAGCGATGACGAGGAGAC GCTACTTGAGGAGAGGTCACTG 

PLN CCGAAGCCAAGGTCTCCTAA AGCCGAGCGAGTGAGGTATT 
SLN TCCTTATGTGGCTCCTCGTG GGTGTGTCAGGCATTGTGAG 

Obscurin CAGTCCCCATGTCGTGTTCA GGCCCTCTGGCTCATTACTC 

B2M TTCTGGTGCTTGTCTCACTGA CAGTATGTTCGGCTTCCCATTC 
β-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT 

GAPDH GGACTGGATAAGCAGGGCG GGCACTGCACAAGAAGATGC 
 

Table 2.1: List of primers used in qPCR. 

Assay of Ca2+-ATPase Activity 

ATPase activity was measured in microsomes prepared as described (Fu & Tupling, 

2009) from transfected COS7 cells with a colorimetric assay to detect inorganic phosphate 

(Pi) released during ATP hydrolysis. Microsomal vesicles (20 ug/ml) were incubated in 

assay buffer (20mM MOPS, pH 7.0, 100mM KCl, 5mM NaN3 ,5mM MgCl2, 1mM EGTA, 

2.5mM ATP, 2μM ionophore A23187). Reactions were initiated by the addition of 

different amounts of CaCl2 to achieve desired [Ca2+] free, as calculated by Maxchelator 

software (MaxChelator website).  

In Chapter 3, microsomes and CaCl2 were incubated for 30min at 37 °C. Then 

reactions were loaded in triplicate onto 96-well plates and terminated by the addition of Pi 

ColorLock ALS reagent to detect Pi with a total volume of 300μl. Absorbance was read 30 

min later at 635 nm on a Tecan Infinite M1000 Pro spectrophotometer.  
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Due to discontinuation of the original Pi ColorLock reagent, experiments in 

Chapter 4 used Pi ColorLock Gold (also from NovusBio). Microsomes were prepared the 

same way and used at 20μg/ml in the same assay buffer described above. The total volume 

was reduced to 50μl and incubation was increased to 1 hour at 37°C. 12μl of developer was 

added and 5μl of stabilizer was added after 2 minutes. Plates were spun down, incubated 

for 2 min at 37°C in the microplate reader, and absorbance at 635nm was then measured. 

For both ATPase methods, 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. 

Statistics 

Values are reported as mean ± S.E. Each data point for AFRET experiments in 

Chapter 3 represents the average ΔR value (RFRET – RCFP) from all valid regions of interest 

(see “Microscopy” for criteria). T-tests compared these values with a theoretical mean of 

zero to determine whether the mean AFRET value was statistically significant with p < 

0.05 considered significant. As described above in Chapter 4 & 5, AFRET experiments 

were analyzed with higher throughput than Chapter 3 resulting in an average n ≈ 750 cells. 

Therefore, instead of comparing ΔR values, R values were compared. Statistics were 

evaluated with one-way analysis of variance (ANOVA) with a more stringent p < 0.001 

being considered significant. Under these conditions with a power of 0.90, a sample size 

of 1046 is needed to detect an effect size of 0.01, and 726 samples are needed for an effect 

size of 0.012. 
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Student’s t tests were used to compare sAnk1 (WT) and sAnk1 mutant, sAnk1 (all-

L), for Co-IP 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 x 

[S]h/(K’ + [S]h (Bombardier et al, 2013; Sahoo et al, 2015), from data acquired in four 

experiments conducted on microsomes from three independent transfections. KCa2+ ([Ca2+] 

free resulting in half-maximal activation) was calculated using nonlinear regression 

analysis. qPCR was analyzed by Bio-Rad CFX Maestro software. All graphs were 

produced with GraphPad Prism version 5 software (La Jolla, CA).    

Protein Accession Numbers 

The NCBI accession numbers for the proteins studied here are as follows: 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). 
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Chapter 3: sAnk1 interaction with SLN and SERCA1 

Abstract 

It was previously found that sAnk1 interacts with SERCA1 to inhibit activity 

(Desmond et al., 2015). This interaction occurs at least in part through the transmembrane 

domain similar to SLN’s interaction with SERCA1. Earlier studies have shown that SLN 

and PLN oligomerize either alone or together. Since sAnk1 is co-expressed in muscle with 

SLN it was predicted they can interact with each other and SERCA1. Therefore, I 

hypothesized that sAnk1 and SLN form a three-way complex with SERCA1 to regulate 

calcium uptake in skeletal muscle. This interaction was demonstrated using Co-IP, 

AFRET, and BiFC. Our results show that sAnk1 and SLN can associate in the SR 

membrane and after exogenous expression in COS7 cells with and without SERCA1 

expression. SLN promoted the interaction between sAnk1 and SERCA1, but sAnk1 did 

not alter the interaction between SLN and SERCA1. AFRET confirmed that all 3 proteins 

were within 10nm of each other. Ca2+ ATPase assays showed that sAnk1 ablates SLN’s 

ability to inhibit SERCA1 activity. These results suggest that sAnk1 interacts with SLN 

both with and without SERCA1 in a complex. 

Introduction 

SERCA1 pumps Ca2+ ions from the cytoplasm into the lumen of the SR to facilitate 

relaxation of skeletal muscle (MacLennan et al., 2003; Periasamy et al., 2007). SERCA1 

function is important to maintain cellular Ca2+ homeostasis and proper excitation-

contraction coupling. Several human diseases related to improper Ca2+ handling have been 

linked to alterations in SERCA1 expression or activity (Periasamy et al., 2007; Brini et al., 

2009; Diaz et al., 2005; Schmidt et al., 2002; Vangheluwe et al., 2006). Most of the past 
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research has focused on inhibition of SERCA1 by PLN and SLN (MacLennan et al., 2003; 

Stammers et al., 2015; Bhupathy et al., 2007). All known regulatory proteins interact with 

SERCA1 at least in part through the TM (Anderson et al., 2015; Anderson et al., 2016; 

Nelson et al., 2016). 

 The Bloch lab previously reported that another small protein, sAnk1, can modulate 

SERCA. sAnk1 is a ~17kDa TM protein of the nSR in skeletal muscle. Like PLN and SLN, 

sAnk1 was shown to interact with SERCA1 at least in part via its TM domain (Desmond 

et al., 2015). sAnk1 is encoded by the ANK1 gene and has a unique N-terminus that 

includes the TM domain (Zhou et al., 1997; Birkenmeier et al., 1998; Birkenmeier et al., 

1993). Previous studies have shown that sAnk1 concentrates in the membrane at the M-

band and Z-disk where the C-terminus is thought to interact with myofibrillar proteins 

obscurin and titin (Kontrogianni-Konstantopoulos et al., 2003; Kontrogianni-

Konstantopoulos & Bloch et al., 2003). These interactions are thought to link the SR 

membrane and the underlying proteins of the contractile apparatus. Studies showed 

reducing sAnk1 by homologous recombination reduced SR function (Giacomello et al., 

2015) and by siRNA disrupted the nSR (Ackermann et al., 2011). Knock down of sAnk1 

by siRNA also lead to decreased levels of SERCA1 and SLN proteins (Ackermann et al., 

2011). This suggested that sAnk1 could interact with SERCA1 and SLN. 

 Recent studies showed sAnk1 interacts directly with SERCA1 in a manner similar 

to, but distinct from, SLN. sAnk1 and SLN share homology in their transmembrane 

domains and both can homodimerize (Desmond et al., 2015; Porter et al., 2005; Autry et 

al., 2011). Like SLN, when bound to SERCA1, sAnk1 reduces SERCA1’s apparent Ca2+ 

affinity mediated by sAnk1 TM domain. 
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 Intriguingly, the studies of sAnk1 knock down showed that residual sAnk1 showed 

reduced colocalization with SERCA1 while its colocalization with SLN was unaffected  

(Ackermann et al., 2011). Based on this information I asked if sAnk1 could interact with 

SLN alone or in a three-way complex with SERCA1. As Ank1 and SLN are co-expressed 

in skeletal muscle, I predicted that sAnk1 and SLN together may affect SERCA1 activity 

differently than either protein alone (Zhou et al., 1997; Porter et al., 2005). I investigated 

whether sAnk1 and SLN interact, and how their co-expression with SERCA1 alters these 

interactions and ability to regulate SERCA1 activity. 

 Reader, please note: In this chapter, I will be using “we” to indicate experiments 

run in conjunction with Dr. Patrick Desmond, and “I” to indicate experiments I ran myself. 

Results 

The ability of sAnk1 to interact with SLN in SR vesicles was studied using Co-IP. 

When antibodies were used to pull-down for sAnk1 in SR preps from rabbit skeletal 

muscle, SLN was present in immunoblots (Fig 3.1A). This suggests that sAnk1 and SLN 

are in a complex within the SR membrane. This interaction was then studied in COS7 cells 

with exogenous expression. Tagged proteins were used for more reliable signals. sAnk1-

mCherry and FLAG-SLN fusion proteins overexpressed in COS7 cells also showed 

immunoprecipitation when used with antibodies for FLAG (Fig 3.1B). Two bands are seen 

for FLAG-SLN (~5kDa and ~10kDa), likely due to SLN’s ability to form stable 

homodimers. These homodimers are stable even after boiling samples in solutions that 

contain SDS (Hellstern et al., 2001). We wanted to ensure this interaction was not due to 

the presence of endogenous SERCA2b in COS7 cells. We used antibodies to SERCA2 to 

immunodeplete samples of all SERCA2b. Fig3.1C showed each round decreased the 
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amount of SERCA2b in cell lysates and the remaining preps contained little SERCA. 

Lysate from each round of immunodepletion was subjected to Co-IP with antibodies to 

mCherry or FLAG. The decreasing amounts of SERCA1 did not affect the ability of sAnk1 

to associate with SLN (Fig 3.1D).  

 

Figure 3.1: Co-IP of SERCA and sAnk1 and immunodepletion. A) SR vesicles were 
solubilized and subjected to IP with antibodies to sAnk1. After running a western blot the 
proteins in the IP were detected with antibodies to sAnk1 and SLN. 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 in both A 
and B. The results show that sAnk1 and SLN Co-IP in skeletal muscle extracts and COS7 
cell lysates. C) Lysates from COS7 cells transfected to express sAnk1-mCherry and NF-
SLN were immunodepleted of endogenous SERCA2b by 3 consecutive IPs (D1, D2, D3).  
D) IP was performed with antibodies specific to mCherry (for sAnk1) or FLAG (for SLN) 
on the initial lysate (Pre) and lysates after each of the 3 rounds of immunodepletion.  Both 
proteins are detected at significant levels in each of the D1-D3 fractions.  Interestingly, we 
did not observe SERCA2b in any of the IPs generated by anti-mCherry or anti-FLAG, 
suggesting that their association does not require SERCA2b. IP of the immunodepleted 
extract showed association of FLAG-SLN and sAnk1-mCherry. Proteins were 
immunoblotted with antibodies to mCherry and FLAG. Data previously reported 
(Desmond et al., 2017). This experiment was done based on my suggestion, but performed 
by Dr. Desmond.  
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sAnk-CFP and SLN-YFP were used to study colocalization of sAnk1 and SLN in 

COS7 cells (Fig 3.2A). Analysis of images obtained using confocal microscopy showed 

similar levels of colocalization between sAnk1 and SLN as seen between SERCA1 and 

sAnk1 or SLN (Pearson’s correlation coefficient = 0.74 +/- 0.057) (Desmond et al., 2015). 

ER localization we confirmed using co-transfection with DS-Red-KDEL, an ER marker 

(Fig 3.2B). 

AFRET was used to determine if sAnk1 and SLN were not only present in a 

complex, but within 10nm of each other. We found a shift in anisotropy occurred in cells 

co-expressing sAnk1-CFP and SLN-YFP (Δrmean = 0.03 ± .006) compared to the theoretical 

mean of zero (p=0.0001) (Fig 3.3). Anisotropy between sAnk1-CFP and SLN-YFP is in a 

similar range to that between YFP-SLN and SERCA-CFP (Δrmean = 0.068 ± .007), and 

SERCA-CFP and sAnk1-YFP (Δrmean = 0.021 ± .005). Therefore, these values are similar 

to positive controls. Dysferlin, a protein of the transverse tubules in skeletal muscle but 

that accumulates in the ER of COS7 cells, was used as a negative control. It failed to show 

energy transfer with sAnk1. The FRET between sAnk1 and SLN is consistent with the 

hypothesis that they directly interact. 
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Figure 3.2: Co-localization of sAnk1, SLN, and SERCA1. A) COS7 cells were 
transfected with cDNAs encoding sAnk1-CFP and SLN-YFP.  Significant colocalization 
was observed, as measured by Pearson’s correlation coefficient (included at the bottom 
right of each 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 co-expressed. Scale bars, 10 µm. Data previously reported (Desmond 
et al., 2017). Completed by Dr. Desmond.  
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Figure 3.3: AFRET of sAnk1, SERCA, and SLN in COS7 cells. 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 value 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; these data were first reported in (1). 
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 (#, p = 0.0401). Data previously reported 
(Desmond et al., 2017). I prepared the cells with Dr. Desmond. Cells were imaged by 
Michelle Markwardt. AFRET signals were analyzed by Dr. Desmond.  

 

However, it did not yet address the three-way complex of sAnk1, SLN, and 

SERCA1. Co-IP experiments were used with COS7 cells transfected with SERCA1 and 

either sAnk1-FLAG, FLAG-SLN, or both. Antibodies for SERCA1 were used to pull-

down any proteins in complex. It was found that FLAG-SLN led to 2.7-fold increase in the 
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amount of sAnk1 pulled down by SERCA1 compared to sAnk1 levels without SLN (Fig 

3.4A) (p = 0.0047). As more SLN was transfected into COS7 cells to increase the amount 

of SLN, more sAnk1 was pulled down with SERCA1 (Fig 3.4B). Unexpectedly, the reverse 

was not true. sAnk1 did not alter the amount of SLN associated with SERCA1 (Fig 3.4D) 

(p=0.46 upper band, p=0.45 lower band). Furthermore, as more sAnk1 was transfected 

there was no change seen in the amount of SLN pulled down with SERCA1 in either the 

upper or lower band (Fig 3.4 C). SERCA1 associates preferentially with dimeric SLN, 

despite the fact that most of SLN in the input lanes is monomeric.  

Dr. Desmond previously used sAnk1 mutant in which all the residues were changed 

to leucines and a plasmid with only the cytosolic domain of sAnk1 (sAnk1(29-155)) to 

show sAnk1 interacts with SERCA1 through both the TM and cytoplasmic domain. Here 

we used the same sAnk1(29-155) to determine if SLN had any effect on the cytoplasmic 

interaction between sAnk1 and SERCA1. Similar to the full length sAnk1, the presence of 

FLAG-SLN promoted the interaction between sAnk1(29-155) and SERCA1 by 2.7-fold 

(Fig 3.5). 
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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 Co-
IP between SERCA1 and sAnk1 in the presence or absence of FLAG-SLN.  There was a 
2.6-fold increase in Co-IP of sAnk1 when it was co-expressed with FLAG-SLN. C) 
Increasing the amount of cDNA encoding FLAG-SLN, as indicated below each panel, 
increased interaction between SERCA1 and sAnk1. D) Increasing the amount of cDNA 
encoding sAnk1-FLAG has no effect on Co-IP of SERCA1 and FLAG-SLN. E&F) 
Graphical representation of densitometric analysis of experiments shown in C and D, 
respectively.  Linear regression shows a significant increase in Co-IP 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 Co-IP 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. Data previously reported 
(Desmond et al., 2017). Two of the five Co-IPs shown in A-D were performed by myself. 
All Co-IPs in E & F were completed by Dr. Desmond. 
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Figure 3.5: SLN promotes interaction between sAnk1’s cytosolic domain and 

SERCA1. COS7 cells were transfected to express SERCA1 and sAnk1(29-155)-FLAG 
with or without FLAG-SLN. Cell extracts were subjected to Co-IP with antibodies against 
SERCA1 and immunoblotted. Non-immune mouse IgG was used as a control. Data 
previously reported (Desmond et al., 2017). Completed by Dr. Desmond.  

 

AFRET was used to confirm that FLAG-SLN enhances the interaction between 

sAnk1 and SERCA1. When compared to AFRET signal of COS7 cells transfected with 

SERCA-CFP and sAnk1-YFP to the signal of cells transfected with SERCA-CFP, sAnk-

YFP, and FLAG-SLN, the latter had an increase (Δrmean (0.021 ± .005 vs. 0.036 ± .003; p 

= 0.04; Fig. 3.3). This confirms our previous results that SLN promotes the interaction 

between sAnk1 and SERCA1.  

Bimolecular fluorescence complementation assay (BiFC) was used in conjunction 

with AFRET to study the three-way complex between SLN, sAnk1, and SERCA1. The N 

portion of mVenus was fused to SLN (SLN-mVen-N) and the C portion to sAnk1 (sAnk-

mVen-C). They were then co-expressed in COS7 cells. Fluorescence was only seen when 
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both sAnk1 and SLN were present (Fig 3.6A). To ensure this interaction was being driven 

by sAnk1 and SLN and not the half-Venus molecules a small portion of dysferlin was 

FLAG-tagged and linked to mVen-N (Dysf-mVen-N-FLAG). When co-expressed with 

sAnk1-mVen-C1, Dysf-mVen-N1-FLAG did not show any fluorescence, confirming the 

BiFC was specific. Fluorescence from SLN-mVen-N:sAnk1-mVen-C complexes was 

highly depolarized (Fig 3.7A) indicating FRET is occurring between SLN:sAnk1 

complexes in multimerization. Fluorescence anisotropies from untagged mVenus 

fragments represented random, non-specific mVenus interactions. These values were 

consistent with other monomeric fluorescent proteins (Rizzo et al., 2006).  

  

 

 

Figure 3.6: Fluorescence complementation assay. COS7 cells were transfected with 
cDNAs encoding sAnk1-mVen-C, SLN-mVen-N, and Dysf-mVen-N-FLAG as indicated 
within each panel.  Alexa-584 secondary antibody was used in panel B to detect both anti-
SLN and anti-GFP.  In panel C, Alexa 568 was used to detect anti-GFP and Alexa 633 was 
used to detect anti-FLAG. All samples were counterstained with DAPI to visualize nuclei. 
A) Cells expressing both sAnk1-mVen-C and SLN-mVen-N show Venus fluorescence (top 

row) while cells expressing individual proteins tagged with a portion of the Venus molecule 
do not (middle and bottom row). B) Immunostaining with anti-GFP to detect the region of 
Venus fused to sAnk1 or anti-SLN reveals the individual fusion proteins are colocalized 
with the Venus signal observed. C) Cells were transfected as indicated on the left and 
immunostained as indicated on the right.  Individual expression of sAnk1-mVen-C (row1), 
Dysf-mVen (row 2), or both together (row 3) demonstrate that these constructs are 
expressed in the ER of the COS7 cells, but no Venus signal is observed.  Scale bars, 10 
µm. Data previously reported (Desmond et al., 2017).  I completed these experiments. 
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Figure 3.7: SERCA1 affects SLN-sAnk1 interactions. A) COS7 cells were co-
transfected with either SLN-mVen-N and sAnk1-mVen-C or control plasmids containing 
only the two half fragments of mVenus (mVen-N, mVen-C). Cells were imaged using 
fluorescence polarization microscopy and anisotropy values were tabulated at the pixel 
level. Histograms were normalized to the total number of pixels (mVen-N+ mVen-
C,  13322 pixels, ~40 cells; SLN-mVen-N + sAnk1-mVen-C, 22790 pixels, ~150 
cells; p<0.0001 by t-test, curves shown are fits to a single component Gaussian (r2 =0.9990 
for each curve)). B) Cotransfection with SERCA-CFP changed the distribution of 
anisotropy values observed for SLN-mVen-N:sAnk1-mVen-C FRET (SLN-mVen-N + 
sAnk1-mVen-C, 36623 pixels, ~270 cells) (SLN-mVen-N + sAnk1-mVen-C + SERCA-
CFP, 11898 pixels, ~100 cells, p <0.0001 by t-test, curves shown are fits to a single 
Gaussian component (r2 =0.9997 and 0.9993 for -/+ SERCA-CFP, respectively)). C&D) 
show representative images for SLN-mVen-N + sAnk1-mVen-C in the absence (C), and 
presence (D) of SERCA-CFP.  Scale bars indicates 10 μm. Data previously reported 
(Desmond et al., 2017). I prepared the cells. Michelle Markwardt imaged them. Dr. 
Desmond and I analyzed the images.  
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When SERCA-CFP was co-expressed with sAnk1-mVen-C and SLN-mVen-N, 

interaction was observed (Fig 3.7). The expression of SERCA-CFP increased the 

anisotropy values observed for SLN-mVen-N:sAnk1-mVen-C complexes. This suggested 

a change in the molecular interactions caused by association with SERCA-CFP. The 

anisotropy did not increase to monomeric levels observed in untagged mVen-N, mVen-C 

control suggesting the complexes are still intact. There was a change in the expression 

patter of SLN-mVen-N:sAnk1-mVen-C in the presence of SERCA1 (Fig 3.7 C &D) where 

all constructs were localized strongly to the perinuclear ER region. 

Finally, we wanted to see if sAnk1 and SLN in complex altered SERCA1 activity. 

This was done using an ATPase assay as described in Methods. Microsomes were collected 

from either COS7 or HEK293 cells. Cells transfected with SERCA1 alone served as a 

control and, as expected, had the highest level of Ca2+-dependent ATPase activity in both 

cell type (COS7, pCa2+ = 6.33 ± .016; HEK293, pCa2+ = 6.38 ± .025). As previously 

reported (Desmond et al., 2015), sAnk-FLAG reduced SERCA1’s apparent affinity for 

Ca2+ in both cell types (ΔKCa2+ = -0.18 and -0.21, pCa2+ units respectively; Fig. 3.6; Table 

3.1). This shift is not as great as co-expression of FLAG-SLN and SERCA1 (ΔKCa2+ = -

0.38 pCa2+ units in COS7 and -0.30 in HEK293; Fig. 3.8; Table 3.1).  
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Figure 3.8: 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 SERCA1 leads to a 
reduction of SERCA’s apparent affinity for Ca2+, but that the effect of sAnk1 is less than 
that of SLN, as previously shown (Desmond et al., 2015). C & D) The KCa ([Ca2+] free 
required for half-maximal activation) values were determined from each curve and are 
summarized in Table 3.1a and b.  COS7 mean KCa: †SERCA1 pCa2+ = 6.33 (468 nM), 
†SERCA1 + sAnk1 pCa2+ = 6.15 (708 nM), †SERCA1 + SLN pCa2+ = 5.95 (1122 nM), 
and SERCA1 + sAnk1 + SLN pCa2+ = 6.12 (759 nM).  HEK 293 mean KCa: SERCA1 

pCa2+ = 6.38 (415 nM), SERCA1 + sAnk1 pCa2+ = 6.17 (680 nM), SERCA1 + SLN 

pCa2+ = 6.08 (830 nM), and SERCA1 + sAnk1 + SLN pCa2+ = 6.26 (560 nM).  Statistics 
used 1-way ANOVA: *, p < .05 vs SERCA1, **, p < .01 vs SERCA1 and #, p < .05 vs 
SERCA1 + SLN. †Data presented previously (Desmond et al., 2015) and performed at same 
time as SERCA1 + sAnk1 + SLN. Other data previously reported (Desmond et al., 2017). 
Both Dr. Desmond and I contributed data to panel A. B-D were completed by Dr. Desmond 
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Table 3.1: ATPase assays. The results from ATPase assays presented in Figure 3.6 for 
COS7 (A) and HEK293 (B) cells are summarized.  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 (Desmond et al., 2015). Other data previously reported (Desmond 
et al., 2017). Data analyzed by Dr. Desmond. 
 

B:

A:
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Surprisingly, when both sAnk-FLAG and FLAG-SLN were expressed with SERCA1 

the inhibition was closer to levels of sAnk1 than SLN or an additive effect (ΔKCa2+ = -0.21 

in COS7 and -0.12 pCa2+ units in HEK293; Fig. 3.8; Table 3.1). The KCa2+ between 

SERCA1 with sAnk1-FLAG and SERCA1 with both sAnk1-FLAG and FLAG-SLN were 

not statistically different. This suggests that sAnk1 reduces SLN-mediated SERCA1 

inhibition and may ablate it completely. 

Discussion 

There were several indicators that sAnk1 and SLN could interact with one another. 

They shared homology within the TM (Desmond et al., 2015). Both proteins homo-

oligomerized, SLN in particular through the TM domain (Porter et al., 2005; Autry et al., 

2011). SLN can form hetero-oligomers with its homologue PLN (Bhupathy et al., 2007). 

Furthermore, sAnk1 and SLN colocalize in areas of the nSR and SLN responds to knock 

down of sAnk1 expression (Ackermann et al., 2011). Like SLN and PLN, sAnk1 interacts 

with SERCA1 to reduce its affinity for Ca2+ (MacLennan et al., 2003; Bhupathy et al., 

2007). SLN and PLN can combine to super-inhibit SERCA1 activity (Asahi et al., 2002; 

Fajardo et al., 2013). This previous knowledge suggested that sAnk1 could interact with 

SLN and this complex could alter SERCA1 activity. 

 Here we show that indeed sAnk1 can interact with SLN. When co-expressed with 

SERCA1, SLN promotes interaction between sAnk1 and SERCA1. However, unlike PLN, 

sAnk1 does not work with SLN to super-inhibit SERCA1. Rather sAnk1 ablates SLN’s 

inhibition of SERCA1. 
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 We first showed SLN interacts with sAnk1. This was confirmed using Co-IP, 

AFRET, and BiFC. Co-IP was shown in SR vesicles isolated from rabbit hind limb muscles 

and extracts of transfected COS7 cells. AFRET was shown in with sAnk1-CFP and YFP-

SLN fusion proteins expressed in the ER membranes of COS7 cells. This indicated sAnk1 

and SLN are within 10nm of each other. This was further confirmed by BiFC in COS7 

cells. I showed that BiFC was specific to sAnk1 and SLN by using a truncated dysferlin 

protein as a negative control. 

 To ensure that sAnk1 and SLN were binding directly and not mediated by SERCA, 

immunodepletion was used. The interaction between sAnk1 and SLN was stable even as 

endogenous SERCA2b was removed from cell lysates. We also found when we pulled 

down for FLAG-SLN or sAnk1-mCherry endogenous SERCA2b did not pull-down. This 

is consistent with the literature (Asahi et al., 2002). This evidence indicates that SLN likely 

directly binds to sAnk1 independent of SERCA. 

 We next wanted to investigate the three-way interaction between sAnk1, SLN, and 

SERCA1. Co-IP and AFRET both showed evidence of a three-way interaction. More 

sAnk1 associated with SERCA1 in the presence of SLN than without SLN. When COS7 

cells were transfected with increasing amounts of FLAG-SLN cDNA the pellet for sAnk1 

pulled down with antibodies to SERCA1 increased linearly. However, increasing the 

amount of sAnk1 cDNA transfected did not alter the amount of SLN that interacted with 

SERCA. This data is consistent with previously published findings from Asahi et al. which 

showed that PLN increased when expressed with SERCA1 and SLN but PLN did not 

change the Co-IP of SLN with SERCA1. (Asahi et al., 2002; Toyoshima et al., 2003; Asahi 

et al., 2003) 
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AFRET results further confirmed the three-way interaction. Fluorescence was seen 

with SLN-mVen-N and sAnk1-mVen-C co-expression. This was specific as dysferlin did 

not produce Venus fluorescence. The specificity was further confirmed by the increased 

anisotropy of sAnk1 SLN compared to those of untagged mVen-N and mVen-C control 

proteins. In the presence of SERCA-Cer the Venus signal as intact, indicating that SERCA1 

does not disrupt this interaction. SERCA1 does interact with this complex as indicated by 

the anisotropy of sAnk1 and SLN with half-Ven tags was shifted higher in the presence of 

SERCA. This suggests SERCA1 is within 10nm of sAnk1:SLN complexes. Together these 

findings suggest a multimeric complex containing SLN and sAnk1 molecules and a three-

way complex with SLN, sAnk1, and SERCA1. 

It remains unclear how SLN promotes the interaction between SERCA1 and sAnk1. 

A possible explanation is that SLN promotes a conformational change in one or more 

domains of SERCA1; possibly one that opens a new binding site in SERCA1 for sAnk1. 

This would explain the increased Co-IP and anisotropy. This is however, unlikely, since 

this should have a reciprocal effect on sAnk1 promoting SLN interaction with SERCA. 

Alternatively, oligomers of SLN could promote SERCA-sAnk1 interaction in a 

larger complex. Large oligomers of SLN would form preferentially in the ER or SR 

membrane. These oligomers would have a higher apparent affinity for sAnk1 and SERCA1 

than SLN monomers. sAnk1 may bind to the exposed rim of the oligomers and SERCA1 

can bind to the complex (Fig 3.9).  
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Figure 3.9: Model of SERCA1-SLN-sAnk1 complex. sAnk1 (red) can bind with SLN 
(blue) with or without SERCA1 (purple). SLN can form oligomers and sAnk1 can bind to 
the outside of the oligomers. SERCA1 can bind to the exposed sAnk1. This is not 
stoichiometric. Adapted from Desmond et al, 2017. 

 

SERCA1 and sAnk1 (or PLN in the case of Asahi et al studies) would remain monomeric 

or dimeric. This model accounts for SLN promoting sAnk1 interaction with SERCA1 but 

sAnk1 not altering SLN interaction with sAnk1. This would also explain why inhibition of 

SERCA1 with all three proteins present is the same as SERCA1 expressed with only 

sAnk1. It is also consistent with the observation in Co-IPs that sAnk1 and SERCA1 prefer 

to interact with SLN dimers (higher band) than monomers. 

Our evidence clearly shows sAnk1, SLN, and SERCA1 form a complex, though 

the exact dynamics of that interaction remain unclear. Activity assays show that sAnk1 

ablates SLN-mediated SERCA1 inhibition. Instead of having an additive effect, sAnk1 

ensures that SLN cannot further reduce SERCA1’s apparent Ca2+ affinity. This effect of 

both sAnk1 and SLN on SERCA1 activity was statistically indistinguishable from the 

effect of sAnk1 alone.  

Future experiments are needed to determine the specific moieties that mediate the 

interactions of these three proteins. The stoichiometry of our current model will require 
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further testing. These studies will be important to elucidate the mechanism behind sAnk1’s 

ability to reduce SLN-mediated SERCA1 inhibition and understand the role of the three-

way complex in vivo. Finally, as the levels of SLN and SERCA1 are altered in the mouse 

model of Duchenne’s muscular dystrophy (Schneider et al., 2013) it will be important to 

investigate if the levels of sAnk1 are modified in ways that may contribute to pathogenesis.  
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Chapter 4: sAnk1 interacts with PLN and forms a three-way complex with PLN and 

SERCA1 

Abstract 

 Previous work from our laboratory has shown that the activity of SERCA1, the major 

isoform of the sarco(endo)plasmic reticulum Ca2+-ATPase in skeletal muscle, is inhibited 

by small ankyrin1 (sAnk1), a ~17kDa transmembrane protein that stabilizes the network 

SR in skeletal muscle. sAnk1 binds to sarcolipin (SLN), a 31 amino acid (a.a.) peptide 

inhibitor of SERCA1 to ablate its inhibitory activity. SERCA is also inhibited by a third 

small protein, PLN (52 a.a.) that shares homology with SLN. Here, I show that sAnk1 also 

associates with phospholamban (PLN) and can form a 3-way complex with PLN and 

SERCA1. Association of PLN and sAnk1 was demonstrated by co-immunoprecipitation 

and bimolecular fluorescent complementation (BiFC). The BiFC heterodimer of sAnk1 

and PLN was then used with Cerulean-SERCA1 to study three-way interaction. This 

interaction was quantified and compared to controls using anisotropy-based FRET 

(AFRET). ATPase assays showed sAnk1 and PLN separately inhibit SERCA1 activity, but 

in complex sAnk1 blocks PLN inhibition. Our studies confirm that sAnk1 associates 

specifically with PLN, and the two proteins together complex with SERCA1 and 

differentially regulate its ATPase activity. These results have significant implications for 

the development of therapeutic approaches to treat a variety of diseases linked to calcium 

misregulation such as muscular dystrophies and neurodegeneration. 

Introduction 

SERCA1 pumps Ca2+ ions from the cytosol into the lumen of the SR, resulting in 

relaxation of skeletal muscle (MacLennan et al., 2003; Periasamy & Kalyanasundaram, 
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2007). Alterations in SERCA1 expression or activity has been linked to several human 

diseases (Periasamy, 2007; Brini, 2009; Diaz, 2005; Schmidt, 2002; Vangheluwe, 2006). 

While SERCA is expressed throughout the body, SERCA1 is the major isoform expressed 

in skeletal muscle (Lamboley et al., 2014; Lytton et al., 1992). The two most well 

characterized inhibitors of SERCA1 are SLN and PLN (MacLennan, 2003; Stammers, 

2015; Bhupathy, 2007).  

Both PLN and SLN inhibit SERCA by lowering its apparent affinity for Ca2+ 

(Anderson et al., 2015; Anderson et al., 2016; Cantilina et al., 2003; Nelson et al., 2016). 

SLN is typically associated with SERCA in fast-twitch muscle and the atria of the heart; 

PLN primarily regulates SERCA in slow-twitch muscle and the ventricle of the heart 

(Hellstern et al., 2001; Kelley et al., 2008; Wegener & Jones, 1984). While they are 

preferentially expressed in different cell types, they can be co-expressed in myofibers 

(Borzok et al., 2007; Kontrogianni-Konstantopoulos et al., 2003; Kontrogianni-

Konstantopoulos & Bloch, 2003). 

Recent studies have shown that sAnk1, a 17kDa TM protein of the nSR in skeletal 

muscle, can also inhibit SERCA1 activity (Desmond et al., 2015). sAnk1 shares homology 

in the TM domain with SLN and PLN, the same region that binds to SERCA. sAnk1 is 

encoded by the ANK1 gene and has a unique N-terminus that includes the TM domain 

(Zhou et al., 1997; Birkenmeier et al., 1998; Birkenmeier et al., 1993). sAnk1 is 

concentrated in the nSR membrane that surrounds the M-band and Z-disk, where its C-

terminus is thought to interact with obscurin and titin (Borzok et al., 2007; Kontrogianni-

Konstantopoulos et al., 2003; Kontrogianni-Konstantopoulos & Bloch, 2003). sAnk1 can 

self-associate to form dimers or possible higher order oligomers (Armani et al., 2006; 
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Porter et al., 2005; Subramaniam et al., 2020).sAnk1 inhibits SERCA1 activity in a manner 

similar to, but distinct from SLN (Desmond et al., 2015), and may link the regulation of 

Ca2+ movement into the SR and to contractile activity.  

PLN exists primarily as a dephosphorylated monomer or a phosphorylated 

pentamer (Bhupathy et al., 2009; Fujii et al., 1989; Gramolini et al., 2006; Kirchberger et 

al., 1974; Peuch et al., 1979; H. K. B. Simmerman et al., 1986; Tada et al., 1974, 1975). 

Only monomeric PLN is thought to inhibit SERCA (Asahi et al., 2000; Chen et al., 2010). 

Though PLN is capable of remaining bound to SERCA when phosphorylated, it does not 

inhibit activity.  

Recent studies have shown that sAnk1 can not only regulate SERCA1 activity, but 

also regulates SLN’s inhibition of SERCA (Chapter 3; Desmond et al., 2017). Since PLN 

shares TM homology with SLN and sAnk1, I predicted that sAnk1 can also complex with 

PLN to regulate SERCA1 activity, though the type of regulation is difficult to predict. PLN 

expressed with SLN results in super-inhibition of SERCA1 (Asahi et al., 2020; Fajardo et 

al., 2013). However, co-expression of sAnk1 and SLN results in a more active form of 

SERCA1 compared to SERCA inhibited by SLN alone (Fig 3.8; Desmond et al., 2017). 

Here I investigate whether sAnk1 and PLN interact, and how their co-expression with 

SERCA1 alters SERCA1 activity. 

Results  

I first used whole cell lysates from COS7 cells expressing sAnk1-Ven, PLN-FLAG 

with or without SERCA1 to immunoprecipitated for GFP (Fig 4.1), to learn if these 

proteins were able to associate. I also used COS7 cells in previous studies (Chapter 3) as 
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they transfect readily and can be used  to express and isolate different combinations of 

proteins easily and efficiently, without compromising endogenous cellular structure. Co-

IP was analyzed by WB and quantified. PLN-FLAG associated with sAnk1 regardless of 

SERCA1 expression. It suggests PLN-FLAG can associate with sAnk1 independent of 

SERCA1 or in complex with SERCA1. Venus staining was not visible in samples without 

PLN-Ven expression, indicating that the antibodies are specific (data not shown). Little 

signal was detected in the flow-through, indicating that most of PLN associated with 

sAnk1. 

 

Figure 4.1: Co-IP of sAnk1 with PLN. Representative blot of input and IP of Co-IP with 
GFP antibody. WB probed for FLAG. 

 

I also used BiFC to study the association of sAnk1 and PLN in the absence of 

SERCA1. The N-terminal region of mVenus was fused to PLN (PLN-mVen-N) and the C-

terminal region of mVenus was fused to sAnk1 (sAnk-mVen-C from Chapter 3). 

Antibodies for PLN and GFP, which detected the C-terminal region fused to sAnk1, were 

used to ensure the proteins were indeed expressed even though no fluorescence was 

observed (Figure 4.2). Venus fluorescence was only observed where both proteins were 

co-expressed in COS7 cells. Our studies in Chapter 3 indicate that sAnk1-mVenC does not 
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associate with another small protein that concentrates in the ER membrane, a fragment of 

dysferlin linked to mVen-N, indicating that the formation of intact Venus moieties is not 

driven by the binding of the two half-Venuses to each other without additional interactions 

occurring. This indicates sAnk1 and PLN bind directly to one another and that the binding 

is specific. 

 

Figure 4.2: BiFC of sAnk1 and PLN. COS7 cells were transfected with either PLN-
mVen-N, sAnk1-mVen-C, or both as indicated. Alexa-568 was used to detect anti-PLN 
and Alexa-633 was used to detect anti-GFP (sAnk1). All samples were counterstained with 
DAPI to visualize nuclei. Cells expressing both sAnk1-mVen-C and SLN-mVen-N show 
Venus fluorescence (bottom row) while cells expressing individual proteins tagged with a 
portion of the Venus molecule do not (top 2 rows). For bottom right panel Pearson’s 
coefficient = 0.617 ± 0.085. 

 

Next, I used AFRET to characterize the interaction between sAnk1 and PLN further. 

sAnk1 or PLN was tagged with Venus and anisotropy was measured with or without the 

WT of the PLN or sAnk1 (respectively) (Fig 4.3). Since only one protein was labeled with 

Venus a decrease in anisotropy indicates more oligomerization (more homo-FRET 
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occurring). In this study, PLN-WT decreased sAnk1-Ven anisotropy, indicating it 

promotes sAnk1-sAnk1 oligomerization. sAnk1-WT did not alter PLN-Ven anisotropy, 

indicating that the extent of PLN oligomerization in the ER membrane of COS7 cells is not 

altered by sAnk1. Thus, the effects of these small proteins on each other is not reciprocal.  

 

A      B 

   

Figure 4.3: AFRET of Venus tagged proteins without SERCA. AFRET of Venus linked 
to sAnk1 (A) or PLN (B) imaged in COS7 cells in the presence or absence of the other 
unlabeled protein. PLN-WT lowered sAnk1-Ven anisotropy, but sAnk1-WT did not alter 
PLN-Ven anisotropy. Bars represent 5% to 95% range. *** p < 0.0001, n = 640 – 771 cells 

 

Next, I compared the AFRET signal of the Venus moiety formed by sAnk1-mVen-C 

and PLN-mVen-N to the two half Venus moieties alone (Fig 4.4). There were over twice 

as many cells that met the threshold criteria for specific BiFC compared to random signal 

generated by mVen-C and mVen-N. As expected, the random interaction of mVen-C and 

mVen-N has a high anisotropy, indicating that the Venus moieties formed in the cytoplasm 
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do not interact with each other. Since sAnk1-mVen-C and PLN-mVen-N had a lower 

anisotropy, sAnk1 and PLN likely form a heterodimer or possibly a larger aggregate. 

 

Figure 4.4: AFRET of BiFC. AFRET of Venus reconstituted in cells transfected with 
either sAnk1-mVen-C and PLN-mVen-N or control plasmids containing only the two half 
fragments of mVenus (mVen-C, mVen-N). Bars represent 5% to 95% range. *** p < 0.001, 
n = 722 for column 1 and n = 309 for column 2 

 

After establishing sAnk1 and PLN can interact, I then examined if they can associate 

with SERCA1 in a three-way complex, first by co-immunoprecipitation experiments. 

Whole cell lysates from COS7 cells expressing SERCA1 and either sAnk1-FLAG, PLN-

Ven, or both, were immunoprecipitated with antibodies to SERCA1. Co-IPs were analyzed 

by WB (Fig 4.6) and quantified (Fig 4.5 A-B). The amount of PLN-Ven co-precipitated 

with SERCA was unchanged in the presence of sAnk1-FLAG (Fig 4.5 A, 1.020 ± 0.084, p 

= 0.6968). However, the amount of sAnk1-FLAG associated with SERCA decreased in the 

presence of PLN-Ven (Fig 4.5 B. 0.3886 ± 0.225, p = 0.0093). Observations in Chapter 3, 

also had a non-reciprocal effect, but I found SLN increased the amount of sAnk1 associated 
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with SERCA1 rather than decreasing it. It suggests that, in binding to SERCA1, PLN 

competes with sAnk1, possibly displacing sAnk1, but sAnk1 does not compete with PLN.  

I also examined co-IPs generated with antibodies to FLAG. The data show no change 

in SERCA associated with sAnk1-FLAG when PLN-Ven was present (Fig 4.5 D, 0.9432 

± 0.139, p = 0.5385). The amount of PLN-Ven associated with sAnk1-FLAG was higher 

in the presence of SERCA (Fig 4.5 C, 1.191 ± 0.123, p=0.0208). The latter result suggests 

that SERCA promotes the association of PLN with sAnk1.  

A       B 

 

C       D

 
 
Figure 4.5: Co-IP with SERCA1 and sAnk1. Cells were transfected with (A) SERCA1 
and PLN, with and without sAnk1; (B & D) SERCA1 and sAnk1, with and without PLN, 
or (C) sAnk1 and PLN with and without SERCA1. Cell extracts were subjected to IP with 
antibodies specific to SERCA1 (A & B) or FLAG (C & D). Quantitative densitometry was 
performed to generate the graphs shown. For A, B, & D n=3, For C n=4, Bars represent 
S.D., * p = 0.0208, ** p = 0.0093  
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Figure 4.6: Representative WB of Co-IP. A) Input of samples. sAnk1-FLAG is ~24kDa 
and PLN-Ven is ~30kDa. B) IP for sAnk1 and SERCA1 with WB against GFP (PLN-Ven). 
Higher bands at ~50kDa are likely heavy chain and lower band at ~25kDa are light chain 
of the antibody used for Co-IP. There does seem to be some non-specific IP of PLN, but 
this is consistently fainter than specific IP. C) IP for sAnk1 and SERCA1 with WB against 
FLAG (sAnk1-FLAG). Note the faint band at in row1 at ~24kDa, which is proportionally 
faint to SERCA1. Higher bands at ~50kDa in the IP lanes are most likely heavy chain IgG. 

 



70 

 

As these results suggest that PLN interacts with sAnk1 and SERCA differently than 

SLN, I compared their interactions by AFRET. I examined the effect of SERCA on the 

AFRET signals of sAnk1 or PLN linked to Venus as well as the FRET signals between 

SERCA1-Cer and Venus linked to the small proteins, and compared the results to those 

with SLN-Ven. When I focused on the Venus signal alone, I found that SERCA had a 

different effect on each small protein (Fig 4.7). In particular, the presence of SERCA1 

increased PLN anisotropy, decreased SLN anisotropy, and had no effect on sAnk1 

anisotropy. This is consistent with current models in which SERCA1 only binds to 

monomers of PLN, thereby promoting the dissociation of PLN pentamers, but binds to 

clusters of SLN (Chen et al., 2010; Fig 3.9), thereby promoting the association of smaller 

SLN oligomers. It also agrees with an earlier model in which SERCA1 associates directly 

with sAnk1 monomers (or perhaps dimers), without altering their oligomeric state (Fig 3.3; 

Fig 3.4; Desmond et al., 2017). I did not compare the anisotropy of PLN-Ven vs sAnk1-

Ven vs SLN-Ven because with our methods it is impossible to separate effects caused by 

differences in oligomerization and differences in orientation of the Venus tags. 
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Figure 4.7: AFRET of Venus tagged proteins with SERCA. AFRET of Venus linked to 
(A) PLN (B) sAnk1 or (C) SLN imaged in COS7 cells in the presence or absence of 
SERCA-Cer was measured. SERCA-Cer altered PLN and SLN anisotropy, but not sAnk1 
anisotropy. Bars represent 5% to 95% range. *** p < 0.0001, n = 694 – 868 cells 

 

When I measured the anisotropy of the FRET signal generated by energy transfer the 

cerulean moiety linked to SERCA1 and the Venus moieties of each of the three small 

proteins (Fig 4.8). All values for the anisotropy measured in the FRET channel were 
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statistically different than those for sAnk1-Ven or SERCA-Cer alone, indicating that the 

FRET signal is specific. The FRET signal for sAnk1-Ven or SERCA-Cer alone is due to 

“bleed through” of the Cerulean signal into the Venus channel and vice versa. FRET 

between SERCA-Cer and sAnk1-Ven was statistically higher than that between SERCA-

Cer and either SLN-Ven or PLN-Ven. This is consistent with the idea that SERCA interacts 

with sAnk1 differently than with SLN and PLN. However, it may also be due to differences 

in the orientation of Venus tags in each chimeric construct. 

 

Figure 4.8: AFRET of FRET channel between Venus tagged proteins and SERCA-

Cer. The FRET signal from either PLN-Ven, sAnk1-Ven, or SLN-Ven to SERCA-Cer was 
measured. PLN-Ven, sAnk1-Ven, and SLN-Ven all showed lower anisotropy when 
expressed with SERCA-Cer compared to individual proteins. When compared to each 
other sAnk-Ven had lower anisotropy in the FRET channel than PLN-Ven or SLN-Ven 
when expressed with SERCA-Cer. Bars represent 5% to 95% range. *** p < 0.0001, n = 
914 – 1189 cells 



73 

 

 

 I tested the effect of each of the small proteins on SERCA oligomerization by 

measuring the anisotropy of the Cerulean signal of SERCA-Cer alone or in the presence of 

sAnk1-Ven, PLN-Ven, or SLN-Ven. I used an empty DNA vector as an additional control 

(Fig 4.9). I found that each of the three small proteins increased SERCA anisotropy. This 

suggests that binding of any single inhibitor decreases SERCA-SERCA oligomerization. 

Interestingly, it was found in three different experiments (Fig 4.9, Fig. 4.10, and the 

Cerulean channel from Fig. 4.7, not shown) that the anisotropy of SERCA with sAnk1 

differed from than that of SERCA with SLN or SERCA with PLN, suggesting that the 

oligomeric state of SERCA bound to sAnk1 differs from that of SERCA bound to either 

SLN or PLN.  

I wanted to ensure that the shift in SERCA-Cer anisotropy by the presence of half-

Ven tags used in BiFC was similar to the shift of full-Ven tags (Fig 4.8, Fig 4.10). The 

half-Ven tags were compared to SERCA-Cer alone and SERCA-Cer with Dysf-mVen-N. 

Dysf-mVen-N was previously shown to be a successful negative control (Fig 3.6). The 

anisotropy of SERCA-Cer was lowered by sAnk1-mVen-C, SLN-mVen-N, and PLN-

mVen-N significantly more than non-specific interactions of SERCA-Cer and Dysf-mVen-

N. This suggests that the tags for BiFC do not alter specific interaction between 

sAnk1/PLN/SLN and SERCA1. No statistical difference was seen between PLN-mVen-N 

and SLN-mVen-N on SERCA-Cer anisotropy, but both were lower than SERCA-Cer + 

sAnk1-mVen-C. This indicates sAnk1 may decrease the number of SERCA1 clusters 

compared to PLN or SLN. 

 



74 

 

 

 

 Figure 4.9: AFRET of SERCA-Cer with and without Venus-tagged proteins. The 
Cerulean channel of SERCA-Cer in the presence and absence of Venus tagged PLN, 
sAnk1, or SLN was imaged. Cells with sAnk1-Ven, SLN-Ven, and PLN-Ven all showed 
higher anisotropy when expressed with SERCA-Cer compared to SERCA-Cer alone. Bars 
represent 5% to 95% range. *** p < 0.0001, n = 949 – 1256 cells 
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Figure 4.10: AFRET of SERCA-Cer with half-Venus tagged proteins. The Cerulean 
signal from SERCA-Cer in the absence and presence of Dysf-mVen-N as a negative 
control, sAnk-mVen-C, SLN-mVen-N, or PLN-mVen-N was measured. Interaction 
between sAnk1, SLN, or PLN was specific and lower than SERCA-Cer alone or with Dysf-
mVen-N. Bars represent 5% to 95% range. *** p < 0.0001, n = 839 – 1138 cells 

 

Bimolecular fluorescence complementation assay was used in conjunction with 

AFRET to further test if PLN, sAnk1, and SERCA1 could form a 3-way complex. Cells 

were co-transfected to express Ank1-mVen-C, PLN-mVen-N, and SERCA-Cer. I again 

used mVen-C and mVen-N as negative controls for any free association of the two portions 

of Venus in the cytosol and Dysf-mVen-N as a negative control for non-specific association 

in the ER. The AFRET signal of mVen-C expressed with mVen-N is consistently higher 

than sAnk1-mVen-C expressed with PLN-mVen-N, across experiments, with (Fig 4.11 C) 

and without (Fig 4.4) SERCA expressed. As expected, the random interactions of Venus 

moieties are mostly individual moieties, but sAnk1-mVen-C and PLN-mVen-N drive 

oligomerization of heterodimers. 
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Figure 4.11: AFRET between SERCA-Cer and BiFC complexes. Images collected in 
the (A) Cerulean channel, (B) FRET channel, and (C) Venus channel. There is no 
difference between SERCA-Cer alone and SERCA-Cer with mVen-N and mVen-C in the 
Cerulean channel (A) or FRET channel (C). SERCA-Cer is shifted by adding sAnk1 and 
further shifted by adding both sAnk1-mVen-C and PLN-mVen-N in both the Cerulean and 
FRET channel. The anisotropy of sAnk1-mVen-C and Dysf-mVen-N with SERCA-Cer 
present is statistically lower than free floating mVen-N and mVen-C co-expressed with 
SERCA-Cer. (C) The anisotropy of sAnk1-mVen-C and PLN-mVen-N co-expressed with 
SERCA-Cer is statistically lower than either of these two negative controls. Bars represent 
5% to 95% range. *** p < 0.0001, (A) n = 315 – 448, (B) n = 135 – 226, (C) left to right n 
= 25, 134, 99  



77 

 

 

Using BiFC with SERCA-Cer I was able to detect signal in the FRET channel (Fig 

4.11 B). The anisotropy between SERCA-Cer, sAnk1-mVen-C, and PLN-mVen-N was 

higher than any control signal. This is strong evidence for a three-way complex between 

SERCA1, sAnk1, and PLN. 

This interaction was further characterized by looking at the effect of the sAnk1-PLN 

complex on SERCA oligomerization. The Cerulean channel showed increased anisotropy 

of SERCA-Cer in the presence of sAnk1-mVen-C and PLN-mVen-N compare to SERCA-

Cer alone or non-specific Venus interactions (Fig 4.11 A). This suggests that not only do 

sAnk1 and PLN individually alter SERCA oligomers, but that together they have a greater 

effect on decreasing SERCA-SERCA interaction. Controls confirm there is no difference 

between SERCA-Cer alone or with half-Venus tags unattached to any proteins. Signal in 

the FRET channel from SERCA alone and SERCA-Cer with mVen-C and mVen-N 

indicate that there is some bleed through from the Cerulean channel (Fig 4.11 B). However, 

these non-specific interactions are statistically lower than SERCA-Cer with sAnk1-mVen-

C and PLN-mVen-N. This suggests that interaction between all three proteins is specific 

and all proteins are within a 10nm radius.  

Finally, I tested how the association of sAnk1 and PLN altered SERCA1 activity. Our 

ATPase assay, described in Methods, measures inorganic phosphate release by SERCA in 

the microsomes of COS7 cells transfected to express SERCA with or without the small 

proteins. Cells transfected with SERCA1 alone had the highest level of Ca2+-dependent 

ATPase activity (Fig 4.12). As previously reported (Toyofuku et al., 1993), SERCA1 with 

PLN showed reduced activity Vmax. Addition of sAnk1 inhibits SERCA1 activity, but to a 
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lesser extent than PLN. This is consistent with previous studies comparing the effect of 

sAnk1 with that of SLN (Desmond et al., 2015; 2017; Fig 3.8). Interestingly, when both 

sAnk1 and PLN were transfected with SERCA1, I found no inhibition of SERCA activity. 

Notably, in our assays, the small molecules only altered Vmax but had not effect on pCa2+. 

(Table 4.1). 
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Figure 4.12: ATPase activity of SERCA1. COS7 cells were transfected with the indicated 
cDNA construct(s). All values were first normalized to levels of SERCA1 expression in 
each sample, as determined by immunoblotting. ATPase activity was determined at each 
[Ca2+]free, then divided by the maximal signal generated by SERCA1. Compared to the 
Vmax measured for SERCA1 alone, adding sAnk1 or sAnk1 and PLN decrease Vmax but not 
KCa2+. Bars represent S.D. Lines represent calculated best fit curves. n=7 
 
 

 

  SERCA 

SERCA + 

PLN 

SERCA + 

sAnk1 

SERCA + PLN + 

sAnk1 

Vmax 108.0 ± 5.54 74.84 ± 4.15 95.52 ± 4.38 118.1 ± 7.86 

KCa2+ 6.49 ± 0.04 6.45 ± 0.04 6.44 ± 0.03 6.42 ± 0.05 
 

Table 4.1: Values of ATPase assay. SERCA + PLN and SERCA + sAnk1 are statistically 
different than SERCA and SERCA + PLN + sAnk1. For Vmax of SERCA + PLN vs SERCA 
and SERCA + sAnk1 + PLN p < 0.001; for SERCA + sAnk1 vs SERCA and SERCA + 
sAnk1 + PLN p < 0.001; for SERCA + sAnk1 vs SERCA + PLN p < 0.01; for SERCA vs 
SERCA + sAnk1 + PLN p = 0.8395 
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Discussion: 

The regulation of SERCA activity in striated muscle by PLN and SLN plays a central 

role in controlling contractile strength and thermogenesis. Although the interactions of 

each of these small proteins with themselves and with SERCA has been extensively 

studied, the mechanisms they effect in vivo remain poorly understood. This is due in part 

to the fact that the relationship between the phosphorylation and oligomerization of PLN 

and SLN to their effects on SERCA are still being elucidated, and because PLN and SLN 

are only two of at least seven small proteins that regulate SERCA, the others being 

DWORF, endoregulin, myoregulin, another-regulin, and sAnk1 (Anderson et al., 2015; 

Anderson et al., 2016; Nelson et al., 2016; Singh et al., 2019). Of the latter, more recently 

discovered modulators of SERCA, only sAnk1 has been shown to interact with both 

SERCA and SLN to form a three-way complex that ablates SLN’s inhibitory activity. 

Given the many similarities between SLN and PLN, I investigated the ability of sAnk1 to 

interact with PLN and to affect its ability to regulate SERCA. Here I report that, like its 

interactions with SLN, sAnk1 binds directly to PLN, forms a three-way complex with 

SERCA, and ablates PLN’s inhibition of SERCA activity.  

I note that my results are inconsistent with some earlier reports in at least one respect: 

I observe a significant shift in pCa2+ in our ATPase assays with SLN but not with PLN, but 

a significant decrease in max ATPase activity in the presence of PLN but not SLN. We can 

account for some of our observations by the fact that we routinely normalize the overall 

chromogenic signal from our assays to the amount of SERCA1 present in the microsomes 

assayed, as determined by immunoblot, and we find that SERCA1 expression levels in 

COS7 cells are significantly increased in the presence of PLN. Our results may also differ 
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from those of other laboratories because I examine intact microsomes from transfected 

cells in the presence of A23187, where others study sarcoplasmic reticulum or solubilized 

membrane preparations. Although these parameters are perplexing, other reports in the 

literature have shown differences in Vmax, especially Gorski et al., 2013. Nevertheless, our 

key finding concerns the differential effect of sAnk1 on PLN, compared to SLN.  

I provide three lines of evidence that sAnk1 interacts directly with PLN: co-

immunoprecipitations, bimolecular fluorescence complementation, and anisotropy-based 

FRET measurements. I acknowledge the possibility that endogenous SERCA2B in the 

COS7 cells that I studied by co-IP and AFRET might mediate these interactions, although 

our previous work argues strongly that the levels of expression of the small molecules far 

exceed the amount of SERCA2B in co-IPs (Fig 3.1). The most compelling evidence for 

direct interaction is the result of our BiFC study, which shows that sAnk1 and PLN are 

within molecular distances of one another, permitting the formation of an intact, 

fluorescent Venus moiety from the complementary half-Venuses linked to each of them. 

BiFC indicates there is at least a 1:1 ratio, although it does not rule out the presence of 

larger, non-stoichiometric aggregates.   

Shifts in anisotropy, documented in our AFRET studies, are consistent with a direct 

association of PLN and sAnk1. Specifically, the presence of PLN decreases the anisotropy 

of sAnk1-Ven, suggesting that PLN increases the overall size of sAnk1 oligomers in COS7 

cell membranes. sAnk1 forms disulfide-linked dimers and higher oligomers (Porter et al., 

2005; Subramaniam et al., 2020), and PLN appears to promote that tendency. By contrast, 

sAnk1 does not change the anisotropy of PLN-Ven. Our results suggest that PLN promotes 

the oligomerization of sAnk1, but sAnk1 does not affect PLN oligomerization.  
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I also used co-IP, BiFC, and AFRET to learn if sAnk1, PLN and SERCA1 can form a 

three-way complex in COS7 cells. Co-IP studies are consistent with this, but they do not 

rule out the possibility that SERCA forms distinct complexes with either sAnk1 or PLN, 

but not both. BiFC coupled with AFRET renders this explanation highly unlikely, however. 

In particular, I observe a shift in anisotropy in the Venus moiety formed from sAnk1-

mVen-C and PLN-mVen-N in the presence of SERCA1. I also observe FRET between the 

Cerulean moiety linked to SERCA1 and the Venus formed by BiFC, consistent with a 

three-way complex. Additional AFRET studies suggest that these interactions are highly 

specific and independent of the nature of the small protein chimeras (full Venus or half 

Venus). Our results, therefore, clearly indicate that sAnk1, PLN and SERCA1 form a three-

way complex when they are co-expressed. 

The interactions of sAnk1 and PLN with SERCA1 is unusual, however, as their effects 

are not reciprocal. Increasing the expression of PLN in COS7 cells reduces sAnk1’s 

association with SERCA1, but increasing sAnk1 expression does not alter co-IP of 

SERCA1 with PLN. I previously reported a related phenomenon when I studied sAnk1-

SLN interactions, but in that case increasing SLN expression increased the co-IP of sAnk1 

with SERCA1 whereas increasing sAnk1 had no effect on SLN-SERCA1 association (Fig 

3.4). We modeled those results by assuming that sAnk1 associates with the rim of SLN 

aggregates that grow in size as SLN levels increase, and that the rim is the site at which the 

two small proteins bind SERCA1 (Fig 3.9). By contrast, our results with PLN suggest that 

has the opposite effect, i.e., it competes for sAnk1 for binding to SERCA1, suggesting that 

in its presence the complex formed by sAnk1 and SERCA1 decreases in size. This is 

consistent with the increase in Cerulean anisotropy that I observe when I compare 
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SERCA1-Cer + sAnk1-mVen-C (in the presence of a negative control, Dysf-mVen-N) to 

SERCA1-Cer + sAnk1-mVenC + PLN-mVen-N (Fig. 4.11A).  

Although PLN and SLN share many attributes, including the ability to form small 

oligomers on their own, the fact that phosphorylation promotes their dissociation from 

SERCA1, and their shared ability to bind to the same hydrophobic transmembrane pocket 

of SERCA1 in the same conformational state, a comparison of this model with our model 

for sAnk1-SLN-SERCA1 interactions (Fig 3.9) immediately indicates the stark differences 

between PLN and SLN that appear when sAnk1 is present (Asahi et al., 2000; Bhupathy et 

al., 2007; Gramolini et al., 2006; Sahoo et al., 2013; 2015). In particular the PLN-sAnk1-

SERCA1 complexes are likely to be small, because PLN oligomerization is limited in size 

to pinwheel-shaped pentamers (Traaseth et al., 2008), while SLN-sAnk1-SERCA1 

complexes are likely to be large, because its cytoplasmic and lumenal sequences are 

minimal and unlikely to prevent large aggregates from forming. It is possible that PLN 

displaces sAnk1 from SERCA. However, when in complex PLN’s inhibitory activity, is 

abolished.  It is possible that when sAnk1 binds to the PLN-SERCA1 complex it pushes 

PLN into a conformation similar to its phosphorylated state that is bound to SERCA1 but 

inactive. Although this is consistent with our ATPase results, further studies will be 

required to test this idea.   

A cartoon of the model is presented in Figure 4.13. As shown with BiFC, Co-IP, and 

AFRET sAnk1 can bind to PLN independent of SERCA1. As sAnk1 does not alter PLN 

anisotropy, it likely does not alter oligomers of PLN. PLN however, promotes sAnk1 

oligomers (Fig 4.3).  Therefore, individual sAnk1-PLN heterodimers do not likely form 

larger oligomers as this would promote PLN oligomerization. However, sAnk1 may be 
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able to cluster around PLN pentamers, similar to the SLN model but smaller. I have shown 

with AFRET that PLN likely outcompetes sAnk1 for binding to SERCA1, but can bind to 

the PLN-SERCA1 complex. Therefore, PLN is likely closer to SERCA and sAnk1 binds 

to this already formed complex. The decrease in Cerulean anisotropy also suggests that 

these complexes cluster, allowing for FRET between SERCA-Cer proteins. This different 

than our sAnk1-SLN-SERCA complex model (Fig 3.9) that suggests SLN forms large 

clusters that sAnk1 and SERCA bind around. This model accounts for sAnk1-PLN 

interaction and the three-way interaction. However, it does not explain why SERCA1 

promotes PLN interaction with sAnk1 (Fig 4.5C).  

 

 

Figure 4.13: Model of SERCA1-PLN-sAnk1 complex. sAnk1 (red) can bind with PLN 
(tan) with or without SERCA1 (purple). PLN monomers or pentamers bind with sAnk1. 
sAnk1-PLN hetero-dimers can bind to SERCA1. This is not stoichiometric. 

 

In summary, our data is consistent with a model where sAnk1 binds primarily to PLN 

that is in both its monomeric state and pentameric states, and that the two proteins compete 

for binding to SERCA1. As PLN decreases sAnk1 association with SERCA, it likely 

predominates in this competition. However, when in complex, sAnk1 may convert PLN to 

an inactive form to abolish its inhibitory activity. The sAnk1-PLN-SERCA1 complex is 

likely to be small, probably much smaller than the aggregates that sAnk1 and SERCA1 
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form with SLN. Notably, the sAnk1-PLN pair alters the Vmax of SERCA1, whereas our 

previous results indicate that the sAnk1-SLN pair alters primarily pCa2+. How these 

complexes actually function to alter Ca2+ uptake in mature slow-twitch and fast-twitch 

muscle fibers, and what the role of sAnk1 is in fibers of mixed type that express both PLN 

and SLN must still be investigated.  
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Chapter 5: sAnk1-SLN-PLN-SERCA may form a 4-way complex. 

Abstract: 

The major isoform of the sarco(endo)plasmic reticulum Ca2+-ATPase in skeletal 

muscle is SERCA1. SERCA1 is regulated by small ankyrin 1 (sAnk1), a ~17kDa 

transmembrane protein that stabilizes the network SR in skeletal muscle, sarcolipin (SLN), 

a 31 a.a. peptide, and phospholamban (PLN), a 52 a.a. peptide. sAnk1, SLN, and PLN all 

share TM homology. Previously I have shown that sAnk1 and SERCA1 can form a three-

way complex with either SLN or PLN. sAnk1 alone inhibits SERCA1 activity, though to 

a lesser extent than SLN or PLN inhibition. I have found that sAnk1 ablates SLN inhibition 

and abolishes PLN inhibition of SERCA1. However, Co-IP and AFRET data suggest that 

these proteins are not competing but forming heterotrimeric complexes. Here I explore the 

possibility of a four-way complex between sAnk1, PLN, SLN, and SERCA1. Our results 

have significant implications for the development of therapeutic approaches to treat a 

variety of diseases linked to calcium misregulation such as muscular dystrophies and 

neurodegeneration. 

Introduction: 

SERCA pumps Ca2+ from the cytosol into the SR lumen in skeletal muscle. 

Dysregulation of Ca2+ in skeletal muscle has been linked to several diseases, including 

Darier’s disease and Brody’s disease (Odermatt et al., 1997; Prasad et al., 2004; 

Sakuntabhai et al., 1999). It is therefore vital that I understand how SERCA activity and 

Ca2+ transport are regulated. Various isoforms of SERCA are expressed throughout the 

body with SERCA1 being the major isoform expressed in skeletal muscle (Lamboley et 

al., 2014; Lytton et al., 1992). The two most characterized inhibitors of SERCA1 are SLN 
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and PLN (MacLennan, 2003; Stammers, 2015; Bhupathy, 2007), with recent studies 

revealing sAnk1 as a novel inhibitor of SERCA1 activity (Desmond et al., 2015; 2017). 

sAnk1 is a small, ~17kDa, TM protein that stabilizes the nSR in skeletal muscle (Zhou 

et al., 1997). It is encoded by the ANK1 gene and has a unique N-terminus that includes 

the TM domain (Zhou et al., 1997; Birkenmeier et al., 1998; Birkenmeier et al., 1993). 

sAnk1 can self-associate to form dimers or possible higher order oligomers (Armani et al., 

2006; Porter et al., 2005; Subramaniam et al., 2020).  

PLN is a 52 a.a. peptide that binds to the TM region of SERCA1 and inhibits activity. 

PLN primarily exists as either a dephosphorylated monomer or a phosphorylated pentamer 

(Bhupathy et al., 2009; Fujii et al., 1989; Gramolini et al., 2006; Kirchberger et al., 1974; 

Peuch et al., 1979; Simmerman et al., 1986; Tada et al., 1974, 1975). Only the monomeric 

PLN is thought to inhibit SERCA. PLN can remain bound to SERCA when phosphorylated 

but it does not inhibit SERCA activity (Asahi et al., 2003; Chen et al., 2010).  

SLN is a 31 a.a., ~4kDa TM protein that also inhibits SERCA activity (Babu et al., 

2007; Bhupathy et al., 2007; Odermatt et al., 1998). SLN binds to the same TM helices of 

SERCA as PLN (Morita et al., 2008). Studies show SLN can also form dimers or higher 

order oligomers (Bhupathy et al., 2009; Gramolini et al., 2006). Binding of SLN promotes 

SERCA slippage, resulting in uncoupling Ca2+ transport from ATP hydrolysis (Bal et al., 

2012; Sopariwala et al., 2015). 

PLN, SLN, and sAnk1 share homology in their TM domains (Desmond et al., 2015). 

SLN is typically associated with SERCA in fast-twitch muscle and the atria of the heart. 

PLN primarily regulates SERCA in slow-twitch muscle and the ventricle of the heart. 

sAnk1 is expressed in heart and in both fast and slow-twitch muscle. While they are 
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preferentially expressed in different cell types, they can be co-expressed in myofibers 

(Asahi et al., 2002; Autry et al., 2011; Cornea et al., 2000; Kelly et al., 2008). When co-

expressed, PLN can bind directly to SLN without SERCA present, forming heterodimers. 

These PLN-SLN heterodimers are stabilized via a leucine/isoleucine zipper in the TM 

region (Asahi et al., 2002, 2003). sAnk1 also forms heterodimers or larger oligomers in the 

absence of SERCA with both SLN (Desmond et al., 2017; Chapter 3) and PLN (Chapter 

4). 

Co-expression of SLN and PLN can lead to super-inhibition of SERCA1 or SERCA2a 

(Akin et al., 2013; MacLennan et al., 2003; Morita et al., 2008).  SLN increases the number 

of PLN monomers available to bind to SERCA1. A ternary complex is formed with PLN 

binding to the regulatory site of SERCA while SLN binds to the exposed side of PLN 

(Shigetomi et al., 2016). A ternary complex has also been shown to exist between 

SERCA1, sAnk1, and either PLN or SLN. sAnk1 ablates SLN inhibition of SERCA1 and 

abolishes PLN inhibition of SERCA1 (Desmond et al., 2017; Chapter 3; Chapter 4).  

Here I investigate whether a four-way complex among sAnk1, SLN, PLN, and 

SERCA1 can regulate SERCA1 activity. 

Results: 

Previously I used AFRET and BiFC to study 3-way complexes. Here I use these same 

techniques to look at the effect of adding a fourth protein. I compared two, three, and four-

way interactions in a single experiment. COS7 cells were transfected with SERCA-Cer and 

sAnk1-mVen-C and either pcDNA, Dysf-mVen-N, PLN-mVen-N, and/or SLN-WT. 

pcDNA was used to look at the effects of sAnk1 alone and Dysf-mVen-N was used as a 

negative BiFC control. Adding either SLN-WT or PLN-mVen-N allowed us to observe 
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changes on SERCA-Cer in the presence of two proteins rather than one. I previously 

showed in Chapter 4 that tags do not alter how these small proteins shift SERCA-Cer 

homo-FRET. Therefore, I can look at the SLN-WT or PLN-mVen-N and not expect the 

presence of a tag to alter results. Finally, I transfected cells with all four proteins: SERCA-

Cer, sAnk1-mVen-C, PLN-mVen-N, and SLN-WT to look at a four-way interaction.  

I first examined the FRET channel to see if the addition of SLN-WT altered FRET 

between SERCA-Cer, and the Venus moiety formed by sAnk-mVen-C and PLN-mVen-N 

(Fig 5.1). All pairs were statistically above SERCA-Cer + sAnk1-mVen-C (not shown) 

which produced few cells with signal in the FRET channel. This suggests that FRET was 

occurring between SERCA and all Venus pairs. Unlike previous experiments (Fig 4.10, 

Fig 4.11), the negative control of Dysf-mVen-N was not statistically lower than other pairs. 

It was slightly higher without SLN-WT than with SLN-WT. It is possible SLN was 

disrupting any non-specific interaction between sAnk1-mVen-C and Dysf-mVen-N. No 

differences in FRET were observed between three-way and four-way complexes of 

SERCA1-Cer, sAnk1-mVen-C, PLN-mVen-N, and SLN-WT. This suggests there is either 

no four-way complex or that SLN-WT binds in a way that does not disrupt the SERCA1-

sAnk1-PLN complex.   
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Figure 5.1: AFRET of FRET channel with all proteins present. The signal of FRET 
from SERCA-Cer to the Venus moiety generated by BiFC was measured. No signal was 
detected for SERCA-Cer + sAnk1-mVen-C (not shown). The only significant shifts in 
anisotropy were between SERCA-Cer + sAnk1-mVen-C + Dysf-mVen-N + SLN-WT and 
either SERCA-Cer + sAnk1-mVen-C + Dysf-mVen-N or SERCA-Cer + sAnk1-mVen-C 
+ PLN-mVen-N. Bars represent 5% - 95%, p < 0.0001, n = 1416 – 1798 cells 
 

I next wanted to tested if SLN disrupts the interactions of sAnk1 and PLN with 

SERCA1 by examining the data from the same experiment in the Cerulean channel (Fig 

5.2). SERCA-Cer + sAnk1-mVen-C was statistically higher than any pairs of half-Ven 

tags. The Dysf control was also higher than any pairs of known regulators, including 

sAnk1-mVen-C and untagged SLN-WT. These findings are consistent with earlier 

experiments (Chapter 4) and suggest that adding any pair of regulators increases SERCA-

SERCA oligomers compared to just sAnk1 alone.  
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Adding PLN-mVen-N to SERCA-Cer + sAnk1-mVen-C had a statistically different 

effect than adding SLN-WT. However, there was no difference between all four proteins 

and either sAnk1 with PLN or sAnk1 with SLN. This again suggests that there is not a 

four-way complex and adding a third regulator does not further alter SERCA1-SERCA1 

interaction.  

 

 

 
 
Figure 5.2: AFRET of Cerulean channel with all proteins present. The signal from 
SERCA-Cer was measured in cells transfected with up to 3 other proteins. SERCA-Cer + 
sAnk1-mVen-C was statistically different from all other samples. No statistical difference 
was detected between cells with sAnk1-mVen-C + PLN-mVen-N and either sAnk1-mVen-
C + Dysf-mVen-N or sAnk1-mVen-C + PLN-mVen-N + SLN-WT. No statistical 
difference was detected between cells with sAnk1-mVen-C + Dysf-mVen-N + SLN-WT 
and sAnk1-mVen-C + PLN-mVen-N + SLN-WT. Bars represent 5% - 95%, p < 0.0001, n 
= 1518 – 1822 cells  
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Finally, I examined the Venus signal in this experiment (Fig 5.3). As expected from 

the data presented in earlier chapters, the data sets from cells expressing sAnk-mVen-C 

and PLN-mVen-N give lower values than sAnk1-mVen-C and Dysf-mVen-N. As 

predicted from FRET and Cerulean data, SLN-WT seems to alter possible non-specific 

interactions occurring between sAnk1-mVen-C and Dysf-mVen-N. This is likely due to 

the reduced availability of sAnk1 to bind weakly to Dysf-mVen-N when it is bound to 

SLN-WT. This is the only channel I observed statistically significant differences between 

the three-way interaction of SERCA1-sAnk1-PLN and the putative four-way interaction. 

The presence of SLN seems to further decrease the anisotropy of sAnk1-mVen-C and PLN-

mVen-N signal. Since I see a shift in the Venus channel but not the Cerulean or FRET 

channel, SLN is mostly likely only interacting with sAnk1-PLN heterodimers that are 

unbound to SERCA. If this interaction was being mediated through SERCA or the full 

three-way complex, I would expect to see a change in anisotropy in the Cerulean and FRET 

channel as well.  
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Figure 5.3: AFRET of Venus channel with all proteins present. The Venus signal 
resulting from BiFC was measured. No signal was detected for SERCA-Cer + sAnk1-
mVen-C (not shown). No significant shift in anisotropy was between SERCA-Cer + 
sAnk1-mVen-C + Dysf-mVen-N + SLN-WT and SERCA-Cer + sAnk1-mVen-C + Dysf-
mVen-N. All other comparisons were statistically significant. Bars represent 5% - 95%, p 
< 0.0001, n = 790 – 929 cells  
 

Discussion: 

I had previously shown that SERCA1 formed a three-way complex with sAnk1 and 

either PLN or SLN. It has previously been shown heterodimers can form between PLN, 

SLN, and/or sAnk1. Therefore, I wanted to investigate if a four-way complex could be 

formed among SERCA1, sAnk1, PLN, and SLN. To do this I used transfected COS7 cells 

with SERCA-Cer and sAnk1-mVen-C, and added either pcDNA (empty vector), Dysf-

mVen-N (non-specific Venus pair) with and without SLN-WT, or PLN-mVen-N with and 
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without SLN-WT. It should be noted these experiments were run over 6 days rather than 

3, which is why the n is 50 – 100% more than other AFRET experiments discussed in 

Chapter 4. 

I found that SERCA anisotropy (measured in the Cerulean channel) was not altered by 

adding SLN to the three-way complex of sAnk1-PLN-SERCA1. FRET occurred between 

SERCA, sAnk1, and PLN, but was not altered by the addition of SLN. Adding SLN to 

sAnk1-PLN-SERCA1 decreased sAnk1-PLN anisotropy. The results suggest that SLN 

cannot join a 3-way complex that is formed by SERCA, sAnk1 and PLN.  

It is unlikely that SLN forms a four-way complex with SERCA1, sAnk1, and PLN. It 

does not alter cerulean or FRET signal. SLN did decrease anisotropy from the Venus 

moieties formed from sAnk1 and PLN. This suggests an increase of sAnk1-PLN 

heterodimers oligomerizing. In order for SLN to promote these oligomers without 

disrupting FRET signal, it would need to promote interaction of sAnk1-PLN hetero-dimers 

that are not bound to SERCA1. However, more data is needed to confirm this model.  

If SLN is forming a four-way complex with SERCA1, sAnk1, and PLN, it must do so 

without altering sAnk1 and PLN binding to SERCA. In order for FRET signal to be 

unchanged SLN-WT would need to bind to the complex without displacing sAnk1-PLN 

dimers from SERCA1. Since I see an increase in Venus signal and not Cerulean it would 

need to bring the complexes together through the sAnk1-PLN interactions rather than 

SERCA1 oligomerization. This could occur through congregates of SLN similar to our 

model for SLN-sAnk1-SERCA1 complex (Fig 3.9) However, SERCA would need to be 

over 10nm apart to prevent decreases in Cerulean signal. SLN is a small protein that forms 

a single α-helix through the membrane, about 5.4 Å in diameter (Eisenberg, 2003). Over 
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10 SLN proteins would need to cluster together for this model. While it is possible, no 

evidence has been shown that SLN forms that large of clusters before.   

In cells that do express all four proteins, such as intermediate fibers, I predict that there 

are two separate populations of SERCA1 clusters, one bound to SLN-sAnk1 clusters and 

one bound to PLN with and without sAnk1. In both clusters, sAnk1 should decreases 

inhibition of SERCA1 by SLN and PLN. In sAnk1-PLN-SERCA clusters, there should be 

increased SERCA1 Vmax and more Ca2+ pumped into the lumen. In sAnk1-SLN-SERCA1 

clusters, sAnk1 will block SLN from binding directly to SERCA and therefore increase 

SERCA’s affinity for Ca2+ as well as decrease any “slippage” that may be caused by SLN.  

Alternatively, sAnk1 may increaseSERCA1 activity by binding free SLN and PLN, 

thereby reducing their binding to SERCA1. I have shown that sAnk1 can bind to both SLN 

and PLN independently of SERCA. Figure 5.3 indicates SLN may bind to sAnk1 and PLN 

unbound to SERCA. This further suggests that, when SLN, sAnk1, and PLN are 

simultaneously expressed, they can interact with each other independent of SERCA. If this 

occurs in muscle fibers with normal amounts of SERCA1 present, this mechanism too may 

reduce their ability to inhibit SERCA.  

Future work could confirm these finding by adding SLN-mVen-N and PLN-WT. I 

would expect no changes in any channels, unless PLN displaces SLN. I am unable to do 

BiFC between SLN and PLN while adding WT-sAnk1 at this time, due to sAnk1 being 

oppositely oriented from SLN and PLN in the SR membrane. Co-IP and AFRET studies 

are also needed to confirm these preliminary studies. However, the sizes of PLN and SLN 

are very close (6kDa and 4kDa respectively), making separation within one gel 

challenging. Separate tags will need to be used for SLN and PLN to help differentiate.  
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I found that the addition of SLN to the sAnk1-PLN-SERCA1 complex only alters 

Venus anisotropy. This suggests there either is not a four-way complex, or that SLN binds 

in a way that does not alter SERCA-SERCA interaction. Further work is needed to explore 

these interpretations of the data. This work could help us better understand the complexity 

of SERCA1 regulation, which in turn may improve targeted therapeutics for muscular 

dystrophies and neuropathologies. 
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Chapter 6: sAnk1 and SERCA in neurons and astrocytes  

Abstract 

While the regulation of SERCA1 in skeletal muscle is well studied, the regulation 

of SERCA in the central nervous system is less well characterized.  Here I show that sAnk1 

is expressed in whole brain lysates. Databases show expression of SLN but not of PLN in 

the brain. The major isoform of SERCA expressed in the brain is SERCA2B, though 

SERCA2A is the major isoform in Purkinje cells. I hypothesized that SERCA2B in the 

brain is regulated by SLN and sAnk1, similar to SERCA1 regulation in skeletal muscle. 

However, my data suggest that sAnk1 is only expressed in astrocytes, whereas SERCA is 

detectable in neurons but not in astrocytes. This is inconsistent with the literature, which 

has shown physiological effects in astrocytes after pharmacological inhibition of SERCA. 

No laboratories have imaged SERCA in astrocytes. Thus, the regulation of SERCA in 

neurons and both the distribution and regulation of SERCA in astrocytes remain open 

questions. 

Introduction 

 The regulation of SERCA is less well characterized in the brain compared to 

muscle. However, dysregulation of ER calcium has been linked to several neurological 

disorders including ALS (Tedeschi et al., 2019), Alzheimer’s disease (Green et al., 2008; 

LaFerla, 2002), Parkinson’s disease (Dahl, 2017), schizophrenia (Lidow, 2003), bipolar 

disorder (Kusumi et al., 1992; Hough et al., 1999), and depression (Kusumi et al., 1994). 

More so, various small molecules activating SERCA have shown to improve memory in 

Alzheimer’s models (Krajnak & Dahl, 2018), and ameliorate dyskinesia in Parkison’s 
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models (Dahl, 2017). By better understanding how SERCA is regulated in the brain we 

may better address these disorders.  

 I have previously shown that SERCA1 is regulated in skeletal muscle by sAnk1, 

PLN, and SLN. In the brain, the two major isoforms of SERCA are SERCA2A in Purkinje 

cells and SERCA2B, which is ubiquitously expressed (Baba-Aissa, 1996 et al., Campbell 

et al., 1991).  SERCA2 shares a homologous TM domain with SERCA1 (Brini & Carafoli, 

2009, Gorski et al., 2017). This is the region in which SLN, PLN, and sAnk1 are thought 

to bind with SERCA1 and reduce its apparent Ca2+ affinity (Morita et al., 2008). SERCA2A 

has been shown to be regulated in the transmembrane domain by PLN in the heart (Tada 

et al., 1974). It is likely also regulated by small proteins in the brain. However, no studies 

have looked specifically for expression on the protein level of sAnk1, SLN, or PLN in the 

CNS (central nervous system).  

Large genomic studies have found mRNA expression within neurons and 

astrocytes. According to the Stanford Gene Bank (Zhang et al, 2015), SERCA2 (not 

distinguished between SERCA2A and SERCA2B) is expressed at 96.4 FPKM (fragments 

per kilobase of transcript per million mapped reads) in astrocytes and 66.5 FPKM in 

astrocytes. This is 960-fold and 665-fold higher than both SERCA1 and SERCA3 in 

astrocytes and neurons, respectively. SLN and PLN are both expressed at low levels within 

the brain, SLN at 0.5 FPKM (in neurons and PLN at 0.9 FPKM in astrocytes. The Ank1 

gene is expressed at higher levels in neurons than astrocytes (4.4 FPKM and 0.2 FPKM 

respectively), though this includes all ankyrin isoforms, not specifically sAnk1. 

Knowing this, I wanted to explore the expression of these specific isoforms of 

SERCA and ankyrin within the brain. Specifically, if sAnk1 is expressed either in neurons 
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or astrocytes, it would suggest that regulation of SERCA2 activity is similar in brain and 

muscle. 

Results 

I first used qPCR with primers specific to isoforms of proteins of interest to confirm 

their expression in the brain. Initially I studied RNA isolated from tissue from adult male 

and female C57Bl/6 mice. Quadriceps (Quad) and heart were used as positive control 

tissues while lung and kidney were used as general tissues, for comparison to gene products 

of interest in the cortex and cerebellum. No difference in expression was seen between 

male and female mice (n=3, Fig 6.1). However, these studies only used GAPDH as a 

control gene. While GAPDH is expressed in all tissue types, it is expressed higher in 

muscle than other tissue types (Barber et al, 2005). While this experiment allowed us to 

confirm that there were no sex differences, the expected increased expression in quad was 

not apparent, due to normalization to GAPDH.   

I then repeated qPCR on tissues from adult male mice with multiple control genes 

to account for any changes across tissue types (Fig 6.2). The geometric mean of three 

control genes – B2M (β-2-microglobulin), GAPDH, and β-actin – were used to determine 

relative levels of genes of interest. Quad, TA, and heart were used as positive controls and 

kidney as a negative control for sAnk1, PLN, and SLN.  I found SLN, sAnk1, SERCA2A, 

and SERCA2B expressed in the brain. Similar to published data (Zhang et al, 2015; Ling 

et al., 2020), I found little PLN in the brain compared to kidney. SLN was expressed in the 

cerebellum at levels similar to quad. The expression of SLN in cerebellum is higher levels 

than previously reported RNA-Seq data (Zhang et al., 2015; Ling et al., 2020). Since the 

RNA-Seq data wasn’t specific to sAnk1 isoform, it is hard to compare results to previous 
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studies. Nevertheless, I detected significant levels in the brain, though not as high as in 

skeletal muscle or heart. 

A 

 

B 

 

Figure 6.1: qPCR shows no sex differences. qPCR shows gene expression relative to 
GAPDH in adult female (A) and male (B) C57Bl6 mice. sAnk1, SERCA2A, Obscurin 
(Obsc), SLN, and PLN were compared in quadriceps (Quad), heart, lung, kidney, cortex, 
and cerebellum. 
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Figure 6.2: qPCR of genes of interest. qPCR show gene expression relative to geometric 
mean of GAPDH, B2M, and B-actin in adult male C57Bl6 mice. PLN, sAnk1, SLN, 
SERCA1, SERCA2A, and SERCA2B were compared in various tissues. Quad, TA, and 
heart were used as positive control tissue, and kidney as a negative control (for all but 
SERCA2B) to investigate expression in cerebellum (Cer) and cortex. 
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The expression of SERCA2, sAnk1, and SLN in the brain were confirmed through 

western blot (WB) (Fig 6.3). The sarcoplasmic reticulum of rabbit muscle (FSR) was used 

as a positive control for all three proteins, as it contains low levels of SERCA2 as well as 

high amounts of the smaller proteins. SERCA2 and SLN were present in the cerebellum, 

cortex, and hippocampus of all four adult male mice assayed. sAnk1 was expressed in all 

put 1 sample (cerebellum M4). Since it was seen in all but one sample, this is likely due to 

technical error. Therefore, I predicted that, similar to SERCA1, SERCA2B activity would 

be regulated by sAnk1 in brain.  

 

Figure 6.3: WB of brain lysates. WB of four male mouse (M1-M4) brains dissected to 
yield hippocampus, cortex, and cerebellum showed expression of SERCA2, GAPDH, 
sAnk1 (lower and upper bands), and SLN. FSR was used as a positive control. 

 

For sAnk1 to regulate SERCA2 activity, the two proteins must be expressed in the 

same cell populations. I did immunocytochemistry (ICC) on neuronal cultures from both 

the cortex and hippocampus of male rats to test this. Antibodies to SERCA2 (non-specific 
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between the SERCA2A and SERCA2B isoforms) and sAnk1 were used for labeling. 

Positive labeling for SERCA2 (Alexa-488) and sAnk1 (Alexa-568) were seen (Fig 6.4). 

SLN was undetectable by this method, however (Alexa 633).  

 

Figure 6.4: Immunocytochemistry staining in hippocampal cultures. Hippocampal 
cultures containing neurons and glial cells were fixed and stained for either SERCA2B 
(green), sAnk1 (red), or SLN (purple). Representative images show puncta of SERCA2B 
extending into what appear to be dendritic branches, while sAnk1 is localized in the cell 
body closer to the nucleus. Unlike skeletal muscle, where SERCA1 and sAnk1 co-localize, 
SERCA2B and sAnk1 do not co-localize in neurons. 

 

No co-localization was seen when both antibodies were used (Fig 6.5). Moreover, 

sAnk1 labeling was consistently in a higher z-section than SERCA2 labeling. These results 

suggest that sAnk1 and SERCA2 were expressed in different cell populations. I confirmed 

this by imaging single neurons that express GCaMP (Fig 6.6). GCaMP (GFP-calmodulin-

M13) acts as a calcium indicator attached to the M13 peptide, a portion of myosin light 

chain kinase, and, when present, fills the whole neuron. GCaMP (green), co-labeled for 

SERCA (red) but not sAnk1 (purple). Thus, SERCA2 but not sAnk1 is not expressed at 

detectable levels in neurons.   
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Figure 6.5: Immunocytochemistry of SERCA2B and sAnk1 in hippocampal cultures. 

Hippocampal cultures containing neurons and glial cells were fixed and stained for both 
SERCA2B (green) and sAnk1 (red). This representative image shows no co-localization of 
SERCA2B and sAnk1, unlike skeletal muscle. Pearson co-efficient = 0.05. Representative 
image of 4 slides. 

 

 

Figure 6.6: Immunocytochemistry with GCaMP-filled neurons. GCaMP-filled neurons 
show sAnk1 are not in the same cells as SERCA2B. Low densities of neurons from 
hippocampal cultures were filled with GCaMP (yellow) to track single neurons. 
Hippocampal cultures were fixed and stained for SERCA2B (red) and sAnk1 (purple). 
DAPI is shown in blue. sAnk1 was not seen in any of the same cells as GCaMP or 
SERCA2B, confirming sAnk1 does not co-localize with SERCA2B. 
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To test this further, I used antibodies to NeuN to label neuronal cell bodies and to 

GFAP to label astrocytes. SERCA2 was in a punctate pattern in the processes of neurons 

but was not labeled in astrocytes. sAnk1 was labeled in structures surrounding the nucleus 

of astrocytes, consistent with localization the ER compartment but was not apparent in 

neurons (Fig 6.7).   

 

Figure 6.7: Labeling for astrocytes and neurons show sAnk1 is primarily expressed 

in astrocytes. ICC was used to stain hippocampal cultures for SERCA2B, sAnk1, and 
either neurons using antibodies to NeuN or astrocytes using antibodies to GFAP. sAnk1 
did not co-localize with NeuN, but was instead found in astrocytes. This suggests sAnk1 
plays a different role in the regulation of SERCA2B in astrocytes than in neurons. 
Surprisingly, SERCA2B staining was stronger in neurons than astrocytes. DAPI (cyan) is 
labeled in NeuN slides 
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Previous studies have found that astrocytes respond to pharmacologically blocking 

SERCA activity, suggesting SERCA is present in astrocytes (Mehina et al, 2017; Kovacs 

et al, 2005; Beck et al, 2005; Simpson & Russell, 1997), raising the question of why I could 

not detect it in these cells by ICC.  I therefore repeated qPCR (Table 6.1) and WB (Fig 6.8) 

in extracts of neuron-free astrocyte cultures from male rat pups. Any Cq value over 35 was 

considered to be non-specific. Due to a large number of Cq values over 35 and variability 

within the control genes (GAPDH, B2M, and β-actin) I chose to represent this data as a 

table. Values of astrocytes were compared to tibialis anterior (TA) as a positive control. 

WB for astrocytes were compared to FSR as a positive control.  GFAP was used as a 

positive control protein in WB. sAnk1 was not detectable by either method.  It is 

conceivable that the sAnk1 protein is expressed at levels too low to be observed by WB, 

as an alternatively spliced form that is different from that seen in muscle and so 

undetectable by PCR with the oligonucleotides I used. SERCA2B was the only isoform of 

SERCA detectable by qPCR in astrocytes, but was not detectable by WB.  This suggests 

that SERCA2B is indeed expressed by astrocytes, consistent with the literature, but that its 

level of expression is too low to detect by either ICC or WB.   
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Target Biological Group Mean Cq Cq SEM 

B-Actin Astrocyte 30.37 0.00 
TA 28.60 0.00 

GAPDH Astrocyte 15.34 5.17 
TA 20.09 2.65 

B2M Astrocyte 38.47 0.58 
TA 28.45 0.21 

sAnk1 Astrocyte 38.65 0.06 
TA 26.93 0.22 

SLN Astrocyte 36.28 0.30 
TA 31.79 0.30 

SERCA1 Astrocyte 40.00 0.00 
TA 22.02 0.15 

SERCA2A Astrocyte 39.09 0.38 
TA 32.94 0.49 

SERCA2B Astrocyte 26.53 0.24 
TA 38.10 0.16 

SERCA3B Astrocyte 36.13 0.23 
TA 38.40 0.34 

Table 6.1: qPCR of astrocytes and TA. Mean Cq of genes of interest compared between 
astrocytes and TA muscle. Green indicates acceptable Cq values below 35. 
 

 

Figure 6.8: WB of astrocytes from three male rat pups. FSR was used as a positive 
control for SERCA1 and sAnk1. GFAP was used as a positive control for astrocytes. Two 
different antibodies for SERCA2 were used. 
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I used overexpression of tagged proteins to visualize sAnk1 and SLN without 

antibodies. Hippocampal neuronal cultures were transfected with sAnk1-mCherry, SLN-

Venus, and untagged SERCA2B. sAnk1-mCherry and SLN-Ven were only visualized in 

cells that were transfected with the corresponding plasmid, indicating our visualization of 

each protein was specific (Fig 6.9A). As expected, SERCA2B was brighter in cells that 

were transfected with SERCA2B (Fig 6.9A top row) than cells expressing only endogenous 

SERCA2B (Fig 6.9A, bottom row). When all three proteins were transfected together, 

colocalization was observed (Fig 6.9B). Under overexpression conditions sAnk1, SLN, and 

SERCA2 are capable of co-localizing. This indicates that if these proteins are expressed in 

the same cell type, they may interact. It did not, however, show these proteins are expressed 

together in the hippocampus in vivo. 
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A 

 

B 

 

Figure 6.9: 3D imaging of overexpression of small regulators and SERCA2B. 

Hippocampal cultures were transfected with plasmids over-expressing SERCA2B (purple), 
sAnk1-mCherry (red), and/or SLN-Venus (green). Endogenous and overexpressed 
SERCA2B was detected using SERCA2B antibody. A) Cells expressing SERCA2B (top) 
showed stronger signal for SERCA2B than cells expressing only endogenous SERCA2B 
(bottom). As expected, there is no signal for mCherry and Venus. B) When all three 
proteins are over-expressed together, they co-localize, particularly in the soma. Top row 
(A) scale bar = 20μm, ~25um thickness; bottom row (A) Scale bar = 30μm, each square 
represents 100 μm2, ~25um thickness. (B) scale bar scale bar = 30μm, each square 
represents 100 μm2, ~25um thickness. 
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Discussion: 

Dysregulation of Ca2+ in the ER in the brain has been linked to several neurological 

diseases including Alzheimer’s disease (Green et al., 2008; LaFerla, 2002) and 

schizophrenia (Jimerson et al., 1979).  Knowing that sAnk1, SLN, and PLN regulate 

SERCA1 in skeletal muscle and that SLN and PLN regulate SERCA2A in the heart, I 

predicted that these small proteins can regulate SERCA in the brain, particularly 

SERCA2B, as it is ubiquitously expressed. (Periasamy et al., 2007; Salvador et al., 2001).  

It is unclear if sAnk1 and SERCA2 are expressed in astrocytes. Data from isolated 

astrocytes suggest sAnk1 is expressed at too low of levels in astrocytes to be reliably 

detected by WB or PCR.  However, qPCR and WB are typically more sensitive than ICC, 

which was able to detect sAnk1 in astrocytes, unless the epitope for the antibody is 

destabilized by SDS-PAGE. This is unlikely since it has successfully been used to detect 

sAnk1 in muscle. SERCA2B was detected using qPCR in levels 16-fold less than SERCA1 

expression in TA muscle, but it was not detected by either WB or ICC. The WB was 

compared to FSR which should have a higher concentration of SERCA because each 

microgram of protein contains only SR proteins. A faint band for SERCA2 was detected 

in FSR.  Given the very low levels of expression relative to SERCA1 in muscle. it is not 

surprising that SERCA2 was only detected at the mRNA level in astrocytes. 

SERCA2 and sAnk1 were detectable by both qPCR and WB in studies of mouse 

brain cells, whereas the ICC and astrocyte data, where SERCA was not detected, were 

obtained with rat cell cultures. However, the antibodies and primers are designed to regions 

conserved between rat and mouse and have all successfully been used in rat and mouse 
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skeletal muscle.  The change in species used for these studies is therefore unlikely to 

account for the paradoxical results.  

It is possible that the ICC for sAnk1 was non-specific. Since the ER surrounds the 

nucleus it may be hard to differentiate between them. This could be addressed by using 

ICC with both sAnk1 and a known ER protein such as PDI (protein disulfide-isomerase) 

or a higher resolution in the Z-plane. Overexpression of sAnk1-mCherry showed that 

sAnk1 is capable of being expressed in neurons where it can colocalize with SERCA. 

However, since these were over-expression studies, I cannot conclude whether any 

endogenous sAnk1 normally colocalizes with SERCA in hippocampal neurons. 

Alternatively, the GFAP labeling in the mixed culture may have been present in 

neuroprogenitor cells, rather than astrocytes (Liu et al., 2010). This would explain why I 

detect sAnk1 in mixed cultures but not in purified astrocytic cultures. 

Although it should be present, as all cells are believed to require SERCA for 

survival, I detected no SERCA, in astrocytes. Furthermore, literature shows that astrocytes 

respond to pharmacological inhibition of SERCA with either CPA or TG (Mehina et al, 

2017; Kovacs et al, 2005; Beck et al, 2005; Simpson & Russell, 1997). It is therefore 

unlikely that astrocytes lack SERCA. However, only pharmacological effects or RNA-Seq 

data, but no protein studies, have shown that SERCA is present in astrocytes. Future studies 

in intact neuronal slices would be needed to examine the possible expression of SERCA2 

in astrocytes. 

It is possible that mRNA and protein from astrocytes were at too low concentrations 

for detection. This is unlikely since all control genes in this study were expressed well 

within detectable ranges. To ensure this though, future work would include repeating qPCR 
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and WB with higher concentrations of astrocyte cultures from both rat and mouse. 

Additional oligonucleotide probes should also be used to ensure that other splice forms of 

SERCA2 are not being overlooked. 

In summary, sAnk1 is expressed in astrocytes, but is not present at detectable levels 

in neurons. However, it is unclear which isoform of SERCA astrocytes express. It is likely 

SERCA2B based on mRNA data. Although it was detectable at the protein level in neurons, 

SERCA2B protein could not be detect in astrocytes by either ICC or WB. Therefore, it is 

difficult to determine whether sAnk1 regulates SERCA in astrocytes.  If it can, it may have 

significant implications for the development of therapeutic approaches to treat a variety of 

diseases linked to calcium misregulation in the CNS.   
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Chapter 7: Discussion 

Proper regulation of Ca2+, including regulating SERCA’s transport of Ca2+ from the 

cytosol into the ER/SR lumen, is vital for healthy function of excitable cells. I hypothesized 

that sAnk1, in excitable cells modulates SERCA activity by forming a multi-protein 

complex with SERCA and its known regulators, SLN and PLN. This thesis tested this in 

experiments that addressed three main predictions: 1) sAnk1 binds with SLN and SERCA1 

in a three-way complex to modulate enzymatic activity in skeletal muscle; 2) sAnk1 binds 

with PLN and SERCA1 in a three-way complex to modulate enzymatic activity in skeletal 

muscle; and 3) sAnk1 is expressed in astrocytes, where it has the potential to bind to and 

inhibit SERCA2.  

I found that sAnk1 does indeed form a multi-protein complex with SLN or PLN to 

regulate SERCA1 in skeletal muscle. sAnk1 immunoprecipitated with SLN or PLN both 

in the presence or absence of SERCA1. We did immunodepletion to show sAnk1-SLN 

interaction was not mediated by endogenous SERCA2B. Based on the amount of PLN 

associated with sAnk1 in the absence of exogenous SERCA1, it is unlikely that the small 

amount of endogenous SERCA2B in COS7 cells is driving that interaction either. AFRET 

studies and BiFC showed sAnk1 is within close proximity of SLN or PLN and that these 

pairs of proteins are within 10nm of SERCA1. ATPase assays showed sAnk1 can ablate 

SLN inhibition and abolish PLN inhibition of SERCA1. This is the first evidence that 

demonstrates the possibility of a three-way complex between sAnk1, SERCA1, and either 

SLN or PLN in skeletal muscle.  

While I now better understand the role of sAnk1 in skeletal muscle, the role in the 

central nervous system remains unclear. I hypothesized that sAnk1 modulates SERCA2 
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activity in astrocytes. Due to conflicting results on the expression of sAnk1 and SERCA2 

in astrocytes, I was unable to determine if sAnk1 and SERCA2 interact. It is unlikely sAnk1 

modulates SERCA2 activity in neurons as I was unable to find evidence that neurons 

express sAnk1. Further studies may reveal unique methods for regulating Ca2+ reuptake 

into the ER in astrocytes compared to neurons. 

Limitations 

Co-localization experiments using immunofluorescence labeling can show that 

proteins are located in the same subcellular compartments, where they have the potential 

to interact.  Standard confocal microscopy only has a resolution of about 0.15 μm, however, 

not 10 nm typical of FRET.  Our settings provide poorer resolution, 200-300nm resolution 

(Toomre et al., 2005). Thus, whatever colocalization is indicated by these methods does 

not constitute evidence for protein-protein interactions.   

It is important to use negative controls to test for antibody specificity and cross-

reactivity, as well as to assess the contribution of fluorescence “bleed through”. Another 

way to avoid antibody specificity is transfect fluorescently tagged proteins. However, this 

method shows overexpressed rather than endogenous proteins. These need not be limited 

to the same subcellular compartments or the same protein ligands as the endogenous 

protein. 

A major limitation was the availability of reliable antibodies. The only sAnk1 antibody 

available was developed by the Bloch lab (see Methods). The only available SLN antibody 

has low sensitivity. Therefore, I had to use tagged sAnk1, SLN, and PLN. AFRET required 

fluorescently tagged proteins. Ideally, experiments could have been conducted with 

untagged proteins to ensure the tags are not altering interactions in any way, particularly 
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with PLN-Venus in Co-IP experiments, where the Venus tag is much larger (~27kDa) than 

PLN-WT (~6kDa).  

Co-IP shows proteins bound in complex in vitro, after their expression and presumptive 

association in the cytoplasm. Negative controls of sAnk1, PLN, or SERCA1 alone were 

used to ensure immunoprecipitation was not due to non-specific interactions with the 

primary antibody or beads (Fig 4.6). Wes, a more sensitive approach for WB would have 

been used for Co-IP to get more accurate quantifications of immunoprecipitates. However, 

this is an expensive method that only recently became available to our laboratory. Being 

able to use both sAnk1 and PLN tagged with FLAG would have allowed me to quantify 

both proteins in the same gel. However, I was unable to get reliable signal from PLN-

FLAG and had to use PLN-Venus instead. Limitations in reliable PLN antibodies also 

prevented me from immunoprecipitating for PLN as I did for sAnk-FLAG and SERCA1. 

Future work could run input lysate and immunoprecipitants in the same gel to quantitate 

the percentage of each protein associated in complex. 

While Co-IP is helpful in studying the formation of complexes, it does not prove direct 

interaction, establish a stoichiometry of proteins in the complex, nor differentiate a single 

complex from a mix of several. Detection of both sAnk1 and PLN when 

immunoprecipitated for SERCA1 could be caused by either SERCA forming two separate 

heterodimers with sAnk1 and PLN or by a three-way complex. For this reason, we also 

used BiFC with FRET. 

BiFC is well suited for visualization of protein-protein interactions in live cells, 

removing artifacts caused by cell lysis, fixation, antibody specificity, or uneven distribution 

of exogenous fluorogenic or chromogenic agents (Kerppola, 2008). The formation of 
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fluorescent Venus moieties from the half-Venus constructs occurs on the scale of minutes, 

and therefore cannot be used to study dynamic complex formation. (Kerppola, 2008; Remy 

& Michnick, 2004; Morell et al., 2007). As, I study the BiFC signal after 2 days of 

transfection, I am limited to its report of static protein-protein interactions.  BiFC is 

irreversible in vitro (Hu et al., 2002). It is unclear if it also irreversible in vivo (Sung & 

Huh, 2007; Kang et al., 2010; Cole et al., 2007, Guo et al., 2005). At high concentrations 

fluorescent protein fragments can associate with each other. This partially explains why 

some fluorescence is detected even in negative control samples (i.e. mVen-N + mVen-C).  

Nevertheless, BiFC is highly sensitive and, when the appropriate set of negative controls 

are employed in each experiment, provides invaluable information about protein-protein 

interactions in living cells.  

BiFC requires fluorescent protein fragments to be in relatively correct orientation for 

association. Steric constraints are most likely why I was unable to detect fluorescence 

between SERCA1 and sAnk1 using BiFC, even with a flexible linker sequence between 

SERCA1 and mVen-C (data not shown). BiFC assays may generate positive signals when 

two proteins are present in a macromolecular complex rather than direct interactions 

(Kerppola, 2009). However, I conducted both Co-IP and AFRET of sAnk1 with SLN/PLN 

without SERCA1 present to strengthen the evidence that direct interaction is likely 

occurring (Fig 3.1, 3.3, 3.7A, 4.1, 4.3, 4.7). 

One disadvantage to BiFC is the low signal produced, typically 10% of that produced 

by the expression of an intact fluorescent protein (Hu et al., 2002; Hu et al., 2003; Kerppola, 

2008). I used fragments of Venus proteins which have higher intensity than traditional YFP 

to partially overcome this (Nagai et al., 2002; Shyu et al., 2006). 
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Unlike BiFC, FRET requires capturing light emitted by fluorescent protein complexes 

at two different wavelengths and computation post-acquisition (Seker & Periasamy, 2003). 

When the emission energy of an excited fluorophore, the donor, overlaps with the 

excitation peak of a second fluorophore, the acceptor, and the donor and acceptor are within 

10nm, transfer of energy that results in FRET can occur (Forster, 1948). I used the most 

common FRET pair, CFP as the donor and YFP (Venus) as the acceptor (Gell et al., 2012). 

A common issue with FRET is overlap between the emission spectra of the donor and 

acceptor proteins, resulting in excitation and emission cross-talk. Cross-talk leads to high 

levels of noise, or a limited region of the spectra must be collected to minimize overlap 

with donor emission spectra, resulting in less signal. Either results in FRET having a low 

signal-to-noise ratio. The size of the fluorescent tags compared to the distance between the 

fluorophores within each of the tags can also affect the signal-to-noise ratio. For example, 

fluorophore donors and acceptors must be less than 10nm apart, but GFP is a 4.2nm tall 

cylinder with a 2.4nm diameter (Cody et al., 1993). Depending on orientation, two 

fluorescent proteins could take up 8.4 of the 10nm required for detection. These 

disadvantages have led to the use of FRET primarily for qualitative, rather than 

quantitative, studies of protein-protein interactions in situ. 

Measuring the anisotropy of FRET in AFRET circumvents this issue and increases 

signal-to-noise measurements, facilitating more quantitative studies. If there is a detectable 

shift in anisotropy, FRET must be occurring regardless of cross-talk. Fluorescence 

anisotropy reporters (FLAREs) showed 5-fold to 30-fold higher signal-to-noise than 

traditional FRET (Secklinger et al., 2012). The reduction in cross-talk is also advantageous 

for quantitative analysis (Snell et al., 2018). It also allows for image subtraction rather than 
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image ratioing, which contains more intensity information to be represented in the data 

(Snell et al., 2018; Markwardt et al., 2018).  (NB: I have not used these additional 

techniques in my analyses.) 

The higher signal-to-noise ratio and high-throughput quantitative analysis is 

particularly useful when combining BiFC and AFRET. Due to reduced efficiency of BiFC 

and only exciting proteins in a single orientation in AFRET, our method has lower 

detection of total interaction than traditional 2-way FRET. This was facilitated by 

analyzing larger sample sizes at longer exposure times than for traditional FRET under 

confocal illumination (Fig 3.6C). Along with the reasons listed above, longer exposure 

times may also contribute to the observance of fluorescence in some negative controls 

during live cell AFRET imaging compared to fixed cells (4.11 or 5.1-3 vs Fig 3.6C), but 

this is easily corrected for.   

AFRET also allows for the distinction and measurement of both homodimers and 

heterodimers in the same experiment (Piston & Rizzo, 2008; Gautier et al., 2001). It should 

be noted that homo-transfer is less efficient than hetero-transfer (Piston & Rizzo, 2008) 

“Efficiency” of FRET is the fraction of donor molecules that transfer energy to acceptors 

(Snell et al., 2018). Efficiency is not directly related to changes in anisotropy (Piston & 

Rizzo, 2008). Therefore, my AFRET results do not necessarily indicate changes in the 

number of interactions between 2 or 3 proteins but rather changes in the orientation of the 

fluorophores linked to the proteins involved in those interactions. If we choose to measure 

FRET efficiency in future studies, fluorescence lifetime measurements of donor, 

photobleaching methods, or spectral imaging may provide us with additional information, 
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not available through AFRET alone.  (Snell et al., 2018). These methods of FRET still have 

the same limitations as traditional FRET, i.e., cross-talk and low signal-to-noise ratio. 

Since anisotropy is partially based on the orientation of the donor and acceptor, we 

cannot compare anisotropy of FRET values between different combinations of proteins, 

only to controls. Due to drift in the microscope alignment, it is also challenging to compare 

anisotropy values between experiments. All dishes within a single experiment were 

measured within 4 days to minimize this effect. 

Future Directions 

The rest of this chapter will discuss preliminary data and future studies that could help 

us better understand the mechanisms that regulate SERCA in excitable cells. 

What is the stoichiometry of PLN-sAnk1-SERCA interaction?  

I showed the sAnk1 interacts with PLN. Our current model assumes a 1:1 ratio of 

sAnk1 to PLN in complex, which is consistent with our Co-IP and BiFC results. 

Transfecting varying amounts of sAnk1 and PLN could further support our model of 

sAnk1, PLN, and SERCA1 complex. Based on our current data PLN out competes sAnk1 

for binding to SERCA1. Therefore, I predict that increasing the amount of sAnk1 will not 

affect the amount of PLN associated with SERCA1 (Fig 4.5). However, increasing the 

amount of PLN should decrease the amount of sAnk1 associated with SERCA1. This 

would suggest that PLN does out compete sAnk1 for binding to SERCA1. If increasing the 

amount of sAnk1 does alter PLN association with SERCA1 this would suggest these 

complexes are not interacting independently, but sAnk1 is promoting clusters of sAnk1-

PLN-SERCA1 complexes. This experiment would be conducted similar to our study of 

varying the amount of SLN transfected and measuring sAnk1 immunoprecipitation with 
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SERCA 1 (Fig 3.4). Mass spectrometry or NMR would be needed to confirm the 1:1:1 

stoichiometry of our model which I am not currently equipped to do. 

As stated previously, our observation that PLN decreases Vmax but not KCa2+ is not 

consistent with all previous reports. Some of this variation was due to the presence or 

absence of Ca2+ ionophore A2317. However, the ratio of small proteins transfected was 

also varied in studying SERCA inhibition. Previous studies have been done using 1:1, 1:3, 

1:4.5, up to 1:10 SERCA:PLN (Table 1.2). Doing a serial set of ratios and comparing 

ATPase activity could help clarify how PLN, SLN, and sAnk1 alter SERCA1 activity. This 

can be done with individual inhibitors and pairs. Based on the data presented in Chapter 4, 

I predict that increasing the ratio of transfected PLN ± sAnk1 to SERCA1 will result in 

larger inhibition, with the effects limited to Vmax but not KCa2+. If I do see changes in KCa2+, 

this may resolve differences in our results and other studies of PLN inhibition. 

It is also possible that different ratios of sAnk1 and/or PLN used for transfection alters 

SERCA overall expression levels. When I measured the levels of SERCA in isolated 

microsomes, SERCA alone was expressed at the lowest levels although all cells were 

transfected with the same amount of SERCA-coding plasmid and the same total amount of 

DNA (data not shown). The sample with the highest expression of SERCA was not 

consistent from preparation to preparation, however. The amount of variation within 

isolated microsomes also varied from 2-fold to 8-fold. This is likely due to technical error 

either during plating of cells leading to differences in initial cell density, or during isolation 

of microsomes. Some samples were collected from multiple plates at once while other 

preparations came from individual plates of cells. To minimize variation, the ideal 
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experiment would transfect several plates with each ratio of sAnk and PLN, and isolate 

microsomes from each plate at the same time. 

Does contraction alter sAnk1-SLN interaction? 

Preliminary studies attempted to measure AFRET signals in isolated FDB fibers during 

contraction. This is a non-trivial task. Movement during contraction makes analysis of 

results more difficult. I plated cells on Geltrix to minimize movement, but it did not entirely 

eliminate it. I therefore attempted to image from the same regions of interest before and 

after contraction. Future experiments could use BTS (N-benzyl-p-toluenesulfonamide) to 

block contraction but not Ca2+ influx or a low enough magnification to image a whole 

muscle fiber at once. 

I electroporated FDB fibers with SLN-mVen-N and sAnk1-mVen-C. After 2 weeks 

FDB fibers were collected, isolated, and plated. I then imaged the Venus channel at 5mM 

KCl to determine baseline anisotropy AFRET and 100mM KCl to induce contraction. I 

analyzed subcellular ROI before and after contraction to measure anisotropy and observed 

a spike in anisotropy immediately following 100mM KCl application. 

Continuing these studies requires optimizing settings for FDB fibers. With the help of 

Dr. Megan Rizzo, we were only able to measure one or two fibers per dish while cycling 

potassium concentrations before cell death occurred. Finding the lowest concentration of 

KCl to induce contraction and the shortest time needed for recovery would optimize data 

collection. However, 35mM KCl was not sufficient in this experiment to induce a visible 

contraction. Ideally, this technique could be used together with SERCA-Cer to visualize 

FRET channels for the 3 components of the complex, as I showed for the complex in COS7 

cells. 
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These results can help us better understand SERCA regulation during contraction. Do 

the regulators of SERCA dissociate from SERCA during contraction? If so, how long does 

this dissociation last? Measuring overall intensity of traditional FRET could be more 

dynamic than BiFC to give insight to the regulation of sAnk1 and PLN/SLN during 

contraction as well. Dysf-Ven would be needed as a negative control to ensure FRET was 

specific. 

Does sAnk1 link obscurin to SERCA1, thus connecting the contractile apparatus to Ca2+ 

reuptake?  

Is the contractile apparatus linked to calcium regulation? One hypothesis is that sAnk1 

serves as a link between obscurin and SERCA. Preliminary studies began to investigate 

this hypothesis by studying the effect of obscurin on SERCA activity in isolated SR 

vesicles (FSR). Since obscurin is a giant ~800kDa protein, I only used a portion that is 

known to bind to sAnk1, Obsc-F3 (Bagnato et al., 2003; Borzok et al., 2007; Kontrogianni-

Konstantopoulos et al., 2003). 

In these preliminary studies, I incubated rabbit FSR with either Obsc-F3-MBP or MBP 

alone and assayed SERCA1’s activity. In the presence of Obsc-F3-MBP, SERCA1 had 

higher activity than with MBP alone, with the effect being primarily on Vmax. This is the 

first indication that obscurin may regulate SERCA activity, possibly mediated by sAnk1 

binding. If future studies support these findings, it would suggest that SERCA is linked to 

and regulated by the contractile apparatus of skeletal muscle. It is known that Ca2+ release 

causes a signaling cascade that results in actin being able to bind to myosin heads. 

However, it is less clear how the cell knows when to stop contracting and when the Ca2+ 

begins to be cleared away.  
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This interaction can also be studied using Co-IP between sAnk1, Obsc-F3, and 

SERCA1. Measuring any FRET signal between Obsc-F3 and SERCA1 with and without 

sAnk1 would also be insightful. I predict that FRET will only occur when sAnk1 is present. 

Our lab currently has several mutant sAnk1 plasmids that alter its binding to Obsc-F3, with 

most decreasing binding and one increasing binding (Borzok et al., 2007). I expect these 

mutations to disrupt the interaction of Obsc-F3 with SERCA1.  

Another graduate student, Yi Li, is currently using these MBP-tagged mutants with blot 

overlay to test for binding to SERCA. Cell lysates containing SERCA will be run on a WB. 

Rather than using antibodies to SERCA, blots will be incubated with purified MBP, sAnk1-

WT-MBP, or one of the other sAnk1-MBP mutants. The blots will then be developed with 

antibodies to MBP. I predict that any sAnk1 mutants that can bind to SERCA will show an 

MBP band at ~110kDa, the size of SERCA.  

Does phosphorylation of PLN or sAnk1 alter binding to each other or in complex with 

SERCA1? 

PLN inhibition of SERCA is regulated by phosphorylation (Chen et al., 2005; 

Gustavsson et al., 2013; Simmerman et al., 1996). sAnk1 may also be phosphorylated 

(Borzok et al., 2007; Lange et al., 2012), but the possible effects of phosphorylation have 

not been addressed. To better understand sAnk1 interaction with SERCA1, mutagenesis 

could be done to test the effect of phosphorylation and dephosphorylation of sAnk1 on its 

ability to bind to and inhibit SERCA1. Borzok et al. showed mutating positively charged 

amino acids to glutamic acid altered binding to obscurin, decreasing it in most locations, 

but increasing it at K73E. It is likely that phosphorylation of sAnk1 decreases binding to 

SERCA1.  
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It would also be interesting to see if phosphorylation of sAnk1 changes binding to SLN 

or PLN, and vice versa. Our current model suggests that sAnk1 binds to the outside of PLN 

pentamers, which form preferentially when PLN is phosphorylated. Therefore, 

phosphorylating PLN should increase PLN-sAnk1 binding, and decrease sAnk1-SERCA1 

binding. 

Is the TM portion of sAnk1 sufficient for binding to SLN or PLN?  

Previous studies have shown the transmembrane portion of sAnk1 (1-29) is sufficient 

to target sAnk1 to the M-band and Z-disk (Porter et al., 2005). Previous studies by P. 

Desmond showed that mutation of the transmembrane sequence reduces binding to 

SERCA, but that the cytosolic portion of sAnk1 (29-155) is sufficient for binding 

oligomerization (unpublished). Since our laboratory already has access to these mutants of 

sAnk1, they could be used to investigate which portion of sAnk1 is needed to interact with 

SLN or PLN. This can be done with blot overlay, Co-IP, and AFRET. Since the cytosolic 

domain (sAnk1 29-155) is sufficient for self-oligomerization and necessary for binding to 

SERCA1, I predict the cytosolic region is sufficient for interaction with PLN and SLN. 

Which isoform of SERCA is expressed in astrocytes? 

I have only been able to detect SERCA in astrocytes at the mRNA level. Other studies 

have shown pharmacological effects of TG or CPA on astrocytes, but no studies have 

detected SERCA on the protein level in astrocytes (Baba-Aïssa et al., 1998; Fawzia Baba-

Aissa et al., 1998; Kopach et al., 2016; Lencesova et al., 2004). Based on pharmacological 

effects of TG, the presence of significant amounts of mRNA encoding SERCA2B in 

astrocyte extracts, and the fact that SERCA2B should be expressed in all cells, it is highly 

unlikely that no SERCA is expressed in astrocytes, and, further, that SERCA2B is the 
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major isoform.  It is possible, however, that astrocytes express an alternatively spliced form 

of SERCA2 that does not react with the antibodies I have used so far. Future studies may 

also include using qPCR primers to test this possibility. Studies are currently being done 

to confirm the antibodies used do indeed detect both SERCA2A and SERCA2B expressed 

in COS7 cells. Based on our immunodepletion work (Fig 3.1), this antibody likely works 

for SERCA2B, as there should be no expression of endogenous SERCA2A in COS7 cells.  

WB should also be repeated with higher concentrations of astrocyte proteins to push the 

detection of SERCA2B protein.  

Future studies also include imaging intact neuronal slices rather than primary cell 

cultures. It is known that isoform switching in neonatal to postnatal skeleton muscle occurs 

(Brandl et al., 1987). Neuronal maturation is also a complex process (He & Yu, 2018). It 

is possible the primary neuronal cultures, including astrocytes, did not mature as they 

would in vivo (Humpel, 2015).  Labeling neuronal slices rather than primary neurons may 

give better insight into in vivo expression of SERCA isoforms. 

Does TG block sAnk1-PLN-SERCA complex formation?  

SERCA has a catalytic cycle between two main conformations, the E1 state where the 

Ca2+ binding site is open to the cytoplasm, and the E2 state with lower Ca2+ with the binding 

site open to the lumen (Fig 1.4) (Bublitz et al., 2010; Møller et al., 2010). SLN and PLN 

bind to the Mg2+-bound E1 state of SERCA (Drachmann et al., 2014; Espinoza-Fonseca et 

al., 2015a; Espinoza-Fonseca et al., 2015b; Toyoshima et al., 2013; Winther et al., 2013). 

However, TG and CPA lock SERCA into the E2 state (Bublitz et al., 2010; Drachmann et 

al., 2014).  I have not identified the conformation of SERCA to which sAnk1 preferentially 

binds.  On the suggestion of Dr. M. Rizzo (Department of Physiology, University of 
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Maryland School of Medicine), I investigated the possible effect of TG on formation of the 

sAnk1-PLN-SERCA1 or sAnk1-SLN-SERCA1 complexes.  

Preliminary studies were done using BiFC and AFRET with and without TG. COS7 

cells were transfected with SERCA-Cer and either SLN-Ven or PLN-Ven. When SLN-Ven 

and SERCA-Cer were imaged with and without TG, changes were detected at high 

concentrations of TG, but not all plates were treated for the same amount of time. When 

PLN-Ven and SERCA-Cer were imaged, all cells received TG treatment for 1 hour, a 

similar time and concentration to ATPase assays. However, several cells appeared to be 

dead or dying. While changes in AFRET were measured, the data must be cleaned to 

exclude unhealthy cells. Future studies could study different TG concentrations and 

exposure times, but it may prove difficult to distinguish between the effects of the drug on 

the complex and the potentially larger, non-specific effects on cellular viability. 

Implications: 

These studies have significant implications for the development of targeted therapeutic 

approaches to treat a variety of diseases linked to calcium misregulation such as muscular 

dystrophies and neurodegeneration. By understanding where and how each of the small 

proteins I have studied work individually and in complex to regulate SERCA, we can begin 

to build therapeutics that are targeted to particular conditions and tissues.  
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