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Abstract 

In human cells, oscillations in calcium concentration serve as a mechanism for 

controlling a variety of physiological processes including muscle contraction and 

relaxation. The sarcoplasmic reticulum (SR) is a calcium storage organelle in muscle 

cells that contains a calcium pump (SERCA) required for the reuptake of calcium into the 

SR for muscle relaxation. The activity of SERCA is tightly regulated through reversible 

interactions with the short integral membrane proteins, phospholamban (PLN) and 

sarcolipin (SLN). Defects in the regulation of SERCA are a central determinant in end-

stage heart failure. Consequently, the regulatory mechanisms imposed by PLN and SLN 

could have clinical implications for heart and skeletal muscle diseases. This thesis aims to 

provide functional insights into regulatory complexes formed between SERCA and its 

endogenous peptide modulators.  

We sought to examine how SERCA activity is regulated by tissue-specific 

endogenous peptide modulators in order to meet the physiological needs of a specific cell 

type. Using alanine-scanning mutagenesis and chimeric PLN-SLN constructs, we 

identified the highly conserved luminal extension of SLN as a functionally important and 

transferrable domain that is a primary determinant for SERCA inhibition. Based on these 

findings, we concluded that SLN uses an inhibitory mechanism that is distinct from that 

of PLN. We also studied the ability of zebrafish phospholamban-like protein (zfPLN) to 

regulate SERCA. Functional analysis of zfPLN revealed that despite the high sequence 

diversity between zebrafish and human PLN, as well as the presence of a unique zfPLN 

luminal extension, zfPLN has inhibitory properties that are similar to human PLN. 

Finally, we examined the role of the 11
th
 transmembrane segment (TM11) of the 

ubiquitous SERCA2b in calcium transport. Our studies revealed that TM11 is a distinct 

and highly conserved functional region of SERCA2b that serves as a genuine regulator of 



 

the calcium pump. Combined, the results provide novel insights into the different 

mechanisms of SERCA regulation by endogenous peptide modulators. 
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1-1.  Calcium homeostasis 

Calcium is a universal second messenger involved in diverse cellular processes 

such as fertilization, gene transcription, protein synthesis, neurotransmission, apoptosis, 

and excitation-contraction coupling in muscle tissue (1). Sustaining calcium homeostasis 

in the cell is central in allowing these processes to occur. This is achieved through 

movement of calcium across the membranes by various transporters and channels. For 

instance, in signal transduction pathways, changes in the intracellular calcium 

concentrations control the transcription of inducible genes through modification of 

transcription factors that interact with specific DNA regulatory elements in the promoter 

of the target gene. However, one of the most important roles of calcium is in muscle cells 

where its intracellular concentration oscillates as a mechanism for controlling muscle 

contraction and relaxation. 

The contraction and relaxation of cardiac muscle cells are regulated by the cyclic 

movement of calcium primarily between the extracellular space, the cytoplasm and the 

sarcoplasmic reticulum (SR) (Fig. 1-1) (2). The process of muscle contraction begins 

with an action potential that depolarizes the plasma membrane and induces the L-type 

calcium channel (dihydropyranine receptor, DHPR) to open, allowing a minor calcium 

influx. In turn, this initiates a massive calcium release from the SR stores through the 

ryanodine receptor (RyR). The sudden increase in the cytosolic calcium concentration 

results in binding of calcium to troponin-C and initiation of muscle contraction. For 

muscle relaxation to occur, calcium concentration in the cytosol needs to be restored to 

resting levels. The rapid removal of calcium from the cytosol is primarily facilitated by 

the sarco(endo)plasmic reticulum calcium ATPase (SERCA) which pumps calcium back 

into the SR lumen and thereby controls the amount of calcium in the SR. To balance the 

influx of calcium via the DHPR, a small amount of calcium is moved into the  
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Figure 1-1. Schematic representation of ion homeostasis in cardiac muscle. The 

plasma membrane, T-tubule and sarcoplasmic reticulum of a cardiac myocyte are shown. 

Membrane channels and transporters important for muscle contraction and relaxation are 

shown along with their ion specificities. Models or structures of PMCA (plasma 

membrane calcium ATPase), NCX (sodium calcium exchanger, PDB 3V5U), Na
+
,K

+
-

ATPase (PDB 3B8E), DHPR (dihydropyranine receptor), RyR (ryanodine receptor), 

SERCA (sarco(endo)plasmic reticulum calcium ATPase, PDB 1SU4 and 1IWO), PLN 

(phospholamban, PDB 1N7L) and SLN (sarcolipin PDB 1JDM) are shown. 
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extracellular space by sodium-calcium exchanger (NCX) and the plasma membrane 

calcium ATPase (PMCA). Therefore, SERCA is central in determining the rate of muscle 

relaxation and the strength of the subsequent contraction.  

1-2.  P-type ATPases 

SERCA proteins are members of the P-type ATPase superfamily, a large and 

ubiquitous group of integral membrane proteins that are involved in many transport 

processes in all kingdoms of life (3). The P-type ATPase proteins generate and maintain 

electrochemical gradients by translocating cations, heavy metals and lipids across the 

cellular membranes at the expense of ATP and are named for the aspartyl-phosphate 

intermediate formed during their reaction cycle. The specific aspartate residue for auto-

phosphorylation resides in a highly conserved sequence DKTGTLT shared by all P-type 

ATPase proteins. Members of the P-type ATPase family share many structural features 

and are thought to use similar mechanisms to transport their substrates.  

Based solely on sequence homology, the P-type ATPase superfamily is divided 

into five distinct subfamilies, P1 through P5, which are further divided into a number of 

subgroups (4). P1 ATPases are presumably the simplest and most ancient ion transporters 

of the P-type ATPase family that can be further divided into two subgroups (3). The first 

subgroup, P1A is a small class of bacterial ATPases containing the KdpB-ATPase. 

KdpB-ATPase is rather a peculiar ATPase as it functions in complex with three other 

subunits (KdpF, KdpA, KdpC) in order to translocate K
+
 across the membrane. Although 

KdpB has all the typical features of the P-type ATPases, it is the KdpA subunit that is 

thought to be responsible for K
+
 transport (5). P1B-ATPases are found throughout all life 

forms and are the most common group of P-type ATPases in bacteria. They are primarily 

responsible for transporting monovalent and divalent heavy metal ions such as Cu
+
, Ag

+
, 
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Zn
2+

, Cd
2+

 or Pb
2+

 across the plasma membrane into the extracellular space in order to 

prevent cell toxicity (6). Unlike the P1A-ATPases, P1B pumps are composed of a single 

polypeptide chain.  

P2-ATPases are the most diverse and best characterized members of the P-type 

ATPase superfamily, and are divided into four subgroups (3). P2A-ATPases consist of 

Ca
2+

-pumps found in the SR/ER (SERCAs) and Golgi (SPCAs) membranes, whereas 

plasma membrane Ca
2+

-pumps (PMCAs) are of the P2B-type. The P2C subgroup of 

ATPases includes the Na
+
/K

+
-ATPase and the H

+
/K

+
-ATPase, where the latter is involved 

in gastric acidification. Members of this subgroup mostly form hetero-oligomers, 

composed of at least α- and β-subunits. Na
+
/K

+
-ATPase was the first P-type ATPase to be 

identified, and its discovery by Jens Christian Skou dates back to 1957 (7). After 

SERCA, Na
+
/K

+
-ATPase is the next best functionally and structurally characterized P-

type ATPase. The Na
+
/K

+
-pump is involved in creating an electrochemical gradient 

across the plasma membrane by extruding three Na
+
 ions for two K

+
 ions (8). Finally, the 

P2D-type ATPases consists of eukaryotic Na
+
-ATPases (3).    

P3-ATPases are divided into two subgroups. The P3A-ATPases consist mainly of 

proton pumps found in the plasma membranes of bacteria, archea, fungi, and plants 

where they maintain intracellular pH. The P3B-ATPases consist of a small class of 

bacterial Mg
2+

 transporters (6).  

The P4- and P5-ATPases are closely related to the P1-ATPases, although so far 

they have only been identified in eukaryotic organisms (4). It is interesting to note that 

together they make up over half of the P-type ATPase genes in the human genome. 

Despite their strong presence among the other groups of P-type ATPases, their function 

remains largely unknown. P4-ATPases have only recently been shown to be involved in 
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the translocation of phospholipids from the exoplasmic to the cytoplasmic leaflet of the 

plasma membrane in order to maintain the asymmetry of the lipid bilayer (hence the 

name ‘lipid flippases’) (9,10). The P5-type ATPases are the most elusive class of P-type 

ATPases because their substrate specificity and biological function have not yet been 

identified. There are some indications, however, that the P5-type pumps are located in the 

ER membranes and might be involved in cation transport (6). 

1-3.  SERCA isoforms and human disease 

The SERCA pumps are highly conserved membrane proteins that have been 

identified in both prokaryotes and eukaryotes. In humans, three genes (ATP2A1-3) 

encode for multiple isoforms and splice variants of SERCA (SERCA1a-b, SERCA2a-c, 

SERCA3a-f), which allow for developmental and tissue-dependent expression patterns 

and alternative splicing (11). Due to the high sequence identity, all of the SERCA 

isoforms are predicted to have the same topology and virtually identical tertiary structure. 

Despite their high structural homology, these pumps significantly differ in their 

regulatory and kinetic properties, thereby accommodating cell or tissue specific calcium-

handling requirements.  

1-3.1. SERCA1 

The SERCA1 gene (ATP2A1) can be alternatively spliced to generate the 

SERCA1a or SERCA1b isoforms, which are predominantly expressed in the adult and 

fetal fast-twitch skeletal muscles, respectively. SERCA1a is identical to SERCA1b, 

except the last C-terminal residue of SERCA1a (994 amino acids) is replaced by eight 

highly charged amino acids in SERCA1b (1001 amino acids) (12,13). Although the 

physiological role of SERCA1b remains elusive, this isoform was shown to be important 

for skeletal muscle development as it is expressed in the neonatal stages along with 
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SERCA2a but is completely replaced by SERCA1a in the adult muscle cells (14). The 

SERCA1a variant, on the other hand, has been extensively studied in different expression 

systems and animal models, and a plethora of functional and structural information is 

available. In this regard, SERCA1a has been a paradigm for the family of P-type 

ATPases. SERCA1a is highly abundant in the skeletal muscle where it is regulated by a 

single transmembrane peptide sarcolipin (SLN) (15). Compared to the cardiac SERCA2a 

isoform, SERCA1a appears to have the same affinity for calcium but a higher kinetic 

turnover rate (16). Because of its higher turnover rate, overexpression of SERCA1a in the 

cardiomyocytes of mice with ischemia-reperfusion injury was not only able to 

functionally substitute for SERCA2a but it also significantly enhanced the calcium 

transport and slowed down disease progression (17-19).   

The gene encoding SERCA1 has been implicated in Brody disease, a rare 

inherited disorder of skeletal musculature (20). Several studies have indicated that 

mutations in the ATP2A1 gene result in either a loss of function or a premature 

termination codon resulting in a truncated protein (21,22). As a result of dysfunctional 

SERCA1a, calcium is not properly transported back into the SR after its release into the 

cytoplasm, resulting in impaired muscle relaxation and stiffness. However, defects in 

genes encoding proteins other than SERCA have been linked to this disease implying that 

the origin of Brody disease is genetically heterogeneous (20).  

1-3.2. SERCA2 

The ATP2A2 gene encodes for three splice variants of SERCA2 (a-c). The 

muscle specific isoform, SERCA2a, is expressed in cardiac and slow-twitch skeletal 

muscle, making it a key determinant of proper cardiac development and function (23). 

SERCA2a is 84% identical to SERCA1a, and is reversibly regulated by single 
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transmembrane proteins phospholamban (PLN) and sarcolipin (SLN) in cardiac muscle 

(24). SERCA2b is the most unique splice variant of all of the Ca
2+

-ATPases, as it has a 

C-terminal extension that forms an eleventh transmembrane domain that protrudes into 

the ER lumen. It is referred to as the house-keeping form, as it is ubiquitously expressed 

in the ER of most cell types (25,26). Unlike SERCA2a, it is only sensitive to regulation 

by PLN (27). SERCA2c is a recently identified variant which has been found to be 

expressed at very low levels in monocytes and epithelial and hematopoietic cells (28,29).   

The three SERCA2 splice variants display functional differences that can be attributed to 

the different C-terminal ends of the proteins. Overexpression studies have clearly 

demonstrated that SERCA2b has a two-fold higher affinity for calcium and a two-fold 

lower catalytic turnover rate as compared to SERCA2a (27). A more detailed explanation 

for the observed differences was given by in depth kinetic analysis of the SERCA2b 

isoform, which indicated that the C-terminal extension reduces the rate of calcium 

dissociation, phospho-enzyme intermediate conformational change, and 

dephosphorylation (30). SERCA2c was only recently shown to have the lowest apparent 

calcium affinity of the three SERCA2 variants, suggesting that it might serve its function 

in an environment with a locally high calcium concentration (29).  

Although extremely rare, mutations in the SERCA2 gene have been linked to 

several human pathologies. Missense mutations in the SERCA2 gene cause Darier`s 

disease, a severe skin disorder characterized by loss of adhesion between epidermal cells, 

but do not effect cardiac function (31,32). More recently, mutations in the SERCA2 gene 

have been linked to lung and colon cancer (33). Studies in mice have shown that only one 

copy of the SERCA2 gene is necessary to maintain proper cardiac function but deletion 

of both genes is lethal (34). Heterozygous mice are viable but show a 35% decrease in 

SERCA levels (35). Defects in the regulation of SERCA2a as well as low activity or 
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expression levels of this isoform in the heart can lead to hypertrophy, cardiomyopathy, 

and end-stage heart failure and will be discussed in more detail in section 1-7.10.   

1-3.3. SERCA3 

SERCA3 is the most recently identified member of the SERCA family. Its 

primary sequence is ~75% identical to those of SERCA1 and SERCA2. Alternative 

splicing of the ATP2A3 gene gives rise to six variants of SERCA3 that have been 

identified in humans (SERCA3a-f) (36). However, only three splice variants have so far 

been detected at the protein level (SERCA3a-c) (11).  

The functional properties of this subfamily of calcium pumps are poorly 

understood. The hallmark of SERCA3 is its low affinity for calcium (5-fold lower than 

other SERCA isoforms) and its insensitivity to PLN (37,38). In addition, it has a 

significantly higher affinity for vanadate inhibition, and a higher pH optimum compared 

to other SERCA pumps (37). Just like the other SERCA isoforms, SERCA3 isoforms 

only vary at their C-termini, suggesting that the C-terminal tail region may contribute to 

the differences observed in the enzymatic activities (39).  

SERCA3 isoforms are primarily expressed in hematopoietic cell lineages, 

epithelial cells, and endocrine pancreatic β-cells (40). Recently, SERCA3 expression was 

also observed in human cardiomyocytes (41). The SERCA3 expression profile often 

overlaps with the ubiquitous SERCA2b, although their relative subcellular locations are 

significantly different. Unique compartmentalization of the different SERCA isoforms 

might be crucial to their physiological role in maintaining calcium homeostasis within a 

cell. The high expression of SERCA3 in the pancreatic β-cells and mutations in the 

ATP2A3 gene which have been associated with type II diabetes have suggested that 

SERCA3 plays a crucial role in metabolic homeostasis (42). Surprisingly, SERCA3 
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knock-out mice present normal glucose tolerance but display a smooth muscle relaxation 

defect (43). In addition, abnormal SERCA3 expression levels have been recently linked 

to gastric carcinoma (44).  

1-4.  Catalytic cycle of calcium transport by SERCA 

It is well accepted that P-type ATPases undergo large conformational changes to 

transport ions or molecules across the membrane (3). These pumps cycle between a high 

affinity (E1) and low affinity (E2) state, both of which have phosphorylated intermediates 

(E1-P and E2-P). The E1-E2 model of active transport by P-type ATPase pumps was 

originally proposed by Post and Albers to describe the ion transport by Na
+
/K

+
-ATPase 

(45,46) and later adopted for the ion transport by SERCA (Fig. 1-2) (47). In the case of 

SERCA, the E1 state defines the high (micromolar) and E2 the low (millimolar) calcium 

affinity conformation of the enzyme (48). It is well established that calcium transport by 

SERCA is tightly coupled to ATP hydrolysis. The energy generated from one ATP 

molecule drives SERCA to pump two calcium ions in exchange for two to three protons. 

The E1 and E2 states do not indicate that the transporting enzyme is in either the “open” 

or “closed” conformation but rather represent two distinct SERCA states with high 

affinity for calcium and protons, respectively (49).  

The mechanism of ATP dependent calcium transport by SERCA is summarized 

in Figure 1-2. The cycle begins in the high-affinity E1-ATP state where the two calcium 

binding sites are exposed to the cytosol. Successive binding of two calcium ions results in 

a release of two to three protons into the cytosol and formation of (Ca
2+

)2-E1-ATP 

intermediate. Calcium binding triggers auto-phosphorylation by the γ-phosphate of ATP 

at the highly conserved aspartic acid residue, Asp
351

. This results in the formation of a 

high-energy phospho-intermediate, (Ca
2+

)2-E1-P-ADP, in which the bound calcium  
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Figure 1-2. Post-Albers cycle. SERCA exists in either an E1 (high affinity for calcium; 

yellow) or E2 (low affinity for calcium; blue) state. Two cytosolic calcium ions are 

exchanged for two to three luminal protons. Nucleotide is always bound, either in a 

catalytic or modulatory mode, and SERCA is auto-phosphorylated at a conserved aspartic 

acid residue (Asp
351

). 
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becomes occluded and is inaccessible to the cytosol or lumen (50). It is important to note 

that at this point in the transport cycle high ADP concentrations in the cytosol can reverse 

the reaction resulting in regeneration of ATP and release of calcium ions into the cytosol. 

The next step in the transport cycle involves exchange of ADP for ATP and transition 

into the low-energy (Ca
2+

)2-E2-P-ADP state in which the calcium ions remain occluded. 

Conversion to the (H
+
)2-3-E2-P-ATP state results in a release of calcium ions into the 

lumen and binding of two to three protons to compensate for the net negative charge of 

the calcium binding sites (51). Subsequently, dephosphorylation of the enzyme leads to 

the formation of the (H
+
)2-3-E2-ATP state in which protons are occluded. The final step of 

the transport cycle is the release of the protons into the cytosol and reformation of the E1-

ATP state with the ion binding sites primed for the binding of cytosolic calcium in the 

next reaction cycle (52).  

The role of ATP in the calcium transport cycle has traditionally been described as 

catalytic, where nucleotide molecules were thought to be only associated with the E1 

forms of the enzyme. More recently, however, ATP has been shown to not only play a 

catalytic but also a modulatory role in the transport cycle (53). At physiological 

concentrations, ATP appears to bind to SERCA at various intermediates and accelerate 

partial reaction steps involved in calcium binding (54,55), calcium translocation (56), and 

dephosphorylation of SERCA (57). Although the details of this stimulatory action of 

ATP on SERCA are still largely unexplained, some structural studies revealed that the 

modulatory binding site overlaps with the catalytic one (53,58,59). Therefore, it is now 

accepted that ATP (or ADP) is bound to every intermediate in the pump’s transport cycle.     
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1-5.  Structural studies of SERCA 

SERCA is the best studied member of the P-type ATPase family as a result of 

numerous functional and structural studies carried out in the last few decades. The three 

dimensional structure of rabbit SERCA1a was the first to be determined and for a long 

time served as a model for the architecture and molecular mechanism of other P-type 

ATPases. Despite the difficulties associated with crystallization of membrane proteins, 

over forty high-resolution x-ray crystallographic structures have been solved, revealing 

the pump’s structural complexity. These atomic models cover nearly all of the reaction 

intermediates, which correspond to the different conformations that the enzyme assumes 

during the calcium transport cycle.  

1-5.1. First high-resolution structure of SERCA reveals its detailed architecture 

In 1985 MacLennan and coworkers proposed a secondary-structure model of 

SERCA based on an amino acid sequence of rabbit SERCA1a (60). This model predicted 

the SERCA pump to consist of ten membrane spanning helices and three cytoplasmic 

domains. In the following years, extensive mutagenesis studies identified many important 

functional features of the pump and the involvement of transmembrane segments in 

calcium binding (61-65). Together with initial electron microscopy data (66-68), these 

early studies gave the first clues to the architecture and function of SERCA. In 1993, the 

first complete three dimensional structure of SERCA was obtained by cryo-electron 

microscopy (69). Tubular crystals of SERCA in the presence of vanadate, a key 

crystallization component which traps P-type ATPases in an E2 conformation, provided 

three dimensional maps to 14 Å resolution. This early structure revealed a large 

cytoplasmic domain connected to the transmembrane domain via a short stalk region. A 

more detailed view of the calcium pump was achieved in 1998 when an improved 8 Å 
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resolution structure of SERCA was obtained (70). This was mainly accomplished by 

crystallizing SERCA in the presence of a high-affinity inhibitor thapsigargin (TG), which 

is known to stabilize the transmembrane segments of the enzyme. The new structure of 

SERCA determined by electron microscopy provided an enhanced view of the 

transmembrane domain which was observed to be composed of ten transmembrane 

helices consistent with the previously proposed secondary-structure model (60).  

The first high resolution structure of SERCA obtained by x-ray crystallography 

in 2000 by Toyoshima and coworkers represented a great milestone in the field (Fig. 1-3) 

(71). The structure was solved to 2.6 Å resolution and depicted a calcium bound (Ca
2+

)2-

E1 SERCA intermediate. The new SERCA structure largely confirmed previous models 

but allowed for examination of the calcium pump at an atomic level. 

The SERCA x-ray structure confirmed that the transmembrane domain of 

SERCA indeed consists of ten transmembrane helices, two of which (TM4 and TM5) are 

long and extend from the membrane into the cytoplasmic domain. It also revealed two 

high affinity calcium binding sites (site I and II) in the transmembrane domain which are 

located side-by-side and close to the cytoplasmic surface of the membrane. Experimental 

evidence suggests sequential and cooperative mode of calcium binding to SERCA, where 

binding of the first calcium ion results in a conformational change in the enzyme leading 

to an increased affinity for the second calcium ion (72,73). This has been confirmed by 

mutagenesis studies which revealed that mutations in site I prevent binding of calcium at 

both sites, whereas mutation within site II only interfered with calcium binding to that 

site and not site I (74). The calcium ion at site I is coordinated mainly by residues on 

TM5 (Asn
768

 and Glu
771

) and TM6 (Thr
799

 and Asp
800

), with distal contributions from 

Glu
908

 on TM8. The neighboring calcium ion at site II is coordinated by Glu
309

 and main 

chain carbonyl groups of Val
304

, Ala
305

 and Ile
307

 (all found on partially unwound TM4)  
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Figure 1-3. The first high-resolution structure of SERCA bound to two Ca
2+

 ions. 

(A) The (Ca
2+

)2-E1 state of SERCA (PDB 1SU4) shown in transparent surface and 

cartoon with the P-domain in magenta, N-domain in cyan, A-domain in yellow, and 

helices TM1-10 in grey except TM4 and TM5 which are blue. The calcium ions are 

shown as green spheres. The TGES motif is shown in red and Asp
351

 is shown in yellow 

stick representation. (B) Close-up view of the calcium binding sites between TM4, TM5, 

TM6 and TM8 helices with key coordinating residue side chains shown as grey sticks. 

(C) Rotation of panel B by 90
°
 around the x-axis (top-down view). 
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together with the side chains of Asn
796

 and Asp
800

 (both on TM6). Interestingly, the 

amino acids involved in calcium binding seen in this structure are in high agreement with 

previous mutagenesis studies (65).   

The large cytoplasmic headpiece of the pump was visualized as three distinct 

domains: the nucleotide binding (N-), phosphorylation (P-), and actuator (A-) domains. 

The N-domain is the largest of the three cytoplasmic domains and is responsible for 

recruiting and positioning ATP to allow phosphorylation to occur. The nucleotide binding 

pocket within this domain contains a highly conserved residue, Phe
487

, which interacts 

with the adenine ring of the ATP molecule. The N-domain is connected to the highly 

conserved P-domain via a flexible hinge region. Located in the top region of the P-

domain is a conserved DKTGT motif, which includes an aspartate residue (Asp
351

 in 

SERCA) necessary for formation of the high energy aspartyl-phosphate intermediate. In 

this first (Ca
2+

)2-E1 crystal structure, the phosphorylation site was located ~30 Å away 

from the nucleotide binding site, and thus provided little information as to how the 

phosphorylation event is coupled to calcium transport. Finally, the smallest cytosolic 

domain is the A-domain and it is well separated from the other cytosolic domains. Its role 

is to coordinate movements in the cytoplasmic domain that occur during the reaction 

cycle with movements in the membrane domain, allowing for calcium translocation to 

occur. The A-domain also controls the dephosphorylation reaction via the signature 

TGES sequence present in all P-type ATPases (50). 

Comparison of the 8 Å resolution E2-TG structure of SERCA with the high 

resolution (Ca
2+

)2-E1 structure suggested that large conformational changes take place 

during the reaction cycle. The most striking difference between these two structures was 

the wide open conformation of the cytoplasmic domains within the (Ca
2+

)2-E1 structure. 

Since the N- and P-domains must come together for phosphorylation to take place, it was 
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proposed that the enzyme must assume a conformation similar to the compact headpiece 

formation of the calcium-free E2-TG state.  

1-5.2. SERCA structure in the absence of calcium 

Although the first high resolution structure of SERCA provided a detailed 

description of the enzyme, it also raised new questions; particularly, the relation of the 

large conformational changes in the cytoplasmic domains and how they might translate to 

changes in the transmembrane domain and in turn affect calcium binding and 

dissociation. Many of these questions were answered in 2002 when Toyoshima and 

coworkers released the second high resolution structure of SERCA in the calcium-free 

state (Fig. 1-4) (75). This x-ray crystal structure was solved to 3.1 Å resolution and 

represented the E2-TG intermediate. Comparison of the (Ca
2+

)2-E1 SERCA structure 

with the new E2-TG structure allowed a direct comparison of the enzyme in two distinct 

conformations at an atomic level.  

The new E2-TG SERCA structure revealed that in the absence of calcium the 

cytoplasmic domains drastically change their conformations and form a compact 

headpiece, consistent with the previous structures in the E2 state solved by electron 

microscopy (69,70). Comparing the (Ca
2+

)2-E1 and the E2-TG structures, the N-domain 

inclines 60° relative to the P-domain and the P-domain inclines by about 30° with respect 

to the membrane assuming a more upright position. The A-domain undergoes a ~110° 

horizontal rotation between the two states. Despite the large conformational changes, the 

overall structure of each cytoplasmic domain remains relatively the same as SERCA 

transitions from the (Ca
2+

)2-E1 to the E2-TG state. Therefore, the conformational changes 

are mainly restricted to the linker regions between the domains, strongly suggesting a  
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Figure 1-4. Conformational changes between the high resolution (Ca
2+

)2-E1 and E2-

TG structures of SERCA. (A) The (Ca
2+

)2-E1 state of SERCA (PDB 1SU4) is shown in 

transparent surface and cartoon with the P-domain in magenta, N-domain in cyan, A-

domain in yellow, and helices TM1-10 in grey except TM4 and TM5 which are blue. The 

calcium ions are shown as green spheres. (B) The E2-TG state of SERCA (PDB 1IWO) 

shown in transparent surface and cartoon colored as in panel A. TG molecule is shown in 

green stick representation. (C) Close-up view of the conformational changes around the 

calcium binding sites between the (Ca
2+

)2-E1 and E2-TG states of SERCA. The side 

chains of calcium coordinating residues in the (Ca
2+

)2-E1 state are shown as grey sticks 

and in the E2-TG state as cyan sticks. Changes in the position of the side chains of 

calcium coordinating residues when proceeding from the E1 to the E2 state are indicated 

by arrows.  
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critical role of the linker regions between the cytoplasmic and the transmembrane 

domains in proper SERCA function (76,77).     

In addition to the information gained about the cytoplasmic domains of SERCA, 

the new structure revealed the arrangement of the transmembrane domain in the absence 

of calcium (75). The transition from the calcium bound to the calcium-free state is 

accompanied by complex movements of TM1 to TM6, while TM7 to TM10 remain 

relatively immobile. TM1 and TM2 move upward whereas TM3 and TM4 move 

downward with respect to the membrane. TM1 also makes a unique horizontal transition 

upon calcium dissociation. Located in the center of the enzyme, the TM4 helix shifts 

towards the luminal side of the membrane and the upper part of the TM5 helix is bent. 

The P-domain appears to play a major role in coordinating movements of TM1-2 and 

TM4-5 transmembrane segments through hydrogen bonding or direct interactions, 

respectively. As predicted, these movements have drastic effects on the coordination 

geometry of the two calcium binding sites. Site I rearrangement is mainly attributed to 

the movement of three crucial residues on TM6, which rotate by 90° away from the 

center of the molecule. In site II, as a result of the downward movement of TM4, the 

calcium coordinating Glu
309

 is facing away from the binding site. Together, these 

conformational changes clearly explain the decrease in affinity for calcium by SERCA in 

the E2-TG state (Fig. 1-4B). 

1-5.3. Structural insights into the SERCA calcium transport cycle 

Since 2002, the SERCA field has been overwhelmed with dozens of high 

resolution structures crystallized in the presence of many different inhibitors and 

nucleotide analogues (49). To date, we have a near complete understanding of reaction 

intermediates in the SERCA transport cycle. While there are many SERCA structures 
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available, only select ones will be discussed herein to briefly describe the structural 

changes that accompany calcium transport.  

SERCA structures representing the key reaction intermediates of the calcium 

transport cycle are shown in Figure 1-5. The reaction cycle begins with the enzyme in the 

calcium-free state and bound nucleotide (E2-ATP) depicted by the E2-AMPPCP crystal 

structure (53). In the E2-ATP state, the A-domain is oriented in a manner suitable for 

close interactions with the P- and N-domains. The tight interactions of the cytoplasmic 

domains keep the TGES motif, the conserved sequence responsible for 

dephosphorylation, away from the phosphorylation site and the γ-phosphate of the N-

domain-bound ATP molecule far (~10 Å) from the phosphorylatable Asp
351

. Because 

SERCA is not subject to phosphorylation by ATP and the TGES loop is withdrawn from 

the phosphorylation site, the E2-ATP conformation represents a resting state. For the γ-

phosphate of ATP to come into proximity with Asp
351

, SERCA needs to change its 

conformation. This is achieved upon binding of two cytosolic calcium ions in exchange 

for 2-3 protons which results in the formation of (Ca
2+

)2-E1-ATP state represented by the 

(Ca2+)2-E1-AMPPCP structure (78). Binding of calcium ions leads to stabilization of the 

enzyme, and translational as well as rotational changes of the TM1-4 region that are later 

transmitted to cytoplasmic domains. In the (Ca
2+

)2-E1-AMPPCP structure, the A-domain 

is rotated counterclockwise allowing a small movement of the N-domain towards the P-

domain and in turn closer approximation of ATP to the catalytic Asp
351

. In the following 

step, transfer of the γ-phosphate of ATP to Asp
351

 leads to the formation of the (Ca
2+

)2-

E1-P-ADP high-energy intermediate represented by the (Ca
2+

)2-E1-ADP-AlF4ˉ structure 

(78). Although the (Ca
2+

)2-E1-AMPPCP and the (Ca
2+

)2-E1-ADP-AlF4ˉ structures are 

quite similar, subtle rearrangements lead to occlusion of calcium ions in the (Ca
2+

)2-E1-P-

ADP state as confirmed by experimental studies. Another important difference between  
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Figure 1-5.  Structural basis of calcium transport. Transparent surface and cartoon 

representations of key structures of SERCA in the calcium transport cycle. P-domain of 

SERCA is magenta, N-domain is cyan, A-domain is yellow, and helices TM1-10 are grey 

except TM4 and TM5 which are blue. Calcium ions are shown as green spheres, 

nucleotide (ATP or ADP) is shown as orange spheres, and TGES motif residues are 

shown as red spheres (PDBs: 1T5T, 1T5S, 3B9B, 3B9R, 2C8K). Figure was adopted 

from (49). 
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these two complexes is related to the cation coordination of a nucleotide. Unlike the 

(Ca
2+

)2-E1-AMPPCP structure where only one magnesium ion coordinates the γ-

phosphate of the AMPPCP molecule, the (Ca
2+

)2-E1-ADP-AlF4ˉ structure reveals one 

magnesium coordinating AlF4ˉ and  another magnesium coordinates the α- and β- 

phosphates of the ADP. The second magnesium is only present in a transition state and is 

thought to lower the activation energy required for the phosphate transfer (49). Once the 

transfer of the γ-phosphate from ATP to Asp
351

 is complete, the enzyme transitions to the 

low energy E2-P-ATP state depicted by the E2-BeF3ˉ structure. At this time bound ADP 

is exchanged with an ATP molecule. Direct comparison of the (Ca
2+

)2-E1-ADP-AlF4ˉ and 

the E2-BeF3ˉ structures reveals a 50° rotation of the N-domain relative to the P-domain 

and a clockwise 108° rotation of the A-domain. This drastic movement of the A-domain 

causes a lateral movement of the TM1-2 and TM3-4 pairs relative to the TM5-10 

complex, which results in the formation of a luminal access channel. This conformational 

change orients the side chains of the calcium binding residues towards the lumen 

allowing for the release of calcium ions to take place. It is important to mention that the 

E1-P to E2-P transition is thought to occur in two steps: formation of the calcium 

occluded (Ca
2+

)2-E2-P intermediate followed by the opening of the channel (49). 

Unfortunately, the structure of the occluded (Ca
2+

)2-E2-P intermediate has not yet been 

successfully determined. As the calcium ions leave the luminal channel, 2-3 protons are 

taken up to partially compensate for the negatively charged carboxylate groups at the ion 

binding site. This is followed by closure of the luminal channel and transition into the 

(H
+
)2-3-E2-P-ATP proton occluded state represented by the E2- AlF4ˉ-ATP structure (50). 

In this conformation the conserved TGES motif located on the A-domain docks into the 

phosphorylation site and coordinates water molecules for a hydrolytic cleavage of the 

phosphate group. Following dephosphorylation, the enzyme assumes a more relaxed state 

and the TGES motif is retracted from the phosphorylation site allowing release of the 
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bound phosphate. In the final step of the reaction cycle, SERCA returns to the E2-ATP 

state and is ready for the next pair of cytosolic calcium ions to bind.      

1-5.4. Small molecule SERCA inhibitors 

Several small molecules are known to inhibit SERCA by interfering with its 

ability to bind calcium. The first small molecule SERCA inhibitor to be discovered was 

thapsigargin (TG), a very potent and highly selective SERCA inhibitor (79). Other 

inhibitors such as cyclopiazonic acid (CPA) (80) and 2,5-di(tert-butyl)hydroquinone 

(BHQ) (81) were discovered in the following years. More recently 1,3-dibromo-2,4,6-

tri(methylisothiouronium)-benzene (TITU) (82,83) and artemisinins (84) were also 

shown to act as SERCA inhibitors but their properties will not be discussed herein. 

Discovery of these small molecule inhibitors was a major breakthrough in the SERCA 

field, as they have been widely used as tools in physiological, biochemical and structural 

studies. Furthermore, they show potential to serve as important therapeutic agents (85). 

TG is a compound extracted from the plant Thapsia garganica and is the best-

studied SERCA inhibitor. It has sub-nanomolar affinity for the enzyme and is known to 

inhibit all mammalian SERCA isoforms with nearly equal potency (86,87). Other 

members of the P2A-type ATPase subgroup (SPCA pumps) have also been shown to be 

sensitive to TG, although to a much lower extent (88). As previously mentioned, TG has 

been an important tool in determining the first three dimensional SERCA structures by 

electron microscopy and x-ray crystallography. The high-resolution structures of SERCA 

in the presence of TG reveal that the inhibitor locks the enzyme in the E2-like calcium-

free states (Fig. 1-6A) (89). TG binds in a hydrophobic cavity formed by TM3, TM5 and 

TM7 which prevents the movement of the transmembrane helices relative to each other 

(Fig. 1-6B). TG forms crucial interactions with Phe
256

 (TM3), Ile
765

 (TM5) and Tyr
837
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Figure 1-6. High-resolution structures of SERCA in complex with small molecule 

inhibitors. (A, C, E) Transparent surface and cartoon representations of SERCA in 

complex with TG (PDB 1IWO), CPA (PDB 2OJ9) and BHQ (PDB 2AGV), respectively. 

P-domain of SERCA is magenta, N-domain is cyan, A-domain is yellow, and helices 

TM1-10 are grey except TM4 and TM5 which are blue. The small molecule inhibitors are 

shown as red sticks. (B, D, F) Detailed views of the TG, CPA and BHQ binding sites, 

respectively. Residues important for inhibitor binding are shown as yellow sticks. 
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(TM7) as revealed by mutagenesis studies (90). Phe
256

 on TM3 appears to be the most 

important of the three residues as it is involved in a ring stacking interaction with the 

seven membered ring of TG that strengthens its binding with SERCA (91). Thus, TG 

inhibits SERCA by locking it in one conformation which prevents it from completing its 

transport cycle.    

 CPA is a toxic indole tetramic acid found in fungi and BHQ is a synthetic 

compound often used as an anti-oxidant (92,93). Like TG, both of these small molecules 

are potent inhibitors of SERCA with the binding affinities estimated to be in the 

nanomolar range (83). Interestingly, inhibition by CPA and BHQ can be reversed either 

by elevated calcium or ATP concentrations. Several high resolution crystal structures of 

SERCA in complex with CPA and BHQ revealed that, like TG, they lock the enzyme in 

the E2 conformation (Fig. 1-6 C and E) (58,94). CPA and BHQ share the same binding 

cavity which is formed by TM1-4 and is situated in the putative cytosolic calcium entry 

pathway. This cavity is distinct from that of TG, suggesting a different mechanism of 

inhibition (89). The structure of SERCA in complex with CPA indicated that this 

relatively planar molecule binds approximately 4 Å above the putative gating residue 

Glu
309

, and stabilizes TM1 and TM2 in a locked conformation against TM4 (Fig. 1-6D). 

More specifically, the indole ring of CPA is stabilized by a hydrophobic platform and 

forms a bridge between TM1 and TM4, whereas the tetramic acid moiety binds within a 

polar pocket resulting in a displacement of TM2. BHQ inhibits SERCA in a similar 

manner to CPA. The SERCA-BHQ structure revealed that BHQ forms a bridge between 

TM1 and TM4 through interactions between its hydroxyl and butyl groups with residues 

within the BHQ binding site (Fig. 1-6F) (94). Similarly to CPA, BHQ sits above Glu
309

 

and blocks the calcium access channel. Therefore, CPA and BHQ inhibit SERCA by 
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physically blocking calcium from accessing its binding site and immobilizing a subset of 

transmembrane segments.  

1-6.  Regulation of SERCA by phospholamban 

1-6.1.  Introduction to phospholamban 

PLN is the predominant regulator of SERCA in cardiac, smooth and slow-twitch 

skeletal muscle (95-97). PLN is a 52 amino-acid type I integral membrane protein (98) 

that contains three distinct domains: a cytoplasmic domain Ia (residues 1-20) with two 

phosphorylation sites (Ser
16

 and Thr
17

), a flexible linker domain Ib (residues 21-30), and 

a hydrophobic transmembrane domain II (residues 31-52) (Fig. 1-7) (24). PLN exists in a 

dynamic equilibrium between monomeric and pentameric states. While the monomer is 

considered the “active” inhibitory species, the pentamer is thought to be an “inactive” 

storage form of PLN (99). In its dephosphorylated state, PLN functionally interacts with 

SERCA and lowers its apparent affinity for calcium. This inhibition is reversed either by 

elevated cytosolic calcium or by phosphorylation of PLN at Ser
16

 by cAMP-dependent 

protein kinase A (PKA) or Thr
17

 by calcium/calmodulin-dependent protein kinase II 

(CaMKII) (100,101). Modeling of the NMR structure of PLN onto crystal structure of 

SERCA, with restraints imposed by mutagenesis and cross-linking studies, revealed a 

hydrophobic groove in the transmembrane domain of SERCA formed by helices TM2, 

TM4, TM6 and TM9 to which PLN is thought to bind (102,103). This groove is open in 

the E2 calcium-free state of SERCA and closed in the E1 calcium-bound state. Since 

PLN binds to the open groove in the E2 conformation of SERCA, this provides a 

probable mechanism by which PLN inhibits the E2-E1 transition in the catalytic cycle of 

SERCA.    

 



27 

 

 

 

 

 

Figure 1-7.  Topology model and structure of PLN. (A) Topology model for PLN. 

Domain Ia is yellow (residues 1 to 20), domain Ib is orange (residues 21 to 30) and 

domain II is green (residues 31 to 52). Phosphorylated residues (Ser
16

 and Thr
17

) are blue. 

(B) Cartoon representation of the PLN structure (103). Domains Ia, Ib and II are colored 

as in panel A. Ser
16

 and Thr
17

 are shown as blue sticks. 

 

 



28 

 

1-6.2. Structural studies of phospholamban 

Because of its small molecular weight (6080 Da) and highly hydrophobic nature, 

NMR spectroscopy quickly became the technique of choice for structural studies of PLN. 

Initial NMR studies used fully functional monomeric forms of PLN, such as C41F or 

AFA PLN (C36A, C41F, and C46A), to avoid possible complications associated with 

PLN’s propensity to form oligomers, particularly a pentamer (104,105). The first NMR 

study of monomeric PLN in organic solvent revealed two alpha-helical regions connected 

by an unstructured loop (Fig. 1-7B). Overall, this structure would be consistent with later 

NMR studies in DPC detergent micelles and DOPC/DOPE lipid bilayers (106). Most 

recently, Traaseth and coworkers used solid-state NMR to determine the structure of 

monomeric PLN in lipid bilayers, an environment that closely resembles the native 

membrane (107). The structure assumes an L-shaped conformation and can be divided 

into three domains: α-helical cytoplasmic domain (residues 1-16), unstructured loop 

(residues 17-22), and transmembrane domain helix (residues 23-52). The cytoplasmic 

domain appears to interact with the lipid headgroups and the transmembrane helix 

traverses the membrane bilayer at an angle of 25°. This new structure provided important 

information on how lipid membranes influence the structure and domain dynamics of 

PLN.   

In addition to the structural determination of the PLN monomer, efforts have 

been made to elucidate the pentameric structure of PLN. Many studies have contributed 

to the structural understanding of the PLN pentamer, which produced divergent results 

regarding the orientation of the cytoplasmic domains of PLN (108-111). Currently, the 

“bellflower” and “pinwheel” models are considered as the most accurate representations 

of the PLN pentamer (Fig. 1-8). The bellflower model was based on a solution NMR 

structure of wild-type PLN and shows the cytoplasmic helices to be oriented  
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Figure 1-8. Structural models of the PLN pentamer. (A) The “bellflower” model of 

the PLN pentamer (left: side view, right: top-down view; PDB 1ZLL). (C) The 

“pinwheel” model of the PLN pentamer (left: side view, right: top-down view; PDB 

2KYV). (B and D) Domain II leucine-isoleucine motif in the “bellflower” and 

“pinwheel” models, respectively. Leucine side chains (shown as stick and space filling 

representation in red) interact with isoleucine side chains (shown as stick and space 

filling representation in yellow) of the neighboring PLN monomer.   
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approximately 20° with respect to the membrane normal (112). The transmembrane 

helices cross the membrane at a 19° angle and form a coiled-coil conformation. In this 

conformation, the PLN pentamer has been suggested to be able to form initial recognition 

contacts with SERCA, but not a fully inhibitory interaction. In fact, PLN would have to 

“stretch” in order to satisfy proposed distance restraints between PLN and SERCA. The 

pinwheel model was originally proposed based on fluorescence studies and later 

confirmed by solution and solid-state NMR (113). In contrast to the bellflower model, the 

pinwheel structure shows the cytoplasmic helices to be oriented 90° relative to the bilayer 

normal and interacting with the membrane surface. The transmembrane helices are also 

arranged in a coiled-coil conformation and cross the membrane with a tilt angle of 11° 

with respect to the membrane normal. This model shows remarkable similarity to the L-

shape structure of the monomeric AFA PLN. In spite of their structural differences, both 

models show that the pentamer is held together by the Leu-Ile zipper interactions, 

consistent with previous mutagenesis studies (Fig. 1-8 B and D). The models indicate that 

the transmembrane leucine residues (Leu
37

, Leu
44

, and Leu
51

) in one transmembrane helix 

of PLN form hydrophobic interactions with isoleucine residues (Ile
40

 and Ile
47

) in the 

neighboring PLN monomer. Furthermore, the models show interactions of 

transmembrane cysteines (Cys
36

 and Cys
41

) with other residues at the interface of 

protomers, which is consistent with mutagenesis studies which show that substitution at 

these residues disrupts the pentamer.  

1-6.3. Kinetics of SERCA inhibition by phospholamban 

SERCA plays a major role in the contraction-relaxation cycle of heart muscle, as 

it is responsible for the removal of cytosolic calcium during relaxation and consequently 

determines the strength of the following contraction. PLN binds to and inhibits SERCA 

by decreasing its apparent calcium affinity and slowing the transition from the E2 
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(calcium-free state) to E1 (calcium-bound state) intermediate of the catalytic cycle. 

Inhibition of SERCA is reversed by elevated calcium concentration or upon 

phosphorylation of PLN (24). These effects of PLN on SERCA activity have been 

explained in terms of a well-characterized kinetic model for calcium transport by SERCA 

which assumes that calcium binding occurs in a cooperative two-step process (114).  

 

 

This model postulates that binding of the first calcium ion induces a slow conformational 

change (ECa  E’Ca) that activates SERCA and increases the affinity of the enzyme for 

a second calcium ion, thereby accounting for the activation and cooperativity of SERCA. 

Kinetic analyses have found that PLN primarily affects this rate-limiting conformational 

transition, which manifests as an increase in Brev and explains the increase in 

cooperativity and the shift in calcium affinity observed experimentally (115). While the 

principal effect of PLN is to lower the apparent calcium affinity of SERCA, PLN has also 

been shown to increase the maximal activity of the enzyme, although only under 

experimental conditions with high protein-to-lipid ratios (115,116). This stimulatory 

effect can be explained by a significant increase in the Bfor rate constant observed in the 

presence of PLN. Since Bfor represents a rate-limiting step in the SERCA calcium 

transport cycle, it is easy to envision how accelerating the formation of the E’Ca state 

would result in an increase in the maximal activity of SERCA. Kinetic analyses have also 

shed light on the mechanism of PLN phosphorylation. It has been determined that 

phosphorylation of PLN causes an increase in Afor, a reversal of Brev to SERCA only 

levels, and a slight increase in Cfor, as compared to non-phosphorylated PLN (117). These 
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changes reverse SERCA inhibition by PLN but maintain the increased maximal activity 

of SERCA, this latter effect manifests as a high Bfor.     

1-6.4. Phospholamban regulates SERCA through intramembrane interactions 

The molecular mechanism by which PLN inhibits SERCA has been examined in 

great detail. The effects of wild-type and mutant forms of PLN on SERCA activity have 

been extensively studied in co-expression (118,119) and co-reconstitution (115,120) 

systems and have revealed important insights into the role of particular PLN residues in 

the inhibitory mechanism. Early studies demonstrated that deletion of the cytoplasmic 

domain of PLN had a minor effect on PLN inhibitory function while the cytoplasmic 

domain by itself did not inhibit SERCA, showing that the transmembrane domain of PLN 

plays a key inhibitory role (118). It is generally accepted that the transmembrane domain 

of PLN alone is responsible for approximately 80% of SERCA inhibition and that the 

cytoplasmic domain provides the remaining 20%. This simple assumption, however, 

contradicts other studies which have shown that mutations in the cytoplasmic domain of 

PLN cause a complete loss of inhibitory function (117,119). 

The initial scanning alanine mutagenesis of the PLN transmembrane domain 

identified two faces on the PLN helix with distinct functional properties (99). Mutation of 

residues on one face of the transmembrane helix had little effect on PLN pentamer 

formation and resulted in loss of SERCA inhibition, whereas mutation of residues on the 

opposite face of the helix resulted in SERCA super-inhibition and pentamer 

destabilization. These results led the authors to propose that the PLN monomer is the 

active inhibitory species involved in the interaction with SERCA, while the pentamer 

must be a functionally inactive storage form of PLN. Thus, the mechanism of super-
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inhibition could involve mass action via an increase in local concentration of the 

inhibitory PLN monomer (Fig. 1-9).  

  It is important to point out that several PLN mutants do not agree with the mass 

action theory of SERCA inhibition. For example, a transmembrane domain I40A 

mutation was initially assessed by SDS-PAGE to prevent pentamer formation, however, 

more recent FRET studies have demonstrated that this mutant does actually form 

pentamers, although they are more dynamic than wild-type PLN pentamers (121). In fact, 

several groups re-examined the transmembrane mutants of PLN that result in pentamer 

destabilization and concluded that SDS-PAGE is a poor method for accurate 

determination of PLN pentamer stability (121,122). Another striking example of a 

transmembrane mutation that opposes the mass action theory is C41F, which is 

completely monomeric but retains wild-type inhibitory activity (123). A more recent 

study has demonstrated that most residues along the circumference of the transmembrane 

helix of PLN contribute to SERCA inhibition (122). Interestingly, two mutations in 

domain Ib of PLN, K27A and N30A, have been shown to form pentamers to a similar 

(K27A PLN) or even greater (N30A PLN) degree than wild-type PLN, while exhibiting 

strong gain-of-function characteristics (124). This further suggests that PLN uses 

multiple mechanisms to inhibit SERCA. Together, these observed discrepancies clearly 

demonstrate that the mechanism of SERCA inhibition by PLN is more complex than 

initially suggested. Nevertheless, despite the evidence that opposes the mass action 

theory, this is still the currently accepted model for PLN inhibition of SERCA.  
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Figure 1-9. Mass action theory. SERCA is shown in surface representation (P-domain is 

magenta, N-domain is cyan, A-domain is yellow, and transmembrane domain is grey) 

and PLN as a cartoon (green) representation. Phosphorylated PLN is shown with orange 

spheres on the cytoplasmic domain. PLN exists in dynamic equilibrium between a 

pentameric state, which forms an inactive storage form, and monomeric state, which is an 

active inhibitor of SERCA. Monomeric dephosphorylated PLN functionally interacts 

with SERCA thereby inhibiting the pump. This inhibition can be relieved upon increased 

cytosolic calcium or phosphorylation of PLN by PKA or CaMKII. 
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1-6.5. The phospholamban pentamer – more than an inactive storage form 

SERCA regulation by PLN is a dynamic process that depends on cytosolic 

calcium concentration, as well as the phosphorylation and oligomeric states of PLN. Most 

studies agree that the PLN monomer acts as the active inhibitory species (122) but the 

role of the PLN pentamer in cardiac muscle has remained ambiguous. While most of the 

early co-expression studies have declared it as a functionally inactive storage form (125), 

there is growing evidence supporting the PLN pentamer as an important player in 

SERCA regulation and calcium homeostasis. Several studies have reported the PLN 

pentamer to exhibit a channel-like activity (112,126). The pentameric assembly of the 

transmembrane helices of PLN has been proposed to conduct ions, such as calcium and 

chloride, across the SR membrane. In addition, recent cryo-electron microscopy studies 

have identified a physical interaction between the PLN pentamer and SERCA (Fig. 1-10) 

(127). In contrast to the previously proposed PLN binding cavity composed of TM2, 

TM4, TM6, and TM9, the pentamer was shown to interact at a distinct accessory site near 

TM3 (128). Most convincingly, the physiological role of the PLN pentamer has been 

inferred through a transgenic mouse model overexpressing a monomeric C41F mutant, 

which has the same inhibitory potency as wild-type PLN (129). These mice exhibited 

slower relaxation rates and calcium transients leading to depressed cardiac function, 

implying that the PLN pentamer-to-monomer balance is crucial for proper SERCA 

regulation in the cardiac muscle.  

Although still highly debatable, phosphorylation of PLN also appears to 

influence functional and structural characteristics of the PLN pentamer. The initial model 

for SERCA regulation by MacLennan and co-workers suggested that phosphorylation of 

monomeric PLN disrupts the physical interaction with SERCA resulting in complete 

dissociation of the inhibitory complex and oligomerization  of PLN (99). However, there  
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Figure 1-10. Structural interaction between SERCA and the PLN pentamer. (A) 

Projection map from cryo-electron microscopy of SERCA and PLN co-crystals. Positive 

contours are colored for the characteristic anti-parallel SERCA dimer ribbons (green) and 

the associated oligomeric PLN densities (orange). (B) Model for the interaction of 

SERCA (PDB 1KJU) with pentameric PLN (PDB 1ZLL) based on the projection map 

from 2D co-crystals. SERCA and PLN are in surface and cartoon representations, 

respectively.   
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is contradictory evidence about whether PLN dissociates from SERCA following 

phosphorylation. FRET (130) and cross-linking (131) experiments have shown that 

phosphorylation of PLN promotes dissociation of the SERCA-PLN complex and 

pentamer formation. In contrast, electron paramagnetic resonance (EPR) (132) and other 

biophysical studies (133) have demonstrated that PLN remains associated to SERCA 

following phosphorylation. In addition, SDS-PAGE analysis did not indicate any 

difference in the pentamer-to-monomer ratio upon phosphorylation (134). Numerous 

NMR studies have shown that phosphorylation induces a dynamically disordered state in 

the cytoplasmic domain of PLN, suggesting that the phosphorylated form of PLN 

remains bound to SERCA in a non-inhibitory state (135,136). A recent electron 

microscopy study provided a structure of a phosphorylated PLN pentamer bound to 

SERCA, which confirmed the selective disordering of the cytoplasmic domain and 

association of the transmembrane domain of PLN with SERCA (128). Additionally, the 

PLN pentamer was observed to form interactions with SERCA at an accessory site (TM3 

of SERCA), away from the proposed binding site used by the PLN monomer for the 

inhibitory interaction. Based on these observations, the authors proposed that the PLN 

pentamer may play an active role in capturing a monomeric or phosphorylated PLN, 

thereby facilitating the exchange of PLN monomers to and from the SERCA inhibitory 

site in response to physiological cues.  

1-6.6. Functional studies reveal key phospholamban residues responsible for SERCA 

regulation 

Mutagenesis studies have proved to be a powerful tool in determining key 

functional interactions between SERCA and the transmembrane domain of PLN. As 

previously discussed, early alanine-scanning mutagenesis studies identified residues on 

one face of the transmembrane helix to be mainly involved in pentamer formation and 
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residues on the opposite face important for the inhibitory interactions with SERCA (99). 

It was shown that substitution of the pentamer-stabilizing residues (Leu
37

, Leu
44

, Leu
51

, 

Ile
40

, and Ile
47

) in domain II of PLN by alanine resulted in monomeric mutants, which 

were more effective inhibitors of SERCA than wild-type PLN. Although these residues 

were initially thought to only be involved in PLN pentamer formation, some of them 

were later demonstrated to be involved in the inhibitory interactions with SERCA (122). 

This suggested that residues along most of the transmembrane domain of PLN were 

involved in SERCA inhibition. Furthermore, mutagenesis studies have identified eight 

essential residues (Leu
31

, Asn
34

, Phe
35

, Ile
38

, Leu
42

, Ile
48

, Val
49

, and Leu
52

) in the 

transmembrane domain of PLN, which are associated with loss of inhibitory function 

(99,115). Amongst these essential residues, Asn
34

 is the only polar residue and alanine 

substitution at this position results in complete loss of inhibitory function (99,120). In 

fact, the transmembrane domain of PLN is very hydrophobic with only four polar 

residues (Asn
34

 and three nonessential cysteines), and it is through hydrophobic 

interactions that PLN is thought to inhibit SERCA. Polar residues such as asparagine 

occur at low frequency in transmembrane helices, yet when present, they were shown to 

play an important role in protein-protein interactions and thermodynamic stability 

(137,138). To study the role of Asn
34

 in PLN, co-reconstitution studies using synthetic 

peptides to mimic the transmembrane domain of PLN were done (139). A model 

transmembrane peptide consisting of only the native leucine residues in PLN and all 

other residues substituted with alanine retained some of the inhibitory activity towards 

SERCA. Addition of Asn
34

 to this peptide resulted in super-inhibition, which could be 

expected considering the complete loss-of-function N34A PLN mutant. Finally, model 

peptides with the asparagine moved upstream or downstream by one residue or one turn 

of the helix from the native position further demonstrated the necessity of an asparagine 

residue at position 34 in PLN (140). Thus, a hydrophobic interface and a specifically 
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located asparagine residue in the transmembrane domain of PLN are two of the essential 

elements required for proper regulation of SERCA.  

Mutagenesis studies have also identified residues outside of the transmembrane 

domain of PLN to be directly involved in interactions with SERCA. Substitution of Asn
27

 

or Asn
30

 in domain Ib of PLN with alanine was shown to cause super-inhibition of 

SERCA, suggesting that these two residues form critical interactions with SERCA (124). 

The cytoplasmic domain Ia of PLN has also been revealed to modulate SERCA activity. 

In general, alanine-substitutions within the cytoplasmic domain Ia of PLN have been 

shown to exhibit only a minor effect on SERCA inhibition (117,119). However, mutation 

of Thr
8
, Arg

9
, and Ser

10
 to more hydrophobic amino acids resulted in a complete loss of 

function, suggesting that hydrophobic balance in the cytoplasmic domain of PLN is 

essential for proper inhibitory interaction with SERCA (117).  

1-6.7. Insights into physical interactions within the SERCA-PLN inhibitory complex 

Lack of high resolution structures of the SERCA-PLN complex has hindered our 

complete understanding of the physical interactions between SERCA and PLN. 

Fortunately, several structural models of the SERCA-PLN inhibitory complex have been 

constructed based on high resolution crystal structures of SERCA, NMR structures of 

PLN, and a plethora of biological data (102,103,141). While mutagenesis data provided 

important information about the functional interactions between SERCA and PLN, cross-

linking studies have proven to be an effective method for establishing physical interaction 

sites between these proteins. The first evidence for a physical interaction between PLN 

and SERCA was the cross-linking of the ε-amino group of the N-terminal Lys
3
 of PLN to 

Lys
397

 and Lys
400

 of SERCA (142). The formation of this cross-link was prevented by 

calcium and phosphorylation of PLN. The close proximity of the cross-linked residues in 
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SERCA, Lys
397

 and Lys
400

, to Asp
351

 led the authors to propose that PLN might interfere 

with formation of aspartyl-phosphate intermediate. Interestingly, several groups have 

attempted to reproduce this cross-link but they have not been successful, raising 

questions about the significance of this interaction. Subsequent cross-linking studies have 

provided more concrete evidence for a physical association between PLN and SERCA. 

Jones and coworkers were successful in identifying interactions between N27C of PLN 

and Lys
328

 of SERCA and N30C of PLN and Cys
318

/Lys
328

 of SERCA (143,144). In 

addition, a cross-link between a loss-of-function N31C of PLN and Thr
317

/Cys
318

 of 

SERCA was identified proving that a non-inhibitory form of PLN could in fact interact 

with SERCA without causing inhibition (145). Thus, these cross-links have confirmed 

domain Ib of PLN as an important site of physical and functional interaction with 

SERCA. Other studies reported a cross-link between the C-terminal V49C of PLN and 

Val
89

 in the TM2 of SERCA (102,146). Together, cross-links between residues of domain 

Ib of PLN and SERCA and Val
49

 of PLN and SERCA defined two well separated 

interaction sites between these two proteins that would be later helpful in modeling of the 

SERCA-PLN complex. Cross-linking between PLN and SERCA at these sites was 

prevented by micromolar calcium concentrations or the presence of SERCA specific 

inhibitors, such as TG or CPA. In contrast, cross-linking was greatly increased in the 

presence of ADP or ATP and in the absence of calcium. Based on these observations the 

authors proposed that PLN interacts with a nucleotide bound, calcium-free E2 state of 

SERCA.   

   The initial model of the SERCA-PLN complex by Toyoshima and co-workers 

showed that PLN binds to a groove formed by TM2, TM4, TM6, and TM9 of SERCA 

(Fig. 1-11) (102). In the calcium-free E2 state this groove is large enough to 

accommodate the transmembrane domain of PLN (Fig. 1-11C). However, as SERCA 



41 

 

transitions into the calcium bound (Ca
2+

)2-E1 state, the lateral movement of TM2 narrows 

the binding grove and pushes PLN out of this inhibitory site (Fig. 1-11D). In addition to 

cross-linking studies, the proposed PLN binding groove was supported by mutagenesis 

studies of SERCA which showed several mutations on TM4 and TM6 to diminish the 

ability of wild-type PLN to inhibit SERCA activity (147). This model also revealed that 

there is enough space between SERCA and parts of the cytoplasmic domain of PLN, 

specifically domain Ib, for a kinase to bind and phosphorylate PLN. A more recent model 

of SERCA-PLN complex based on a solid state NMR structure of the monomeric AFA 

PLN mutant in the presence of SERCA was highly reminiscent of the model determined 

by Toyoshima and coworkers (Fig. 1-11 A and B) (103). Although these structural 

models satisfy most of the functional and cross-linking data they must be examined with 

caution, as they might not represent a physiological complex. It is important to point out 

that these models have been based on ATP free and TG-bound SERCA structures. Since 

most of the cross-linking between SERCA and PLN was largely dependent on the 

presence of ATP and prevented by TG or calcium, the conformation of SERCA and its 

interactions with PLN in these models might not be fully representative of the 

physiological complex. 

1-6.8. Regulation of phospholamban by phosphorylation 

During resting conditions, PLN acts as a physiological brake for calcium 

transport across the SR membrane in the heart (24). β-adrenergic stimulation relieves this 

brake by phosphorylation of PLN, stimulating calcium uptake activity of SERCA. This 

increased uptake of calcium into the SR results in accelerated relaxation and increased 

amplitude of the cardiomyocyte contraction. Thus, the ratio of phosphorylated to non-

phosphorylated PLN is a key determinant of SERCA activity in the heart. It is now well 

established that PLN can be phosphorylated at Ser
16

 by PKA (24) and at Thr
17

 by  
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Figure 1-11. Model of the SERCA-PLN inhibitory complex. (A) A model of SERCA 

and PLN based on a solid-state NMR structure of AFA PLN (SERCA is in E2 state 

(103)). SERCA is shown in transparent surface and cartoon with the P-domain in 

magenta, N-domain in cyan, A-domain in yellow, TM2 and TM9 in blue, TM4 and TM6 

in red and the rest of TM helices in grey. PLN is shown in green cartoon. (B) Close-up 

view of the interactions between PLN (green) and the transmembrane cavity formed by 

TM2 (blue), TM4, TM6 (both in red) and TM9 (blue). PLN and SERCA residues 

reported to form cross-links are shown as sticks. (C) Structural rearrangement of SERCA 

transmembrane helices involved in PLN binding between the E2 and E1 states (colored 

as in panel A and B). In the E2 state the cavity is in a wide-open conformation which 

allows PLN to bind (PDB 1IWO). In the calcium-bound E1 state the cavity is much 

narrower mainly due to lateral movement of TM2 (PDB 1SU4). 
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CaMKII or protein kinase B (Akt) (24,148). In vitro studies have also reported 

phosphorylation at Ser
10

 by protein kinase C (PKC) but this was never confirmed in vivo 

(149). Since phosphorylation of PLN at either Ser
16

 or Thr
17

 has been demonstrated to be 

sufficient for complete reversal of SERCA inhibition, the functional significance and role 

of dual-site phosphorylation is not fully understood. Transgenic mice overexpressing the 

S16A PLN mutant showed diminished responses to β-adrenergic stimulation and lack of 

Thr
17

 phosphorylation (150). Conversely, mice overexpressing T17A PLN mutant 

showed normal Ser
16

 phosphorylation and response to β-adrenergic stimulation that was 

similar to that of wild-type mice (151). Moreover, overexpression of PLN with both 

S16A and T17A mutations resulted in maximal SERCA inhibition (152). Thus, based on 

these findings it was proposed that phosphorylation of Thr
17

 is dependent upon 

phosphorylation of Ser
16

, and Ser
16

 is mainly responsible for β-adrenergic mediated 

cardiac response. However, Thr
17

 has been shown to be phosphorylated independently of 

Ser
16

 in vivo in the absence of β-adrenergic stimulation and under pathophysiological 

conditions, such as ischemia-reperfusion injury and acidosis (153,154). Furthermore, in 

vitro studies have provided evidence that Ser
16

 and Thr
17

 can be phosphorylated 

independent of any prior phosphorylation (155).  

1-6.9. Phosphorylated (non-inhibitory) phospholamban remains associated with 

SERCA  

While the effect of PLN phosphorylation on SERCA regulation has been clearly 

demonstrated by numerous functional studies, the molecular mechanism by which this 

occurs is less clear. Based mainly on crosslinking (131,142) and fluorescence studies 

(130), the original model for SERCA regulation by PLN suggested that phosphorylation 

of PLN completely disrupts interactions with SERCA. However, there is now compelling 

evidence implying that phosphorylated PLN retains interactions with the calcium pump. 
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Co-immunoprecipitation studies have shown that, unlike in the presence of high calcium 

concentration, phosphorylation of PLN does not disrupt the physical interaction between 

SERCA and PLN, suggesting that alleviation of SERCA inhibition by elevated calcium 

concentration and phosphorylation occur by distinct mechanisms (156). These findings 

were further supported by NMR studies (135,136). According to EPR and NMR studies, 

phosphorylation induces an order-to-disorder conformational change in the cytoplasmic 

domain of PLN (Fig. 1-12) (132,135). These different dynamic states of the cytoplasmic 

domain were attributed to the structural flexibility of the “hinge” region of domain Ib of 

PLN (157). In the ordered state, the cytoplasmic domain of PLN is thought to be directly 

interacting with the membrane surface, whereas it is detached in the disordered state. 

Interestingly, transition to the disordered state has also been observed in the presence of 

high concentrations of magnesium but not potassium, suggesting that magnesium ions 

specifically disrupt interactions between the negatively charged phospholipid headgroups 

and the positively charged cytoplasmic domain of PLN (157). More recent NMR studies 

revealed that phosphorylation of a monomeric AFA PLN influences partial unwinding of 

the PLN N-terminal alpha-helix around the phosphorylation site (136). In addition, 

phosphorylation was suggested to shift the conformational equilibrium toward the 

disordered state in the presence of SERCA. These findings led to the proposal that 

phosphorylation causes rearrangements in domains Ia and Ib, with the binding of domain 

II to SERCA only marginally affected, supporting the notion that phosphorylation does 

not result in dissociation of PLN from SERCA.      
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Figure 1-12. Order-to-disorder equilibrium in the cytoplasmic domain of PLN. 

Cartoon representation of PLN with domain Ia in yellow, domain Ib in orange and 

domain II in green . Pro
21

 (stick representation) of the “hinge” region allows for 

flexibility in domain Ib upon phosphorylation or increased magnesium concentration.  
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1-6.10. SERCA and phospholamban in heart failure 

Altered calcium handling is a hallmark of heart disease and many studies have 

indicated that altered SR calcium handling is of particularly great pathophysiological 

relevance in human heart failure (158-160). It is well accepted that the levels of calcium 

binding (calsequestrin and calreticulin) and calcium releasing (RyR) proteins in the SR 

are unaltered under disease conditions (161). In contrast, studies in failing human 

myocardium and heart failure mouse models revealed SERCA levels to be decreased, 

contributing to impaired heart function (161-163). Furthermore, it has been shown that 

there is a decrease in PLN mRNA levels during heart failure (164), although several 

studies clearly demonstrated that the protein level of PLN remains unaltered (161,165). A 

decrease in SERCA levels relative to PLN results in higher ratios of PLN-to-SERCA 

which in turn leads to SERCA super-inhibition and prolonged muscle relaxation. In 

addition, the phosphorylation levels of PLN are decreased, further increasing the 

inhibition of SERCA (166). This reduced phosphorylation of PLN is thought to be a 

result of the β-adrenergic receptor down-regulation or desensitization, which is known to 

occur during heart failure (167,168). Moreover, increased protein phosphatase-1 (PP-1) 

activity could be another cause of diminished levels of phosphorylated PLN (169,170). 

Thus, alterations in the PLN-to-SERCA ratios and decrease in PLN phosphorylation 

contribute to depressed SR calcium uptake, leading to less calcium available for 

subsequent muscle contraction (Fig. 1-13).  

Reversing the contractile dysfunction of cardiomyocytes by altering SERCA 

and/or PLN levels has been the focus of potential treatment for heart failure. Given the 

central role of SERCA in proper cardiac function, overexpression of SERCA2a by gene 

transfer using a recombinant adenovirus has been shown to enhance cardiac contractility 

in human cardiomyocytes (171,172) and improve function, metabolism and survival in  
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Figure 1-13. Model of the role of SERCA and PLN in heart disease. SERCA is shown 

as a surface (P-domain is magenta, N-domain is cyan, A-domain is yellow, and 

transmembrane domain is grey) and PLN as a cartoon (green) representation. 

Phosphorylated PLN is shown with orange spheres on the cytoplasmic domain. (A) In 

healthy resting individuals, approximately half of PLN is inhibitory (non-

phosphorylated), giving rise to normal calcium transient and pumping capacity of the 

heart. (B) During heart failure, SERCA expression is diminished, giving rise to super-

inhibition of SERCA, decreased calcium transients, and decreased pumping capacity of 

the heart. (C) Hereditary mutations in PLN cause decreased calcium transients and 

pumping capacity of the heart, leading to heart disease.  
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failing rat hearts (173,174). Based on the evidence that the adenovirus-mediated gene 

transfer of SERCA2a has positive effects in different models of heart failure, this 

treatment has been tested in clinical trials (175). While there are drawbacks to this 

therapy, such as immunity to the adenovirus, most treated patients demonstrated overall 

improvement in cardiac contractility (176).   

Since impaired calcium handling can also be caused by super-inhibition of 

SERCA by PLN, several groups have examined different approaches to alter the SERCA-

PLN interactions in heart failure. One potential approach to reduce SERCA inhibition by 

PLN is to decrease PLN expression. This was initially tested with PLN knockout mice 

which exhibited normal cardiac function (24), however, mice are highly insensitive to 

changes in PLN levels compared to larger mammals. For example, a slight increase in 

PLN levels in rabbits leads to severe muscular pathology (177) and homozygous 

expression of a null PLN mutant (truncation at Leu
39

 (L39stop)) results in heart failure in 

humans (178). Another way to influence the SERCA-PLN complex is to increase the 

levels of phosphorylated PLN by inhibiting PP-1. Recent studies have examined 

inhibition of PP-1 through its physiological regulators, inhibitor-1 (I-1) and inhibitor-2 (I-

2). Adenoviral-mediated expression of the constitutively active I-1 or I-2 constructs in 

heart failure animal models resulted in enhanced contractility and PLN phosphorylation 

without any changes in the PKA mediated phosphorylation of the RyR (179-181). Thus, 

PP-1 inhibition appears to be a promising therapeutic approach to enhance cardiac 

function in a failing heart.  

1-6.11. Human phospholamban mutations in heart failure 

As discussed previously, PLN plays a fundamental role in proper calcium cycling 

within a cardiac myocyte. Alterations in the expression levels of PLN and its 
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phosphorylation strongly influence the activity of SERCA. In recent years, several 

naturally occurring mutations in the human PLN gene have been identified that lead to 

hereditary dilated cardiomyopathy (DCM) (178,182-184). These mutations use different 

mechanisms to alter SERCA activity and underline the importance of PLN in normal 

cardiac function.   

In 2003, the first mutation in the human PLN gene implicated in lethal DCM was 

identified (182). A loss-of-function Arg
9
 to Cys (R9C) missense mutation in the 

cytoplasmic domain of PLN was found in a single large family with heart disease. All 

affected individuals were heterozygous for R9C PLN and developed severe cases of 

DCM with early symptom onset and quick progression to heart failure. Co-expression 

studies in HEK-293 cells revealed that R9C PLN did not inhibit SERCA and prevented 

phosphorylation of wild-type PLN by sequestering PKA, leading to enhanced inhibition 

of SERCA activity (182). Transgenic mice expressing wtPLN and the R9C PLN mutant 

developed lethal cardiomyopathy, whereas mice expressing only R9C PLN surprisingly 

had the highest survival rate (182,185). Therefore, in mice the disease-causing 

mechanism of the R9C mutant is dependent on the presence of wild-type PLN, 

suggesting that the phenotype in mice may not fully reflect the phenotype in humans. The 

disease-causing mechanism of R9C PLN was further examined in a recent FRET study 

where the authors demonstrated that R9C PLN forms much tighter pentamers than wild-

type PLN, which explains the lower affinity of the R9C mutant for SERCA (186). In 

addition, mixed pentamers of R9C and wild-type PLN were also more stable than wild-

type PLN homopentamers, implying that R9C impedes PLN deoligomerization and 

phosphorylation by PKA. Another view of the R9C inhibitory mechanism was presented 

in the most recent study in which the authors demonstrated that under heterozygous 

conditions the R9C mutant has a dominant negative effect on SERCA function (117). 
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This study concluded that the change in the hydrophobicity in the cytoplasmic domain of 

PLN resulting from the Arg
9
 to Cys substitution is responsible for the loss of function and 

a persistent interaction with SERCA.       

In a recent study, two other heterozygous mutations at Arg
9
 position were 

identified within a large group of DCM patients (184). One patient had an Arg
9 

to His 

(R9H) mutation and two had an Arg
9 
to Leu (R9L) mutation. Studies in a co-reconstituted 

system revealed that R9H PLN exhibited normal inhibitory function but lost its ability to 

be phosphorylated by PKA while R9L PLN resulted in a complete loss of both inhibitory 

function and phosphorylation (117,187). These results indicated that the R9L mutation 

mimics the behavior of the R9C mutant, further confirming that hydrophobic imbalance 

in the cytoplasmic domain of PLN is a critical determinant of function and disease 

progression. Although the disease-causing mechanisms of the R9L and R9H mutants 

need further examination, the discovery of these point mutations demonstrates the 

importance of Arg
9
 in proper SERCA inhibition and phosphorylation of PLN.      

Deletion of Arg
14

 (R14del) in the cytoplasmic domain of PLN has been also 

found to lead to DCM in humans (183). A genetic screening of heart failure patients 

identified only heterozygous R14del individuals who developed either mild or severe 

cases of DCM (183,188,189). Similar to transgenic R9C PLN mice, transgenic mice 

overexpressing the R14del mutant developed cardiomyopathy which led to premature 

death. Co-expression of wild-type PLN with R14del PLN in HEK-293 cells resulted in 

super-inhibition of SERCA while expression of only R14del PLN resulted in a mild loss 

of SERCA inhibition. These differences in SERCA inhibition were proposed to be caused 

by an increase in the monomer concentration due to destabilization of the mixed wild-

type and R14del PLN pentamers (183). This model was at least in part contradicted by a 

recent study in which R14del PLN was shown to be a mild loss-of-function mutant that 
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preferentially affects SERCA in the presence of wild-type PLN due to an increased 

hydrophobicity in the cytoplasmic domain of PLN (117). Furthermore, despite Arg
14

 

being a part of the PKA recognition motif (
13

RRAS
16

) in PLN, R14del PLN was normally 

phosphorylated in HEK-293 cells (183) in contrast with co-reconstitution studies where 

the same mutant resulted in a complete loss of phosphorylation (187). Interestingly, in 

HEK-293 cells, R14del PLN failed to co-localize in the SR with SERCA in the absence 

of wild-type PLN (190). Instead, the R14del PLN mutant was misrouted to the plasma 

membrane where it was found to interact with and activate the Na
+
,K

+
-ATPase.       

Thus far, only one disease-associated mutation (L39stop) has been identified in 

the transmembrane domain of PLN (178). This nonsense mutation in the PLN gene 

results in a premature stop codon which produces a truncated PLN protein. In 

heterozygous individuals, the L39stop mutation led to hypertrophy without diminished 

contractile performance while homozygous individuals developed DCM and heart failure 

during the teenage years. This was later explained by studies in HEK-293 cells which 

showed that the L39stop mutant had no effect on SERCA activity (178). Furthermore, the 

same study demonstrated that L39stop is a highly unstable protein which is misrouted to 

the plasma membrane or found in the insoluble fraction of ER microsomes, leaving 

SERCA in an uninhibited state. Based on this evidence, it was concluded that the 

homozygous patients can be compared to the PLN-null genotype that leads to DCM. This 

observation largely contradicts the PLN-null mouse models, where ablation of PLN 

results in normal cardiac function and does not lead to heart failure. Therefore, PLN 

mutations that are detrimental for humans might not show the same phenotype in mice, 

emphasizing the necessity to understand differences in physiology between human and 

mouse when studying cardiac diseases.    



52 

 

In addition to the mutations in the coding region of the PLN gene, mutations in 

the PLN promoter region and surrounding introns have been identified. These mutations 

are only found in the heterozygous form and are associated with altered promoter 

activity, leading to abnormal PLN expression levels (191). Recent in vitro studies 

revealed several of these mutations to either increase or decrease PLN promoter activity 

by 1.5-fold (192-194). Although the relevance of these mutations in heart disease is still 

largely controversial, these studies suggest that mutations in the promoter region of PLN 

may play an important role in aberrant calcium cycling within a cardiac myocyte leading 

to heart failure.     

1-7.  Regulation of SERCA by sarcolipin 

1-7.1. Introduction to sarcolipin 

SLN was first described as a low molecular-weight protein that co-purified with 

preparations of SERCA and was named to reflect its origin as a proteolipid of the SR 

(195). SLN is the predominant regulator of SERCA and calcium homeostasis in fast-

twitch skeletal muscle (196,197). However, SLN is also expressed in the atria of the 

heart, where it can interact with PLN and lead to super-inhibition of SERCA (198-200). 

Structural similarities between the SLN and PLN genes as well as the significant 

sequence identity clearly suggest that these proteins are homologous members of the 

same gene family (15,24). SLN is a 31 residue type I integral membrane protein with a 

transmembrane domain and short cytoplasmic and luminal domains (Fig. 1-14) (195). 

Amino acid conservation in the transmembrane domains of SLN and PLN suggests that 

SLN inhibits SERCA by binding and lowering the apparent calcium affinity of the 

enzyme in a manner similar to PLN (197). Current models propose SLN and/or PLN 

might bind to SERCA and stabilize an E2 calcium-free state (201,202). 
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1-7.2. Regulatory mechanism of SERCA inhibition by sarcolipin 

SLN inhibition of SERCA has been less well characterized than PLN, mainly due 

to the assumption that SLN inhibits SERCA in a similar manner as PLN. However, there 

are important differences in the way SLN inhibits SERCA. For example, it is well 

accepted that SLN lowers the apparent calcium affinity of SERCA to a lesser extent than 

PLN (197,203). In addition, some studies have found that SLN decreases the maximum 

reaction rate (Vmax) of SERCA at micromolar calcium concentrations, indicating that 

SLN inhibition is not relieved by increased cytosolic calcium (204-206). Furthermore, it 

is not well established if phosphorylation of SLN is a physiologically relevant 

mechanism, although two kinases have been reported to target SLN (207,208). Finally, in 

contrast to PLN which is known to assemble into stable pentamers, SLN is thought to 

exist primarily as a monomer (197). However, evidence indicates that SLN can also form 

oligomers in detergent and lipid environments (209,210).   

The differences in the amino acid composition between SLN and PLN are 

responsible for the structural changes that give these peptides their own unique functional 

properties. The N-terminal cytoplasmic domain of SLN (residues 1-7) is much shorter 

than that of PLN and lacks the corresponding phosphorylation sites. This region of SLN 

is poorly conserved among different species except for the highly conserved Thr
5
 residue, 

considered as a putative phosphorylation site (Fig. 1-14) (15). The role of Thr
5
 in 

phosphorylation mediated regulation of SLN was first demonstrated in heterologous co-

expression studies with SERCA in which the phospho-mimetic T5E SLN mutant resulted 

in the expected complete loss of function, whereas T5A SLN was a gain-of-function 

mutation (197). The α-helical transmembrane domain of SLN (residues 8-27) is 

composed of 19 residues, 8 of which are identical and 8 are highly conserved as 

compared to the corresponding residues in the transmembrane domain of PLN. Despite  
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Figure 1-14. Topology model and structure of SLN. (A) Topology model for SLN. 

Cytoplasmic domain is yellow (residues 1 to 7), transmembrane domain is red (residues 8 

to 26) and luminal domain is orange (residues 27 to 31). Phosphorylated residue (Thr
5
) is 

blue. (B) Cartoon representation of the SLN structure (PDB 1JDM). SLN domains are 

colored as in panel A. Phosphorylated Thr
5
 and luminal Tyr

29
 and Tyr

31
 are shown as 

sticks. 
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the high sequence conservation between the transmembrane regions of SLN and PLN, 

alanine-scanning mutagenesis did not recapitulate the gain of function behavior 

associated with residues that destabilize the PLN pentamer (197). Nevertheless, mutation 

of Leu
8
 and Asn

11
 in SLN resulted in the expected loss of function observed for the 

comparable Leu
31

 and Asn
34

 in PLN, residues critical for proper PLN function. The last 

five residues of SLN are perfectly conserved among mammals and make up its luminal 

domain (residues 27-31) which extends into the SR lumen. The C-terminal regions of 

SLN and PLN represent a striking difference between these proteins, where the 

hydrophilic luminal tail of SLN (Arg
27

-Ser-Tyr-Gln-Tyr
31

) is substituted by the 

hydrophobic C-terminal end of PLN (Met
50

-Leu-Leu
52

). Early co-expression studies of 

SERCA and SLN identified Y29A as a gain-of-function mutation, suggesting that the 

luminal domain of SLN physically interacts with and regulates SERCA (197). More 

recently, solid-state NMR studies verified these results by demonstrating that the two 

tyrosine residues (Tyr
29

 and Tyr
31

) are essential for proper SLN function (204). In 

addition to this functional role, the luminal domain was reported to be important for 

targeting or retention of SLN in the SR membrane (211).  

1-7.3. Structure of sarcolipin 

In contrast to PLN, there have been few structural studies of SLN. Considering 

its low molecular weight and highly hydrophobic nature, the structure of SLN has been 

predominantly studied by NMR in detergent and lipid environments. The initial 3D 

structure of SLN was determined in detergent (SDS) micelles and revealed that SLN 

forms a compact alpha-helical transmembrane domain (residues 9-27) with two short 

unstructured termini consisting of residues 1-8 in the cytoplasmic N-terminus and 

residues 27-31 in the luminal C-terminus (Fig. 1-14B) (104). Additionally, the orientation 

of SLN was found to be perpendicular to the membrane plane.  
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A subsequent NMR structure of SLN was determined in dodecylphosphocholine 

(DPC) micelles, conditions that more closely mimic the native membrane environment 

(212). The overall structure of SLN was highly similar to the initial SLN structure solved 

in the presence of detergent, indicating that this protein adopts the same conformation in 

detergent and lipid environments. However, contrasting what was observed in the initial 

structural study (104), SLN was determined to adopt a tilted orientation with the helix 

axis tilted by ~23° with respect to the membrane normal. In addition, spin relaxation 

measurements revealed four dynamic domains of SLN: an unstructured N-terminus 

(residues 1-6), a dynamic helix (residues 7-14), a highly rigid helix (residues 15-26), and 

an unstructured C-terminus (residues 27-31). The more hydrophilic N-terminal portion of 

the transmembrane domain of SLN is highly reminiscent of domain Ib of PLN, whereas 

the more hydrophobic and rigid segment resembles domain II of PLN, suggesting that 

sequence conservation between these two proteins is reflected in the conservation of both 

structure and dynamics. This study also indicated that the highly dynamic peptide 

backbone of the cytoplasmic and luminal domains of SLN become more structured in the 

presence of SERCA, suggesting that these regions of SLN might be stabilized through 

interactions with the pump.  

1-7.4. Oligomeric state of sarcolipin 

It is well documented that inhibitory PLN can assemble into stable pentamers 

(24). In contrast, SLN has been found to migrate primarily as a monomer in SDS-PAGE 

(197). However, several studies have since shown that SLN can form a mixture of 

oligomeric species. For example, SLN has been shown to aggregate after purification in 

non-ionic detergents as well as self-associate into higher order oligomers after chemical 

cross-linking in detergent micelles and in liposomes (209). Recently, a fluorescence study 

done in insect cells directly demonstrated that SLN monomers associate into dimers and 
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higher order oligomers, whereas mutant I17A SLN only formed monomers and dimers 

(210). The same study also revealed that the binding affinity of SLN for itself is very 

similar to that of SLN for SERCA.       

Another interesting factor supporting the oligomerization of SLN came from 

recent studies which reported channel-like activity for SLN reconstituted into tethered 

bilayer lipid membranes (213,214). SLN was reported to form channels selective toward 

chloride and phosphate anions and impermeable to inorganic cations. This ion-channel 

activity was abolished by the T18A mutation in the transmembrane domain of SLN. In 

addition, the transport of phosphate by the SLN channel was found to be activated in the 

presence of ATP and inhibited by ADP. Intriguingly, the SLN channel shares some 

features with the unidentified phosphate transporter found in the SR, which is thought to 

enhance the level of accumulation of calcium ions in the SR when SERCA is activated by 

ATP (215,216). Although the physiological role of the SLN channel is still debatable, 

these studies suggest that SLN must oligomerize in order to exhibit channel-like activity.   

1-7.5. Sarcolipin physically interacts with SERCA   

Mutagenesis studies of both SLN and SERCA in combination with functional 

measurements and co-immunoprecipitation studies provided the first insights into where 

SLN binds on the SERCA pump (201). Since residues in the transmembrane domain of 

PLN responsible for interactions with SERCA are conserved in SLN, this study 

compared the effects of SLN mutation to the previously characterized mutations in PLN 

(147). With respect to binding SERCA, mutations in PLN had more dramatic effects on 

binding than SLN mutations, suggesting that PLN has higher affinity for SERCA than 

SLN. The most notable differences were that L8A SLN had no effect on binding to 

SERCA (the equivalent L31A PLN decreased binding by 73%) and I17A SLN decreased 



58 

 

binding by 18% (the equivalent I40A PLN increased binding by 145%). In addition, 

mutations in SERCA that reduced regulatory function with PLN had similar effects on 

SLN binding further suggesting that SLN binds in the same region of SERCA as PLN. 

Based on these results, the authors modeled the NMR structure of SLN onto the calcium-

free crystal structure of SERCA. Modeling showed that the SERCA-SLN complex 

closely resembles the previously generated SERCA-PLN model (102), with the 

transmembrane domain of SLN occupying the same grove as the transmembrane of PLN, 

and the C-terminal luminal domain interacting with aromatic residues in the TM1-TM2 

loop of SERCA.      

A major breakthrough in understanding the interactions between SERCA and its 

regulator SLN came about with the recent publication of two high resolution crystal 

structures of the SERCA-SLN complex (Fig. 1-15) (217,218). These structures represent 

SLN bound to SERCA in a calcium-free state and for the first time provide detailed 

structural information explaining the mechanism of SERCA regulation by SLN. These 

structures reveal that SLN traps SERCA in a previously unobserved magnesium bound 

state, denoted as E1-Mg
2+

, with the calcium binding sites exposed to the cytosol and the 

conformation of the pump being intermediate between the calcium-free (E2) and the 

calcium bound (E1-Ca
2+

) states. Two magnesium ions appear to be bound at the second 

calcium binding site (site II) which is not fully formed in the E1-Mg
2+

 state (Fig. 1-15B). 

Therefore, it is possible that binding of a calcium ion at site I causes displacement of 

magnesium ions and complete formation of site II.  This hypothesis is supported by 

functional studies which indicated that magnesium can access calcium binding sites from 

the cytosol and high magnesium concentrations can inhibit calcium binding to SERCA 

(219). The authors propose that SERCA utilizes magnesium ions to modulate the  
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Figure 1-15. High-resolution structure of SERCA in complex with SLN. (A) SERCA 

is shown in transparent surface and cartoon with the P-domain in magenta, N-domain in 

cyan, A-domain in yellow, TM2 and TM9 in light purple and the rest of TM helices in 

grey. Magnesium ions are shown as yellow spheres. SLN is shown in red cartoon. (B) 

Close-up view of the calcium binding sites with two magnesium ions occupying site II. 

Calcium ion coordinating side chains are shown as grey sticks. (C) Close-up view of the 

interactions between the N-terminal part of SLN and TM2, TM6 and TM9 helices of 

SERCA. Asn
11

 and Thr
5
 (red sticks) of SLN are shown to interact with Thr

805
 and Trp

932
 

(grey sticks) of SERCA, respectively. (D) Close-up view showing the proximity of Tyr
29

 

and Tyr
31

 to the luminal end of TM1-TM2 of SERCA. (PDB 4H1W) 
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efficiency of calcium binding that may delay SERCA activation relative to the contractile 

filaments.  

The structures of the SERCA-SLN complexes reveal SLN as a slightly bent α-

helix bound in a groove surrounded by TM2, TM6, and TM9, which is highly consistent 

with previous models as well as cross-linking and mutagenesis studies (201,202). The 

SLN binding cleft appears particularly narrow in the cytoplasmic end where the putative 

SLN phosphorylation site, residue Thr
5
, makes contacts with the pump (Fig. 1-15C). 

Thus, phosphorylation at this site would result in steric clash that relieves binding of SLN 

to SERCA. These structures also directly demonstrate the importance of the highly 

conserved Asn
11

 (Asn
34

 in PLN) as it clearly forms extensive interactions with Thr
805

 of 

SERCA, explaining why mutation of this residue to alanine results in loss of inhibitory 

function and weaker association of SLN with SERCA (Fig. 1-15C). Unfortunately, the 

amino- and carboxy-termini of SLN are poorly defined in both structures, preventing 

accurate assignment of the last three C-terminal residues (
29

Tyr-Gln-Tyr
31

). Nevertheless, 

the C-terminal domain of SLN appears to be in proximity to the aromatic residues in the 

TM1-TM2 loop (Fig. 1-15D). In summary, these structures suggest that by direct binding 

to the transmembrane domain of SERCA, SLN interferes with transition from the 

magnesium bound E1-Mg
2+

 state into the calcium bound E1-Ca
2+ 

state, and thereby 

decreases the apparent affinity of SERCA for calcium.    

1-7.6. Role of sarcolipin in the heart 

Aside from being the primary regulator of SERCA1 in skeletal muscle, SLN is 

known to be an active regulator of cardiac SERCA2a. This was initially demonstrated in 

studies performed in HEK-293 cells, where co-expression of SLN with SERCA2a 

decreased the apparent calcium affinity of the calcium pump (203). Indeed, SLN mRNA 
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was shortly after demonstrated to be specifically expressed in the atria of mouse hearts 

but absent in the ventricles (198). In the same study, SLN mRNA was also detected in 

human atria. These findings were later confirmed with detection of SLN at the protein 

level in the atria of mouse and rat (199). Furthermore, several studies have shown that 

expression of SLN in the cardiac muscle appears to be differentially regulated under 

diverse physiological and pathophysiological states. For example, expression of SLN at 

both mRNA and protein levels have been shown to be down-regulated in the atria of 

patients with chronic atrial fibrillation (220,221) which appears to contribute to atrial 

remodeling (222). Similarly, down-regulation of SLN mRNA expression was reported in 

a transgenic mouse model of cardiac hypertrophy (198). Conversely, a more recent study 

showed that SLN mRNA is up-regulated approximately 50-fold in hypertrophied 

ventricles of Nkx2-5 null mice (223). In addition, one study reported a significant 

increase of SLN mRNA expression in the mouse atria during development (198). 

Compared to PLN, the function of SLN in cardiac calcium homeostasis and 

contractility is not fully defined. Important insights into the physiological role of SLN in 

the heart were obtained with the help of transgenic mouse models with alterations in SLN 

protein levels. The first genetically engineered mice overexpressing SLN in the cardiac 

muscle displayed a decrease in SERCA2a affinity for calcium, a decrease in calcium 

transient amplitude and slowed muscle relaxation (206,224). The inhibitory effect of SLN 

was reversed by treatment with isoproterenol, suggesting that SLN is a reversible 

inhibitor of SERCA2a. Overall, these mice were very similar to a previously 

characterized mouse model overexpressing PLN. To investigate the independent role of 

SLN in the heart, mice overexpressing SLN in the PLN null background were generated 

(208). Overexpression of SLN in the absence of PLN caused a decrease in the apparent 

calcium affinity of SERCA2a, reduced calcium transient amplitude, and impaired 
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contractility as compared to PLN knockout mice. In agreement with previously studied 

SLN mouse models, isoproterenol treatment relieved SLN inhibition, further 

demonstrating that SLN can mediate the β-adrenergic response in the heart. These studies 

also identified Thr
5
 as a potential phosphorylation site and directly demonstrated that 

SLN can be phosphorylated by Serine/Threonine Kinase 16 (STK16) (Fig. 1-16A). 

However, the physiological role of STK16 in the β-adrenergic pathway is yet to be 

defined.  

The functional significance of SLN down-regulation in the cardiac muscle was 

later demonstrated with a SLN knockout mouse (225). In the atria, ablation of SLN 

resulted in increased apparent calcium affinity of SERCA2a, increased calcium transient 

amplitudes and enhanced cardiac contractility. SLN knockout mice did not exhibit any 

developmental abnormalities but were susceptible to arrhythmias and atrial remodeling 

upon old age, most likely due to enhanced SERCA2a activity (222,225). In addition, the 

absence of SLN in the atria showed blunted responses to isoproterenol, which implies 

that β-adrenergic stimulation in the atria is largely mediated by SLN. This was further 

supported by a study overexpressing SLN in rat ventricular myocytes which provided 

strong evidence that SLN can be phosphorylated at Thr
5
 by CaMKII (Fig. 1-16A) (207). 

Taken together, these studies strongly suggest that SLN is an important regulator of 

SERCA2a function and cardiac contractility of the atria. 

Since SLN and PLN are co-expressed in the heart, it is possible that the two 

regulators have a synergistic effect on SERCA activity. Interestingly, co-expression of 

SLN and PLN with SERCA2a in HEK-293 cell was shown to induce super-inhibition of 

SERCA2a activity (203). Initially, the authors of this study proposed that SLN mediates 

its inhibitory effect through PLN (201). According to their model SLN forms a stable 

binary complex with PLN that results in destabilization of PLN pentamers. This leads to  
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Figure 1-16. Regulation of SERCA by SLN. SERCA is shown as a surface (P-domain 

is magenta, N-domain is cyan, A-domain is yellow, and transmembrane domain is grey) 

and SLN (red) and PLN (green) as a cartoon representation. Phosphorylated SLN is 

shown with orange spheres on the cytoplasmic domain. (A) SLN exists mainly as a 

monomer and upon interaction with SERCA it inhibits its activity. This inhibition can be 

relieved upon increased cytosolic calcium or phosphorylation of SLN by CaMKII or 

STK16. (B) Super-inhibition of SERCA by the SLN-PLN heterodimers. SLN interferes 

with the PLN pentamer formation by direct interaction with PLN. The SLN-PLN 

heterodimers bind with higher affinity to SERCA than either SLN or PLN alone. 

 



64 

 

increased concentrations of PLN monomers, considered to be the active form of PLN, 

thus promoting super-inhibition of the SERCA pump. However, aside from the reduced 

apparent calcium affinity of SERCA, a reduction in maximal activity was also observed. 

This suggested that it is not only the increase in PLN monomers that causes super-

inhibition of SERCA. On the basis of more recent mutagenesis and 

coimmunoprecipitation studies, the authors have proposed a modified model for the 

super-inhibition of SERCA (202). According to their data, hetero-dimeric interactions 

between SLN and PLN are stronger than homo-dimeric interactions between PLN 

monomers. Thus, a stable SLN-PLN hetero-dimer could form first and then fit into the 

PLN binding groove on SERCA causing super-inhibition (Fig. 1-16B). Indeed, according 

to a structural model of the PLN-SLN-SERCA ternary complex, the cavity formed by the 

TM2, TM4, TM6, and TM9 helices of SERCA in the calcium-free E2 state is large 

enough to accommodate SLN and PLN simultaneously but too narrow to bind two PLN 

monomers (201,202). Therefore, binding of the SLN-PLN hetero-dimer to SERCA forms 

a very stable ternary complex, which explains the observed super-inhibition of SERCA. It 

is noteworthy to point out, however, that strong evidence for a prominent super-inhibitory 

action of PLN and SLN in the cardiac muscle under normal physiological settings has 

never been reported.  

1-8.  Thesis outline 

 The primary goal of this thesis is to functionally examine SLN, zebrafish 

phospholamban-like protein (zfPLN) and the C-terminal TM11 segment of SERCA2b in 

order to obtain the molecular mechanisms by which they regulate SERCA activity. 

Chapter 2 examines the role of the luminal domain of SLN on the inhibition of SERCA. 

This work showed that the luminal extension of SLN is a distinct and transferrable 
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domain that encodes most of SLN’s inhibitory properties. Based on these results, we 

concluded that SLN and PLN use different inhibitory mechanisms to regulate SERCA. 

Chapter 3 examines the ability of zfPLN to regulate SERCA. This work showed that 

despite the high sequence diversity between zebrafish and human PLN, as well as the 

presence of a unique zfPLN luminal extension, zfPLN has inhibitory properties that are 

similar to human PLN. Additionally, our results indicated that the luminal extensions of 

zfPLN and SLN have distinct functional effects, even though zfPLN appears to use a 

hybrid PLN-SLN inhibitory mechanism. Chapter 4 examines the functional role of the 

TM11 segment of the ubiquitous SERCA2b in calcium transport. This work 

demonstrated that TM11 is an independent and highly conserved functional region of 

SERCA2b that acts as a genuine regulating element of the calcium pump. Chapter 5 

concludes the main body of work with a brief summary of the major findings and a 

discussion of the mechanisms used by the studied endogenous peptide regulators of 

SERCA.  

 This thesis also contains an appendix which examines specific sequence elements 

of SLN and PLN thought to be responsible for their propensity to form oligomers. 
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2-1. Introduction 

 

Sarcolipin (SLN) was first described as a low molecular-weight protein that co-

purified with preparations of SERCA and it was later named to reflect its origin as a 

proteolipid of the sarcoplasmic reticulum (SR) (1). SLN is the predominant regulator of 

SERCA and calcium homeostasis in fast-twitch skeletal muscle, where it may play an 

additional role in thermogenesis (2). However, SLN is also expressed with 

phospholamban (PLN) in the atria of the heart (3-6), which raises the possibility of an 

atrial-specific ternary complex that could lead to super-inhibition of SERCA (7). SLN is 

a 31 residue type I integral membrane protein with a transmembrane domain and short 

cytoplasmic and luminal domains (1). PLN is a 52 residue type I integral membrane 

protein with a transmembrane domain, a longer cytoplasmic domain and no luminal 

domain (8). Given the homology between the transmembrane domains of these proteins, 

it was hypothesized that SLN binds to SERCA and alters the apparent calcium affinity of 

the enzyme in a manner similar to PLN (9). Inhibition would result from SLN and/or 

PLN binding to SERCA and stabilizing an E2 calcium-free state (10). Mixed evidence 

exists on whether these regulatory subunits dissociate (11) or remain bound to SERCA 

(12-14) during calcium transport.  

Historically, SLN inhibition of SERCA has been less well-characterized than 

PLN, owing in part to the assumption that SLN uses the same mechanism as PLN to 

inhibit SERCA. For PLN, SERCA inhibition is encoded by the transmembrane domain 

(15,16), while reversal of inhibition via phosphorylation is enabled by the cytoplasmic 

domain (8). For SLN, the transmembrane domain contains residues involved in inhibitory 

function (9), the cytoplasmic domain contains a phosphorylation site (17), and the 

luminal domain is important for SR retention (18) and SERCA inhibition (19). However, 

there are important differences in the way that SLN inhibits SERCA. For example, some 
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studies have found that SLN decreases the maximal activity (Vmax) of SERCA at 

saturating calcium concentrations, indicating that SLN inhibition is not reversed by 

calcium (19-21). In addition, two kinases have been reported to target SLN (17,22), 

though it is not firmly established if phosphorylation of SLN is an important 

physiological mechanism. Finally, it is well documented that the inhibitory PLN 

monomer can self-associate to form pentamers. In contrast, SLN is thought to exist 

primarily as a monomer, though evidence suggests that SLN can also oligomerize in 

detergent and membrane environments (23,24). 

The modeled site of interaction between SLN and the calcium-free state of 

SERCA was the same binding groove identified for PLN (TM2, TM4, TM6 and TM9). 

This was based on mutagenesis of both SERCA and SLN combined with functional 

measurements (9) and co-immunoprecipitation studies (7). Alanine-scanning mutagenesis 

of SLN revealed similarities and differences when compared to PLN. In general, 

mutagenesis of SLN had lesser effects on function and did not recapitulate the gain of 

function behavior associated with residues that destabilize the PLN pentamer. 

Nonetheless, key residues in both proteins were found to be important for physical 

association and function. Notably, mutation of Leu
8
 and Asn

11
 in SLN resulted in the 

expected loss of function seen for the comparable Leu
31

 and Asn
34

 of PLN, and mutation 

of the predicted phosphorylation site to glutamate (Thr
5
-to-Glu) appeared to mimic 

phosphorylation and result in loss of function (17). While the remaining sampled residues 

were neutral or loss-of-function, there are mixed observations on the functional 

importance of SLN’s unique luminal tail (Fig. 2-1) (9,18,19). The C-terminal sequences 

of PLN and SLN represent a marked difference between these two proteins, where the 

hydrophobic Met
50

-Leu-Leu
52

 in PLN is replaced by the more polar Arg
27

-Ser-Tyr-Gln- 
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Figure 2-1. Amino acid sequence alignments for primary structures of SLN 

and PLN from representative species. The cytoplasmic, transmembrane and 

luminal domains are indicated. Consensus sequences for SLN and PLN were 

generated based on all known sequences (ClustalW). Sequence variations in the 

luminal domains, as compared to human sequences, are indicated in bold.
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Tyr
31

 in SLN. Importantly, this latter sequence is perfectly conserved among mammals 

(18). 

Given the highly conserved nature of the SLN luminal tail and our incomplete 

understanding of its role in SERCA inhibition, we chose to investigate this domain by the 

co-reconstitution of SLN mutants with SERCA into proteoliposomes. Another motivating 

factor for this study was the observation that PLN and SLN can simultaneously bind to 

and regulate SERCA (7). While super-inhibition is thought to result from the tight fit of 

both PLN and SLN in the SERCA binding groove (TM2, TM4, TM6 & TM9), we 

hypothesized that the luminal domain of SLN may contribute to the strong inhibitory 

properties of the ternary complex. This prompted us to investigate chimeric PLN-SLN 

constructs. Herein, we provide new insights into the regulation of SERCA by the C-

terminal domain of SLN. Alanine-scanning mutagenesis of this domain revealed at least 

partial loss of function associated with all residues (Arg
27

-Ser-Tyr-Gln-Tyr
31

), and the 

removal of the luminal tail in an Arg
27

-stop construct also resulted in loss of function. 

Chimeric PLN variants possessing the luminal tail of SLN caused super-inhibition of 

SERCA reminiscent of studies of the PLN-SLN-SERCA ternary complex (7). Finally, 

transferring the SLN luminal tail onto a generic transmembrane helix resulted in a 

chimera that completely mimicked SERCA inhibition by wild-type SLN. We conclude 

that the highly conserved C-terminal tail of SLN is a primary determinant for SERCA 

inhibition, and that it is a distinct and transferrable functional domain.    

2-2. Results 

2-2.1. Wild-type PLN versus wild-type SLN. We first compared the reconstitution of 

SERCA in the absence and presence of recombinant human SLN (Fig. 2-2). The co-

reconstitution method has been used extensively to study the functional regulation of  
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Figure 2-2. Functional data for wild-type SLN. (A) Topology models for wild-type 

SLN and wild-type PLN (white: cytosolic residues, grey: transmembrane residues, black: 

luminal residues). ATPase activity (B) and normalized ATPase activity (C) as a function 

of calcium concentration for SERCA alone (solid black line), SERCA in the presence of 

wild-type SLN (solid grey line) and SERCA in the presence of wild-type PLN (dashed 

line). The curves fitted to the experimental data are from a global nonlinear regression fit 

of SERCA reaction rate constants (25) to each plot of ATPase activity versus calcium 

concentration. The Vmax, KCa, and Hill coefficients (nH) are given in Table 2-1. Each data 

point is the mean ± SEM (n  4). (D) Kinetic simulations highlighting the differences 

between PLN and SLN. Starting from values determined for wild-type PLN (Table 2-2 

and (26)), simulations were performed allowing all reaction rate constants to vary (solid 

black line), allowing only Brev to vary (Fit 1; solid grey line), or allowing only Bfor and 

Brev to vary (Fit 2; dashed line). The reaction rate constants are given in Table 2-2. 
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SERCA by PLN (26-32) and the same approach was used herein for detailed 

characterization of SLN. The reconstituted proteoliposomes contain low lipid to protein 

ratios that mimic the native SR membranes, which allows the direct correlation of 

functional data (26,28,30,31) with structural observations (33-35). As before, the 

proteoliposomes contained a lipid to protein molar ratio of approximately 120:1 and a 

SERCA to SLN molar ratio of ~4.5:1. For co-reconstitution of PLN, this molar ratio is 

similar to that found in cardiac SR (31,36,37); however, the SLN molar ratio used is 

higher than that found in skeletal SR (9). While there is growing evidence that SLN can 

form higher order oligomers (23,24,38), the primary reason for using a higher ratio of 

SLN was to facilitate comparison with PLN variants studied previously (26,28,31) and 

herein. We measured the calcium-dependent ATPase activity of SERCA in the absence 

and presence of SLN. Proteoliposomes containing SERCA alone yielded a KCa of 0.46 

M and a Vmax of 4.1 mol mg
-1

 min
-1

. Incorporation of wild-type SLN into 

proteoliposomes with SERCA resulted in a KCa of 0.80 M calcium and a Vmax of 2.9 

mol mg
-1

 min
-1

 (Fig. 2-2 and Table 2-1). Thus, in the presence of SLN, SERCA had a 

lower apparent affinity for calcium (ΔKCa of 0.34) and a lower turnover rate (ΔVmax of -

1.2). Comparative data for PLN indicated that it lowers the apparent calcium affinity of 

SERCA to a similar degree as SLN and it has the opposite effect on Vmax. Nonetheless, 

the observed inhibitory activity of wild-type SLN in our system was consistent with 

previous observations (24,27,39) and served as a positive control for further studies.  

2-2.2. Kinetic Simulations. In our previous studies, we have used kinetic reaction rate 

simulations to describe calcium transport by SERCA in the absence and presence of PLN 

(26,31). The reaction scheme assumes that the binding of calcium to SERCA occurs as 

two steps linked by a slow structural transition that establishes cooperativity (E + Ca ↔ 

ECa ↔ E’Ca + Ca ↔ E’2Ca) (25,40). The conformational change, represented by  
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Table 2-1. Kinetic parameters for SERCA in the absence and presence of various 

sarcolipin mutants, chimeras and peptides. The KCa (calcium concentration at half-

maximal activity), the Vmax (maximal activity), the nH (Hill coefficient) and n (number of 

independent reconstitutions) are reported. 

          

  Vmax (µmoles mg
-1

 min
-1

) KCa (µM) nH n 

SERCA 4.1 ± 0.1 0.46 ± 0.02 1.7 ± 0.1 32 

wtSLN 2.9 ± 0.1* 0.80 ± 0.02* 1.4 ± 0.1 10 

V26A 2.9 ± 0.1* 0.69 ± 0.03* 1.4 ± 0.1 7 

R27A 3.4 ± 0.1*
#
 0.51 ± 0.01

#
 1.4 ± 0.1 6 

S28A 3.5 ± 0.1*
#
 0.59 ± 0.03*

#
 1.5 ± 0.1 6 

Y29A 3.2 ± 0.1* 0.63 ± 0.03*
#
 1.3 ± 0.1 13 

Q30A 2.6 ± 0.1* 0.60 ± 0.04*
#
 1.4 ± 0.1 4 

Y31A 4.6 ± 0.1*
#
 0.52 ± 0.02

#
 1.3 ± 0.1 5 

Arg
27

stop 3.4 ± 0.1*
#
 0.55 ± 0.02*

#
 1.6 ± 0.1 9 

wtPLN 6.1 ± 0.1*
#
 0.88 ± 0.03* 2.0 ± 0.1 9 

wtPLN + wtSLN 3.4 ± 0.1*
#
 1.36 ± 0.07*

#
 1.7 ± 0.1 3 

cPLNlong 2.9 ± 0.1* 2.3 ± 0.09*
#
 1.6 ± 0.1 6 

cPLNshort 2.2 ± 0.1*
#
 3.4 ± 0.20*

#
 1.9 ± 0.1 4 

27
RSYQY 4.2 ± 0.1

#
 0.41 ± 0.02

#
 1.5 ± 0.1 5 

Leu9 4.4 ± 0.1
#
 0.61 ± 0.05*

#
 1.6 ± 0.1 5 

Leu9tail 3.0 ± 0.1* 0.81 ± 0.05* 1.5 ± 0.1 6 

 

ANOVA (between-subjects, one-way analysis of variance) followed by the Holm-Sidak 

test for pairwise comparisons against SERCA in the absence (*) and presence (
#
) of wild-

type SLN are indicated (p < 0.05). Note that the KCa value for SERCA in the presence of 

R
27

stop was not significantly different from the values determined for R27A, S28A, 

Y29A, Q30A, and Y31A. 
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reaction rate constants Bfor and Brev, is the primary step affected by PLN, which manifests 

as a decrease in the apparent calcium affinity of SERCA and increased cooperativity for 

calcium binding. To provide a mechanistic framework for the function of SLN, we used 

the same approach to gain further insight into the subtle differences between SLN and 

PLN regulation of SERCA (Fig. 2-2 and Table 2-2). Our kinetic analyses revealed that 

wild-type SLN targets the first two reaction steps – binding of the first calcium ion (Afor 

and Arev) and the subsequent conformational transition (Bfor and Brev). 

 

 

  A dramatic increase in Arev was observed, indicating that SLN decreases the 

apparent calcium affinity of SERCA by driving the enzyme toward a calcium-free 

conformation. SLN also decreased the forward rate constant for the SERCA 

conformational change (Bfor), indicating that SLN lowers the maximal activity of SERCA 

by making this reaction step less favorable. To test that our kinetic simulations for wild-

type SLN were reliable, we ran additional simulations starting from the reaction rate 

constants determined for SERCA in the presence of wild-type PLN (25,26). Holding all 

reaction rates constant and allowing only Bfor and Brev to vary, we attempted to force the 

simulation to fit the wild-type SLN experimental data with reaction rate constants that 

were similar to those found for wild-type PLN. These simulations resulted in poor fits to 

the experimental data (Fig. 2-2D).  

It is interesting to compare the kinetic simulations for SLN and PLN. The 

primary effect of SLN is to make binding of the first calcium ion less favorable, thereby 

stabilizing a calcium free conformation of SERCA. In contrast, the primary effect of PLN 

is to displace the SERCA ECa-E'Ca conformational equilibrium toward ECa, which has  
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Table 2-2. Rate Constants from Kinetic Simulations (s
-1

). 

 

              

 
Afor Arev Bfor Brev Cfor Crev Sum of squares 

SERCA 190000 400 30 40 1810000 16 0.002 

wtPLN 190000 400 45 25500 250000 16 0.004 

wtSLN 156530 64736 22 135140 1810000 16 0.001 

Alternate fits in Figure 2D
a
 

Fit 1 190000 400 45 1133000 250000 16 0.327 

Fit 2 190000 400 22 60562 250000 16 0.03 
a
 Only the values highlighted were allowed to vary in the kinetic simulations. 
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the additional consequence of enhancing cooperativity. In addition, our simulations 

indicate that the opposite effects that SLN and PLN have on the maximal activity of 

SERCA can be explained by an opposite effect on Bfor (SLN decreased Bfor and PLN 

increased Bfor). This latter observation is consistent with the notion that PLN 

(12,14,41,42) and SLN (2) remain associated with SERCA at saturating calcium 

concentrations. 

2-2.3. Alanine substitutions in the luminal domain of SLN. The presence of the unique 

luminal domain in SLN, as well as the high degree of conservation of its sequence, could 

suggest that all of these amino acids might be required for regulation of SERCA. As a 

first step in examining the role of the luminal tail of SLN, we systematically mutated 

residues 26-31 of SLN to alanine, co-reconstituted each mutant with SERCA, and 

measured the calcium-dependent ATPase activity of the proteoliposomes (Fig. 2-3 and 

Table 2-1). For effective comparison of the calcium-dependent ATPase activity of 

SERCA in the presence of SLN mutants, we wished to confirm that each of the mutants 

was reconstituted into proteoliposomes with the same efficiency as wild-type SLN. To 

that end, we used quantitative gel electrophoresis to monitor the levels of SERCA and 

SLN in the proteoliposomes (26,28). Incorporation of each of the SLN mutants did not 

significantly differ from wild-type (Fig. 2-3A), indicating that any observed differences 

in SERCA function could be attributed to the SLN mutation. 

Alanine substitution of any residue within the 
27

RSYQY motif had a negative 

impact on the ability of SLN to alter the apparent calcium affinity of SERCA, while 

substitution of the preceding residue, Val
26

, had a lesser effect. While valine-to-alanine is 

a conservative substitution, we could compare our results with mutation of the 

homologous residue in PLN (Val
49

; Fig. 2-1). The Val
26

-to-Ala mutant also served as an  
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Figure 2-3. The effects of alanine mutation in the luminal domain of SLN on the KCa 

and Vmax of SERCA. (A) SDS-PAGE of co-reconstituted proteoliposomes. The top gel 

shows the incorporation of SERCA (2µg of co-reconstituted proteoliposomes were 

loaded onto a 10% acrylamide gel and stained with Coomassie blue). The bottom gel 

shows the incorporation of wild-type and mutant SLN (2µg of co-reconstituted 

proteoliposomes were loaded onto a 16% acrylamide gel and silver stained). KCa (B) and 

Vmax (C) values determined from ATPase activity measurements for SERCA in the 

absence and presence of wild-type and mutant forms of SLN.  Each data point is the 

mean ± SEM (n  4). The Vmax, KCa, and Hill coefficients (nH) are given in Table 2-1. 

Asterisks indicate comparisons against wild-type SLN (p < 0.05). 

SLN 
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internal comparison for the luminal tail mutants described below. As expected, alanine 

substitution of Val
26

 had only a minor effect on the inhibitory properties of SLN resulting 

in mild loss-of-function (KCa was 0.69 M compared to 0.80 M calcium for wild-type; 

ΔKCa of 0.11). This compared well with findings for PLN, where alanine substitution of 

the homologous position, Val
49

, has also been shown to have a mild effect on PLN 

function (26,43). Thus, we concluded that Val
26

 is part of the transmembrane domain and 

not the tail region of SLN. For mutations within the luminal tail domain, the two most 

severe alanine substitutions were Arg
27

-to-Ala and Tyr
31

-to-Ala, which resulted in nearly 

complete loss of SERCA inhibition (KCa of 0.51 and 0.52 M calcium; ΔKCa of 0.05 and 

0.06, respectively). These mutants were determined to be the strongest loss of function 

mutations in the luminal domain of SLN, indicating the importance of a positively 

charged residue at the membrane surface and a more distal aromatic residue. 

Interestingly, these mutants had distinct effects on the maximal activity of SERCA. 

Given the ability of wild-type SLN to reduce the maximal activity of SERCA (Fig. 2-3 

and Table 2-1), the Arg
27

-to-Ala mutant resulted in a slight loss of this behavior and the 

Tyr
31

-to-Ala mutant resulted in a complete loss of this behavior. In fact, the Tyr
31

-to-Ala 

mutant had the opposite effect in that it caused a slight increase in the maximal activity of 

SERCA. Compare the Vmax values for SERCA alone (4.1 mol mg
-1

 min
-1

), SERCA in 

the presence of wild-type SLN (2.9 mol mg
-1

 min
-1

), SERCA in the presence of Arg
27

-

to-Ala SLN (3.4 mol mg
-1

 min
-1

), and SERCA in the presence of Tyr
31

-to-Ala (4.6 mol 

mg
-1

 min
-1

).  

Alanine mutants of the remaining residues (Ser
28

, Tyr
29

, and Gln
30

) deviated from 

wild-type behavior, with variable effects on the apparent calcium affinity and maximal 

activity of SERCA (Fig. 2-3). In terms of their effects on the apparent calcium affinity of 

SERCA, the mutants resulted in a comparable partial loss of function. Ranking these 
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luminal tail residues in order of importance yielded Ser
28

  Tyr
29

  Gln
30

. In terms of the 

maximal activity of SERCA, the mutants had differential effects with the rank order of 

importance being Ser
28

 > Tyr
29

 > Gln
30

. Based on these observations, we concluded that 

alanine-substitution at any position in the SLN luminal tail results in loss of function, 

indicating a crucial role of each of the five luminal residues in proper regulation of 

SERCA. Clearly, Tyr
31

 was the most essential residue for altering the apparent calcium 

affinity and depressing the maximal activity of SERCA. This suggests that, in addition to 

contributing to SERCA inhibition, the residues Ser
28

, Tyr
29

, and Gln
30

 may play a role in 

the proper positioning of Tyr
31

. 

It should be noted that the SLN luminal tail was examined in a previous study 

using HEK-293 cells and co-expression with SERCA (9). Alanine substitution of the 

luminal tail residues was found to have a minimal impact on SERCA activity, which 

contrasts with our findings described above. However, it was later shown that mutations 

in the SLN tail affect the retention of SLN in the endoplasmic reticulum of HEK-293 

cells (18), such that improper trafficking of SLN may have been an unappreciated factor 

in the previous study. In addition, the previous study measured calcium transport activity 

of SERCA, while we have measured ATPase activity. Recent evidence suggests that SLN 

may play a role in thermogenesis by uncoupling SERCA ATPase activity from calcium 

transport (2). 

2-2.4. Removal of the SLN luminal tail (Arg
27

stop). Since all of the alanine substitutions 

in the SLN luminal domain created defects in SERCA regulation, we next chose to 

remove the luminal tail and test the inhibitory capacity of SLN’s transmembrane domain 

alone. For comparative purposes, recall that ~80% of the inhibitory activity of PLN is 

encoded by its transmembrane domain (26). To this end, a truncated variant of SLN, 

Arg
27

stop, missing the last five C-terminal amino acids (
27

RSYQY) was generated by 
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chemical synthesis. During synthesis, the C-terminus was amidated to avoid a free 

carboxyl at the end of the transmembrane domain. Incorporation of Arg
27

stop into 

proteoliposomes with SERCA proceeded normally, and the final SERCA to peptide ratio 

was comparable to that for wild-type SLN (data not shown). The effect of this peptide on 

SERCA activity was measured in the same fashion as the alanine mutants described 

above. As one might expect given the results from alanine mutagenesis, the complete 

removal of the luminal tail resulted in major loss of SLN function (Fig. 2-4 and Table 2-

1). The KCa of SERCA was 0.55 M calcium in the presence of Arg
27

stop, compared to 

0.80 M calcium in the presence of wild-type SLN (~26% of wild-type inhibitory 

capacity). Note that the KCa value for Arg
27

stop is not significantly different from the 

alanine substitutions discussed above. Arg
27

stop also resulted in a partial recovery of the 

maximal activity, with a Vmax value halfway between that of SERCA alone and SERCA 

in the presence of wild-type SLN. The large change in the inhibitory potency of Arg
27

stop 

agrees with the alanine-substitution data, and further demonstrates the necessity of the 

luminal domain of SLN in SERCA regulation. Interestingly, the luminal tail of SLN 

rather than the transmembrane domain appeared to encode most of the inhibitory 

properties of SLN. This contrasts with PLN where the inhibitory properties are encoded 

by the transmembrane domain. This was a surprising finding, given that SLN and PLN 

have homologous transmembrane domains, which are thought to interact with the same 

site on SERCA and use a similar mechanism of inhibition. 

2-2.5. Adding the SLN luminal tail to PLN. If the luminal domain encodes the inhibitory 

properties of SLN, we wondered what would happen if the luminal tail were transferred 

to the homologous PLN. To test this idea, two chimeric peptides were constructed from 

wild-type PLN, one with the five luminal residues of SLN (
27

RSYQY) added to the C-

terminus (cPLNlong) and one with the luminal residues added after Val
49

 of PLN  
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Figure 2-4. Removing the luminal tail of SLN. (A) Topology model for Arg
27

stop SLN 

(white: cytosolic residues, grey: transmembrane residues). KCa (B) and Vmax (C) values 

determined from ATPase activity measurements for SERCA in the absence and presence 

of Arg
27

stop SLN.  Each data point is the mean ± SEM (n  4). The Vmax, KCa, and Hill 

coefficients (nH) are given in Table 2-1. Asterisks indicate comparisons against SERCA 

in the absence and presence of wild-type SLN (p < 0.05). 
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(cPLNshort). This latter construct placed the luminal tail of SLN at the homologous 

position in PLN (Fig. 2-1 and Fig. 2-5). The calcium-dependent ATPase activity was 

measured for SERCA in the presence of the chimeras, where SERCA alone served as a 

negative control and SERCA in the presence of wild-type PLN served as a positive 

control (Fig. 2-5 and Table 2-1). Including wild-type PLN in proteoliposomes with 

SERCA resulted in the expected decrease in the apparent calcium affinity of SERCA 

(ΔKCa of 0.42 μM calcium) and increase in the maximal activity of SERCA (from 4.1 to 

6.1 μmoles mg
-1

 min
-1

). Compared to wild-type PLN, including the chimeras in 

proteoliposomes resulted in super-inhibition of SERCA (ΔKCa values were 1.84 μM 

calcium for cPLNlong and 2.94 μM calcium for cPLNshort). Importantly, both chimeras also 

resulted in a decrease in the maximal activity of SERCA that was comparable to wild-

type SLN. This was in marked contrast to the increase in SERCA maximal activity 

observed with wild-type PLN in the co-reconstituted proteoliposomes (26,28,31). Thus, 

adding the SLN luminal tail to PLN had a synergistic effect on the apparent calcium 

affinity of SERCA and a SLN-like effect on the maximal activity of SERCA. While both 

PLN chimeras were super-inhibitory, the cPLNshort construct resulted in a much larger 

shift in the apparent calcium affinity of SERCA. The potent inhibition by cPLNshort may 

be due to better positioning of the SLN luminal tail and the fact that this chimera appears 

to be monomeric by SDS-PAGE (Fig. 2-5D). 

2-2.6. The SLN luminal tail is a distinct functional domain. The experiments thus far 

seemed to indicate that the luminal domain of SLN encodes most of its inhibitory 

activity. To test the inhibitory properties of this domain in isolation, we synthesized a 

peptide corresponding to 
27

RSYQY with an acetylated N-terminus. Previous work by 

others has demonstrated that such a peptide can decrease the maximal activity of SERCA, 

albeit under excess peptide conditions (~1000-fold (19)). Herein, the soluble peptide was  
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Figure 2-5. Transferring the luminal tail of SLN to PLN. (A) Topology models of 

cPLNlong and cPLNshort chimeras (white: cytosolic residues, grey: transmembrane 

residues, black: luminal residues). ATPase activity (B) and normalized ATPase activity 

(C) as a function of calcium concentration for SERCA alone (solid black line), SERCA 

in the presence of wild-type PLN (solid grey line), and SERCA in the presence of 

cPLNlong (dashed black line) and cPLNshort (dotted black line). Each data point is the 

mean ± SEM (n  4). The Vmax, KCa, and Hill coefficients (nH) are given in Table 2-1. (D) 

SDS-PAGE of cPLNlong (left lane) and cPLNshort (right lane) chimeras (5µg per lane; 16% 

acrylamide gel). Pentameric and monomeric PLN chimeras are indicated. 
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co-reconstituted with SERCA such that the peptide was on the interior of the 

proteoliposomes with access to the luminal region of SERCA and excess peptide on the 

exterior of the proteoliposomes was removed by sucrose gradient purification. While 

SERCA was treated with up to a 100-fold molar excess of peptide prior to reconstitution, 

this had no effect on SERCA activity (Table 2-1). These data indicate that the 
27

RSYQY 

peptide by itself did not result in the robust SERCA regulation observed for wild-type 

SLN or the PLN-SLN chimeras. Similar findings have been reported for the cytoplasmic 

domain of PLN, which does not appear to regulate SERCA as an isolated, soluble domain 

(16,44).  

The transmembrane helix of SLN tethers the luminal domain to the membrane 

surface and provides a high local concentration relative to SERCA. As such, a soluble 

peptide may be a poor mimic of this domain. To bring the luminal domain to the 

membrane surface, we tethered the 
27

RSYQY motif to a model transmembrane helix. We 

have previously characterized a synthetic leucine-alanine peptide that contains all of the 

naturally occurring leucine residues in the transmembrane domain of PLN, with all other 

residues substituted with alanine (designated Leu9). A variety of generic transmembrane 

peptides including Leu9 have been found to be weak inhibitors of SERCA (29,32). To test 

the action of the luminal tail of SLN on SERCA activity, we synthesized a peptide that 

contained the Leu9 sequence with the five luminal residues of SLN at its C-terminus (Fig. 

2-6; designated Leu9tail). Since the Leu9 peptide has been characterized (29), it served as 

a positive control for our studies of the Leu9tail peptide. In the co-reconstituted 

proteoliposomes, Leu9 had a slight effect on the apparent calcium affinity of SERCA 

(ΔKCa of 0.15 µM calcium; ~36% of wild-type PLN inhibitory activity) and a small effect 

on the maximal activity of SERCA. Inclusion of the SLN luminal tail significantly 

increased the inhibitory capacity of the Leu9 peptide (ΔKCa of 0.35 µM calcium,  
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Figure 2-6. Transferring the luminal tail of SLN to a generic transmembrane helix. 
(A) Topology model of Leu9

 
and Leu9tail (white: cytosolic residues, grey: transmembrane 

residues, black: luminal residues). KCa (B) and Vmax (C) values determined from ATPase 

activity measurements for SERCA in the absence and presence of Leu9 and Leu9tail.  For 

comparative purposes, the black lines indicate the values for SERCA alone and the grey 

lines indicate values for SERCA in the presence of wild-type SLN. Notice that Leu9tail 

closely recapitulates wild-type SLN. Each data point is the mean ± SEM (n  4). The 

Vmax, KCa, and Hill coefficients (nH) are given in Table 2-1. Asterisks indicate 

comparisons against wild-type SLN (p < 0.05). 
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compared to ΔKCa of 0.34 µM for wild-type SLN) and reduced the maximal activity of 

SERCA to the same degree as wild-type SLN. Compare the Vmax values for SERCA 

alone (4.1 mol mg
-1

 min
-1

), SERCA in the presence of Leu9 (4.4 mol mg
-1

 min
-1

), 

SERCA in the presence of wild-type SLN (2.9 mol mg
-1

 min
-1

), and SERCA in the 

presence of Leu9tail (3.0 mol mg
-1

 min
-1

). These observations support the notion that the 

luminal tail encodes much of the inhibitory properties of SLN and that it is a distinct and 

transferrable regulatory domain. 

2-3. Discussion 

2-3.1. Wild-type PLN versus wild-type SLN. Based on the available evidence, it was 

reasonable to assume that SLN and PLN would use similar inhibitory mechanisms to 

regulate SERCA. As such, SLN and PLN could represent redundant regulatory subunits 

separated by distinct tissue distributions – SLN primarily in skeletal muscle and PLN in 

cardiac and smooth muscle. As an endogenous inhibitor of SERCA, SLN plays a central 

role in regulating calcium transport in skeletal muscle. However, SLN is co-expressed in 

atrial muscle along with PLN (3-6), which raises questions about why redundant 

regulatory mechanisms would be required in this tissue. As has been shown for PLN, 

SLN alters the apparent calcium affinity of SERCA, albeit to a lesser degree (Fig. 2-2; 

(9)). PLN is highly conserved amongst mammalian species, with a transmembrane 

domain that encodes SERCA inhibition and a cytoplasmic domain that is a target for 

regulation. SLN is also highly conserved, with a transmembrane domain analogous to 

that in PLN, a short cytoplasmic domain that is a target for regulation, and a unique, 

highly-conserved luminal domain. Given these similarities and differences between SLN 

and PLN, it is important to understand the regulatory mechanism of SLN with potential 

relevance for heart and skeletal muscle diseases.  
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Since this is our first detailed characterization of SLN, it is important to consider 

aspects of the experimental system – namely, co-reconstituted proteoliposomes 

containing SERCA1a and recombinant SLN. Such proteoliposomes have been 

extensively used by us (26,28,30,31,33-35,45) and others (16,46-51) for the detailed 

characterization of PLN structure and function. They contain SERCA-lipid molar ratios 

that approximate SR membranes, and the inclusion of PLN in these proteoliposomes has 

the expected effect on the apparent calcium affinity of SERCA (25). At these low lipid-

to-protein ratios, PLN has an additional effect on the maximal activity of SERCA 

(26,28,50). As shown herein, SLN is readily incorporated into the proteoliposomes and 

we observe the expected effect on the apparent calcium affinity of SERCA (Fig. 2-3) (9). 

In contrast to PLN, SLN has an opposite effect on the maximal activity of SERCA.  

Using the proteoliposomes described above, we found that wild-type SLN altered 

the apparent calcium affinity of SERCA at a level equivalent to approximately 80% of 

the inhibitory capacity of wild-type PLN. Interestingly, the SERCA inhibition by wild-

type SLN is comparable to what is observed for peptides encoding only the 

transmembrane domain of PLN (29,52,53). Nonetheless, in contrast to what is observed 

for PLN, SLN decreased the maximal activity of SERCA (Fig. 2-2 and Table 2-1). Given 

these differential effects on SERCA activity, we used kinetic simulations to identify 

SERCA reaction steps that may be altered by SLN. In this regard, PLN is known to alter 

a SERCA conformational change that follows binding of the first calcium ion, thereby 

establishing cooperativity for binding of a second calcium ion (25,26). Surprisingly, we 

found that SLN does not fit this kinetic model. Instead, SLN stabilizes a calcium free 

conformation of SERCA by altering the binding of the first calcium ion. Combined with 

the observed decrease in the maximal activity of SERCA, we concluded that SLN uses an 

inhibitory mechanism that is distinct from that used by PLN. 
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2-3.2. SLN structural elements involved in SERCA inhibition. Since SLN appeared to use 

a unique mechanism to regulate SERCA, it was important to identify the structural 

features that encode this behavior. There are nine invariant residues in SLN that mainly 

occur in the transmembrane domain (Fig. 2-1) and only four of these residues are 

invariant in the homologue PLN. The short cytoplasmic domain of SLN is variable across 

a wide range of species, while the luminal domain exhibits a high degree of conservation 

particularly amongst mammals. Alanine-scanning mutagenesis of the luminal domain 

revealed that Arg
27

 and Tyr
31

 are the two most essential residues for SERCA regulation; 

both residues are required for the effect on the apparent calcium affinity of SERCA and 

Tyr
31

 is required for the effect on the maximal activity of SERCA (Fig. 2-3). The 

interaction of Tyr
31

 with SERCA has been recognized (19), though another study did not 

identify luminal residues as important for SLN inhibitory function (9). Nonetheless, we 

found that mutation of either Arg
27

 or Tyr
31

 strongly suppressed SERCA inhibition by 

SLN. One might predict that Arg
27

 could reside at the membrane interface, and therefore 

aid in positioning of SLN relative to SERCA and the lipid bilayer. Alanine substitution 

would remove the positively charged side chain and extend the hydrophobic surface of 

SLN’s transmembrane domain, thereby causing misalignment of SLN within the binding 

groove of SERCA (TM2, TM4, TM6 & TM9).  

It is interesting to notice that the nature of the critical residues, Arg
27

 and Tyr
31

, 

suggest that cation-π or π-π interactions might be involved in the SERCA-SLN inhibitory 

complex. By analogy with PLN, the C-terminus of SLN is thought to interact with the 

luminal end of the TM2 transmembrane segment of SERCA (54). Toward the luminal 

end of the TM1-TM2 region, there are five aromatic residues – Phe
73

, Trp
77

 and Phe
78

 on 

TM1 and Phe
88

 and Phe
92

 on TM2. Phe
88

 and Phe
92

 on TM2 flank an interaction site 

identified for PLN, where Val
89

 of SERCA was cross-linked to Val
49

 of PLN (54,55). 
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Val
49

 of PLN is equivalent to Val
26

 of SLN, thus Arg
27

, Tyr
29

 and Tyr
31

 of SLN may be 

proximal to Phe
88

 and Phe
92

 of SERCA (Fig. 2-7). Arg
27

 may form a cation-π interaction 

with Phe
92

, while Tyr
29

 and/or Tyr
31

 may form a cation-π or π-stacking interactions with 

Phe
88

. Given that the TM1-TM2 region of SERCA undergoes large structural 

rearrangements as the enzyme transitions from the calcium-free E2 state to the calcium-

bound E1 state, these molecular interactions could explain the important inhibitory role 

of SLN’s luminal residues. 

2-3.3. The luminal extension of SLN is a distinct and transferrable regulatory domain. 

There are several roles that have been suggested for the luminal domain of SLN, 

including SR retention and functional interaction with SERCA. For PLN, SR retention 

occurs via the di-arginine motif in its cytoplasmic domain, as well as through the direct 

interaction with SERCA (56). The luminal 
27

RSYQY sequence of SLN has been shown 

to be involved in SR retention, though the interaction with SERCA may also be a 

retention mechanism (18). There have been mixed reports on the inhibitory contributions 

of the SLN luminal domain (9,19). Co-expression of SERCA and SLN mutants in HEK-

293 cells revealed minor contributions of the C-terminal residues, where loss of function 

occurred only when both Tyr
29

 and Tyr
31

 were mutated (9). ER retention may have been 

affected in this study (18). Another study highlighted the importance of the two luminal 

aromatic residues in regulating SERCA. Using solid-state NMR combined with 

functional measurements, a soluble 
27

RSYQY peptide was shown to interact with 

SERCA and lower its maximal activity (19). There was no effect of this peptide on the 

apparent calcium affinity of SERCA. In contrast, our results indicate that the luminal 

domain of SLN alters both the maximal activity and apparent calcium affinity of SERCA. 

Given these disparate observations, we sought another experimental approach to 

elucidate the regulatory capacity of the SLN luminal domain. 
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Figure 2-7. Model showing the proximity of the luminal domain of SLN (Arg
27

, 

Tyr
29

 and Tyr
31

 are magenta) to the luminal end of TM1-TM2 of SERCA 

(particularly Phe
88

 and Phe
92

 are in blue). SERCA is in the E2 conformation (57). SLN 

is shown as a continuous α-helix, though we anticipate that the luminal tail may be 

partially unwound in the SERCA-SLN inhibitory complex. Based on models for the 

SERCA-PLN inhibitory complex (45,58), SLN was aligned in the TM2, TM4, TM6 & 

TM9 binding groove of SERCA. The positions of Arg
27

, Tyr
29 

and Tyr
31

 are the 

approximate positions in the molecular model constructed by Asahi et al (7). 
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To test the functional contributions of this domain, two PLN-SLN chimeras were 

constructed. The first construct possessed the 
27

RSYQY sequence added to the C-

terminus of wild-type PLN. In the context of the chimera, the full length PLN sequence 

was expected to retain wild-type functional properties and the functional effects of the 

SLN luminal domain were expected to be additive. The second construct possessed the 

27
RSYQY sequence added after Val

49
 of PLN, effectively replacing the C-terminal 

50
MLL sequence. In the context of this chimera, the shortened PLN sequence might alter 

its functional properties, yet the SLN luminal domain would be optimally positioned for 

interaction with SERCA. To our surprise, both chimeras turned out to be potent super-

inhibitors of SERCA, where the luminal domain of SLN had a synergistic effect on PLN 

inhibitory function. In fact, the chimeras were reminiscent of the super-inhibition 

observed for the ternary SERCA-PLN-SLN complex (7) thought to exist in the atria. 

These observations are consistent with the mutagenesis data described above and support 

the notion that the luminal domain of SLN possesses inhibitory activity. While the 

chimeras were reminiscent of the ternary complex, they were much more potent 

inhibitors of SERCA. Comparing the values in Table 2-1, the ΔKCa values were 0.9 μM 

calcium for the ternary complex, 1.84 μM calcium for the long chimera (cPLNlong), and 

2.94 μM calcium for the short chimera (cPLNshort). In the ternary complex, PLN and SLN 

are thought to interact with SERCA as well as each other (7), and this may create steric 

restrictions that impact the proper positioning of critical regulatory domains – the 

transmembrane domain of PLN and the luminal domain of SLN. However, in the context 

of the chimeras, both the transmembrane domain of PLN and the luminal domain of SLN 

may be properly positioned in the SERCA binding groove (TM2, TM4 TM6 & TM9 (7)). 

Since these two domains use distinct mechanisms to regulate SERCA, the combined 

effect could result in the observed super-inhibition. It is also noteworthy that the short 
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chimera is largely monomeric by SDS-PAGE, which could contribute to the super-

inhibition seen for this construct. 

While the PLN-SLN chimeras were consistent with a functional role for SLN’s 

luminal domain, this was one of several potential explanations for the observed super-

inhibition. There are a variety of ways to convert PLN into a super-inhibitor of SERCA 

that might not reflect a functional contribution from the luminal 
27

RSYQY sequence. 

PLN super-inhibition can result from mutation (28,59), depolymerisation of the PLN 

pentamer (43,60), and reverse-engineering of PLN peptides (29,32). If the luminal region 

of SLN is an independent functional and structural domain, it should be able to regulate 

SERCA in the absence of either the SLN or PLN transmembrane domain. However, a 

soluble 
27

RSYQY peptide by itself did not alter SERCA activity over a range of excess 

concentrations. This may not be surprising, since the luminal 
27

RSYQY sequence is 

normally tethered to the SR membrane. To further test the luminal domain as an 

independent functional entity, we tethered the 
27

RSYQY sequence to a model 

transmembrane peptide designated Leu9 (29). Using a reverse-engineering approach, Leu9 

was derived from the PLN transmembrane sequence where the nine leucine residues were 

retained and all other residues were mutated to alanine. This peptide is a weak inhibitor 

of SERCA, with ~36% of wild-type PLN inhibitory activity. Adding the luminal tail of 

SLN to Leu9 generated a construct that was indistinguishable from wild-type SLN (Table 

2-1 and Fig. 2-6). Compare the KCa and Vmax values for SERCA in the presence of 

Leu9tail (0.81 μM calcium and 3.0 mol mg
-1

 min
-1

) and SERCA in the presence of wild-

type SLN (0.80 μM calcium and 2.9 mol mg
-1

 min
-1

). These data clearly demonstrate 

that the luminal region of SLN is a distinct structural and functional domain. 

In summary, critical determinants for SLN inhibitory function are found in its 

unique and conserved luminal tail. The structural elements that may contribute to the 
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formation of a SERCA-SLN inhibitory complex include Arg
27

, Tyr
29

 and Tyr
31

 of SLN 

and a series of aromatic residues at the base of TM1-TM2 of SERCA (particularly Phe
88

 

and Phe
92

). These molecular interactions account for much of SLN’s inhibitory function, 

and this contrasts sharply with what is known for PLN. The transmembrane domain of 

PLN encodes ~80% of its inhibitory activity, whereas ~75% of SLN’s inhibitory activity 

is encoded by the luminal tail. These distinct structural elements that are used by PLN 

and SLN to regulate SERCA translate into different inhibitory mechanisms. (25,26). PLN 

slows a SERCA conformational transition that follows binding of the first calcium ion 

and establishes cooperativity for binding of a second calcium ion. SLN alters binding of 

the first calcium ion, thereby stabilizing a calcium free conformation of SERCA. Given 

that these functional properties can be transferred to PLN or a generic transmembrane 

helix, we conclude that the luminal tail of SLN is a distinct, essential and transferrable 

regulatory domain. 

2-4. Experimental Procedures 

2-4.1. Expression and Purification of Recombinant SLN. Recombinant SLN and PLN 

chimeras were expressed and purified as previously described (32) with the exception of 

an additional organic extraction step for SLN purification. Briefly, following protease 

digestion of the maltose-binding protein and SLN fusion protein, trichloroacetic acid was 

added to a final concentration of 6%. This mixture was incubated on ice for 20 minutes. 

The precipitate was collected by centrifugation at 4°C and subsequently homogenized in 

a mixture of chloroform-isopropanol-water (4:4:1) and incubated at room temperature for 

3 hours. The organic phase, highly enriched in recombinant SLN, was removed, dried to 

a thin film under nitrogen gas and resuspended in 7 M guanidine hydrochloride. Reverse-

phase HPLC was performed as described (32) and the molecular mass was verified by 
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MALDI-TOF mass spectrometry (Institute for Biomolecular Design, University of 

Alberta). 

2-4.2. Synthetic Peptide Handling. Synthetic peptides (Arg
27

stop, Leu9, Leu9tail, and 

27
RSYQY) were purchased from Biomatik (Wilmington, DE; 95% purity grade, HPLC 

and MS verified). Unless otherwise specified, all synthetic peptides were acetylated at the 

N-terminus and amidated at the C-terminus. Except for 
27

RSYQY, which was solubilized 

in dH2O, all peptides were solubilized in 3:1 chloroform:trifluoroethanol at a 

concentration of ~1 mg/ml.  The peptide concentrations were verified by quantitative 

amino acid analysis.   

2-4.3. Co-reconstitution of SERCA and Recombinant SLN. Routine procedures were used 

to purify SERCA1a from rabbit skeletal muscle SR vesicles and functionally reconstitute 

it into proteoliposomes with SLN. SERCA, SLN, egg yolk phosphatidylcholine (EYPC) 

and egg yolk phosphatidic acid (EYPA) were solubilized with octaethylene glycol 

monododecyl ether (C12E8) to achieve final molar stoichiometries of 1 SERCA, 6 SLN, 

and 195 lipids. The co-reconstituted proteoliposomes containing SERCA and SLN were 

formed by the slow removal of detergent (with SM-2 Biobeads, Bio-Rad) followed by 

purification on a sucrose step-gradient. The purified co-reconstituted proteoliposomes 

typically yield final molar stoichiometries of 1 SERCA, 4.5 SLN, and 120 lipids. This 

same procedure was used for the co-reconstitution of SERCA with PLN chimeras and 

synthetic transmembrane peptides. For the co-reconstitution of SERCA in the presence of 

27
RSYQY peptide, the peptide in aqueous solution was added to the reconstitution 

mixture at a molar ratio of 1 SERCA to 100 
27

RSYQY, followed by detergent removal 

with SM-2 Biobeads to ensure incorporation of 
27

RSYQY inside the proteoliposomes.  
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2-4.4. Activity Assays. Calcium-dependent ATPase activities of the co-reconstituted 

proteoliposomes were measured by a coupled-enzyme assay (61). The coupled enzyme 

assay reagents were of the highest purity available (Sigma-Aldrich, Oakville, ON). All 

co-reconstituted peptide constructs were compared to a negative control (SERCA 

reconstituted in the absence of SLN) and a matched positive control (SERCA co-

reconstituted in the presence of either wild-type SLN, wild-type PLN or Leu9 peptide). A 

minimum of three independent reconstitutions and activity assays were performed for 

each peptide, and the calcium-dependent ATPase activity was measured over a range of 

calcium concentrations (0.1 to 10 M) for each assay. This method has been described in 

detail (28). The KCa (calcium concentration at half-maximal activity), the Vmax (maximal 

activity) and the nH (Hill coefficient) were calculated based on non-linear least-squares 

fitting of the activity data to the Hill equation using Sigma Plot software (SPSS Inc., 

Chicago, IL). Errors were calculated as the standard error of the mean for a minimum of 

three independent measurements. Comparison of KCa, Vmax and nH parameters was carried 

out using ANOVA (between-subjects, one-way analysis of variance) followed by the 

Holm-Sidak test for pairwise comparisons (Sigma Plot). 

Throughout the Results and Discussion sections, we refer to SLN and PLN 

inhibition of SERCA. Inhibition is intended to reflect the effects that SLN and PLN have 

on the apparent calcium affinity of SERCA. The effects that SLN and PLN have on the 

maximal activity of SERCA are considered separately. 

2-4.5. Kinetic Simulations. Reaction rate simulations have been described (25,26) for the 

transport cycle of SERCA in the absence and presence of PLN inhibition, and we have 

adopted this approach to understand SERCA inhibition by wild-type SLN. As before, we 

performed a global nonlinear regression fit of the model of Cantilina et al (25) to each 

plot of SERCA ATPase activity versus calcium concentration using Dynafit (Biokin Inc, 
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Pullman, WA). Such fits were performed for co-reconstituted wild-type SLN, which was 

compared to positive (SERCA co-reconstituted with wild-type PLN) and negative 

(SERCA alone) control samples. All reaction rate constants were allowed to vary in the 

kinetic simulations, though the SERCA activity in the presence of SLN was best fit with 

modifications to only the three calcium binding steps in the reaction cycle (26). 

Agreement between the simulated and experimental data is indicated by the lowest 

residual sum of squares. 
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3-1. Introduction  

The regulation of calcium transport across the sarcoplasmic reticulum (SR) 

membrane plays a central role in the muscle contraction-relaxation cycle. Following the 

release of calcium from the SR during muscle contraction, the reuptake of calcium into 

the SR lumen determines the rate of relaxation as well as the force of subsequent 

contractions. Reuptake involves the active transport of calcium into the SR, which is 

accomplished by an ATP-dependent calcium pump, SERCA (1). In cardiac and smooth 

muscle, SERCA is regulated by phospholamban (PLN), a 52 amino acid integral 

membrane protein (2,3). The interaction between SERCA and PLN is controlled by the β-

adrenergic pathway (4) where the phosphorylation of PLN by cAMP-dependent protein 

kinase (PKA) reverses SERCA inhibition and regulates the overall SR calcium load (5). 

In fast-twitch skeletal muscle and the atria of the heart, SERCA is regulated by sarcolipin 

(SLN), a 31 amino acid homologue of PLN (6-8). There is a high degree of sequence 

homology in the transmembrane regions of PLN and SLN, suggesting a similar mode of 

interaction with SERCA (9,10). However, recent studies have demonstrated that PLN and 

SLN use different mechanisms to regulate SERCA (11) and crystal structures of the 

SERCA-SLN complex (12,13) deviate from molecular models of the SERCA-PLN 

complex (14,15). 

The topology of PLN is organized into three domains: an α-helical cytoplasmic 

domain IA (residues 1-20), an extended linker domain IB (residues 21-30), and a highly 

hydrophobic and α-helical domain II (residues 31-52) that makes up the transmembrane 

region of PLN (16,17). The cytoplasmic domain makes a small contribution to SERCA 

inhibition, yet it has two phosphorylation sites (Ser
17

 and Thr
17

) that play a critical role in 

the regulation of PLN inhibitory functions. Indeed, several hereditary mutations in this 

domain are associated with early-onset, lethal heart failure in humans (18,19). The linker 
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domain of PLN can also interact with SERCA, though residues such as Lys
27

, Gln
29

, and 

Asn
30

 appear to modulate the physical interaction with SERCA rather than making a 

direct contribution to inhibition (20). Finally, the transmembrane domain of PLN encodes 

most of its inhibitory properties, which manifests as a decrease in the apparent calcium 

affinity of SERCA and a shift from the E1 calcium-bound state to the E2 calcium-free 

state in the catalytic cycle (21,22). The PLN transmembrane domain is highly 

hydrophobic and contains residues that are either critical for inhibitory function (e.g. 

Leu
31

 and Asn
34

) or involved in self-association to form a pentamer (leucine-isoleucine 

zipper) (23-26). Comparatively, SLN has a short cytoplasmic domain (residues 1-7), a 

transmembrane domain homologous to that of PLN (residues 8-26), and a short, unique 

luminal domain (residues 27-31). Like PLN, the cytoplasmic domain of SLN is involved 

in regulating the interaction with SERCA (27). However, unlike PLN, the inhibitory 

properties of SLN are encoded by its unique luminal domain rather than its 

transmembrane domain (11). 

Because of its implications in heart disease, most structural and functional studies 

of PLN have concentrated primarily on the mammalian forms. Nevertheless, PLN has 

been shown to be expressed in many non-mammalian vertebrates, including birds, 

amphibians, and fish (28,29). This ubiquitous expression underlines the importance of 

PLN as a regulator of calcium transport in the cardiac muscle of many organisms. There 

is a remarkable degree of sequence homology between the mammalian forms of PLN 

with predominantly as few as one or two amino acid substitutions between them all. In 

birds and fish, however, PLN shows much greater divergence (Fig. 3-1). For example, 

chicken PLN and zebrafish PLN isoform 2 (zfPLN) are 83% and 68% identical to human 

PLN (hPLN), respectively. In fact, the primary sequence of zfPLN is the most divergent 

PLN sequence identified to date. Compared to hPLN, the zebrafish protein contains 13  
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Figure 3-1. Amino acid sequence alignments for primary structures of PLN and 

SLN from representative species. The cytoplasmic, transmembrane, and luminal 

domains are indicated. Sequence variations, as compared to human PLN, are indicated in 

bold. 
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sequence variations and five additional residues at the C-terminus. Most of the residue 

differences between human and zfPLN cluster in three distinct regions, suggesting that 

these more complex sequence changes could alter PLN function. The most intriguing 

variation in zfPLN is the addition of a C-terminal tail (residues 53-57). Unlike other PLN 

proteins, zfPLN has an additional five amino acids that extend into the SR lumen (Fig. 3-

1). It is important to note that the C-terminal sequence of PLN in all mammals and birds 

is perfectly conserved (Met
50

-Leu-Leu
52

). In zfPLN, this sequence is modified to the 

longer and more polar Ile
52

-Ser-Phe-His-Gly-Met
57

, which is reminiscent of the luminal 

Arg
27

-Ser-Tyr-Gln-Tyr
31

 sequence of SLN. So far, it is not known if zfPLN can regulate 

SERCA and whether this regulation resembles that of hPLN or SLN. 

Given the high sequence diversity between zebrafish and human PLN, as well as 

the presence of a unique zfPLN luminal extension, we characterized the ability of zfPLN 

to regulate SERCA. Full-length zfPLN, as well as zebrafish-human chimeras and point 

mutants were co-reconstituted with SERCA into proteoliposomes. To summarize our 

findings, full-length zfPLN had inhibitory properties that were similar to hPLN, with 

comparable effects on the apparent calcium affinity and maximal activity of SERCA. In 

addition, PKA-mediated phosphorylation of zfPLN was found to reverse SERCA 

inhibition as is known to occur for hPLN. hPLN chimeras containing the cytoplasmic or 

linker domains of zfPLN resulted in mild loss of inhibitory function or gain of function, 

respectively. Thus, despite similar functions, the human and zebrafish sequences are not 

synonymous. To investigate the unique luminal domain of zfPLN, a C-terminal 

truncation and a chimera with hPLN were constructed. A truncated zfPLN lacking the 

Ser
53

-Phe-His-Gly-Met
57

 luminal extension resulted in loss of function, while adding the 

zfPLN luminal extension to hPLN had a minimal effect on SERCA inhibition. These data 

indicate that the luminal extension is required for SERCA inhibition, but only in the 
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context of the sequence variations in zfPLN. Finally, replacing the luminal extension of 

zfPLN with the SLN tail resulted in a chimera with super-inhibitory, SLN-like properties. 

We conclude that the luminal extensions of zfPLN and SLN have distinct functional 

effects, even though zfPLN appears to use a hybrid PLN-SLN inhibitory mechanism.  

3-2. Results 

3-2.1. Human versus zebrafish PLN. Our first objective was to characterize the physical 

and functional properties of the wild-type zfPLN. To accomplish this, we compared the 

reconstitution of SERCA alone and in the presence of wild-type hPLN or wild-type 

zfPLN. The co-reconstitution system has been used extensively to study the functional 

regulation of SERCA1a by PLN (23-25,30-33) and the same approach was used herein 

for detailed characterization of zfPLN.  The reconstituted proteoliposomes at high protein 

to lipid ratios mimic the native SR membrane, which allows for functional and structural 

characterization of SERCA in the absence and presence of PLN (23,30,32-36). The final 

molar ratio of the proteoliposomes was 1 SERCA: 4.5 zfPLN: 120 lipids and there was 

no observable difference in the reconstitution efficiency of human versus zebrafish PLN. 

It is well established that hPLN has high propensity to form homo-oligomers in the SR 

membrane (2). Using quantitative SDS-PAGE, we also determined zfPLN to be primarily 

in a pentameric form and not significantly different from hPLN (data not shown).  

We next measured the calcium-dependent ATPase activity of SERCA in the 

absence and presence of hPLN or zfPLN. As expected, proteoliposomes containing 

SERCA alone yielded a KCa of 0.46 µM and a Vmax of 4.1 µmol mg
-1

 min
-1

. Inclusion of 

hPLN in proteoliposomes decreased the apparent calcium affinity (0.88 µM calcium; 

∆KCa of 0.42) and increased the maximal activity (6.3 µmol mg
-1

 min
-1

; ∆Vmax of 2.2) of 

SERCA. Incorporation of zfPLN in proteoliposomes with SERCA resulted in a KCa value 
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similar to that for hPLN (0.85 µM calcium; ∆KCa of 0.39) and a slightly higher Vmax value 

(6.9 µmol mg
-1

 min
-1

; ∆Vmax of 2.8). Thus, despite the sequence variation in zfPLN, it has 

similar regulatory properties as hPLN (Fig. 3-2 and Table 3-1).  

  A hallmark of mammalian PLNs is the ability to reverse SERCA inhibition by 

PKA-mediated phosphorylation of PLN at Ser
16

 (16,37). To test this, we phosphorylated 

zfPLN with PKA followed by co-reconstitution into proteoliposomes with SERCA. As 

expected, phosphorylation of zfPLN restored the apparent calcium affinity of SERCA 

(Fig. 3-2 and Table 3-1; KCa value of 0.55 µM; ΔKCa of 0.09). This compared well with 

findings for hPLN, where phosphorylation resulted in complete reversal of SERCA 

inhibition (KCa of 0.45 µM) (32).    

3-2.2. Functional contributions of zebrafish PLN sequence variation. The primary 

sequence of wild-type zfPLN can be divided into three distinct regions (designated: 

zfHEAD, zfMIDDLE, zfTAIL), as well as three transmembrane residue changes at Tyr
46

, 

Leu
50

 and Ile
52

 (Fig. 3-2, A and B). Each of the three regions contains a cluster of 

residues that differ from the hPLN sequence. There are three residue changes in the N-

terminal helix (Tyr
6
-to-His, Leu

7
-to-Met and Ser

10
-to-Ala), seven residue changes in the 

linker region (Ile
18

-to-Met, Met
20

-to-Val, Arg
25

-to-Lys, Arg
27

-to-Asn, Leu
28

-to-Met, 

Asn
30

-to-Glu, and Ile
33

-to-Val), and five residues added to the C-terminus (Ser
53

-Phe
54

-

His
55

-Gly
56

-Met
57

). While many of the residue changes are conservative, they represent 

more global sequence variations compared to the traditional single-site mutants that have 

been used to study PLN function. To study the functional consequences of these sequence 

variations, we created chimeric peptides that consisted of hPLN containing each of the 

zebrafish regions. We first focused on the cytoplasmic domain chimeras (zfHEAD and  
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Figure 3-2. Functional data for wild-type human and zebrafish PLN. (A) Amino acid 

sequence alignment for human and zebrafish PLN. The differences in sequence 

composition are color coded based on their location (zfHEAD (blue), zfMIDDLE 

(green), Tyr
46

 (orange), Leu
50

 (purple), and zfTAIL (red). (B) Topology models for wild-

type human and wild-type zebrafish PLN (white, conserved residues, variant residues are 

color coded to match the primary sequences in panel (A). Shown are ATPase activity (C) 

and normalized ATPase activity (D) as a function of calcium concentration for SERCA 

alone (solid black line), SERCA in the presence of wild-type human PLN (solid gray 

line), SERCA in the presence of wild-type zebrafish PLN (dashed line), and SERCA in 

the presence of phosphorylated form of wild-type zebrafish PLN (solid red line). The 

Vmax, KCa, and nH are given in Table 3-1. Each data point is the mean ± S.E. (error bars) 

(n ≥ 3). 
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Table 3-1. Kinetic parameters for SERCA in the absence and presence of various 

phospholamban variants. Between-subjects one-way analysis of variance followed by the 

Holm-Sidak test was used for pairwise comparisons against SERCA in the absence and 

presence of wild-type human PLN.  

 

  Vmax (µmoles mg
-1

 min
-1

) KCa (µM) nH n 

SERCA 4.1 ± 0.1 0.46 ± 0.02 1.7 ± 0.1 32 

hPLN 6.1 ± 0.1
a
 0.88 ± 0.03

a
 2.0 ± 0.1  9 

ph-hPLN 6.3 ± 0.1
a
 0.45 ± 0.02

b
 1.7 ± 0.1  4 

zfPLN 6.9 ± 0.1
a,b

 0.85 ± 0.01
a
 1.5 ± 0.1 12 

ph-zfPLN 5.6 ± 0.1
a
 0.55 ± 0.01

b
 1.7 ± 0.1 3 

zfHEAD 4.3 ± 0.1
b
 0.94 ± 0.04

a
 1.6 ± 0.1 7 

zfMID 5.9 ± 0.1
a
 1.1 ± 0.05

a,b
 1.4 ± 0.1 8 

C46Y 6.6 ± 0.1
a,b

 0.89 ± 0.03
a
 1.6 ± 0.1 4 

zfPLN (-5) 7.2 ± 0.1
a,b

 0.70 ± 0.03
a,b

 1.6 ± 0.1 8 

zfPLN (-6) 6.4 ± 0.1
a
 0.67 ± 0.03

a,b
 1.6 ± 0.1 6 

hPLN (+5) 5.7 ± 0.1
a,b

 0.94 ± 0.02
a,b

 1.6 ± 0.1 8 

hPLN (+6) 6.8 ± 0.1
a,b

 0.76 ± 0.02
a,b

 1.6 ± 0.1 6 

zfPLN-SLNtail 4.7 ± 0.1
a,b

 1.5 ± 0.06
a,b

 2.0 ± 0.1 5 
a
p < 0.05 in the absence of wild-type human or zebrafish PLN. 

b
p < 0.05 in the presence of wild-type human PLN. 
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zfMID) and a residue change in the transmembrane domain (Cys
46

-to-Tyr; Fig. 3-3 and 

Table 3-1). The calcium-dependent ATPase activity was measured for SERCA in the 

presence of each peptide, where SERCA alone served as a negative control and SERCA 

in the presence of hPLN served as a positive control. Inclusion of the zfHEAD chimera in 

proteoliposomes with SERCA resulted in a similar increase in KCa as seen for hPLN (KCa 

values of 0.94 and 0.88 µM, respectively). Surprisingly, the zfHEAD chimera did not 

increase the maximal activity of SERCA as observed for hPLN. Compare Vmax values for 

SERCA alone (4.1 µmol mg
-1

 min
-1

), SERCA in the presence of zfHEAD (4.3 µmol mg
-1

 

min
-1

) and SERCA in the presence of hPLN (6.1 µmol mg
-1

 min
-1

). 

Next we tested the zfMID chimera in proteoliposomes with SERCA. Compared 

to hPLN, the zfMID chimera was a super-inhibitor of SERCA (KCa of 1.1 µM) while 

maintaining the characteristic increase in maximal activity. Compare the Vmax values for 

SERCA in the presence of zfMID (5.9 µmol mg
-1

 min
-1

) and SERCA in the presence of 

hPLN (6.1 µmol mg
-1

 min
-1

). Finally, the Cys
46

-to-Tyr mutation did not change the ability 

of hPLN to alter the apparent calcium affinity (KCa values of 0.89 and 0.88 µM, 

respectively) or maximal activity of SERCA (Vmax values of 6.6 and 6.1 µmol mg
-1

 min
-1

, 

respectively). It is interesting to note that the Cys
46

-to-Tyr substitution resulted in a 

monomeric variant of hPLN by SDS-PAGE (data not shown), despite the fact that both 

human and zebrafish PLN can form pentamers. 

3-2.3. Removal of the zebrafish PLN tail. A distinctive feature of zfPLN is the unique 

luminal extension at the C-terminal end of the protein (Ser
53

-Phe-His-Gly-Met
57

, which is 

lacking in all other known PLN sequences. While SLN contains a luminal domain that 

contributes to SERCA inhibition (11), the key question was whether or not the luminal 

extension of zfPLN contributes to its inhibitory properties. To test this, we created two 

truncation variants of zfPLN, one with the last five C-terminal residues removed and one  
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Figure 3-3. Cytoplasmic and transmembrane hPLN-zfPLN chimeras. (A) Topology 

model for zfHEAD, zfMIDDLE, and C46Y chimeras (white, conserved residues; colored, 

variant zfPLN residues). KCa (B) and Vmax (C) values were determined from ATPase 

activity measurements for SERCA in the absence and presence of zfHEAD, zfMIDDLE, 

and C46Y chimeras. Each data point is the mean ± S.E. (error bars) (n ≥ 4). The Vmax, 

KCa, and nH are given in Table 3-1. Asterisks indicate comparisons against SERCA in the 

presence of wild-type hPLN (p ≥ 0.05). 
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with the last six residues removed (designated zfPLN(-5) and zfPLN(-6), respectively; 

Fig. 3-4A). It should be mentioned that removal of the luminal tail did not affect the 

ability of either of the truncated peptides to form pentamers by SDS-PAGE (data not 

shown). Inclusion of zfPLN (-5) in proteoliposomes resulted in a significant loss of 

SERCA inhibition (KCa of 0.70 µM calcium; ~62% of zfPLN inhibitory capacity) and its 

effect on Vmax did not significantly differ from that of zfPLN (Vmax of 7.2 and 6.9 µmol 

mg
-1

 min
-1

, respectively; Fig. 3-4 and Table 3-1). The zfPLN(-6) truncation behaved in a 

similar manner, with a KCa of 0.67 µM calcium (~54% of zfPLN inhibitory capacity) and 

a Vmax of 6.4 µmol mg
-1

 min
-1 

for SERCA. Thus, the luminal extension of zfPLN 

appeared to encode ~40% of its inhibitory activity. This contrasts with what is known for 

PLN and SLN, where the inhibitory activity of PLN is encoded by its transmembrane 

domain (~80% (30)) and the inhibitory activity of SLN is encoded by its luminal tail 

(~75% (11)). Nonetheless, there is an interesting parallel between the luminal extensions 

of zfPLN and SLN in that they both contribute to SERCA inhibition. The different 

magnitudes of SERCA inhibition attributable to the zfPLN and SLN luminal domains 

(~40% versus ~75%, respectively) suggest that zfPLN may be a hybrid PLN-SLN 

regulator of SERCA.   

3-2.4. Adding the zebrafish PLN luminal tail to human PLN. In order to further 

characterize the significance of the zfPLN tail on SERCA inhibition, we wondered what 

would happen if the luminal tail were transferred to hPLN. To this end, two chimeric 

constructs were developed, one with the last five C-terminal residues and one with the 

last six residues of zfPLN added to the C-terminus of hPLN (designated hPLN (+5) and 

hPLN (+6), respectively; Fig. 3-5A). Two different lengths of the zfPLN luminal tail 

were added in order to ensure we tested the effects of a complete luminal domain. We 

hoped that the addition of the zfPLN tail region to hPLN would confirm the involvement  
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Figure 3-4. Removal of the zfPLN luminal tail. (A) Topology model for zfPLN (-5) 

and zfPLN (-6) (white, conserved residues; colored, variant zfPLN residues). KCa (B) and 

Vmax (C) values were determined from ATPase activity measurements for SERCA in the 

absence and presence of zfPLN (-5) and zfPLN (-6) truncation variants. Each data point 

is the mean ± S.E. (error bars) (n ≥ 4). The Vmax, KCa, and nH are given in Table 3-1. 

Asterisks indicate comparisons against SERCA in the presence of wild-type zfPLN (p ≥ 

0.05). 
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Figure 3-5. Transferring the luminal tail of zfPLN to hPLN. (A) Topology model for 

hPLN (+5) and hPLN (+6) (white, hPLN residues; red, zfPLN luminal domain). KCa (B) 

and Vmax (C) values were determined from ATPase activity measurements for SERCA in 

the absence and presence of hPLN (+5) and hPLN (+6) truncation variants. Each data 

point is the mean ± S.E. (error bars) (n ≥ 4). The Vmax, KCa, and nH are given in Table 3-

1. Asterisks indicate comparisons against SERCA in the presence of wild-type hPLN (p ≥ 

0.05). 
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of the tail in SERCA inhibition. In the co-reconstituted proteoliposomes, hPLN (+5) 

resulted in a slight increase in the apparent calcium affinity (KCa of 0.94 µM calcium) and 

a decrease in the maximal activity (Vmax of 5.7 µmol mg
-1

 min
-1

) of SERCA, as compared 

to hPLN (Fig. 3-5 and Table 3-1). Inclusion of hPLN (+6) chimera into proteoliposomes 

also had minor effects on KCa (KCa of 0.76 µM calcium) and the maximal activity (Vmax of 

6.8 µmol mg
-1

 min
-1

) of SERCA, but these effects were opposite to those found in the 

presence of hPLN (+5). Thus, these observations are in agreement with the zfPLN 

truncation constructs and further demonstrate that the zfPLN luminal extension functions 

as an inhibitory domain. In addition, they show that the zfPLN luminal domain needs to 

be properly positioned for effective SERCA inhibition.  

3-2.5. Replacing the luminal tail of zebrafish PLN with the luminal tail of SLN. In a 

previous study (11), we demonstrated that the luminal extension of SLN is a distinct and 

transferrable functional domain. Seeing the structural parallels between zfPLN and SLN, 

despite the differences in the tail sequences, we decided to test whether substituting the 

zfPLN tail with the luminal domain of SLN would result in a peptide which would retain 

zfPLN inhibitory characteristics. We constructed a chimera with the last five residues of 

SLN (Arg
27

-Ser-Tyr-Gln-Tyr
31

) added after Ile
52

 of zfPLN (designated zfPLN-SLNtail; 

Fig. 3-6A). The calcium-dependent ATPase activity was measured for SERCA in the 

presence of this chimera, where SERCA alone served as a negative control and SERCA 

in the presence of wild-type zfPLN and wild-type SLN served as positive controls (Fig. 

3-6 and Table 3-1). Compared to zfPLN, including zfPLN-SLNtail in proteoliposomes 

resulted in super-inhibition of SERCA (∆KCa of 1.04 µM). The chimera also resulted in a 

drastic decrease in the maximal activity of SERCA that was comparable to that of 

SERCA alone (∆Vmax of 0.6). Thus, replacing the zfPLN luminal domain with that of 

SLN had a synergistic effect on the apparent calcium affinity and the maximal activity of  
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Figure 3-6. Replacing the luminal tail of zfPLN with the luminal tail of SLN. (A) 

Topology model for zfPLN-SLNtail (white, conserved PLN residues; colored, variant 

zfPLN residues; yellow, SLN luminal domain). KCa (B) and Vmax (C) values were 

determined from ATPase activity measurements for SERCA in the absence and presence 

of zfPLN-SLNtail chimera. Each data point is the mean ± S.E. (error bars) (n ≥ 4). The 

Vmax, KCa, and nH are given in Table 3-1. Asterisks indicate comparisons against SERCA 

in the presence of wild-type zfPLN (p ≥ 0.05). 
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SERCA. This correlated well with the previously characterized PLN-SLN chimeras (11) 

which also exhibited the same inhibitory characteristics on SERCA (large increase in KCa 

and decrease in Vmax). These observations indicate that the luminal domain of zfPLN 

cannot be replaced by the luminal domain of SLN and that both of these domains have 

distinct regulatory functions.  

3-3. Discussion 

3-3.1. Human versus zebrafish PLN. As shown in Fig. 3-1, the various primary sequences 

of PLN are highly conserved among vertebrates, unequivocally confirming the important 

function that this protein has in SERCA regulation. Despite the high homology, there are 

significant differences in the sequence composition of PLN found in mammalian and 

non-mammalian species. The mammalian forms of PLN only differ at one or two 

positions (Glu
2
-to-Asp and Lys

27
-to-Asn), whereas the non-mammalian forms have as 

many as eighteen residues which differ from the human counterpart. It is necessary to 

mention that zebrafish contain two genes for phospholamban (Fig. 3-1), one on 

chromosome 17 (isoform 1) and the other on chromosome 20 (isoform 2). The only 

difference between the two isoforms is the C-terminal extension present in isoform 2. It is 

unknown whether both of these proteins are expressed and under what conditions. In this 

study we decided to functionally characterize zfPLN isoform 2 for several reasons.  First, 

it has the highest degree of sequence variation among all of the known PLN sequences. 

Second, it has a unique luminal extension that resembles the luminal domain of SLN and 

which might be involved in SERCA regulation from the luminal side of the SR 

membrane. Third, studying the SERCA regulation by zfPLN can provide insights into the 

mechanism of SERCA regulation by other forms of non-mammalian PLN, as all of them 

seem to contain sequence variations in the same regions of the protein. Moreover, it 
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allows us to examine more complex sequence changes in PLN, beyond the usual single 

missense mutations. Because this is the first detailed characterization of a non-

mammalian form of PLN, we wanted to understand whether there are differences in how 

PLN from lower organisms regulate SERCA activity. We wished to identify similarities 

and differences between these two regulators as PLN is a major determinant of cardiac 

muscle contractility, making it a target for heart disease therapy.   

Using the co-reconstituted proteoliposomes described above, we found that wild-

type zfPLN altered the apparent calcium affinity of SERCA to an equivalent magnitude 

as wild-type hPLN (Fig. 3-2 and Table 3-1). This inhibition was almost completely 

alleviated by phosphorylation of zfPLN by PKA, indicating that it also responds to β-

adrenergic stimulation. It is important to note a presence of several amino acid 

differences around the phosphorylation and PKA recognition sites, such as Leu
7
-to-Met, 

Ser
10

-to-Ala and Ile
18

-to-Met, and the fact that none of them seemed to have a negative 

effect on the efficiency of phosphorylation. At the low lipid to protein ratios used herein, 

hPLN has a stimulatory effect on the maximal activity of SERCA (23,30). The same 

trend was observed in the presence of zfPLN, although it was ~25% higher than seen for 

hPLN. Interestingly, the physical behaviour of zfPLN did not differ from that of its 

human homologue. zfPLN was readily incorporated into the proteoliposomes and formed 

stable homopentamers. Therefore, we concluded that despite the high sequence variations 

between the zebrafish and human homologues of PLN, zfPLN very closely resembles the 

functional characteristics of hPLN.  

3-3.2. Effects of the cytoplasmic and transmembrane regions of zfPLN on SERCA 

activity. Because there is a high degree of sequence variation between zebrafish and 

human PLN, it was important to investigate whether any of these structural differences 

had an effect on how zfPLN regulates SERCA. In order to better understand the role of 
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domain Ia of zfPLN, we mutated three cytoplasmic residues (Tyr
6
-to-His, Leu

7
-to-Met, 

Ser
10

-to-Ala) in hPLN to match the ones in zfPLN (zfHEAD; Fig. 3-3A). Therefore, any 

changes in the inhibitory properties of PLN would be attributed to the three mutations 

present in the zfHEAD chimera. We found that there was no effect of this peptide on the 

apparent calcium affinity of SERCA as compared to wild-type hPLN, but the Vmax effect 

was restored to SERCA levels. Previous mutagenesis work found that alanine 

substitutions of Tyr
6
 and Ser

10
 had little effect on KCa; however, Leu

7
-to-Ala mutation 

resulted in loss of function, presumably because this amino acid side chain is facing the 

SERCA pump as opposed to the other two (Fig. 3-7) (20,23,32). Moreover, the maximal 

activity of SERCA was significantly decreased in the presence of Tyr
6
-to-His and Leu

7
-

to-Met. Since in hPLN, Leu
7
 seems to form the strongest interactions with SERCA, it is 

reasonable to assume that methionine at this position is mainly responsible for the drastic 

decrease in Vmax. 

zfPLN contains a cluster of residues that differ from the hPLN sequence in the Ib 

linker region and the N-terminal part of the transmembrane helix. As these regions of 

PLN contain several essential residues, we created a chimera with these seven 

substitutions on the wild-type hPLN background (zfMID; Fig. 3-3A) to see if they affect 

the inhibitory properties of PLN. Inclusion of the zfMID chimera resulted in gain of 

inhibitory function and no significant change in the maximal activity of SERCA, as 

compared to wild-type hPLN (Fig. 3-3B and C). This indicated that at least some of these 

residues must be necessary for SERCA regulation. Early mutagenesis studies found that 

Ile
18

-to-Ala and Met
20

-to-Ala did not have an effect on PLN inhibition (20), allowing us 

to assume that amino acid substitutions at these positions do not contribute to the 

inhibitory properties of zfMID chimera. For the remaining five residues, we divided them 

into two categories: residues facing SERCA (Asn
27

, Glu
30

, Val
33

; Fig. 3-7C) and residues  
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Figure 3-7. Molecular model showing the interactions of zfPLN with SERCA. (A) 

SERCA (grey) is in the E2 conformation (15). Residues that differ from the hPLN 

sequence are shown as stick representation and are color coded based on Figure 3-1A. 

(B-D) Close-up views of the zfHEAD (B), zfMIDDLE (C), and zfTAIL (D) regions of 

zfPLN. Phe
54

 and His
55

 (red) are in proximity to the luminal end of TM1-TM2 of SERCA 

(particularly Phe
88

 and Phe
92

, which are in light blue). The zfTAIL region of zfPLN is 

shown as a continuous α-helix, although we anticipate that it may be partially unwound in 

the SERCA-zfPLN inhibitory complex. 
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facing away from SERCA (Lys
25

, Met
28

; Fig. 3-7C). The pair of residues facing away 

from SERCA is unlikely to have significant contribution to inhibitory properties of PLN, 

as alanine substitutions at these positions have been shown to have minor effects on 

SERCA activity (20). In addition, Arg
25

-to-Lys is a highly conservative substitution, 

making it unlikely to have different interactions with SERCA. Lastly, we have to 

consider the final three substitutions found on the side of PLN that faces the calcium 

pump. Mutagenesis studies in co-expression and co-reconstitution systems have shown 

all three residues to be essential for proper SERCA regulation by PLN (20,23). Mutation 

of any of these residues to alanine resulted in gain of inhibition. Furthermore, modeling 

studies based on functional and cross-linking data indicated that Lys
27

 interacts with 

Leu
321

 of SERCA, and Asn
30

 is involved in hydrogen bonding with Thr
317

 of SERCA 

(Fig. 3-7C) (38). Asn
27

 is found in many mammalian forms of PLN (Fig. 3-1), and it has 

been shown that substitution of Lys
27

 in hPLN results in a mild gain of inhibition (20). 

Asn
30

-to-Glu is a charge reversal substitution, which might result in different interaction 

with SERCA. Therefore, we conclude that the gain of inhibition seen for zfMID chimera 

is most likely due to interaction of Asn
27

, Glu
30

 and Val
33

 with SERCA.              

 The final three residues in the transmembrane domain of zfPLN that differ from 

the human sequence are Tyr
46

, Leu
50

 and Ile
52

. We wanted to investigate the role of an 

aromatic tyrosine on the function of PLN, thus we mutated Cys
46

 in hPLN to Tyr. We 

found that Cys
46

-to-Tyr had wild-type like properties but it was unable to form stable 

pentamers. The PLN pentamer is thought to be predominantly formed by a leucine-

isoleucine zipper with all five monomers of the pentamer contributing. Mutation of any 

of these residues to alanine prevents pentamer formation, indicating their important role 

in the oligomer assembly. Additionally, the three cysteines (Cys
36

, Cys
41

 and Cys
46

) 

found in the transmembrane domain of PLN have also been shown to be essential for 
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pentamer stability (33,39-42), explaining the effects of Cys
46

-to-Tyr mutation. It is 

intriguing that SLN does not readily form higher order oligomers and also has an 

aromatic residue at the equivalent position (Trp
23

). Aside from the luminal extension, this 

is another feature of zfPLN which resembles the SLN sequence. Since we did not detect 

any difference in the ability of full-length zfPLN and hPLN to form pentamers, it must be 

the unique zfPLN features that enhance pentamer stability (e.g. Leu
50

 instead of Met at 

this position might enhance the pentamer formation).  

3-3.3. The luminal extension of zebrafish PLN is a functional regulatory domain. The C-

terminal end of mammalian and avian PLN is perfectly conserved (Fig. 3-1), implying 

that this region of the protein has important functional and structural features. Therefore, 

it is surprising that the PLN homologues in fish, especially the zfPLN, significantly differ 

in the amino acid composition in this region. In fact, the C-terminal end of zfPLN is 

reminiscent of the C-terminal end of SLN, suggesting the possibility of co-evolution of 

SLN and PLN. The luminal domain of SLN has been shown to play important roles in the 

SR retention as well as inhibition of the calcium pump (11,43,44). For PLN, SR retention 

occurs via the di-arginine motif in its cytoplasmic domain as well as through the direct 

interaction with SERCA (45). Because this di-arginine motif is perfectly preserved in 

zfPLN, it is difficult to envision the necessity of having the luminal domain to perform 

the same task. While we did not investigate zfPLN targeting, our results indicate that the 

removal of as many as six residues from the C-terminal end of zfPLN did not have an 

effect on its ability to be incorporated or retained in the proteoliposomes. Given these 

observations, we sought to examine the regulatory capacity of the zfPLN luminal domain.  

To test the inhibitory contributions of the luminal extension of zfPLN, two 

truncation variants were first constructed. The first construct was missing the last five 

(zfPLN(-5)) and the second the last six (zfPLN(-6)) C-terminal residues (Fig. 3-4A). We 



145 

 

hypothesized that if the luminal extension of zfPLN plays a role in regulating SERCA, its 

complete removal would alter its functional properties. Indeed, the truncation variants 

lost their ability to properly regulate calcium affinity of SERCA, lowering its inhibitory 

properties to ~54-62% of zfPLN (Fig. 3-4, B and C; Table 3-1). Interestingly, there was 

little difference in the extent to which these chimeras regulated SERCA, suggesting that 

Ile
52

 is not part of this regulatory domain but the last hydrophobic amino acid in the 

transmembrane domain of zfPLN. To further test the luminal domain as an independent 

functional entity, we added the last five and six residues of zfPLN to the C-terminus of 

the hPLN sequence (Fig. 3-5A). In the context of these chimeras, the full-length hPLN 

sequence was expected to retain wild-type functional properties, and the functional 

effects of the zfPLN luminal domain were expected to be additive. These two chimeras 

had opposite effect on the apparent calcium affinity of SERCA. The shorter chimera 

(zfPLN(+5)) resulted in a significant gain of inhibitory function as expected, whereas the 

long chimera (zfPLN(+6)) resulted in an unexpected mild loss of function (Fig. 3-5, B 

and C; Table 3-1). These opposite effects can be explained by taking the positioning of 

the luminal residues into account. In the short chimera, the luminal residues are in the 

same positions as in the wild-type zfPLN, assuring identical spatial orientation of the 

luminal amino acid side chains.  On the other hand, the long chimera has an additional 

residue between the end of the transmembrane domain and the beginning of the luminal 

domain, resulting in a shift of the tail one position down. Such a shift may not allow for 

the necessary side chains to interact with residues on SERCA, therefore rendering a 

dysfunctional luminal tail. Functional and structural analyses of SLN indicate that the 

two aromatic residues in the luminal domain are crucial for proper inhibition of SERCA 

(11,44). Although there is little similarity between the luminal domains of SLN and 

zfPLN, the zfPLN tail also has two aromatic amino acids in its sequence, Phe
54

 and His
55

. 

Interestingly, based on the sequence alignment, Phe
54

 of zfPLN assumes the same 
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position as the essential Tyr
31

 of SLN (Fig. 3-1). Therefore, it is possible for Phe
54 

and 

His
55

 to form important molecular interactions with at least some of the aromatic residues 

at the base of TM1-TM2 of SERCA (particularly Phe
88

 and Phe
92

, Fig. 3-7D).  

The striking difference between the way zfPLN and SLN luminal domains 

regulate SERCA is the potent inhibition associated with the SLN tail. Nevertheless, we 

decided to replace the luminal domain of zfPLN with that of SLN and examine the effect 

on SERCA inhibition. A zfPLN-SLNtail chimera with 
53

Ser-Phe-His-Gly-Met
57

 sequence 

replaced by SLN’s Arg
27

-Ser-Tyr-Gln-Tyr
31

 was constructed (Fig. 3-6A). As expected, 

zfPLN-SLNtail chimera turned out to be a potent super-inhibitor of SERCA (Fig. 3-6, B 

and C; Table 3-1). This correlated well with our previous study, in which hPLN-SLNtail 

chimera was shown to alter KCa and Vmax to a similar extent (11). It is important to note 

that addition of the SLN tail to zfPLN altered KCa of SERCA to a lesser degree than in 

the hPLN-SLNtail chimera (∆KCa of 1.04µM calcium for zfPLN-SLNtail versus 1.38µM 

calcium for hPLN-SLNtail). This supports our truncation data, which indicate that zfPLN 

missing the luminal tail partly lost its ability to lower the apparent calcium affinity of 

SERCA.  

Another interesting aspect of the luminal domain of zfPLN is that it is not 

involved in regulation of the maximal activity of SERCA. This was demonstrated by the 

above mentioned truncation and chimeric variants for which in most part Vmax values did 

not significantly differ from the wild-type controls. This is another striking difference 

between the SLN luminal tail which has been shown to be responsible for suppression of 

Vmax (11). Together, the data discussed above clearly demonstrate the specificity of the 

luminal domain of zfPLN. In marked contrast to mammalian PLNs, the sequence 

variations throughout the cytoplasmic and transmembrane domains of zfPLN render it 

dependent on a unique luminal domain for proper SERCA regulation.  
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3-3.4. Conclusions. In summary, by performing a detailed analysis of the most divergent 

PLN sequence known, we demonstrated that despite many sequence variations between 

zfPLN and hPLN, both peptides regulate SERCA in a similar fashion. We have identified 

residues in each domain of zfPLN that affect its physical properties as well as ones which 

influence a functional effect on SERCA activity. Most importantly, we identified the 

unique C-terminal tail as a functional domain of zfPLN capable of regulating the 

apparent calcium affinity of SERCA. Thus, we conclude that the sequence variations 

among the different PLN homologues are balanced in a way that results in an almost 

identical functional effect.  

3-4. Experimental Procedures 

3-4.1. Expression and Purification of Recombinant PLN. Human and zebrafish PLN 

variants were expressed and purified as previously described (31). Mutants were 

confirmed by DNA sequencing (TAGC Sequencing, University of Alberta) and by 

MALDI-TOF mass spectrometry (Institute for Biomolecular Design, University of 

Alberta). To phosphorylate PLN, detergent solubilized PLN was treated with the catalytic 

subunit of PKA (Sigma Aldrich) (23). 

3-4.2. Co-reconstitution of SERCA and Recombinant PLN. Routine procedures were used 

to purify SERCA1a from rabbit skeletal muscle SR vesicles (46,47) and functionally 

reconstitute it into proteoliposomes with PLN as previously described (23). The purified 

co-reconstituted proteoliposomes typically yielded final molar stoichiometries of 1 

SERCA, 4.5 SLN, and 120 lipids. The SERCA and PLN concentrations were determined 

by BCA assay and quantitative SDS-PAGE (34).  
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3-4.3. Activity Assays. Calcium-dependent ATPase activities of the co-reconstituted 

proteoliposomes were measured by a coupled-enzyme assay (48). The coupled enzyme 

assay reagents were of the highest purity available (Sigma-Aldrich, Oakville, ON). All 

co-reconstituted peptide constructs were compared to a negative control (SERCA 

reconstituted in the absence of PLN) and a matched positive control (SERCA co-

reconstituted in the presence of either wild-type hPLN or wild-type zfPLN). A minimum 

of three independent reconstitutions and activity assays were performed for each peptide, 

and the calcium-dependent ATPase activity was measured over a range of calcium 

concentrations (0.1 to 10 M) for each assay. This method has been described in detail 

(23). The KCa (calcium concentration at half-maximal activity), the Vmax (maximal 

activity) and the nH (Hill coefficient) were calculated based on non-linear least-squares 

fitting of the activity data to the Hill equation using Sigma Plot software (SPSS Inc., 

Chicago, IL). Errors were calculated as the standard error of the mean for a minimum of 

three independent measurements. Comparison of KCa, Vmax and nH parameters was carried 

out using ANOVA (between-subjects, one-way analysis of variance) followed by the 

Holm-Sidak test for pairwise comparisons (Sigma Plot). 
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4-1. Introduction 

The sarco(endo)plasmic reticulum Ca
2+

 ATPase (SERCA) generates and 

maintains a 1000-fold Ca
2+

 gradient over the endo/sarcoplasmic reticulum (ER/SR) 

membrane ensuring a high luminal Ca
2+

 concentration. This is vital to control cellular 

activities like contraction, secretion, growth, proliferation, differentiation and cell death 

(1).  

Atomic resolution structures of the fast-twitch skeletal muscle SERCA1a isoform 

show that the SERCA Ca
2+

 ATPases cycle between an E1 conformation with high-

affinity Ca
2+

-binding sites facing the cytosol, and an E2 conformation with low-affinity 

Ca
2+

-binding sites facing the lumen of the endoplasmic reticulum (2,3). SERCA consists 

of three cytosolic domains for ATP hydrolysis and one transmembrane (TM) domain for 

Ca
2+

 binding and transport. ATP hydrolysis in the cytosolic domain drives the 

conformational changes in the TM region that lead to the opening or closing of the gates 

to the Ca
2+

-binding sites. The TM region is divided into a highly mobile part (TM1-6) 

that controls the access to the Ca
2+

-binding sites, and a relatively immobile part (TM7-

10) that is thought  to serve as the anchoring region of the pump in the lipid bilayer (2,3). 

Humans evolved three SERCA genes (SERCA1-3, human gene nomenclature 

ATP2A1-3) (4). Although their exon-intron layout is nearly entirely conserved, the 3’ 

ends of the primary gene transcripts are subjected to alternative processing. This 

generates a plethora of SERCA splice variants with a specific tissue distribution and 

activity range (5,6). With the additional aid of tissue-specific SERCA regulators, the 

SERCA activity is tightly adjusted to the physiological needs of each specific cell type 

(6). However, how these extrinsic regulatory proteins or the intrinsic C-terminal 

variations alter the enzymatic properties of the Ca
2+

 ATPase remains poorly understood. 



 156 

Here, we focus on the regulation of SERCA2, the oldest and most wide-spread 

isoform, which is alternatively processed to form the muscle-specific SERCA2a (cardiac, 

slow-twitch skeletal and smooth muscle) or the housekeeping SERCA2b (7). In the heart, 

SERCA2a is regulated by a small TM protein called phospholamban (PLN), which 

reduces its apparent affinity for Ca
2+

 (8). PLN occupies a hydrophobic groove in between 

the mobile and anchoring part of the TM domain of SERCA2a (TM2, 4, 6 and 9), leading 

to a stabilization of the low Ca
2+

 affinity E2 conformation (9). This interaction is relieved 

by phosphorylation of PLN during β-adrenergic stimulation (8). SERCA2b, on the other 

hand, uniquely differs from the other SERCA1-3 splice variants by housing a 49 amino 

acid long C-terminus (2b-tail) that imposes the unusual enzymatic properties on this 

pump, i.e. a two-fold higher apparent affinity for Ca
2+

 (KCa) and lower catalytic turnover 

rate (Vmax) as compared to the muscle isoforms SERCA1a or SERCA2a (7,10). The 2b-

tail increases the pump’s apparent Ca
2+

 affinity, whereas PLN decreases it through a 

different mechanism (11,12). The 2b-tail consists of a cytosolic part (19 amino acids, 

Gly
994

-Asp
1012

), a transmembrane segment (TM11, 18 amino acids, Gly
1013

-Tyr
1030

), and a 

luminal extension (LE, 12 amino acids, Ser
1031

-Ser
1042

) (see Fig. 4-1A). Earlier work 

pointed to the luminal extension as the sole functional region of the 2b-tail (13). TM11 

would interact with the anchoring part of the pump at the periphery of TM7 and TM10 

(12). The short luminal extension would then follow a path from this remote site, running 

between luminal loops L5-6 and L7-8, towards a luminal binding site for the last four 

residues (
1039

MFWS
1042

) (see Fig. 4-1B). This functional C-terminal tetrapeptide stretch 

would here interact with a pocket formed in the E1 state by the upstream luminal loops. 

The interaction therefore stabilizes the E1 conformation, which at least partially accounts 

for the increased apparent Ca
2+

 affinity of SERCA2b (12).  
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Figure 4-1. Reconstitution of SERCA1a with pTM11. (A) Amino acid sequence of the 

C-terminal part of the human SERCA2 splice variants. The 49 amino acids of the 

SERCA2b-tail are indicated in bold. The 4 unique amino acids of the SERCA2a-tail are 

shown as a comparison. (B) Structural model of SERCA2b shows that TM11 (red) 

descends along TM7 and TM10, with Ser
1031

 at the border of the luminal extension. 

S1031 might open the groove formed between L5/6 and L7/8 to allow the passage of the 

luminal extension. (C) Sequence of the synthetic pTM11 peptide (white: predicted TM11 

residues; dark grey: predicted luminal residues; light grey: cytosolic residues, the 

incorporation of an extra lysine is indicated by the thicker circle). The peptide is N-

terminally acetylated and amidated at its C-terminus. (D) Ca
2+

-dependent ATPase activity 

of SERCA1a in the absence (control, CT) or presence of increasing amounts of pTM11 

(pTM11/SERCA1a molar ratios 0.15 – 4.5). (E) Normalized Ca
2+

-dependent ATPase 

activity of SERCA1a in the absence (CT) or presence of increasing amounts of pTM11 

(pTM11/SERCA1a molar ratios 0.15 – 4.5). n = 3-10 independent reconstitutions. Error 

bars, S.E. 
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However, two observations indicate that the interaction of LE with its luminal 

interaction site does not fully explain the 2b-tail effect and that TM11 plays a more active 

role than simply providing a passive membrane passage. First, there remains a clear 

functional effect of the 2b-tail upon truncation of its last 11 residues (Thr
1032*

). But 

removal of one additional residue (Ser
1031*

) completely abolishes the effect of the 2b-tail 

(12,13). It is thus clear that Ser
1031

 takes a key position in the function of the 2b-tail. 

Second, an affinity-increasing effect is also seen in the SERCA1a context, i.e. when the 

2b-tail is coupled to SERCA1a (SERCA1a2b chimera) (12). Because the SERCA1a 

luminal domain does not present the right interface for interaction with the last four 

residues of LE, the affinity modulation must by elimination be attributed to a more 

upstream region of the 2b-tail, presumably Ser
1031

 or TM11. Using peptides 

corresponding to TM11, we will here convincingly demonstrate that TM11 is the second 

functional region of the 2b-tail acting independently from Ser
1031

 and LE. 

4-2. Results 

4-2.1. Peptides corresponding to TM11 region of 2b-tail modulate SERCA1a activity. We 

showed previously that when the 2b-tail is coupled to the SERCA1a isoform, it increases 

the apparent Ca
2+

 affinity of the pump (12). We therefore used purified SERCA1a 

reconstituted in proteoliposomes as a model system (15) to address the role of TM11 and 

Ser
1031

.  

First, SERCA1a was reconstituted into proteoliposomes in the presence or 

absence of  pTM11, i.e. a peptide that corresponds to the predicted TM11 region (Thr
1011

-

Tyr
1030

) of the 2b-tail, but which also includes the first three residues of the luminal 

extension (Ser
1031

-Asp
1033

) (Fig. 4-1C). Several reconstitutions were carried out with 



 159 

increasing molar ratios of pTM11 to SERCA1a (ratios 0.15-15; Fig. 4-1, D and E, and 

Fig. 4-2). 

We first verified whether pTM11 was incorporated in the SERCA1a vesicles via 

gel electrophoresis using a 16% Tricine SDS polyacrylamide gel with 6 M urea to 

separate the small 2.6-kDa peptide. The dose-dependent increase of pTM11 incorporation 

is illustrated in supplemental Fig. 4-1A. We then determined the orientation of the 

peptide in the membrane. To that end, we incorporated a lysine at the N-terminus of 

pTM11 as an acceptor for biotin. Lysines residing at the luminal side of the vesicles 

remain protected against biotinylation unless the vesicles are treated with detergent (n-

octyl-β-D-glucopyranoside), which would lead to a complete labeling of pTM11. The 

ratio of biotinylated pTM11 in the absence and presence of detergent at molar ratios 1.5 

and 4.5 is approximately 50%, in line with an expected random orientation of pTM11 in 

the membrane (Fig. 4-2B).  

To test whether pTM11 alters the activity of SERCA1a in the proteoliposomes, 

we measured via an enzyme-coupled assay the Ca
2+

-dependent ATPase activity of 

SERCA1a in the presence and absence of pTM11. Our data clearly demonstrate that 

extrinsically added pTM11 mimics the effect of the 2b-tail (7,10), causing significant 

changes in Vmax and KCa in a dose-dependent manner (Fig. 4-1, D and E). The differences 

between the Vmax effects at molar ratios 0.5 to 10 are not significant (Fig. 4-1D and 

supplemental Fig. 4-1C). Therefore, the maximal effect of TM11 on Vmax is observed at 

molar ratio 0.5 and higher. With increasing molar ratios there is a continuous increase in 

the apparent Ca
2+

 affinity with a maximal effect on KCa at molar ratio 4.5 and higher (Fig. 

4-1E and Fig. 4-2D). The Hill coefficient remained unaffected (data not shown).  
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Figure 4-2. Reconstitution of SERCA1a with high concentrations of pTM11. (A) 

(top) SDS-PAGE (10% acrylamide, Coomassie blue stained gel) of 3 µg of co-

reconstituted proteoliposomes shows the incorporation of SERCA. (bottom) SDS-PAGE 

(16% acrylamide, silver-stained gel) of 3 µg of proteoliposomes shows the incorporation 

of increasing amounts of pTM11 (pTM11/SERCA1a molar ratios 4.5-15) compared to 

control (CT). (B) Biotinylation of 5 µg of proteoliposomes containing pTM11 and 

SERCA1a treated with or without detergent n-octyl-β-D-glucopyranoside (β-OG). Equal 

amounts of protein were separated on SDS-PAGE and blotted on PVDF membrane for 

streptavidin staining. (C) Maximal turnover rate of the Ca
2+

-dependent ATPase activity 

(Vmax) of SERCA1a in the absence (CT) or presence of increasing amounts of pTM11 

(pTM11/SERCA1a molar ratios 0.15 – 15). (D) KCa of the Ca
2+

-dependent ATPase 

activity of SERCA1a in the absence (CT) or presence of increasing amounts of pTM11 

(pTM11/SERCA1a molar ratios 0.15 – 15). n = 3-10 independent reconstitutions; *, p < 

0.05. Error bars, S.E. 
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4-2.2. Modulation by TM11 peptides is specific. Importantly, we found a combined 

maximal effect of pTM11 on Vmax (65% reduction) and KCa (35% reduction) at a 4.5 

molar ratio of pTM11 to SERCA1a (Fig. 4-2, C and D). The lack of complete inhibition 

points to a specific 2b-tail-like effect and suggests that at molar ratio 4.5, the interaction 

site of pTM11 is saturated.  

To exclude possible side effects of the peptide, we tested two peptide variants of 

pTM11 with alanine substitution at sites Pro
1017

 or Trp
1028

 (Fig. 4-3A). We showed 

previously that mutation of these residues in SERCA2b reduced the apparent Ca
2+

 

affinity of the pump (12). Both peptide variants were successfully co-reconstituted with 

SERCA1a into proteoliposomes at levels comparable with pTM11 (Fig. 4-3B). At this 

point, we switched to a higher throughput method of measuring the ATPase activity 

based on an end point measurement of the produced inorganic phosphate at different free 

Ca
2+

 concentrations. Our results indicate that alanine substitutions at Pro
1017

 and Trp
1028

 

reduce the impact of pTM11 on the KCa of SERCA1a (Fig. 4-3D). Note that the pP1017A 

substitution has no effect on Vmax, whereas the Vmax effect of pW1028A is only seen at 

molar ratio 10, indicating that the pump has a lower affinity for pW1028A than pTM11 

(Fig. 4-3C).  

To rule out that the pTM11 effect on pump activity is not merely due to an 

aspecific hydrophobic interaction with the Ca
2+

 pump, we also tested the effect of a 

randomized pTM11 peptide (pTM11rand, Fig. 4-4). pTM11rand is predicted to be a TM-

spanning peptide (predicted by the TMHMM software). Different molar ratios of 

pTM11rand to SERCA1a were tested (0.5-10, Fig. 4-4, B-D), i.e. in the same range as for 

the WT TM11 peptide. Although we confirmed that pTM11rand is incorporated into the 

proteoliposomes (Fig. 4-4B), we found in contrast to pTM11 no significant effect of  
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Figure 4-3. Specificity of the SERCA1a regulation by pTM11. (A) Amino acid 

sequence of synthetic mutated pTM11 peptides (substitution indicated in bold). The 

peptides are N-terminally acetylated and amidated at their C-termini. (B) SDS-PAGE of 

3 µg of proteoliposomes shows the incorporation of comparable amounts of pTM11, 

W1028A and P1017A. (C) Average ± S.E. of the maximal Ca
2+

-dependent ATPase 

activity (Vmax) of SERCA1a in the absence (control, CT) or presence of increasing 

amounts of pTM11, W1028A or P1017A peptides (peptide/SERCA1a molar ratios 

between 1.5 – 10). (D) Average ± S.E. KCa value of the Ca
2+

-dependent ATPase activity 

of SERCA1a  in the absence (CT) or presence of increasing amounts of pTM11, 

W1028A or P1017A peptides (peptide/SERCA1a molar ratios between 1.5 – 10). n = 3-7 

independent reconstitutions; *, p < 0.05. Error bars, S.E. 
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Figure 4-4. A randomized pTM11 peptide has no functional effect on the enzymatic 

properties of SERCA1a. (A) Amino acid sequence of synthetic wild-type and 

randomized pTM11 peptides. The peptides are N-terminally acetylated and amidated at 

their C-termini. (B) (top) SDS-PAGE (10% acrylamide, Coomassie blue stained gel) of 3 

µg of co-reconstituted proteoliposomes shows the incorporation of SERCA. (bottom) 

SDS-PAGE (16% acrylamide, silver-stained gel) of 3 µg of proteoliposomes shows the 

incorporation of increasing amounts of pTM11rand (pTM11rand/SERCA1a molar ratios 

0.5 – 10) compared to control (CT). (C) Maximal turnover rate of the Ca
2+

-dependent 

ATPase activity (Vmax) of SERCA1a in the absence (CT) or presence of increasing 

amounts of pTM11rand (pTM11rand/SERCA1a molar ratios 0.5 – 10). (D) KCa of the 

Ca
2+

-dependent ATPase activity of SERCA1a in the absence (CT) or presence of 

increasing amounts of pTM11rand (pTM11rand/SERCA1a molar ratios 0.5 – 10). n = 3 

independent reconstitutions. Error bars, S.E. 
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pTM11rand on the maximal SERCA1a activity (Fig. 4-4C) and a modest, but not 

significant increase in KCa (Fig. 4-4D).  

The specificity of the reconstitution system is further corroborated by the 

opposite effect of adding pTM11 or PLN on the SERCA1a apparent Ca
2+

 affinity. 

pTM11 peptides increase the apparent Ca
2+

 affinity, whereas addition of PLN  lowers it. 

This is in line with their respective expected physiological performance (15,17). 

Therefore, we can conclude that in our reconstituted system, pTM11 is a specific 

regulator of SERCA1a that recapitulates the action of the 2b-tail on the Vmax and KCa
 
of 

the
 
Ca

2+
 pump. This method now allows the exploration of the functional role of TM11 

by site-specific amino acid replacement in pTM11.  

4-2.3. TM11 regulates SERCA1a independently from its luminal extension. Our next 

experiments addressed the specific role of Ser
1031

, i.e. a residue found at the border 

between the hydrophobic TM11 segment and the more hydrophilic LE. Clearly, Ser
1031

 

occupies a key position in the 2b-tail. We knew that removing the last twelve amino acids 

(Ser
1031*

) results in a full loss of the 2b-tail effect rendering a pump with SERCA2a-like 

properties (12,13), whereas truncation at position Thr
1032*

 displays a Ca
2+ 

affinity in-

between that of SERCA2a and SERCA2b (12).  

Here, we wanted to recapitulate the findings of the SERCA2b truncation mutant 

Ser
1031*

 by comparing the maximal effect of shorter pTM11 peptides in our reconstituted 

system. First, we tested the amidated peptides pS1031-CN and pT1032-CN, which, 

respectively, correspond to fragments of the 2b-tail that are found in the SERCA2b 

Ser
1031*

 and Thr
1032*

 mutants (Fig. 4-5A). Unexpectedly, the pS1031-CN variant altered 

the KCa and Vmax to the same extent as the longer variants pTM11 and pT1032-CN (Fig. 

4-5, C and D). This demonstrates that pTM11, and therefore also the corresponding  
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Figure 4-5. TM11 is a second functional region of the 2b-tail, acting independently 

from the luminal extension. (A) Amino acid sequence of synthetic truncated pTM11 

peptides. The carboxyl terminus is either amidated (CN) or free (CO). (B) SDS-PAGE of 

3 µg of proteoliposomes shows the incorporation of comparable amounts of S1031-CN 

and S1031-CO. (C) Average ± S.E. of the maximal Ca
2+

-dependent ATPase activity 

(Vmax) of SERCA1a in the absence (control, CT) or presence of pTM11 or truncated 

variants (peptide/SERCA1a molar ratios 4.5 and 10). (D) Average ± S.E. KCa value of the 

Ca
2+

-dependent ATPase activity of SERCA1a  in the absence (CT) or presence of pTM11 

or truncated variants (peptide/SERCA1a molar ratios 4.5 and 10). n = 3-7 independent 

reconstitutions; *, p < 0.05. Error bars, S.E. 
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TM11 stretch of the 2b-tail, represents a second, previously unrecognized functional 

region that acts independently from Ser
1031

 and the LE. However, this contrasts with our 

earlier conclusion that LE would be the only functionally important element in the 2b-tail 

(13).  

Note that the SERCA2b truncation mutant Ser
1031*

 contains a free C-terminus, 

whereas with the peptide approach we used the peptide pS1031-CN that is amidated at 

the C-terminus to better mimic the original peptide backbone. We therefore hypothesized 

that the presence of the free C-terminus might lead to the complete loss of 2b-tail 

function in the SERCA2b truncation mutant Ser
1031*

. To test this, we also determined the 

effect of the non-amidated synthetic peptide pS1031-CO (Fig. 4-5A), which ends with a 

free C-terminus. Indeed, we could show that in contrast to pS1031-CN, pS1031-CO does 

not alter the Vmax and KCa of SERCA1a, indicating that it is no longer active (Fig. 4-5, C 

and D). The possibility that the presence of a C-terminal carboxyl group on the pS1031-

CO peptide might have precluded proper membrane insertion appears unlikely because 

we could detect equally high levels of pS1031-CO and pS1031-CN peptides in the 

proteoliposomes (Fig. 4-5B).  

Together, we provide strong evidence for TM11 as a second, independent 

functional region of the 2b-tail and show that introducing a free C-terminus at position 

Ser
1031

 of the 2b-tail completely abolishes the function of TM11, explaining why earlier 

experiments led to the false assumption that LE would be the only functional region of 

the 2b-tail. 

4-2.4. TM11, the oldest and most conserved feature of 2b-tail. Of all known vertebrate 

SERCA variants, the presence of an 11
th
 TM segment is confined to SERCA2b. SERCA2 

is also the oldest SERCA isoform in vertebrates as it is most related to the sole 
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invertebrate SERCA isoform. In animal evolution, the 2b-tail appears early as a 

conserved feature of the SERCA/SERCA2 pump. It is not found in the SERCA 

orthologue of Choanoflagellata, Porifera, Cnidaria or Placozoa (Fig. 4-6A), but is present 

in most Bilateria (Fig. 4-6B). Importantly, topology analysis using the TMHMM software 

predicts that all of the 2b-tail sequences of the Bilateria possess an 11
th
 TM segment (Fig. 

4-6B). Most likely, TM11 in invertebrates alters the enzymatic properties of the pump as 

it does in the vertebrate SERCA2b. SERCAa and SERCAb splice forms were indeed 

reported for Artemia franciscana (18) and Caenorhabditis elegans (19). At least in C. 

elegans, these variants showed structural and functional conservation to the vertebrate 

SERCA2a/b proteins (19).  

In Fig. 4-6B, we attempted to reconstruct the phylogeny of the 2b-tail to pinpoint 

the most conserved regions of TM11. At least three different forms of the 2b-tail can be 

recognized in Bilateria (Fig. 4-7, A-C): a very short 2b-tail in Protostomia consisting of 

mainly a predicted TM11 region (Fig. 4-7A), an intermediate long 2b-tail in vertebrates 

with a TM11 helix, slightly longer cytosolic and short luminal extensions (Fig. 4-7B), 

and a much longer 2b-tail in Nematoda with the most extended luminal and cytosolic 

parts (Fig. 4-7C). Thus, a LE, which, as we documented earlier, is a functional region in 

the vertebrate 2b-tail, is only found in vertebrates and Nematoda and is absent in 

Protostomia and lower Deuterostomia. This suggests that it is not an essential feature of 

the 2b-tail and that it evolved independently in Nematoda and Chordata. The pronounced 

difference in the peptide sequence and length of the LE supports this.  

In contrast, the 11
th
 TM helix forms the essential and ancestral part of the 2b-tail 

(Fig. 4-6B). Despite remarkable sequence differences, TM11 seems to have originated 

from a common ancestral sequence, since the TM11 sequences of Strongylocentrotus 

purpuratus (Echinodermata) and Saccoglossus kowalevskii (Hemichordata) resemble  
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Figure 4-6. An 11
th

 TM helix is found in the 2b-tail of all Bilateria. (A) Amino acid 

sequence alignment of the C-terminus starting from TM10 of the invertebrate SERCA 

versus the human SERCA2b sequence (AlignX, Invitrogen). A longer C-terminus with an 

11
th
 TM helix (underlined) is only found in SERCA of the Bilateria. The alternative 

splice site is indicated if present. (B) Amino acid sequence alignment of the alternative 

SERCA(2) C-terminus in representative invertebrate and vertebrate species (sequence 

starts from the alternative splice site, AlignX). The residue numbering follows the 

hSERCA2b sequence. The 2b-tail amino acid sequence of the primitive chordate 

Branchiostoma floridae partially resembles that of higher vertebrates (squares) and 

partially that of the lower Bilateria (underlined). Note that the urochordata (Ciona 

savigny and Ciona intestinalis) appear to have lost TM11-like sequences (data not 

shown). All sequences contain an extra TM helix as predicted with the TMHMM 

software (between vertical lines). Yellow: 100% identical, blue: 50% identical, green: 

50% conserved. 
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Figure 4-7. The 2b-tail and TM11 in Protostomia, Deuterostomia and Nematoda. 

Sequence alignment starting from the alternative splice site of the SERCAb C-terminus in 

Protostomia (A), Deuterostomia (B) and Nematoda (C) (AlignX, Life Technologies). All 

sequences contain an extra TM helix as predicted by the TMHMM software (in-between 

vertical lines). Arrows highlight highly conserved residues. Yellow: 100% identical, blue: 

50% identical, green: 50% conserved. (D) Helical wheel plot analysis of representative 

TM11 sequences of Protostomia (D. melanogaster), Nematoda (C. elegans) and Chordata 

(H. sapiens). Bold residues in blue correspond to the highly conserved residues indicated 

by arrows in panels A-C. The most conserved residues are mainly found on one side of 

the helix. The residue numbering in (B) and (D) follows the hSERCA2b sequence. 

C Nematoda

TMHMM result
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GKP------ESRAASVRAMVSLAGLGALW---CAYFGWMLGPYAAGIDRAF-GVSVATS---------RLHSELSERCA Ancylostoma_caninum EST EX550429 (102)

GKP------PNNAAKIRSVLSMVTLSALW---CAYFGWILCPYAGAIERALVGPVLTST----------VHTELSERCA Heterorhabditis_bacteriophora EST FF679293.1 (89)

KQS------VFAKTRMRSVITISGLVCIW---LGYFYWLLSPYVPQLVHAIGRGPRPLH---------FNHTEFSERCA EST Ascaris suum AEUI01000909.1 (15)

GETVCRIGDYEKPVKKRVSHTLLTVVMLTTLCVGYFYWLLKPYWSQLMHAFSMDLQSNSNSFHSHS----HDDLSERCA Brugia malayi genomic seq AAQA01000258.1 (75)

GEVVCRAGDYEKPIKKRVSHTLLTFVMLTTLCVGYFYWLLKPYWSQLMHAFGMDLQSNPNSFHLHS----HGDLSERCA Wuchereria bancrofti genomic (91)

GEAVCRIGDYEKPIKKRVSHTLLTFVMLITFCLGYFYWLLKPYFPQLMHAFGKDTQSSPNSFHLHS----RDDLSERCA genome Loa loa LOAG 09191 (89)

GEAVYRTGDYEKPTRKRVLRILLTIVMLTTLYIGYFYWILKPYLPQLMHAIGKNPLSNLNSFPSHS----HDDLSERCA genome Onchocerca volvulus ADBW01001561.1 (74)

GNK-----------DVWFWPTVLGFIAVY---IAYGLFLLSPYLPSELLSAYVAMPNNGNSVEL----------SERCA EST Xiphinema index CV509212.1 (57)
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Heterorhabditis bacterioph.
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Xiphinema index
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NALNSLSENQSLVVMPPWHNMWLIAAICFSMTLHFAILYINVLANIFQIAALNIAEWFAVLKISIPVLLLDETQKAIVRSSQRG----HSPLYHMAIPMVMWCVYSAFLAFNPLSERCA Schistosoma mansoni (913)

NALNSISENQSLTLMPPWYNYWLLGAMVLSMSLHFLILEVDFLSAVFQITPLGMEEWMAVLKISFPVILLDETLKFVARKFTDG----KNPFSQIYWMVGVWAVYIGLVLHSPISERCA tail Capitella capitata EST sequence EY571816 (... (9)

----------------------------------------------------------AVLKISIPVIILDETLKFVARKFTDGK---KNIFLGSVTMLLVWVVYIGLAYLSPISERCA EST Mytilus edulis AM882083.1 (1)

NALNSLSENQSLMAMPPWSNKWLCGAIVLSMSLHFLILYVDVMSVIFQITPLNLVEWMAVLKISIPVIILDEALKFVARKFADG----KNPLFSCHWLISSWVLYGLFLYYCPVSERCA EST Lottia gigantea FC676106.1 (24)

NALNSLSENQSLISMPPWSNKWLLGAIALSMSLHFFILYVDVMSTIFQITPLNVAEWIAVLKISIPVIILDETLKFIARKFTDGNTSSSTLILESPVMALVWAVYIGLAYVCPVSERCA var B Pinctada fucata (911)

------------------------------------------------------EEWMTVMKFSIPVVLLDETLKFIARKITDG----ESPFYTVHWIVLMWAVFFGLLIVCPISERCA EST Lysiphlebus testaceipes sluipwesp EH01234... (1)

------------------------------------------------------EEWLTVLKFSLPVVLLDETLKFIARKIADG----ENPLYTVHWIVLMWAVFFGLLVVCPISERCA EST Nasonia vitripennis GE381721.1 (1)

NAMNSLSENQSLIVMPPWSNWWLMGSMALSFTLHFVILYIDVLSVVFQVCPLTGDEWLTVMKFSIPVVLLDETLKFVARKITDG----ESPIYTVHWIVLMWAVFFGLLCVSPISERCA Tribolium castaneum (red floor beetle) (910)

NAMNSLSENQSLITMPPWSNMWLIASMALSFTLHFVILYVDVLSSVFQVTPLTSEEWVTVMKFSIPVVLLDETLKFIARKFTDG----ENPIDSVHSIVLMWAVFFGLLIIYPISERCAb Apis mellifera (honey bee) (911)

NAMNSLSENQSLISMPPWCNLWLIGSMALSFTLHFVILYVDVLSTVFQVTPLSAEEWITVMKFSIPVVLLDETLKFVARKIADG----ESPIYKMHGIVLMWAVYFGLLYAMMLSERCA Drosophila pseudoobscura (911)

NAMNSLSENQSLITMPPWCNLWLIGSMALSFTLHFVILYVDVLSTVFQVTPLSAEEWITVMKFSIPVVLLDETLKFVARKIADG----ESPIYKMHGIVLMWAVFFGLLYAMMLSERCAb drosophila melanogaster (fruit fly) (911)

NAMNSLSENQSLVTMPPWSNLWLIGSMCLSFALHFVILHVDVLSTVFQVTPLNGDEWITVMKFSLPVVLLDEILKFVARRISDG----ESYIKTMHWLVLAWAVFFAYILWGPYSERCA Aedes aegypti (yellow fever mosquito) (910)

NAMNSLSENQSLLTMPPWCNVWLLASMALSFSLHFVILHVEFLSTVFQVTPLDFDEWITVMKFSIPVVLLDETLKFVARKYTDG----KGYLSGIHGVLLMWVVFALLIWHGPISERCA Pediculus humanus corporis (911)

NALNSLSENQSLVLMPPWTNLWLISAITLSMTLHFIILYVDILSAVFSVCPLSVTEWLVVLKISFPVIILDETMKFFSRKFNEG----RNPFTELHWMLAIWAVYIALMIYSPISERCA EST Parasteatoda tepidariorum House spider FY... (13)
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TM11 of the Protostomia better than TM11 of the vertebrates, whereas TM11 of 

Branchiostoma floridae (Cephalochordata) takes an intermediate position (Fig. 4-6B). 

Note that according to a helical wheel plot analysis, the most conserved residues are 

mainly found on one side of the helix, suggesting that these might be important for the 

interaction of the 2b-tail with the pump (Fig. 4-7D).  

Amongst the Deuterostomia, the most conserved residues in TM11 are Ile
1014

, 

Leu
1021

, Leu
1025

, Val
1026

, Val
1029

 and Tyr
1030

 (hSERCA2b numbering, supplemental Fig. 

3B, arrows), of which Ile
1014

, Leu
1021

, Leu
1025

, and Val
1029 

are grouped along one side of 

the helical wheel plot (Fig. 4-7D). The wheel plot further shows that the highly conserved 

side of the human TM11 helix contains residues Ile
1014

, Ser
1015

, Phe
1018

, Leu
1021

, Ile
1022

, 

Leu
1025

, Trp
1028

, and Val
1029

. This overlaps well with the interface area of the published 

SERCA2b model consisting of the residues Pro
1017

, Phe
1018

, Leu
1021

, Leu
1025

, Trp
1028

, 

Val
1029

, and Tyr
1030

 (overlap underlined) (12). 

Functional evidence further highlights the central role of some of these residues. 

We already reported that P1017A, W1028A, and Y1030A substitutions reduced the 

apparent affinity of SERCA2b (12). In contrast, F1018A and L1025A had no detectable 

effect (12), although these residues seem to be extremely well conserved and positioned 

on the conserved side of the helix for interaction (Fig. 4-6B and Fig. 4-7D). Our failure to 

detect a functional effect might however be due to the conservative nature of the 

substitutions. To test this, we now substituted Leu
1025

 and Phe
1018

 in the full-length 

SERCA2b by a polar glutamine. The F1018Q and L1025Q mutants were overexpressed 

in COS cells. The substitutions significantly increased the KCa value of Ca
2+

-dependent 

ATPase activity, which is in better agreement with the model and the conservation (Fig. 

4-8).  
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Figure 4-8. Functional features of TM11. Average ± S.E. (error bars) KCa value of the 

Ca
2+

-dependent ATPase activity of SERCA2b wild-type and TM11 mutants. n = 3-10 

independent transfections; *, p < 0.05.  
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Note that within TM11 the C-terminal part is most conserved across all species. 

It contains a number of conserved aromatic and/or hydrophobic residues (arrows in Fig. 

4-7, A-C). This part of TM11 may thus hold a conserved functional feature. This is 

underscored by the functional effect of the W1028A and Y1030A mutations in the human 

SERCA2b (12). Furthermore, introduction of a free C-terminus by truncation after Tyr
1030

 

leads to a complete disruption of the 2b-tail effect. 

In the vertebrate TM11, the N-terminus is also remarkably well conserved (from 

the primitive Myxinidae Eptatretus burgeri to Homo sapiens in Fig. 4-6B), but it 

significantly differs from TM11 sequences in non-vertebrates and even early 

Deuterostomia. We previously showed that the P1017A mutation had an effect on the 

apparent Ca
2+

 affinity of SERCA2b (12), and now show that the D1012A and G1013A 

mutations in SERCA2b drastically reduce the apparent Ca
2+

 affinity of SERCA2b (Fig. 4-

8). These data point also to a crucial role of the TM11 conserved N-terminal part.  

  Together, TM11 is the essential and oldest part of the 2b-tail. We were able to 

point out TM11 residues that are highly conserved, positioned at the same side of the α-

helix, predicted to be in the interface area, and that are functionally important. 

4-3. Discussion 

4-3.1. TM11, the oldest functional region of 2b-tail. The current study demonstrates that 

TM11 acts as a previously unrecognized functional region of the 2b-tail. TM11 

significantly increases SERCA’s apparent affinity for cytosolic Ca
2+

, but nearly halves 

the Vmax of the pump. We showed that TM11 works independently from the LE, the other, 

earlier discovered and better described functional region of the 2b-tail. Phylogenetic 

analysis suggests that TM11, which is found in SERCA of most Bilateria, in fact 
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represents the more primitive element of the 2b-tail and that its action is secondarily 

reinforced by a LE only in Nematoda and Chordata.  

The 2b-tail increases the apparent Ca
2+

 affinity and reduces the Vmax of the Ca
2+

 

pump, explaining the kinetic differences between the housekeeping pump SERCA2b and 

the muscle variant SERCA2a (7,10,13). Detailed kinetic comparisons of SERCA2b and 

SERCA2a already showed that the 2b-tail reduces the off-rate for Ca
2+ 

from the pump 

transport sites and slows down the E1P to E2P and E2P to E2 conversions (10). TM11 

and LE may each have a different kinetic effect, but when combined lead to the observed 

kinetic differences imposed by the 2b-tail. For instance, we described how LE might 

interact with upstream regions in the luminal domain of the pump. Modeling studies 

suggest that this holds the pump in the high Ca
2+

 affinity conformation E1 contributing to 

an increased apparent Ca
2+

 affinity with little effect on Vmax (12).  

Here, we described the functional effect of the 18-residue long TM11 via co-

reconstitution with SERCA1a in vitro. Because of the strong Vmax effect of TM11, it is 

likely that TM11 specifically affects the E1P to E2P and E2P to E2 conversions because 

modeling studies indicate that these slower conformational changes may significantly 

reduce the Vmax(12). Future detailed kinetic measurements on SERCA2 with or without 

TM11 will be required to verify this by comparing the kinetic effects of LE versus TM11. 

We further show that both the N- and C-terminal parts of TM11 are important. A 

more puzzling, but key observation was that the presence of a free carboxyl group after 

residue Tyr
1030

 in the SERCA2b-Ser
1031*

 mutant or in the pS1031-CO peptide abolishes 

the functional effect of TM11. However, the same peptide with an amidated carboxyl 

group (pS1031-CN) remains active and confers partial SERCA2b-like properties. 

Although pS1031-CO clearly associates with the membrane, we speculate that the 
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additional negative charge of the free carboxyl group might prevent the approach of 

pS1031-CO to its binding site, e.g. as a result of charge repulsion by the phospho-head 

groups of the lipids. Alternatively, the C-terminal part of TM11 is extremely well 

conserved amongst different species, pointing to a critical functional role. A C-terminal 

carboxyl group might therefore interfere with the action of TM11. 

4-3.2. Comparison of Ca
2+

 affinity regulation by TM11 and PLN. The best described 

affinity regulator of the Ca
2+

 pump is PLN. In contrast to TM11, the primary effect of 

PLN is to reduce the apparent Ca
2+

 affinity two-fold. Earlier findings of our group 

showed that the presence of PLN increases the KCa of SERCA2b and SERCA2a to the 

same extent (i.e. in the presence or absence of the 2b-tail) (11,12). The opposite and 

independent effect of PLN and TM11 on the pump therefore strongly indicates that the 

2b-tail and PLN have different binding sites and different modes of action, making it 

unlikely that PLN has an effect on TM11 function. The opposite effect on the apparent 

affinity is in part related to the fact that PLN stabilizes the E2 conformation (9), whereas 

the 2b-tail stabilizes E1 (11,12). An independent working mechanism of PLN and TM11 

is also in agreement with our structural model of SERCA2b, postulating that TM11 

interacts at site TM7, 10 (11,12), whereas the TM region of PLN presumably interacts at 

TM2, 4, 6, 9 (9). Note that in addition to a TM domain, PLN contains a cytosolic domain 

that is regulated by phosphorylation, whereas the 2b-tail contains TM11 and a LE, which 

are not regulated by phosphorylation. 

Different from PLN, TM11 forms an intrinsic element of the SERCA2b pump, 

but here we show that it preserves its function when it is added in trans, i.e. uncoupled 

from the pump. The analysis of SERCA1a2b chimera already pointed out that the 

interaction site of TM11 is highly conserved in SERCA1a (12), which makes the 

SERCA1a proteoliposome system extremely suitable to study TM11. The maximal effect 
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of TM11 was observed at molar ratio 4.5, which is in the same molar range of PLN 

inhibition (effective SERCA:PLN molar ratio is 1:5) (15), pointing to a high affinity 

interaction with the pump. Note that the maximal effect occurs at a higher molar ratio 

than in the endogenous situation of SERCA2b where the 2b-tail is coupled to the pump in 

a 1:1 ratio. Several factors might explain this higher ratio. The ratio 4.5 describes the 

amount of peptide and pump added to the system, but the actual ratio reconstituted in the 

proteoliposomes is difficult to estimate. Also, as our biotinylation results indicate, half of 

pTM11 is inserted in the opposite orientation. Together, a higher concentration is 

required for a maximal effect than in the SERCA2b pump where a high local 

concentration of TM11 is guaranteed by the fusion of the 2b-tail to the pump.  

4-3.3. Similarities between SERCA/TM11 and α/β-Na
+
,K

+
-ATPase interactions point to 

anchoring region as emerging site of regulation. Our structural model of SERCA2b 

predicts that TM11 occupies a binding site formed by TM7 and TM10, i.e. a remote and 

relatively immobile position in the anchoring region of the pump (12). This is somewhat 

difficult to reconcile with the strong functional effect of pTM11 on Vmax and KCa. In the 

absence of structural information of SERCA2b, it is difficult to understand how TM11 

regulates the enzymatic properties of the pump at the anchoring domain.  

At least in Na
+
,K

+
-ATPase the anchoring region emerges as a site of regulation. 

Crystal structures of α,β,γ-Na
+
,K

+
-ATPase illustrate that the γ- (on TM9), β- (on TM7) 

and auto-inhibitory C-terminus (between TM7 and TM8) all interact at the anchoring 

region (20-22). Thus, besides a structural feature for stabilizing the pump in the lipid 

bilayer, the helices TM7–TM10 appear to have a dynamic role in Na
+
,K

+
-ATPase 

regulation. Indeed, the E2–E1 transition of Na
+
,K

+
-ATPase is accompanied by the 

straightening of TM5, which pushes TM7 towards TM10. Because of an extensive 

hydrogen-bonding network, this induces large scale structural changes involving parts of 
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the phosphorylation domain (P1), TM3, and the C-terminus of the α-subunit, as well as 

the β-subunit (21). This network might explain why mutations in the TM of the β-subunit 

alter the apparent K
+
 affinity of the Na

+
,K

+
-ATPase (23). 

It is difficult to overlook the striking parallel in the mode of regulation of 

Na
+
,K

+
-ATPase and SERCA by their respective TM interactors (i.e. the β- and γ-subunits 

in the Na
+
,K

+
-ATPase versus the 2b-tail and PLN in SERCA) (12). In all these cases, 

their single TM helix interacts with the anchoring region of the pump, which is critical 

for ion affinity regulation (12,23). Thus, like in Na
+
,K

+
-ATPase the anchoring region of 

the Ca
2+

-ATPase might represent a previously unrecognized regulatory site.  

4-3.4. Mechanism of TM11 regulation in the anchoring region of SERCA Ca
2+

 pump. 

Because the structure of the overall TM domain is remarkably conserved between 

Na
+
,K

+
-ATPase and SERCA1a, we compared the published structure of TM7 of Na

+
,K

+
-

ATPase in the presence of the β-subunit (Fig. 4-9D) with that of SERCA1a in the 

absence of TM11 (Fig. 4-9C). Differences in the position of TM7 between the SERCA1a 

and Na
+
,K

+
-ATPase conformations could relate to the presence of the β-subunit. In 

Na
+
,K

+
-ATPase, the N-terminal end of TM7 bends towards TM5. This helix deformation 

might depend on the presence of a hinge region formed by highly conserved glycine 

residues (G
855

XXG
858

) (Fig. 4-9A). Moreover, the functionally important and conserved 

residues Phe
39

, Phe
43

, Tyr
44

 on the β-subunit TM region protrude toward this hinge region 

and might trigger the bending and partial unwinding of the cytosolic  part of TM7 (Fig. 4-

9D). During Metazoan evolution, the β-subunit appeared first as a regulator of the pump 

in Cnidaria, and at the same time Gly
855

 appeared in TM7 and remained conserved at later 

stages (Fig. 4-10A), suggesting that both features are related.  
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Figure 4-9. Proposed mechanism of TM11. (A) Amino acid sequence alignment of 

TM7 of human and chicken SERCA1a, SERCA2b and Na
+
,K

+
-ATPase. Numbers on top 

refer to sequence numbering of the glycines in hSERCA2. (B) Proposed model of TM11 

mechanism. Left, in SERCA1a, TM7 undergoes a tilt between the E1 and E2 

conformation. Center, in Na
+
,K

+
-ATPase in the presence of the β-subunit, the upper part 

of TM7 remains in the E1 conformation, whereas the lower part can shift to E2. The 

bending of TM7 might be supported by conserved glycines in TM7. Right, conserved 

glycines in TM7 of SERCA2b might also support the bending of TM7 in the presence of 

TM11. This might prevent the repositioning of TM7 during the E1-E2 conversions. (C-E) 

Schematics of the published SERCA1a structure (C; E2, 1WPG) (27), α,β,γ-Na
+
,K

+
-

ATPase (D; E2) (20,21), and the SERCA2b structural model (E; E1) (12). TM7 is shown 

in blue for SERCA1a and SERCA2b, and in green for Na
+
,K

+
-ATPase. The conserved 

glycines are shown in red. 
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Figure 4-10. Role of the conserved glycines in TM7 of the SERCA Ca
2+

 pump. (A) 

Amino acid sequence alignment of TM7 in primitive invertebrate sequences of SERCA, 

Na
+
,K

+
-ATPase (NKA), PMR1 (secretory pathway Ca

2+
 ATPase) and PMCA (plasma 

membrane Ca
2+

 ATPase) (AlignX, Invitrogen). Conserved glycines are indicated by 

boxes. The presence or absence of TM11 or β-subunit is indicated. Yellow: 100% 

identical, blue: 50% identical, green: 50% conserved. (B-C). The SERCA1a GGXXG 

sequence in TM7 (B), but not the Na
+
,K

+
-ATPase GXXG sequence in TM7 (C), is a 

typical helix interaction motif for TM5-TM7 interaction (glycines are indicated in dark 

blue).  
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We hypothesize that in SERCA2b, TM7 might undergo a similar bending 

because three extremely conserved glycine residues are found (G
855

XXG
858

 and Gly
850

) 

(Fig. 4-9A). However, in the SERCA1a crystal structures, i.e. in the absence of TM11, 

TM7 is always a straight helix, which slightly shifts position between E1 (closer to TM5 

as also pointed out in the E1 SERCA2b model in Fig. 4-9E) and E2 (further from TM5) 

(Fig. 4-9C). Note that the position of the N-terminal part of TM7 in Na
+
,K

+
-ATPase (Fig. 

4-9D) corresponds well with the E1 position of TM7 in SERCA1a (Fig. 4-9C). We 

therefore hypothesize that Gly
841

 or Gly
845

 in SERCA2b facilitates the bending of TM7, 

which would be imposed by the presence of TM11. TM11 might keep the N-terminal part 

of TM7 in the E1 position, whereas the lower part of TM7 might be allowed to shift 

between an E1 and E2 position (Fig. 4-9B). Thus, TM11 might restrict the movement of 

TM7, which might reduce the maximal turnover rate and increase the apparent Ca
2+

 

affinity.  

TM7 bending could for instance reposition the cytosolic loops L6-7 and/or L8-9, 

which tightly connect the TM and phosphorylation domains via an extensive hydrogen 

bond network (24). Because these loops mediate the communication between both 

domains, their repositioning could have an impact on the kinetics of phosphorylation and 

dephosphorylation (24), which would be in line with the strong effect of the 2b-tail on the 

E1P to E2P, and E2P to E2 conversions (10). At least some mutations in L6/7 are known 

to affect the Ca
2+

 affinity of the pump pointing to L6/7 as a possible mediator for TM11 

function (25).  

Alternatively, TM11 might directly alter the packing of the other TM helices 

closer to the Ca
2+

-binding sites affecting the Ca
2+

 affinity. Another possibility is that 

TM11 might promote the unwinding of TM7 in SERCA2b at the conserved glycines 

Gly
841

 and/or Gly
845

. Indeed, in the Na
+
,K

+
-ATPase the β-subunit promotes unwinding of 
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TM7 at position Gly
855

, which is of central importance for K
+
 binding (21). Note that the 

glycines on TM7 of the Ca
2+

 pump are also part of a classical GXXG helix-helix 

interaction motif, mediating the interaction with TM5 (Fig. 4-10B). The GXXG sequence 

in TM7 of Na
+
,K

+
-ATPase is, however, not a typical helix-helix interaction motif (Fig. 4-

10, A and C), and in the PMR1 and PMCA Ca
2+

 ATPases a much lower number of 

glycines in TM7 is found (Fig. 4-10A).  

Together, the conserved glycines in TM7 of the Ca
2+

 pump and Na
+
,K

+
-ATPase 

might support important structural features as helix unwinding, bending, and TM 

interaction in the presence of respectively TM11 and the -subunit. These similarities 

between TM11 and the β-subunit point to an interesting example of convergent evolution 

(12). A SERCA2b crystal structure will be required to get more detailed insight into the 

structural changes that accompany the TM11 interaction, but so far, purification of 

SERCA2b for subsequent crystallization is hindered by its low tissue expression levels 

(26).  

4-3.5. Conclusion. We conclude that TM11 is a previously unrecognized, but highly 

conserved functional region of the SERCA2b Ca
2+

 pump. TM11 acts independently from 

PLN, presumably by restricting the movement of TM7, which could explain why TM11 

exerts a strong effect on the maximal turnover rate and apparent Ca
2+

 affinity. 

4-4. Experimental Procedures 

4-4.1. Synthetic peptide handling. Synthetic peptides corresponding to parts of the 2b-tail 

were purchased from Biomatik, Wilmington, DE (95% purity grade, HPLC and MS 

verified). Unless otherwise specified, all synthetic peptides are acetylated at the N-

terminus and amidated at the C-terminus to closely mimic the peptide backbone of the 

endogenous 2b-tail. Peptides were solubilized in 3:1 chloroform:trifluoroethanol at a 
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concentration of 0.5 – 4 mg/ml. The peptide concentration was verified by quantitative 

amino acid analysis. 

4-4.2. Co-Reconstitution of SERCA1a and synthetic TM11 peptides. Sarcoplasmic 

reticulum membranes of rabbit hind limb skeletal muscle were prepared as described 

previously (14). The membranes were then solubilized in octaethylene glycol 

monododecyl ether (C12E8, Barnet Products), and SERCA1a was purified by affinity 

chromatography as in (14). Functional co-reconstitution of SERCA1a with TM11 

peptides has been performed essentially as described before for SERCA1a/PLN co-

reconstitution (15). 

Briefly, the required amount of pTM11 was mixed with lipids (360 μg of egg 

yolk phosphatidylcholine, EYPC and 40 μg of egg yolk phosphatidic acid, EYPA; Avanti 

Polar Lipids) and dried to a thin film. The peptide/lipid film was rehydrated in water, and 

detergent (800 μg of C12E8) was added. Buffer (20 mM imidazole, pH 7.0, 100 mM KCl, 

3 mM MgCl2, and 0.02% NaN3) and SERCA1a (300 μg) were added to achieve final 

molar stoichiometries of 1:0.5-15 SERCA1a:peptide and 1:120 SERCA1a:phospholipids. 

The detergent was extracted via gradual administration of SM-2 Biobeads (Bio-Rad). 

Finally, the SERCA1a-containing vesicles were purified via sucrose step-gradient 

centrifugation.  

To detect the peptides in the proteoliposomes, 7.5 µl of the vesicles were loaded 

on Tricine-SDS-PAGE as described in (16). Proteins and peptides were visualized in the 

gel by silver staining. 

4-4.3. Orientation of TM11 in co-reconstituted proteoliposomes via biotinylation. The 

orientation of pTM11 in our co-reconstituted proteoliposomes was determined using a 

biotin surface labeling assay as in (15). Co-reconstituted vesicles (5 μg of protein) were 
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mixed in labeling buffer (20 mM borate-KOH, pH 9.0) with 5 mM EZLink Sulfo-NHS-

LC-Biotin (sulfosuccinimidyl-6-[biotin-amido]hexanoate; Thermo Scientific) in the 

absence or presence of 0.5% n-octyl-β-D-glucopyranoside (Anatrace). The mixture was 

incubated overnight at 4°C followed by quenching with an equal volume of SDS-PAGE 

sample buffer. The amount of biotin labeling was quantified on a Western blot using 

IRDye 800CW streptavidin conjugate and an Odyssey Infrared Imaging System (LI-COR 

Bioscience).  

4-4.4. Ca
2+

-dependent ATPase activity assays. Ca
2+

-dependent ATPase activities of the 

co-reconstituted proteoliposomes were measured at 25°C by an enzyme-coupled assay (as 

in (15)) or at 37°C by an end point colorimetric measurement (as in (12)). SERCA1a 

activity was followed in the presence and absence of co-reconstituted synthetic peptides. 

A minimum of three independent reconstitutions and activity assays were performed and 

the Ca
2+

-dependent ATPase activity was measured over a wide range of Ca
2+

 

concentrations (from 0.1 to 10 μM).  

SERCA2b mutations were introduced by site-directed mutagenesis 

(QuickChange). Ca
2+

-dependent ATPase activities of the overexpressed SERCA variants 

in COS cells were measured using an end point colorimetric assay (12). The contribution 

of the endogenous SERCA2b in COS cells to the measured Ca
2+

-dependent ATPase 

activity of the overexpressed SERCA variants is negligible. The KCa (Ca
2+

 concentration 

at half-maximal activity), the Vmax (maximal activity), and the nH (Hill coefficient) were 

calculated via nonlinear least squares fitting of the activity data to the Hill equation using 

Sigma Plot (SPSS Inc). 

4-4.5. Statistics. Results are presented as average ± S.E. of n (number) independent 

experiments (n is provided in the legends). Multiple comparison statistical analysis was 
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carried out by one way ANOVA followed by a post hoc Fisher LSD test (Statistica 8).     

p < 0.05 was considered statistically significant.  
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Chapter 5 

Defining the multifaceted roles of the endogenous peptide modulators  

of SERCA 
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5-1. Summary of significant findings 

This thesis proposes novel molecular mechanisms of SERCA regulation by 

endogenous peptide modulators, including SLN, zfPLN and the C-terminal extension of 

SERCA2b (2b-tail). The expression and regulation of SERCA activity have been widely 

investigated, emphasizing its central role in the regulation of calcium homeostasis during 

development and under a variety of pathophysiological conditions (1). Defects in calcium 

transport due to abnormal regulation of SERCA by its physiological regulators are of 

major clinical importance. However, their precise role in modulating the enzymatic 

properties of SERCA remains poorly defined. If the interaction between SERCA and its 

physiological regulators is better understood then it will contribute to the long term goal 

of rational therapeutic design for the improvement of clinical outcomes. This work adds 

to the current understanding of the mechanisms involved in SERCA regulation by 

endogenous peptide modulators and highlights the complexity as well as the importance 

of these protein-protein interactions. 

The exact mechanism of SERCA regulation by SLN is unresolved. PLN and 

SLN have significant sequence homology in their transmembrane domains, suggesting a 

similar mode of binding to SERCA (2). However, unlike PLN, SLN has a highly 

conserved C-terminal domain that extends into the SR lumen. We found that alanine-

substitution of residues in the luminal domain of SLN as well as complete removal of this 

domain resulted in severe loss of function (3). Furthermore, adding the luminal domain of 

SLN to the C-terminus of PLN resulted in super-inhibition with characteristics of both 

PLN and SLN. Thus, we concluded that the highly conserved C-terminal tail of SLN is a 

primary determinant for SERCA inhibition and that it is a distinct and transferrable 

functional domain. 
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 While the mechanism of SERCA inhibition by PLN has been extensively studied, 

considerably less is known about the role of non-mammalian forms of PLN in SERCA 

regulation. Given the high sequence diversity between zebrafish and human PLN, as well 

as the presence of a unique zfPLN luminal extension, we were interested in studying the 

mechanism of zfPLN inhibition of SERCA. We found that despite the high sequence 

diversity, zfPLN had inhibitory properties that were similar to human PLN. Human PLN 

chimeras containing the cytoplasmic or linker domain of zfPLN resulted in mild loss of 

inhibitory function or gain of function, respectively.  In addition, removal of the luminal 

zfPLN tail resulted in loss of function, whereas adding the zfPLN luminal extension to 

human PLN had a minimal effect on SERCA inhibition. From this we concluded that the 

luminal extensions of zfPLN and SLN have distinct functional effects, even though 

zfPLN appears to use a hybrid PLN-SLN inhibitory mechanism. 

Lastly, the focus of this thesis was shifted towards defining the molecular 

mechanism of SERCA regulation by the 2b-tail of the ubiquitous SERCA2b. In contrast 

to SLN and PLN, the 2b-tail has been shown to increase the apparent calcium affinity of 

SERCA (4). While the role of the luminal extension of the 2b-tail has been already 

described (5), the function of the eleventh transmembrane segment (TM11) has remained 

elusive. We identified TM11 to be an important SERCA regulator primarily responsible 

for reducing the maximal activity and, to lesser extent, increasing the apparent calcium 

affinity of SERCA (6). Additionally, we identified TM11 as the oldest segment of the 2b-

tail, signifying its important regulatory role throughout the evolution of the SERCA2 

gene. We concluded that the functional difference between SERCA2a and SERCA2b are 

not only attributed to the luminal extension of the 2b-tail but also the TM11 segment.  
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In subsequent sections, a discussion on the commonalities and differences in the 

mechanisms of SERCA regulation by endogenous peptide regulators and their link to 

human diseases will be continued.  

5-2. TM1-2 luminal linker region as a newly emerging site of regulation 

Although highly homologous, SLN and PLN appear to use different inhibitory 

mechanisms to regulate SERCA (3,7). The inhibitory activity of PLN is primarily 

encoded by its transmembrane domain, whereas the highly conserved C-terminal luminal 

domain of SLN encodes ~75% of its inhibition. The luminal extension of SLN is also 

responsible for a drastic suppression of the maximal activity of SERCA, an effect which 

is not observed in the presence of PLN (2). Using kinetic simulations, we have 

demonstrated that SLN alters binding of the first calcium ion, thereby stabilizing a 

calcium-free conformation of SERCA. This is different from what is known for PLN, 

which is thought to slow down a SERCA conformational transition that follows binding 

of the first calcium ion. 

Despite growing knowledge of the inhibitory properties of SLN, the exact 

molecular mechanism of SERCA inhibition by SLN is not fully understood. One of the 

remaining questions is how does the short luminal domain of SLN cause such a dramatic 

decrease in the apparent calcium affinity and the maximal turnover rate of SERCA? 

Based on modeling studies, both PLN and SLN have been proposed to bind to a groove 

formed by transmembrane helices TM2, TM4, TM6 and TM9 of SERCA in a calcium-

free E2 conformation (8,9). Recently, two high-resolution structures of the SERCA-SLN 

complex confirmed the modeled SLN binding site (10,11). These structures provided 

valuable information regarding the binding of the transmembrane domain of SLN to 

SERCA; however, due to poorly defined electron density of the C-terminal region of 
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SLN, they did not reveal the nature of interactions between the luminal domain of SLN 

and SERCA. Nevertheless, these structures show that the C-terminal end of the 

transmembrane domain of SLN interacts with the base of TM2, suggesting that the 

luminal domain of SLN is in proximity to the TM1-2 linker region of SERCA. This is in 

agreement with our proposed model of the interactions between SLN and SERCA, which 

suggests that the essential luminal residues of SLN (Arg
27

, Tyr
29

 and Tyr
31

) form 

functionally important contacts with the highly conserved aromatic residues found in the 

TM1-2 luminal linker region of SERCA (3). We proposed that Arg
27

 of SLN may form a 

cation-π interaction with Phe
92

 of SERCA or aid in positioning of SLN relative to 

SERCA and the lipid bilayer, whereas Tyr
29

 and/or Tyr
31

 of SLN may form a cation-π or 

π-π interactions with Phe
88

 of SERCA.  

So the question that follows is how do the interactions between the luminal 

domain of SLN and the TM1-2 linker region of SERCA, which is located far away from 

the calcium binding sites, cause SERCA inhibition? To answer this question, it is 

necessary to take the conformational changes of SERCA into consideration. Comparison 

of the high-resolution crystal structures of SERCA representing different conformational 

states of the enzyme clearly shows that the TM1-2 region undergoes drastic structural 

rearrangements during the calcium transport cycle (Fig. 5-1) (12). The cytoplasmic ends 

of the TM1 and TM2 helices are connected to the highly mobile A-domain of SERCA via 

flexible linkers, suggesting that the movement of the TM1-2 region is largely dependent 

on the conformation of the A-domain. In fact, shortening or elongation of these linker 

regions has been shown to dramatically affect SERCA function (13,14). Thus, there is a 

dynamic interplay between the rotation of the A-domain and the movements in the TM1-

2 region, which is imperative for proper SERCA function. The TM1-2 region appears to 

undergo the largest conformational changes as SERCA transitions from the calcium-free  
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Figure 5-1. Conformational changes of the TM1-2 region of SERCA during the 

reaction cycle. SERCA structures representing key conformational states in the calcium 

transport cycle are shown in cartoon representations. SERCA is shown in grey except for 

the TM1 and TM2 helices which are shown in red. The TM1-2 region representing the 

subsequent conformation is shown in transparent red. (PDBs: 1SU4, 1T5S, 3B9B, 1IWO) 
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E2 state to the calcium-bound E1 state, and from the E1-P to the E2-P state. Given that 

SLN binds to SERCA in the calcium-free state, it is possible for the SLN tail to bind to 

the TM1-2 luminal linker region and prevent the large structural rearrangements 

necessary for the rotation of the A-domain and opening of the cytoplasmic calcium ion 

access channel. This provides a possible explanation as to how SLN traps SERCA in a 

calcium-free state. 

The interaction of the luminal domain of SLN with the TM1-2 linker region in 

SERCA might also explain the differences in the inhibitory mechanisms of SLN and 

PLN. Functional and modeling studies have shown that PLN forms most interactions 

with residues on TM4 and TM6 and fewer interactions with TM2 and TM9 of SERCA 

(8,15). In fact, only two C-terminal residues of PLN have been proposed to form 

interactions with residues in the luminal end of TM2 of SERCA (Val
49 

and Leu
52

 of PLN 

with Val
89

 and Ile
85 

of SERCA, respectively) (16). In the case of SLN, however, the 

luminal domain forms extensive interactions with the TM1-2 linker region, perhaps 

preventing TM1 and TM2 from undergoing large conformational changes. Moreover, 

recent cross-linking studies have shown that mutations of SERCA residues responsible 

for binding the N-terminal part of the transmembrane domain of PLN had almost no 

effect on the cross-linking efficiency of SLN to SERCA, suggesting that the interaction 

between SERCA and the transmembrane domain of SLN are distinct from that of 

SERCA and PLN (7). Therefore, lack of the luminal extension in PLN could suggest that 

PLN has a much weaker association with TM2 of SERCA than SLN, which could allow 

for more conformational freedom in the TM1-2 region of SERCA. This could also be the 

explanation as to why SLN lowers the maximal activity of SERCA even at high calcium 

concentrations and PLN does not. In addition, this hypothesis further explains why most 
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of the PLN inhibitory activity is encoded by its transmembrane domain while most of the 

inhibitory activity of SLN is encoded by its luminal domain.  

The importance of the TM1-2 linker region as a site of SERCA regulation is 

corroborated by the fact that SLN is not the only membrane protein to use this site to 

modulate SERCA activity. In chapter 3, we have shown that zfPLN might also use this 

site to regulate SERCA. Unlike most known PLN proteins, zfPLN has an additional five 

amino acid luminal extension, which is reminiscent of the luminal domain of SLN. 

Although there is little similarity between the luminal domains of zfPLN and SLN, we 

have shown that they both contribute to SERCA inhibition. However, the inhibitory 

properties of these luminal domains are significantly different. The luminal domain of 

zfPLN provides much less inhibition (~40% of the zfPLN inhibitory activity) as 

compared to the luminal domain of SLN (~75% of the SLN inhibitory activity), and it 

does not appear to have a significant effect on the maximal activity of SERCA. These 

observed functional differences must be attributed to the differences in sequence 

composition of the luminal domains. Nonetheless, an interesting commonality between 

these luminal extensions is that Phe
54

 in zfPLN assumes the same position as the essential 

Tyr
31

 in SLN. This suggests that both of these aromatic residues interact in a similar 

manner with the TM1-2 linker region and that the luminal extension of zfPLN uses Phe
54

 

to exhibit most of its inhibitory activity.   

Interestingly, proteins other than transmembrane regulators of SERCA have also 

been shown to interact with the TM1-2 linker region of SERCA. This region has also 

been found to interact with a histidine-rich calcium binding protein (HRC) found in the 

lumen of cardiac SR (17). HRC is a low affinity but high capacity calcium binding 

protein involved in SR calcium cycling. Studies in transgenic mice have shown that 

overexpression of HRC in the heart results in depressed SR calcium uptake rates, 
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suggesting that HRC inhibits SERCA function (18). More recent studies have 

demonstrated that HRC specifically interacts with residues 74-90 in the TM1-2 luminal 

region of SERCA2a and this interaction is decreased at higher calcium concentrations 

(17). By binding to the TM1-2 linker region, HRC most likely hinders the conformational 

changes of TM1 and TM2, thereby preventing structural rearrangements necessary for 

calcium binding. Thus, this is an additional and distinct example of how interactions with 

the TM1-2 linker region of SERCA can greatly influence SERCA activity.  

5-3. TM11 versus other transmembrane peptide regulators of SERCA 

Depending on the physiological requirements, SERCA proteins use different 

regulators to modulate its affinity for calcium. While the muscle-specific SERCA1a and 

SERCA2a isoforms are regulated by SLN and/or PLN, the enzymatic properties of the 

housekeeping SERCA2b isoform are modulated by its unique C-terminal extension (2b-

tail). The 2b-tail consists of an eleventh TM segment (TM11) and a luminal extension 

(LE), which together increase the calcium affinity and decrease the maximal turnover rate 

of SERCA (4). In chapter 4, we have demonstrated that TM11 acts independently from 

the LE and is an important functional region of the 2b-tail. TM11 significantly increases 

the apparent calcium affinity and lowers the maximal activity of SERCA. This is in 

contrast to the primary effect of SLN and PLN, which is to reduce the apparent calcium 

affinity of SERCA (2). It is well accepted that SLN and PLN exert their function by 

binding to a hydrophobic grove formed by the TM2, TM4, TM6 and TM9 helices of 

SERCA, thereby stabilizing the enzyme in a calcium-free E2 state (9). Since this region 

of SERCA undergoes large conformational changes throughout the calcium transport 

cycle, it is easy to envision how binding of SLN or PLN could have an effect on calcium 

affinity. In contrast, the TM11 interactions with SERCA are much different. According to 

a structural model of SERCA2b, TM11 interacts with TM7 and TM10 helices in the 
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seemingly immobile anchoring region (TM7-10) of the pump (Fig. 5-2) (19). This site of 

interaction is distant from where SLN and PLN bind, which at least in part explains the 

opposite effect this peptide has on the apparent calcium affinity of SERCA. TM11 is 

thought to restrict the movement of TM7 of SERCA, which would increase the apparent 

calcium affinity and lower the maximal activity (6). It is noteworthy to mention that 

TM11 preserves its function when uncoupled from SERCA2b, which suggests that the 

TM7 and TM10 helices form a highly specific site for interaction with TM11. In fact, 

residues in the proposed binding site of TM11 (TM7 & TM10) and the binding site of 

PLN and SLN (TM2, TM4, TM6 & TM9) are highly conserved among SERCA1 and 

SERCA2 isoforms. This specificity is also reflected by the high sequence divergence 

between the TM11 segment and the transmembrane domains of SLN and PLN. Thus, 

TM11 is an active regulator of SERCA that functions independently from SLN and PLN.    

The finding that TM11 is not just a passive transmembrane segment but a 

modulator of SERCA function adds to our understanding of the complex mechanisms 

used to regulate SERCA activity. It appears that SERCA utilizes multiple sites on the 

periphery of its transmembrane domain to interact with different regulatory proteins. 

While SLN and PLN form inhibitory interactions with the mobile part of the 

transmembrane domain of SERCA, our study demonstrated that the anchoring region of 

SERCA can also serve as a site of regulation (6). Furthermore, recent EM studies have 

revealed another important site of intramembrane interactions between SERCA and its 

regulators (20,21). The PLN pentamer was observed to form interactions with TM3 of 

SERCA, which is located away from the regulatory SLN/PLN and TM11 binding sites 

(Fig. 5-2). This interaction has been proposed to facilitate delivery or removal of the 

monomeric form of PLN from the putative inhibitory site, making it an important part of 

the mechanism used by PLN to regulate SERCA activity. Interestingly, the use of  
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Figure 5-2. Model of transmembrane interactions between SERCA and its 

endogenous regulators. (A) SERCA (15) in a calcium-free E2 conformation is shown in 

cartoon representation with the P-domain in magenta, N-domain in cyan, A-domain in 

yellow, and helices TM1-10 in grey. SLN is shown in red (can also represent the TM 

domain of PLN) and the 2b-tail of SERCA in blue (19). (B) Rotation of panel A by 90
°
 

around the x-axis (top-down view). SERCA, SLN and the 2b-tail are colored as in panel 

A. The transmembrane segment of the PLN pentamer is shown in green (PDB: 2KYV).  
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multiple sites of regulation is also evident in other P-type ATPases. For example, Na
+
/K

+
-

ATPase is known to associate with two transmembrane regulators, the β- and γ-subunits, 

which regulate its affinity for ions (22). In fact, the position and mode of binding of the 

β- and γ-subunits to Na
+
/K

+
-ATPase highly resemble the binding of TM11 and PLN to 

SERCA, respectively. This could suggest that important sites of regulation are conserved 

among the members of the P-type ATPase family. Taken together, SERCA utilizes 

multiple binding sites in its transmembrane domain to interact with small intramembrane 

regulatory proteins. These interactions are specific and are used to fine tune the activity 

of SERCA based on its physiological requirements.       

5-4. SERCA regulation from the luminal side of the membrane 

As described in the preceding section, physical interactions between the 

transmembrane domains of SERCA and its endogenous peptide regulators are imperative 

for their function. Similarly, the cytoplasmic domains of PLN and SLN have been shown 

to be important in proper regulation of SERCA activity (2). However, less is known 

about the particular role of the luminal domains of SERCA regulators. The work 

presented in this thesis focused on functional characterization of SLN, zfPLN and the 2b-

tail of SERCA2b, all of which contain unique luminal extensions (Fig. 5-3). We have 

shown that the luminal extensions of SLN and zfPLN function as independent domains 

which significantly contribute to their inhibitory activity. Earlier work demonstrated that 

the luminal extension of the 2b-tail is imperative for increasing the apparent calcium 

affinity of SERCA (5). Thus, it is evident that the luminal domains of these endogenous 

regulators play an important part in modulating SERCA activity. 

Since the luminal domains of SLN and zfPLN result in the inhibition of SERCA 

and the luminal extension of the 2b-tail increases the apparent calcium affinity of  
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Figure 5-3. Topology models of SERCA regulatory peptides. Topology models for 

(A) SLN, (B) zfPLN and (C) 2b-tail of SERCA2b. The cytoplasmic domains are yellow, 

transmembrane domains are orange and luminal domains are blue. Functionally 

important aromatic residues in the luminal domains are shown in red.    
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SERCA, they must use different mechanisms to exert their respective roles. In section 5-

2, we discussed a probable mechanism of how the luminal domains of SLN and zfPLN 

can exert their inhibitory properties through the possible interactions with the TM1-2 

luminal region of SERCA. The opposite functional effect of the luminal domain of the 

2b-tail can also be addressed by examining its interactions with SERCA. The luminal 

extension of the 2b-tail is much longer than that of SLN or zfPLN, suggesting that its 

interactions with the luminal part of SERCA are more extensive. Indeed, a structural 

model of SERCA2b infers a direct interaction of this luminal extension with a luminal 

cavity formed by the TM1-2, TM3-4, TM7-8 and TM9-10 luminal linker regions of 

SERCA (19). These interactions are thought to stabilize the calcium-bound E1 

conformation of the enzyme. Interestingly, the luminal binding cavity appears to be only 

formed in the E1 conformation and becomes gradually distorted as the pump transitions 

toward the calcium-free E2 state (Fig. 5-4). Kinetic analyses revealed that the 2b-tail as a 

whole is critical for several steps in the reaction cycle, including the steps of calcium 

dissociation (E1-P to E2-P) and dephosphorylation (E2-P to E2) (4). More recent kinetic 

studies revealed that the luminal extension of the 2b-tail preferentially stabilizes the 

calcium-bound E1 and E1-P conformations, whereas TM11 is of particular importance 

for the rate of the E2-P to E2 transition (23). These results are in line with the structural 

model of SERCA2b and also explain why, in our studies, TM11 had a more pronounced 

effect on maximal activity than the apparent calcium affinity of SERCA (6). Moreover, 

this suggests that the interactions between SERCA and the luminal extension of the 2b-

tail are disrupted after the release of calcium. However, it is still unknown whether the 

luminal extension of the 2b-tail completely dissociates from the enzyme upon release of 

calcium or remains bound throughout the reaction cycle.  
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Figure 5-4. Conformational changes in the luminal region of SERCA during the 

reaction cycle. SERCA structures representing key conformational states in the calcium 

transport cycle are shown in cartoon representations. The TM1-2 region is shown in red, 

TM3-4 in green, TM7-8 in cyan and TM9-10 in orange. The TM5-6 region was removed 

for clarity purposes. Aromatic residues in the TM3-4 luminal region of SERCA proposed 

to form functional interactions with the luminal extension of the 2b-tail are shown as blue 

sticks. (PDBs: 1SU4, 1T5T, 3B9B, 1IWO) 
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Even though the luminal domains of these regulators can be described to have 

either an inhibitory or stimulatory effect on the apparent calcium affinity of SERCA, they 

appear to have a common theme with their respective mechanisms of modulation. In 

section 5-2, we discussed the importance of aromatic residues residing in the luminal 

domain of SLN in SERCA inhibition. Based on these findings, we proposed that the two 

aromatic residues in the luminal domain of zfPLN might form similar interactions with 

the TM1-2 linker region in SERCA. Interestingly, the luminal extension of the 2b-tail 

also contains two aromatic residues (Phe
1040

 and Trp
1041

) near the C-terminal end which 

are crucial for its function (Fig. 5-3C). In fact, a peptide corresponding to the last four C-

terminal residues of the 2b-tail (
1038

Met-Phe-Trp-Ser
1042

) was shown to be sufficient to 

significantly increase the apparent calcium affinity of SERCA (19). A molecular model 

of SERCA2b indicates that Phe
1040

 and Trp
1041

 of the 2b-tail might form important 

interactions with Tyr
294

 and His
284

 in the TM3-4 luminal linker region of SERCA, 

respectively (Fig. 5-5C). These interactions appear to be strong enough to prevent 

movement of the luminal loops necessary for the release of calcium. It is noteworthy to 

point out that the TM3-4 luminal linker region of SERCA is more disordered in the 

calcium-free states than in the calcium-bound states of the enzyme (Fig. 5-4). This causes 

His
284

 to be facing away from the luminal binding cavity, which prevents interactions 

with the aromatic residues of the 2b-tail. Thus, the luminal extensions of SLN and zfPLN 

form interactions with the TM1-2 luminal region of SERCA to stabilize the enzyme in a 

calcium-free E2 state, whereas the luminal extension of the 2b-tail interacts with luminal 

loops of SERCA to stabilize the enzyme in a calcium-bound E1 state (Fig. 5-5). 

Moreover, interactions between aromatic residues in the luminal extensions of these 

peptide regulators and the aromatic residues in the luminal loops of SERCA are essential 

for their regulatory function.      
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Figure 5-5. Interactions between SERCA and the luminal extensions of its peptide 

regulators. Molecular models of SERCA (grey) in complex with (A) SLN (red, (15)), 

(B) zfPLN (yellow, (15)) and (C) 2b-tail (magenta,(19)). SERCA residues proposed to 

interact with the aromatic residues in the luminal extensions of the peptide regulators are 

shown as blue sticks. Functionally important aromatic residues in the luminal extensions 

of SLN, zfPLN and the 2b-tail are shown as sticks.  
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5-5. Disease relevance 

The role of SERCA pumps in maintaining optimal calcium homeostasis is of 

great physiological importance (24). Defects in the calcium pump function and regulation 

have been linked to many human diseases, including heart failure, cancer, as well as rare 

forms of skin and skeletal muscle diseases (25). While the pathophysiology associated 

with this family of proteins has been well documented, the molecular etiology is still to 

be fully understood.  

Abnormal calcium handling is a hallmark of human heart failure (26). Decreases 

in SERCA expression level and activity have been shown to directly contribute to the 

deteriorated cardiac function (27). Increasing the activity of SERCA in order to stimulate 

SR calcium uptake, is therefore considered as a potential therapeutic strategy to improve 

contractility of a failing heart. This can be achieved by elevating SERCA2a expression 

levels, which has been shown to improve cardiac contractility in animal models (28,29). 

In fact, overexpression of SERCA2a using adenoviral (AAV) gene transfer has recently 

been tested as a treatment in clinical trials (30). While there are drawbacks to this 

therapy, such as immunity to the adenovirus, most treated patients demonstrated overall 

improvement in cardiac contractility. An alternative approach is to increase the apparent 

calcium affinity of SERCA2a. Our studies show that the 2b-tail increases the apparent 

calcium affinity, suggesting that its interaction site may serve as a novel drug target to 

increase the calcium affinity of malfunctioning SERCA2a in the failing heart as a 

mechanism for improving cardiac contractility.  

The regulation of SERCA2a by PLN plays a critical role in cardiac contractility 

and in mediating the β-adrenergic response (31). Several genetic mutations in PLN have 

already been found to cause dilated cardiomyopathy in humans (1). Since SLN is 
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abundantly expressed in the atria of the heart it can also be a major factor in heart disease 

development and progression. In fact, expression of SLN at both mRNA and protein 

levels has been shown to be down-regulated in the atria of patients with chronic atrial 

fibrillation which appears to contribute to atrial remodeling (32-34). Although no disease 

associated mutations have been described for SLN, it is likely that mutations will be 

found in SLN that cause heart failure. Given that the luminal domain of SLN encodes for 

most of its inhibitory activity, this region of SLN could be a hotspot for disease causing 

mutations. 

Aside from being an active regulator of cardiac SERCA2a, SLN is the primary 

regulator of SERCA1a in fast-twitch skeletal muscle, where it was recently shown to play 

an additional role in thermogenesis (35). SLN is thought to promote uncoupling of 

SERCA1a, which causes an increase in ATP hydrolysis and leads to muscle dependent 

non-shivering thermogenesis (NST). Thus, SERCA1a-SLN interaction could be a 

potential pharmacological target to increase energy expenditure as a strategy to treat 

obesity. 

Taken together, the molecular details of SERCA regulation by endogenous 

peptide modulators outlined in this work provide important insights that might be 

beneficial to the long term goal of rational therapeutic design. 
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Probing the oligomeric state of sarcolipin 
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I-1. Introduction 

Phospholamban (PLN) and sarcolipin (SLN) are small integral membrane 

proteins that regulate the enzymatic activity of the sarco(endo)plasmic reticulum calcium 

ATPase (SERCA). PLN is expressed in cardiac, smooth and slow-twitch skeletal muscle, 

while SLN is expressed in fast-twitch skeletal muscle and the atria of the heart (1). PLN 

has 52 amino acids and consists of a cytoplasmic domain (domain I; residues 1-29) and a 

transmembrane domain (domain II; residues 30-52) (2). The cytoplasmic domain is 

further divided into domain Ia (N-terminal cytoplasmic helix) and domain Ib (a flexible 

linker connecting the two helices). SLN is made up of 31 amino acids, consisting of a 

short cytoplasmic domain (residues 1-6), a transmembrane helix (residues 7-26), and a 

luminal extension (residues 27-31) (3). The homology of the two peptides is readily 

apparent in their membrane regions, with many identical or conserved residues (Fig. I-1).   

The regulation of SERCA by PLN or SLN is determined by the phosphorylation 

states of these proteins as well as the cytosolic calcium concentration. Both PLN and 

SLN are inhibitors of SERCA in their dephosphorylated states and it has been shown that 

phosphorylation of the peptides reverses SERCA inhibition (1). It is well documented 

that the inhibitory PLN monomer can self-associate to form pentamers, which is 

considered as a functionally inactive storage form of the peptide (4). Site-specific 

mutagenesis experiments revealed that the PLN pentamer is stabilized by a leucine-

isoleucine zipper motif (4,5). This was later supported by NMR structures of the PLN 

pentamer which revealed that the transmembrane leucine residues (Leu
37

, Leu
44

, and 

Leu
51

) in one transmembrane helix of PLN form hydrophobic interactions with isoleucine 

residues (Ile
40

 and Ile
47

) in the neighboring PLN monomer (6,7). In addition to the leucine 

and isoleucine residues, cysteine residues (Cys
36

, Cys
41

 and Cys
46

) in the transmembrane 

domain of PLN have also been shown to play an important role in structural stability of  
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Figure I-1. Amino acid sequence alignments for PLN and various SLN constructs. 

The cytoplasmic, transmembrane, and luminal domains are indicated. Transmembrane 

cysteine residues are shown in red and the transmembrane leucine-isoleucine residues 

involved in PLN pentamer  formation are shown in blue.  
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the pentamer. Mutation of the transmembrane cysteines in PLN has been shown to 

completely prevent pentamer formation without having a major effect on its ability to 

inhibit SERCA (5,8,9). In contrast to PLN, SLN is thought to exist primarily as a 

monomer, although several studies have shown that SLN can also oligomerize. 

Analytical ultracentrifugation experiments revealed that SLN oligomerizes in the 

presence of nonionic detergents and cross-linking showed that SLN has the ability to self-

associate in liposomes (10). Recently, a fluorescence study done in insect cells 

demonstrated that SLN monomers associate into dimers and higher order oligomers, 

whereas mutant Ile
17

-to-Ala SLN only formed monomers and dimers (11). Furthermore, 

when incorporated in thiolipid bilayers, SLN has been shown to form channels selective 

toward chloride and phosphate anions (12).   

Given the marked differences in their ability to form oligomers, we decided to 

investigate sequence elements in SLN and PLN that might be important in controlling 

their ability to oligomerize. We chose to sequentially introduce residues important for the 

PLN pentamer formation into SLN and examine their effect on SERCA activity and 

oligomer formation. To summarize our findings, incorporation of the leucine-isoleucine 

zipper motif into SLN resulted in a mild loss-of-function and did not enhance its ability 

to form oligomers. SLN mutants containing either one or all three transmembrane 

cysteines known to be important for the PLN pentamer stability resulted in a mild gain of 

inhibitory function but were completely monomeric. Interestingly, the C-terminal 
50

Met-

Leu-
52

Leu motif of PLN is known to play a role in pentamer formation. Since this motif 

is replaced by a polar 
27

Arg-Ser-Tyr-Gln-
31

Tyr sequence in SLN, it could suggest that the 

luminal domain of SLN largely interferes with oligomerization of SLN. Based on our 

results, we propose that the presence of polar and aromatic residues at key positions in 
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the transmembrane and luminal domains of SLN reduce the stability of its oligomeric 

forms.  

I-2. Results and Discussion 

I-2.1. Incorporation of the PLN leucine-isoleucine zipper motif into SLN. Although 

highly homologous, the transmembrane domains of PLN and SLN contain several amino 

acid differences which could be responsible for the observed oligomeric states of these 

peptides (Fig. I-1). Several studies have shown that the leucine-isoleucine zipper motif in 

PLN is a crucial sequence element responsible for pentamer formation (5,8). Mutation of 

any of the leucine or isoleucine residues in the zipper motif of PLN has been shown to 

greatly destabilize the pentamer. Since the residues that make up the leucine-isoleucine 

zipper motif are not fully conserved in SLN, this could be a potential explanation as to 

why SLN exists primarily as a monomer. To test this hypothesis, we decided to introduce 

the leucine-isoleucine zipper motif into SLN and examine the ability of this new 

construct (designated SLN-LeuZip) to regulate SERCA activity and form oligomers. 

Given that two of the five PLN zipper motif residues are conserved in SLN (Ile
17

 and 

Leu
21

), we mutated the remaining three residues to generate SLN-LeuZip (two 

conservative mutations, Ile
14

-to-Leu and Leu
24

-to-Ile; and Ser
28

-to-Leu). Next, we co-

reconstituted SLN-LeuZip with SERCA into proteoliposomes and measured its effect on 

the calcium-dependent ATPase activity of SERCA. Compared to wild-type SLN, SLN-

LeuZip resulted in a significant loss of inhibitory function (KCa of 0.64 µM compared to 

0.80µM calcium for wild-type) and almost a complete recovery of the maximal activity 

of SERCA (Vmax of 3.9 µmol mg
-1

 min
-1

; i.e. no reduction in the Vmax of SERCA as seen 

for wild-type SLN) (Fig. I-2 and Table I-1). Perhaps it is not surprising that SLN-LeuZip  
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Figure I-2. The effects of mutation in the transmembrane domain of SLN on the KCa 

and Vmax of SERCA. KCa (A) and Vmax (B) values for were determined from ATPase 

activity measurements for SERCA in the absence and presence of wild-type and mutant 

forms of SLN. Each data point is the mean ± S.E. (error bars) (n ≥ 3). The Vmax, KCa, and 

nH are given in Table II-1. (C) SDS-PAGE of wild-type and mutant forms of SLN (5 μg 

per lane; 16% acrylamide gel).    
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Table I-1. Kinetic parameters from Hill plots. 

a

 The kinetic data were taken from Trieber et al (13). 
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is a loss-of-function construct as it has one of SLN’s essential C-terminal residues 

mutated to leucine (Ser
28

-to-Leu). We have recently shown that alanine substitution of 

any residue within the 
27

RSYQY motif had a negative impact on the ability of SLN to 

alter the apparent calcium affinity of SERCA (14). Finally, we used SDS-PAGE to 

examine the oligomeric state of SLN-LeuZip. SLN-LeuZip appeared to be completely 

monomeric and indistinguishable from wild-type SLN (Fig. I-2C), indicating that 

introduction of the leucine-isoleucine zipper motif into SLN did not increase its 

propensity to form oligomers.  

I-2.2. Incorporation of the PLN transmembrane cysteines into SLN. Previous studies have 

shown that mutation of the three cysteines in the transmembrane domain of PLN (Cys
36

, 

Cys
41

 and Cys
46

) to alanine, serine, or phenylalanine disrupts the pentameric structure of 

PLN, suggesting that cysteine side chains are crucial for the oligomeric stability of PLN 

(5,8). Interestingly, the transmembrane domain of SLN does not contain any cysteines. 

Instead, the homologous positions in SLN are occupied by two threonines (Thr
13

 and 

Thr
18

) and an aromatic tryptophan (Trp
23

) (Fig. I-1). In order to test whether these 

residues interfere with formation of SLN oligomers, we decided to introduce cysteines 

into the transmembrane domain of SLN to more closely mimic the transmembrane 

domain of PLN. To this end, two SLN mutants were constructed, one with just the 

aromatic Trp
23

 mutated to cysteine (SLN W23C) and one with Thr
13

, Thr
18 

and Trp
23

 

mutated cysteines (designated SLN-CysZip). The calcium-dependent ATPase activity 

was measured for SERCA in the presence of the SLN mutants, where SERCA alone 

served as a negative control and SERCA in the presence of wild-type SLN served as a 

positive control. Compared to wild-type SLN, including SLN-W23C into 

proteoliposomes resulted in a significant gain-of-function (KCa of 0.98 µM compared to 

0.80µM calcium for wild-type) and a Vmax value halfway between that of SERCA alone 
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and SERCA in the presence of wild-type SLN (Vmax of 3.4) (Fig. I-2 and Table I-1). 

Interestingly, including SLN-CysZip had virtually identical effect on the apparent 

calcium affinity and the maximal activity of SERCA as SLN-W23C (Fig. I-2 and Table I-

1). This suggests that unlike Thr
13

 and Thr
18

, Trp
23

 of SLN might play an important role 

in modulating the SERCA-SLN inhibitory complex. 

 The ability of the cysteine mutants of SLN to form oligomers was tested by SDS-

PAGE. Similar to SLN-LeuZip, SLN-W23C and SLN-CysZip appeared to be completely 

monomeric (Fig. I-2C). This was a surprising finding, given that SLN-CysZip contains 

almost all of the PLN residues responsible for pentamer formation (three cysteines and 

almost completely conserved leucine-isoleucine zipper motif; Fig. I-1). Thus, introducing 

the essential PLN sequence motifs responsible for pentamer stability into SLN does not 

enhance its ability to form oligomers, suggesting that SLN has other sequence elements 

which prevent it from forming stable oligomers.      

I-2.3. The C-termini of PLN and SLN play an important role in defining their oligomeric 

states. The C-terminal sequences of PLN and SLN represent a marked difference 

between these two proteins, where the hydrophobic Met
50

-Leu-Leu
52

 in PLN is replaced 

by the more polar Arg
27

-Ser-Tyr-Gln-Tyr
31

 in SLN. Since introducing the leucine-

isoleucine zipper motif and the native PLN cysteines into the transmembrane domain of 

SLN did not enhance its ability to form oligomers, we hypothesized that the differences 

in the C-termini of SLN and PLN might play an important role in determining their 

oligomeric states. Therefore, we decided to examine the role of the last three C-terminal 

residues of PLN in maintaining pentamer stability. In an earlier study, we mutated 

residues 50-52 of PLN to alanine, co-reconstituted each mutant with SERCA, and 

measured the calcium-dependent ATPase activity of the proteoliposomes (Fig. I-3 and 

Table I-1) (13). We reported Met
50

-to-Ala (M50A) and Leu
52

-to-Ala (L52A) as mild loss- 
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Figure I-3. The effects of mutation and truncation of the C-terminal end of PLN on 

the KCa and Vmax of SERCA. KCa (A) and Vmax (B) values for were determined from 

ATPase activity measurements for SERCA in the absence and presence of wild-type and 

various PLN constructs. Each data point is the mean ± S.E. (error bars) (n ≥ 4). The 

Vmax, KCa, and nH are given in Table I-1. 
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of-function mutants and Leu
51

-to-Ala (L51A) as a mild gain-of-function, as compared to 

wild-type PLN. Herein, we decided to examine the effects of these mutations on the 

pentamer stability. To this end, we used quantitative gel electrophoresis to determine the 

total percent of pentamer and monomer of wild-type and mutant forms of PLN at 

different SDS concentrations (2% and 6% SDS final concentrations). While the L52A 

mutant was indistinguishable from wild-type PLN, M50A and L51A formed less stable 

pentamers (Fig. I-4 and Table I-2). Compare the % pentamer values in the presence of 

2% SDS for M50A (49%), L51A (23%), and wild-type PLN (63%). Since Leu
51

 is part of 

the leucine-isoleucine zipper motif, it was not surprising that alanine substitution at this 

position had the most negative impact on the ability of PLN to form pentamers (Fig. I-

5A).   

As a next step in examining the role of the C-terminal residues of PLN in 

pentamer stability, we chose to generate truncated variants of PLN, one missing the last 

C-terminal amino acid (L52stop) and one missing the last three C-terminal amino acids 

(M50stop). Similar to the alanine mutants, removal of either one or three C-terminal 

amino acids resulted in a mild loss of PLN function (KCa of 0.73 µM for L52stop and 

0.69 µM calcium for M50stop; Fig. I-3 and Table I-1). The pentamer stability of these 

truncated constructs was examined in the same fashion as the alanine mutants described 

above. Removal of the last C-terminal residue in PLN had no effect on its ability to form 

pentamers. The pentamer and monomer composition of L52stop at low and high SDS 

concentrations did not significantly differ from what was observed for wild-type PLN 

(Fig. I-4 and Table I-2). This is not surprising considering that Leu52 is located on the 

opposite side of the PLN transmembrane helix as the leucine-isoleucine zipper residues 

(Fig. I-5A). Removal of the last three C-terminal residues of PLN, however, had a drastic 

effect on the pentamer stability. At high SDS concentrations, M50stop appeared to be  
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Figure I-4. The effect of mutation and truncation of the C-terminal end of PLN on 

the pentamer stability. (A) SDS-PAGE of wild-type and various PLN constructs in the 

presence of 2% SDS (top) and 6% SDS (bottom). The PLN pentamer (PLN5) and 

monomer (PLN1) are indicated. (B) Quantification of pentameric stabilities of PLN 

constructs at low (2% SDS, black bars) and high (6% SDS, grey bars) SDS 

concentrations. The percentage of total PLN in the pentameric (top) and monomeric 

(bottom) forms for wild-type and various PLN constructs.  
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Table I-2. Quantification of pentameric stabilities of various PLN constructs.    

 

 

 

 

 

 

 

 

 

 

 

2% -SDS- 6% 2% -SDS- 6%

wtPLN 63.0 ± 0.0 15.6 ± 1.3 23.8 ± 0.0 68.1 ± 1.4

M50A 49.2 ± 0.5 8.8 ± 4.1 42.0 ± 3.6 86.8 ± 3.3

L51A 23.4 ± 2.1 4.8 ± 1.1 60.4 ± 9.9 88.3 ± 5.7

L52A 69.1 ± 3.1 28.5 ± 3.3 25.7 ± 4.1 65.5 ± 4.9

L52stop 57.8 ± 0.8 22.8 ± 1.3 28.3 ± 5.6 63.3 ± 5.9

M50stop 29.2 ± 2.7 4.6 ± 3.7 47.5 ± 3.9 89.6 ± 1.0

Percentage pentamer Percentage monomer
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Figure I-5. Helical wheel diagram of the transmembrane and luminal domains of 

PLN and SLN. Residues 37-52 of PLN (A) and 14-31 of SLN (B) are indicated. The 

residues at positions highlighted in blue (a, b, e and f) have been proposed to directly 

interact with SERCA. The leuicine-isoleucine zipper residues of PLN (positions a and d) 

involved in pentamer formation are indicated with a red dashed circle. The C-terminal 

Met
50

-Leu-Leu
52

 residues of PLN are shown in red boxes. The corresponding SLN 

residues are indicated as in panel A.   
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almost completely monomeric and the determined pentamer and monomer composition 

was indistinguishable from that of L51A mutant (Fig. I-4 and Table I-2).  

Thus, alanine mutation and truncation data are in strong agreement and indicate 

that the C-terminal 
50

MLL motif of PLN is very important in maintaining the pentamer 

stability, especially Met
50

 and Leu
51

. Since this hydrophobic motif is replaced by a more 

polar 
27

RSYQY sequence in SLN, it is likely that this region interferes with the oligomer 

assembly of SLN. Interestingly, Met
50

 and Leu
51

 of PLN are the equivalent positions of a 

positively charged Arg
27

 and a small polar Ser
28

 of SLN, respectively, suggesting that 

these polar residues might be the key in preventing oligomer formation (Fig. I-5B). This 

also agrees with our previous studies on the PLN/SLN chimeras which have shown that 

replacing the C-terminal 
50

MLL sequence of PLN with the 
27

RSYQY sequence of SLN 

resulted in a chimera which was completely monomeric by SDS-PAGE (14). Based on 

these results, we wanted to replace the 
27

RSYQY sequence of SLN with the C-terminal 

50
MLL motif of PLN. Unfortunately, attempts to express or synthesize this construct were 

unsuccessful. Taken together, we conclude that the presence of a polar luminal extension 

and lack of key transmembrane residues in SLN make this protein unable to form stable 

oligomers. 

I-3. Experimental Procedures 

I-3.1. Expression and Purification of Recombinant SLN. Recombinant SLN and PLN 

chimeras were expressed and purified as described previously (15) with the exception of 

an additional organic extraction step for SLN purification. Briefly, following protease 

digestion of the maltose-binding protein and SLN fusion protein, trichloroacetic acid was 
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added to a final concentration of 6%. This mixture was incubated on ice for 20 min. The 

precipitate was collected by centrifugation at 4 °C and subsequently homogenized in a 

mixture of chloroform:isopropanol:water (4:4:1) and incubated at room temperature for 3 

h. The organic phase, which was highly enriched in recombinant SLN, was removed, 

dried to a thin film under nitrogen gas, and resuspended in 7 M guanidine hydrochloride. 

Reverse-phase HPLC was performed as described (15), and the molecular mass was 

verified by MALDI-TOF mass spectrometry (Institute for Biomolecular Design, 

University of Alberta). 

I-3.2. Co-reconstitution of SERCA and Recombinant SLN. Routine procedures were used 

to purify SERCA1a from rabbit skeletal muscle SR vesicles and functionally reconstitute 

it into proteoliposomes with SLN. SERCA, SLN, egg yolk phosphatidylcholine, and egg 

yolk phosphatidic acid were solubilized with octaethylene glycol monododecyl ether 

(C12E8) to achieve final molar stoichiometries of 1 SERCA, 6 SLN, and 195 lipids. The 

co-reconstituted proteoliposomes containing SERCA and SLN were formed by the slow 

removal of detergent (with SM-2 Biobeads, Bio-Rad) followed by purification on a 

sucrose step gradient. The purified co-reconstituted proteoliposomes typically yield final 

molar stoichiometries of 1 SERCA, 4.5 SLN, and 120 lipids. This same procedure was 

used for the co-reconstitution of SERCA with PLN constructs.  

I-3.3. Activity Assays. Calcium-dependent ATPase activities of the co-reconstituted 

proteoliposomes were measured by a coupled enzyme assay (16). The coupled enzyme 

assay reagents were of the highest purity available (Sigma-Aldrich). All co-reconstituted 

peptide constructs were compared with a negative control (SERCA reconstituted in the 

absence of SLN) and a matched positive control (SERCA co-reconstituted in the presence 

of either wild-type SLN or wild-type PLN). A minimum of three independent 

reconstitutions and activity assays were performed for each peptide, and the calcium-
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dependent ATPase activity was measured over a range of calcium concentrations (0.1–10 

µM) for each assay. This method has been described in detail (17). The calcium 

concentration at half-maximal activity (KCa), Vmax, and Hill coefficient (nH) were 

calculated based on nonlinear least square fitting of the activity data to the Hill equation 

using Sigma Plot software (SPSS Inc., Chicago, IL). Errors were calculated as the S.E. 

for a minimum of three independent measurements.  

I-3.4. Quantitative gel electrophoresis. Lyophylized PLN samples were solubilized in an 

SDS-PAGE sample buffer containing either 2% or 6% SDS (0.5 mg/ml final protein 

concentration). 5 µg of each PLN construct was loaded onto 16% SDS-PAGE. Proteins 

were visualized in the gel by Coomassie staining. Quantification of percentages of PLN 

pentamer and monomer formation was performed on the scanned gel images using the 

Image Quant software.  
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