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Abstract

In muscle, the Sarco(Endo)plasmic Reticulum Calcium ATPase (SERCA) activity is regulated by 

two distinct proteins, PLB and SLN, which are highly conserved throughout vertebrate evolution. 

PLB is predominantly expressed in the cardiac muscle, while SLN is abundant in skeletal muscle. 

SLN is also found in the cardiac atria and to a lesser extent in the ventricle. PLB regulation of 

SERCA is central to cardiac function, both at rest and during extreme physiological demand. 

Compared to PLB, the physiological relevance of SLN remained a mystery until recently and 

some even thought it was redundant in function. Studies on SLN suggest that it is an uncoupler of 

the SERCA pump activity and can increase ATP hydrolysis resulting in heat production. Using 

genetically engineered mouse models for SLN and PLB, we showed that SLN, not PLB, is 

required for muscle-based thermogenesis. However, the mechanism of how SLN binding to 

SERCA results in uncoupling SERCA Ca2+ transport from its ATPase activity remains unclear. In 

this review, we discuss recent advances in understanding how PLB and SLN differ in their 

interaction with SERCA. We will also explore whether structural differences in the cytosolic 

domain of PLB and SLN are the basis for their unique function and physiological roles in cardiac 

and skeletal muscle.
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1. Introduction

In cardiac and skeletal muscle, Ca2+ plays a central role in contractile physiology and is 

efficiently compartmentalized in the sarcoplasmic reticulum (SR). The SR membrane and T-
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tubular network are closely associated with the contractile machinery and coordinate the 

release and removal of Ca2+ during the contraction-relaxation cycle. In muscle at rest, the 

cytosolic Ca2+ concentration is in the nanomolar level; it rises to several micro molar during 

muscle contraction (1, 2). Ca2+ release from the SR lumen through the ryanodine receptor is 

responsible for muscle contraction, and the subsequent reuptake of Ca2+ by the 

Sarco(Endo)plasmic Reticulum Calcium ATPase (SERCA) pump leads to relaxation of the 

muscle (3). The rate and amount of Ca2+ taken up by the SR in cardiac vs. skeletal and fast 

vs. slow muscle types are regulated by the presence of specific SERCA isoforms (4). In 

addition, SERCA activity in muscle is regulated by Phospholamban (PLB- 52 aa) and 

Sarcolipin (SLN-31 aa) (Fig. 1), two small transmembrane proteins whose interaction with 

SERCA can alter the dynamics of Ca2+ cycling and SR Ca2+ load (4–6).

PLB is highly expressed in cardiac muscle, whereas SLN is quite abundant in skeletal 

muscle. SLN is also expressed in cardiac atria and to a lesser extent in the ventricle (5, 7–

10). The physiological relevance of PLB is well known as a mediator of β-adrenergic 

response of the heart and it is an important regulator of cardiac ionotrophy and 

chronotrophy. The function of SLN was less clear until recently; some even thought that it 

was redundant in function. However, in vitro Ca2+ transport studies suggested that SLN 

binding to SERCA promotes uncoupling of Ca2+ transport from ATP hydrolysis. By this 

mechanism SLN can promote futile cycling of SERCA and increase heat production (11–

13). Using genetically engineered mouse models for SLN, we recently showed that SLN is 

an important regulator of muscle-based thermogenesis and metabolism (14, 15). 

Interestingly, SLN-KO mice were able to maintain their core body temperature at 

thermoneutrality, but when exposed to acute cold (4°C) they were unable to maintain their 

body temperature as compared to their WT and PLB-KO counterparts. Furthermore, loss of 

SLN predisposed mice to develop diet-induced obesity whereas increased SLN expression in 

muscle offered resistance to obesity, suggesting that SLN can be recruited to increase 

oxidative metabolism (15, 16). These studies highlighted that SLN interaction with SERCA 

may serve an entirely different physiological role in muscle.

However, the mechanistic details of how SLN binding promotes uncoupling of SERCA Ca2+ 

transport and increases heat production remain unclear. Therefore, a major goal of this 

review is to discuss recent advances in our understanding of how PLB and SLN differ in 

their interaction with the SERCA pump. Another important focus of this review is to 

examine whether the unique cytosolic sequences in SLN and PLB might be responsible for 

their distinct functions. We tried to cite many relevant articles on SLN and PLB, but this 

review is not sufficient to cover all of the existing biological information on SLN and PLB. 

There are also excellent reviews on PLB that the reader may want to refer to for a greater 

understanding of PLB regulation of SERCA and its role in cardiac pathophysiology (5, 8, 9, 

17).

2. SERCA is more than a calcium ion transport pump

The SERCA pump belongs to the P-type ATPase family and transports two Ca2+ ions into 

the SR lumen (in exchange of H+) (18–24). The SERCA pump is able to exploit chemical 

energy obtained from ATP hydrolysis to transport Ca2+ ions against a Ca2+ gradient across 
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the SR membrane (osmotic energy); a part of the resulting chemical energy is released as 

heat (25). It comprises a single polypeptide chain that folds to form a transmembrane (TM) 

region and large cytoplasmic head. The TM region has 10 α-helices (M1–M10) of varying 

lengths, inclination and flexibility, that are connected to three large, highly mobile cytosolic 

domains. These domains are the nucleotide or ATP binding (N)-domain, the P-domain that 

gets phosphorylated by the γ-phosphate of ATP at a conserved Aspartate, and the actuator 

(A)-domain that coordinates the de-phosphorylation with the help of a conserved Glutamate 

(21). Two Ca2+ ions bind cooperatively at the high affinity sites I and II of the pump located 

within the TM region and open toward the cytosol (E1 state) (26). Large movements driven 

by ATP hydrolysis, phosphorylation, and dephosphorylation at the cytoplasmic domains are 

relayed to the TM region and cause re-arrangements in the TM helices, changing the affinity 

of the Ca2+ binding sites for directional transfer of Ca2+ into the SR lumen and for formation 

of the Ca2+-free (E2) state. The kinetic cycle of SERCA is represented in black, in Fig. 3. 

The vectorial transfer of Ca2+ ions leads to the formation of a Ca2+ ion gradient across the 

SR that in turn affects SERCA activity by back inhibition (27).

The Ca2+ gradient across the SR membrane can influence the kinetic cycle of SERCA, 

resulting in different outcomes (28). When the SR luminal Ca2+ concentration is low, 

SERCA cycles most efficiently in the forward direction with a higher Ca2+/ATP coupling 

ratio, hydrolyzing one ATP to transport two Ca2+ ions into the lumen; however, this is not 

case when the luminal Ca2+ gradient is high. Studies by deMeis and others suggested that 

when the luminal Ca2+ concentration is high, SERCA ATP hydrolysis becomes uncoupled 

from Ca2+ transport and the uncoupled ATPase activity leads to more heat production (27). 

Further, when the ADP/ATP ratio is low, the Ca2+ transport is exothermic, and the formation 

of the gradient increases the amount of heat produced from the hydrolysis of each ATP 

molecule (29). However, when the ADP/ATP ratio is high, uncoupled ATPase activity is 

abolished, and the Ca2+ transport is endothermic. These studies were done in isolated SR 

vesicles, however, and the role of SERCA uncoupling in heat production in vivo remained 

unclear (27, 29–31).

3. PLB and SLN are integral SR membrane proteins that regulate SERCA 

function

3.1. PLB is an affinity modulator of SERCA

PLB is a 52 amino acid protein that has been extensively studied because of its role in 

cardiac muscle contractility. There are several excellent reviews focused on PLB and its role 

in cardiac contractile function, therefore we will limit our description on PLB. It was first 

identified as a phosphoprotein by Tada et. al., in 1975 (32, 33). Extensive work done in the 

MacLennan, Jones and Kranias laboratories has clearly demonstrated the regulation of 

SERCA by PLB (5, 7, 10, 17, 34–50). They showed that active PLB is a monomer and can 

easily associate into pentamers (43, 51–54). The phosphorylated monomers dissociate from 

SERCA and form oligomers to eventually pentamerize, forming a pool of inactive PLB 

unable to inhibit SERCA. These laboratories also showed that PLB pentamers are in a 

dynamic equilibrium and dissociate into active monomers on de-phosphorylation by protein 

phosphatase-1 (PP-1) when the cytosolic Ca2+ concentration is sufficiently low (55). 
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Monomeric, unphosphorylated PLB binds to SERCA at low (< 1µM) Ca2+ concentrations 

and inhibits SERCA from cycling by affecting the rate of SERCA Ca2+ uptake as well as net 

ATP hydrolysis (48). However, at higher Ca2+ concentrations PLB dissociates from SERCA, 

allowing the pump to become fully activated (Fig. 2) (33, 56). Similarly, during adrenergic 

activation of the heart phosphorylation of PLB at Ser16 and/or Thr17 relieves inhibition of 

SERCA, accelerating SERCA mediated Ca2+ uptake and muscle relaxation. Further studies 

have identified that PLB interacts with a Ca2+-free, ATP bound, E2 conformation of 

SERCA, slowing the E2 to E1 transition of SERCA and reducing the apparent affinity of the 

pump for Ca2+ (5, 34–38, 40, 41, 50)(Fig. 2, 3). Thus PLB acts as a brake on SERCA until it 

is dissociated by either phosphorylation or by high Ca2+.

Recent studies on human PLB have shown that mutations and deletions in the PLB gene can 

cause a detrimental effect on cardiac function. The mutation R9C or deletion of Arg14 in the 

cytosolic domain of human PLB has been reported to cause dilated cardiomyopathy (45, 57). 

These mutants fail to regulate the SERCA pump in a reversible manner. They cannot be 

phopsphorylated because amino acids Arg9 and Arg14 are required for protein kinase A 

(PKA) binding and recognition (58, 59). In addition, the L39stop mutation which truncates 

PLB is a loss of function mutation (60). Both the loss and/or alteration of PLB 

phosphoryaltion can cause heart failure because PLB is required for the increase in heart rate 

by two to three fold during flight-or-fight response (44). These studies further established 

that PLB regulation of SERCA is central to maintaining cardiac function at all times.

3.2. Identification of SLN as a regulator of SERCA

MacLennan (1974) first identified a ‘proteolipid’ in purified rabbit SR preparations that was 

soluble in acidic chloroform/methanol because it was highly hydrophobic and closely 

associated with the membrane phospholipids (61). The true function of this protein remained 

unknown for a long period of time with several conflicting ideas over the years. Initial 

studies suggested that this protein enhanced the coupling ratio of SERCA; later it was 

speculated that the protein acted as an ionophore in certain co-reconstitution studies (62). 

Few studies questioned its role in regulating SERCA activity and many suggested that it had 

no effect on SERCA Ca2+ uptake (63). In 1992, Wawrzynow et. al. determined the protein’s 

complete 31 amino acid sequence, confirmed its molecular weight as 3733Da, and named it 

Sarcolipin (SLN) with reference to its nature and origin (64). Early on, most of the 

characteristics of SLN were compared with and assumed to be similar to what was already 

known for PLB. Similar gene structure and homology of protein sequences of the TM of 

PLB and SLN led to the conclusion that SLN and PLB originated from the same family of 

proteins and, similar to PLB, the N-terminus of SLN is cytosolic and C-terminus, luminal 

(65, 66). There were conflicting views on the regulation of SERCA by SLN that emerged 

with further in vivo studies in skeletal and cardiac muscles. Nonetheless, recent in vivo 
studies involving SLN gene transfer in wild type as well as transgenic mice established that 

SLN by itself is capable of regulating SERCA and affecting muscle contractility (67–71). 

However, the mechanism of SERCA regulation by SLN was not clear until recently.
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3.3. Regulation of SLN and PLB expression in development and disease states

PLB and SLN are expressed differentially in cardiac and skeletal muscle tissues across 

species. PLB expression is abundant in cardiac muscle and is present at low level in slow 

twitch soleus muscle. PLB expression and phosphorylation status is modified in cardiac 

hypertrophy and heart failure. The depressed contractility in experimental and human heart 

failure is partially attributed to increased inhibition by PLB due to: (a) increases in PLB/

SERCA2 ratio; and (b) decreases in PLB phosphorylation. There is extensive literature on 

this and a number of reviews (5, 9, 72). More recent studies have shown that mutations or 

loss of PLB in humans can lead to dilated cardiomyopathy and death (57, 60).

SLN expression is relatively high in embryonic and neonatal skeletal muscle, but its 

expression is down regulated in adult fast twitch muscles of rodents (73). It is, however, 

expressed in adult slow/oxidative muscle fibers including the diaphragm and soleus (73, 74). 

Interestingly, SLN is also expressed at high levels in atria but very low levels in the ventricle 

of rodents (Fig 1D). SLN expression was shown to be increased in pacing induced heart 

failure in dogs but decreased in atria of dogs with ventricular fibrillation (75). SLN was 

found to be upregulated in ventricles of human patients with mitral regurgitation (76). 

Recent studies using SLN-KO mice showed that loss of SLN causes atrial remodeling and 

predisposes the mice to atrial arrhythmias upon aging. Further, loss of both PLB and SLN in 

the mouse heart can lead to excessive remodeling including hypertrophy, fibrosis and heart 

failure (77). These studies collectively suggest that SLN regulation of SERCA is critical for 

maintaining a fine Ca2+ gradient between cytosol and SR, and that the loss of SLN in atria 

leads to abnormal Ca2+ cycling and remodeling of the atria causing arrhythmias (75, 77–79).

4. SLN and PLB have different effects on SERCA pump activity

4.1. SLN affects the Vmax of SERCA Ca2+ uptake

It is well known that PLB binding to SERCA affects the apparent affinity for Ca2+ but does 

not affect the Vmax of Ca2+ uptake (Fig. 2) (34, 38–40, 48). The effect of SLN on SERCA 

has been studied extensively using in vitro functional assays. Although initial studies were 

less certain regarding the effect of SLN on SERCA, recent studies from our laboratory 

suggest that SLN does not affect pump affinity for Ca2+ but decreases the Vmax of SERCA 

Ca2+ uptake. Despite a reduction in SERCA Ca2+ uptake Vmax, the presence of SLN did not 

affect the total amount of ATP hydrolyzed (Fig. 2) (11, 12, 80). This suggests that, in the 

presence of SLN, the hydrolysis of ATP is not completely linked to the transport of Ca2+.

Using reconstituted synthetic SLN and SERCA, Lee et. al. first proposed the idea that SLN 

binding to SERCA could promote uncoupling of SERCA ATP hydrolysis from Ca2+ 

transport. They found that at saturating protein ratios of SLN/SERCA, SLN did not affect 

ATP hydrolysis and that the affinity of SERCA for Ca2+ remained unchanged (11, 12, 81). 

They further showed that Ca2+ accumulation in the vesicles decreased and that the heat 

released by SERCA increased in the presence of SLN. Based on this, it was suggested that 

SLN binding to SERCA prevents release of Ca2+ into the lumen and promotes slippage of 

Ca2+ back to the cytosol. The energy from the resulting ATP hydrolysis would thus be 
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released as heat, without any Ca2+ transport. These initial in vitro studies predicted that SLN 

could play a role in muscle thermogenesis (14).

4.2. SLN plays a role in muscle thermogenesis

The role of SLN in muscle function remained unclear for quite some time and could not be 

addressed easily. Therefore, we decided to generate SLN-KO mice and study how SLN 

impacts muscle function. Initial studies did not clearly indicate that loss of SLN had any 

impact on muscle growth and/or function since the KO and WT animals could not be 

distinguished easily. To test if SLN could be an important player in muscle thermogenesis 

we decided to challenge the mice with acute cold (4°C) and found that the SLN-KO mice 

were unable to maintain their body temperature, developed hypothermia, and died if not 

removed from the cold (14). On the other hand, similarly cold challenged PLB-KO mice did 

not develop hypothermia (13). Further, acute cold induced hypothermia of SLN-KO mice 

was rescued by reintroduction of SLN. These cold exposure studies on WT, SLN-KO and 

PLB-KO mice indicated that SLN is indeed essential for muscle thermogenesis (13). These 

in vivo studies using SLN null mice validated the initial in vitro findings, which suggested 

that SLN interaction with SERCA promotes uncoupling of SERCA, resulting in increased 

ATP hydrolysis and heat production (13).

Furthermore, we recently showed that SLN is an important regulator of metabolism; loss of 

SLN resulted in diet-induced obesity compared to WT animals, which upregulated SLN 

expression in oxidative muscle (14, 15). We also found that SLN overexpression can affect 

basal metabolic rate and that higher SLN expression can be effective in providing resistance 

against diet induced obesity in mouse models (13). These studies suggested that uncoupling 

of SERCA not only contributes to heat production but also to increased energy expenditure, 

thereby affecting whole body metabolism. Further work is necessary to understand the 

detailed mechanism by which SLN regulates energy expenditure in muscle.

4.3. The interaction of SLN with SERCA

The mechanism of PLB interaction with SERCA has been known for some time. However, 

the role of SLN was unclear in the beginning, and some even questioned its relevance as a 

regulator of the SERCA pump. Studies using co-expression of PLB and SLN with SERCA 

appeared to have an additive effect on the inhibition of SERCA, and it was suggested that 

SLN and PLB bind together to SERCA and cause super-inhibition (82). Based on this data, 

it was proposed that SLN does not directly bind to SERCA but mediates its effect on 

SERCA through PLB. This binding of SLN could disrupt PLB pentamer formation and 

increase the interaction of PLB with SERCA, thereby inhibiting SERCA to a much greater 

extent. However, subsequent overexpression of SLN in the heart did not alter PLB 

expression, phosphorylation, or its monomer/pentamer ratio, suggesting independent 

regulation of SERCA by SLN (67–69). Functional studies by SLN overexpression in PLB-

KO mouse hearts suggested that SLN can interact directly with SERCA and does not require 

PLB (67, 68, 74). Direct demonstration of SLN binding to SERCA was lacking, however 

initial studies probed SLN/SERCA interaction using co-immunoprecipitation assays, but 

these assays are not particularly suitable for membrane proteins since they require 

solubilization of membranes, disrupting native protein structure (82–86). Therefore we used 
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a chemical cross-linking approach to determine the dynamic interaction of SLN with 

SERCA during Ca2+ transport (13, 14, 80). The results from these studies have shown that 

monomeric SLN directly interacts with SERCA (13, 14, 80). The cross-linking of specific 

residues at both cytosolic and luminal interfaces of the membrane suggested that SLN binds 

to the groove on the TM surface of SERCA, formed by helices M2, M4, M6 and M9; this 

groove is known to bind PLB as well (13, 14, 84). However, mutations introduced along this 

binding groove in SERCA had different effects on the binding characteristics of SLN and 

PLB to SERCA. Some mutations affected only PLB binding but not SLN, suggesting that 

SLN and PLB interact with a different set of residues within the TM groove (13).

4.4. SLN binds to Ca2+ bound SERCA and promotes uncoupling of SERCA

The mechanism of SLN interaction with SERCA remained a challenge for a long time; due 

to its small size and highly hydrophobic nature since it could not be easily purified in a 

manageable quantity. This was partially overcome using co-expression of SLN and SERCA 

in HEK cell culture, isolating the protein-expressing microsomes. Protein cross-linking 

studies using these microsomes showed that SLN binding to SERCA was maximal in the 

presence of ATP. Interestingly, SLN is able to bind to SERCA even at high Ca2+ and remains 

bound to SERCA throughout its kinetic cycle. PLB, on the other hand, only interacts with 

the Ca2+ free SERCA (E2 form of SERCA), and it is unable to bind to the Ca2+-bound 

phospho-intermediates of SERCA (Fig. 4) (13, 14, 34, 35, 38, 41).

During Ca2+ transport, Ca2+ binds to sites I and II of SERCA, sequentially, in a cooperative 

manner (87). Mutagenesis of the Ca2+ binding site I excludes the Ca2+ binding at site II and 

thus the SERCA pump is unable to hydrolyze ATP to form further phospho-intermediates, 

whereas mutagenesis of site II still allows Ca2+ binding to site I but does not allow cycling 

(88). We took advantage of these mutants (Fig. 4) to show that PLB and SLN bind equally 

well to the site I SERCA mutant (which cannot bind Ca2+) and increasing cytosolic Ca2+ 

fails to dissociate either PLB or SLN (13, 37, 80). On the other hand, when site II is mutated 

(SERCA can still bind one Ca2+ at site I) only SLN remains bound to SERCA while PLB 

easily dissociates from SERCA at high Ca2+ (10µM). In addition, the use of the 

phosphorylation site D351A mutant (which binds Ca2+ to both sites but cannot cycle) 

allowed us to demonstrate that only SLN (not PLB) can bind to Ca2+ bound SERCA and, 

further, showed simultaneous binding of SLN and Ca2+ to SERCA. This confirmed that 

Ca2+-induced conformational change precludes the functional interaction of PLB with 

SERCA, therefore PLB only inhibits Ca2+ free SERCA. In contrast, the ability of SLN to 

interact with Ca2+ bound SERCA during its kinetic cycle allows SLN to cause uncoupling of 

SERCA (Fig. 3, 4). When the SERCA pump is uncoupled, Ca2+ is released back to the 

cytosol at the expense of ATP hydrolysis. Thus SLN could promote futile cycling of SERCA 

pump, increasing energy cost and accelerating metabolism.

4.5. PLB and SLN bind to the same TM groove formed by helices M2, M6 and M9

Recent crystallographic studies of SLN bound SERCA provided an important breakthrough 

on SLN/SERCA interaction. The crystal structures of SLN/SERCA published by Toyoshima 

et al and Winther et. al. reaffirmed the protein cross-linking results and proved that 

monomeric SLN binds to a TM groove formed by helices M2, M6 and M9. These elegant 
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studies suggested that SLN binds to a novel, Mg2+ bound SERCA intermediate state in the 

SERCA kinetic cycle; the studies provided valuable insights about the transition of SERCA 

from the Ca2+ free E2 state to the Ca2+ bound E1 state (89, 90). Toyoshima et. al. proposed 

that, similar to PLB, the binding of SLN would hinder the Actuator domain movement of 

SERCA and cause it to undergo a larger than normal rotation to enable Ca2+ entry into the 

Ca2+ binding sites within the pump. Furthermore, they suggested that SLN could inhibit 

Ca2+ transport by hindering the sliding of M1 and M2 TM helices that is required for 

transitioning of the pump to a phospho-intermediate state. Winther et. al. showed that the 

binding of SLN to SERCA promotes stabilization of the Ca2+ binding sites, and also 

mentioned that SLN might have to undergo a displacement to be able to remain bound to 

SERCA during the E1 to Ca2E1-P transition. On the other hand, the Jones group studied the 

crystal structure of PLB with SERCA and suggested that PLB binding to SERCA collapses 

the Ca2+ binding sites and inhibits the pump from Ca2+ binding and transport (35). Overall, 

these structural studies suggest that PLB and SLN may employ a different set of residues for 

their respective interaction with SERCA and may operate via different mechanisms. The 

crystal structures were however unable to resolve the interactions at the N and C-termini of 

SLN owing to the dynamic nature of these regions.

5. Structural differences in SLN and PLB are the basis for their unique 

functions

5.1. SLN and PLB differ significantly at their N and C-termini

Both SLN and PLB are α-helical TM proteins with unique cytosolic and luminal domains 

(Fig. 5) (91). In SLN, residues 1–7 form an unstructured N-terminus andresidues 27–31 

form an unstructured C-terminus, whereas the TM region (that constitutes an α-helix) 

comprises residues 8–26. SLN has a unique C-terminal RSYQY sequence that protrudes in 

to the lumen of the SR. PLB, however, has no such tail sequence; its last three residues 

(MLL) continue as a part of the TM α-helix (65, 92, 93). Alanine mutagenesis studies have 

shown that the C-terminal tail of SLN, especially residues Tyr29 and Tyr31, is critical for 

regulation of SERCA (65). It has also been suggested that the C-terminus plays a role in 

SLN localization and interaction with SERCA. Studies by Gramolini et. al. showed that 

attaching a C-terminal FLAG sequence to SLN C-terminus generated a ‘super-inhibitor’ of 

SERCA, while an N-terminal FLAG sequence did not affect the function of SLN (85). They 

also showed that the C-terminal tail region of SLN, from Trp22 to Tyr31, is essential to 

maintaining the stability and retention of SLN in the ER membrane, in the absence of 

SERCA (85). Other studies have suggested that the C-terminal sequence is important for 

retrieval of SLN from the ER-Golgi intermediate compartment and its maintenance in the 

SR membrane (85, 94).

Further, NMR and mutagenesis approaches revealed that Tyr29 and Tyr31 in the SLN C-

terminal region provide additional anchorage by hydrophobically interacting with the 

aromatic residues in the M1–M2 luminal loop of SERCA (84, 95). A recent study by Gorski 

et. al. showed that the C-terminal domain of SLN could be functionally transferred to PLB 

to further enhance SERCA inhibition (96). However, our studies using chimeras of SLN and 

PLB (involving C-terminal exchange) suggested that the SLN C-terminus, when transferred 
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to PLB, can increase binding affinity to SERCA but fails to uncouple the SERCA pump 

(80).

5.2. SLN and PLB share sequence homology in their TM domain

Structural comparison of SLN and PLB shows significant homology only in their TM region 

(Fig. 5); the SLN TM domain is 19 residues long whereas the PLB TM has 21 residues. 

Interestingly, they share 7 identical residues and 7 hydrophobically conserved residues (97). 

High homology in this region and conserved gene structure suggests that both molecules 

evolved from a common ancestral protein (66, 98). The TM of PLB has a unique 

arrangement of residues that allow pentamer formation with other PLB molecules. One side 

of PLB TM residues is involved in forming a leucine zipper with other PLB monomers 

while residues on the other side of the helix directly interact with SERCA to regulate its 

function (5, 17). Owing to the TM homology of SLN and PLB, it has been proposed that, 

similar to the pentamer of PLB, SLN monomers may be able to form oligomers. Hellstern 

et. al. showed that synthetic SLN did not form oligomers in liposomes as readily as PLB. It 

could be coerced into oligomerization only on drastically increasing the concentration of 

SLN, however. Using FRET analysis of SLN and SERCA fluorescent fusion proteins, Autry 

et. al. also demonstrated that SLN forms dimers and oligomers; however, only the monomer 

interacts with SERCA (99).

Recent studies suggest that TM regions in PLB and SLN play important roles in their 

interaction with SERCA and the regulation of SERCA activity. The nature of PLB TM 

interactions with SERCA has been thoroughly mapped using mutagenesis, co-

immunoprecipitation and cross-linking. These studies showed that the PLB TM helps to 

bind and localize onto the TM groove on the surface of SERCA, within the SR membrane. 

Although it is well known that the cytosolic domain of PLB contains the phosphorylation 

sites Ser16 and Thr17, both TM (domain II) and cytosolic domain of PLB play important 

roles in SERCA inhibition. At high Ca2+ concentrations, PLB may be dislodged from the 

SERCA groove due to conformational change and closure of the groove upon Ca2+ binding 

(89, 90). Mutation within the TM region greatly influenced PLB regulation of SERCA, 

which suggested that the TM is equally important for PLB function (80). In contrast, it has 

been shown that the TM region in SLN is critical for its localization and interaction with 

SERCA, but that SLN having only the TM and C-terminal residues did not affect SERCA 

function despite the protein remaining bound to SERCA (13, 90). These studies therefore 

highlight that the TM region is critical for protein binding and interaction with SERCA.

5.3. The N-terminal interactions of PLB and SLN with SERCA

The N-terminal domain (Ia and Ib) of PLB consists of 30 residues, assumes an α-helical 

structure, and is fairly well-conserved across species (Fig. 5). However, its nature of 

interaction with SERCA still remains a mystery. The PLB N-terminal domain can be 

phosphorylated at Ser16 and Thr17 by PKA and by Ca/CaM kinaseII (CaMKII), 

respectively, and the phosphorylation status modulates PLB interaction with SERCA (5, 17). 

The phosphorylated PLB is unable to inhibit SERCA but studies have shown that it remains 

physically associated with the pump (35, 100–103). This altered interaction remains to be 

investigated in detail (36). Phosphorylation causes an allosteric change in PLB that relieves 
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its inhibition of SERCA and promotes the pentamer formation (101,104). NMR studies have 

suggested that PLB phosphorylation causes unwinding of the helix in domain Ib that 

converts the L-shaped, ground ‘T’ state or an excited R state of PLB to a more extended and 

SERCA bound ‘B’ state (Fig. 6). Only the ‘T and R’ state of PLB are able to inhibit 

SERCA, while the ‘B’ state is noninhibitory and increases SERCA activity (101, 103). The 

detailed mechanism of the PLB N-terminal interaction with SERCA is still unknown. Cross-

linking and mutagenesis studies of PLB N-terminal residues have shown physical interaction 

between Lys3 in domain 1a of PLB with residues 397–400 in the N domain of SERCA 

(105). Further, domain Ib of PLB and the cytosolic loop between M6 and M7 of SERCA 

have been shown to interact with each other (47). However, these interactions could not be 

verified and studied in detail (41). Moreover, the location of the PLB N-terminus on SERCA 

could not be resolved in the recent crystal structure (35). Thus we still do not know which 

residues in SERCA physically interact with the PLB N-terminus and how these interactions 

are regulated by Ca2+.

The relatively short, 7 residue SLN N-terminus varies across species. The 2ERSTQE 

sequence in rodents changes to 2ERSTRE in rabbit and to 2GINTRE in primates. Unlike the 

PLB cytosolic domain, the functional relevance of the SLN N-terminus is not well 

characterized. SLN contains a Thr5 residue that has been proposed to be the phosphorylation 

site; this could affect its function in a reversible manner as found for PLB. Initial studies by 

Gramolini et. al. showed that Serine/Threonine Kinase-16 (STK-16) could phosphorylate 

SLN and reverse the SLN inhibition of SERCA (71). These studies suggested that SLN 

could be phosphorylated either at Ser4 and Thr5 but did not successfully distinguish which 

specific residue was phosphorylated. Using adenoviral gene transfers of mutant SLN (T5A 

and T5E) in rat ventricular myocytes, Bhupathy et. al. showed that SLN inhibition of 

SERCA could be relieved on phosphorylation at Thr5 of SLN by CaMKII; however, 

evidence for such phosphorylation is lacking in vivo and the relevance of SLN 

phosphorylation to function is questionable (106). Thus far, the mechanism of SLN 

interaction through its N-terminal residues with SERCA is unclear. The recent SLN/SERCA 

co-crystal studies have also failed to localize the N-terminal interactions on SERCA.

5.4. The N-terminus of SLN is an important domain for the uncoupling of SERCA

A number of groups have tried to understand how SLN regulates SERCA activity using 

mutagenesis and chimeric proteins made between SLN and PLB. Domain swapping between 

SLN and PLB can be exploited to better understanding if functions can be assigned to 

individual domains/regions and transferred between them. Using this and the mutagenesis 

approach, we have recently shown that SLN requires its N-terminus for its uncoupling 

function (80). Deletion of the N-terminus caused SLN to constitutively remain in the 

SERCA groove. This truncated SLN was insensitive to an increase in Ca2+ concentration 

and failed to affect SERCA function. This suggests that the TM and C-terminus are 

sufficient for SLN to bind to SERCA; however, mere occupation of the groove is insufficient 

for its function, which may require dynamic interaction between the N-terminus, the TM, 

and the C-terminus of SLN for its regulation of SERCA.
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Swapping of the SLN N-terminus with that of PLB caused the chimeric protein to behave 

much like PLB, suggesting that the N-terminal domain of PLB plays a dominant role. On the 

other hand, replacing the PLB N-terminus with the SLN N-terminus promoted SLN-like 

activity, pointing towards an important role for the N-terminus. Molecular dynamics 

simulations of SLN bound to SERCA further support our finding that the SLN N-terminus is 

crucial for SLN function. Significant changes in interactions between SERCA residues due 

to altered dynamics of Glu45 and Arg324 in SERCA were observed on deletion of the SLN 

N-terminus. We therefore propose that interaction of SERCA with N-terminal residues of 

SLN could interfere with Ca2+ occlusion and promote slippage. The next crucial step would 

be to determine the residues in SERCA that interact with SLN and lead to uncoupling.

6. Perspectives

Emerging data has revealed new insights on the mechanism of SLN interaction with SERCA 

and suggest that it is quite different from the PLB-SERCA interaction. PLB acts as an 

inhibitor and affinity modulator of SERCA whereas SLN is an uncoupler of SERCA 

resulting in increased ATP hydrolysis and heat production (Fig. 7). The recently published 

data using protein cross-linking provide new details on SLN interaction with SERCA; the 

functional differences seem mainly to stem from the presence of a short unstructured 7-

residue N-terminal stretch in SLN compared to an extended cytosolic α-helical domain in 

PLB. Although we do not have a complete understanding of how SLN binding to SERCA 

promotes uncoupling, the existing data suggest that SLN binds to Ca2+ bound SERCA and 

remains in the SERCA TM groove during the Ca2+ transport cycle, and that the ability of 

SLN to remain in the TM groove may be responsible for its uncoupling of Ca2+ transport.

The mechanism of PLB inhibition of SERCA is far from completely understood. Although 

phosphorylation of PLB at Ser16 and Thr17 play important roles in relieving inhibition of 

SERCA, it is unclear where exactly the PLB N-terminus interacts with SERCA and what 

happens to this interaction upon phosphorylation. While cross-linking and co-

immunoprecipitation studies suggest that the PLB dissociates from the SERCA TM groove 

upon Ca2+ binding/phosphorylation, the FRET analyses indicate it may assume a different 

conformation and bind to a different site (100, 104, 107). Thus there is still disagreement 

about whether PLB dissociates from SERCA or moves to a different site upon Ca2+ binding 

and/or phosphorylation (13, 36, 37, 40–42, 100, 103, 105, 107, 108).

Our studies in whole animal models have shown that SLN is an important player in muscle 

thermogenesis whereas PLB is not required for muscle-based thermogenesis. In a recently 

published study we have also shown that SLN plays a role in muscle energy expenditure and 

whole body metabolism; overexpression of SLN protects against diet-induced obesity in 

mice by enhancing oxidative metabolism in muscle (15, 16). These data suggest that the 

uncoupling of SERCA by SLN leads to increased energy demand. However, the detailed 

signaling mechanisms by which the increased cytosolic Ca2+ levels and an increased ATP 

demand caused by the SLN lead to these metabolic changes remains to be investigated.

The interaction of SLN with SERCA has given us a new perspective toward the role of the 

SERCA pump, not only as a pump that regulates cytosolic Ca2+ levels in all tissues, but as a 
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means to modulate energy metabolism in muscles. These studies led us to propose that SLN 

is an attractive target for increasing energy expenditure in muscle to combat weight gain and 

obesity.
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Highlights

• SERCA regulation by PLB and SLN is important for muscle function.

• PLB inhibits the pump by reducing SERCA affinity for Ca2+.

• SLN uncouples the SERCA pump ATP hydrolysis from Ca2+ transport.

• SERCA uncoupling by SLN promotes futile cycling and increases 

thermogenesis.
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Figure 1. Comparison of SLN and PLB structure
A, PLB has an extended N-terminal domain, whereas SLN has a shorter N-terminus. B, Both 

PLB and SLN bind to the same TM groove on SERCA (adapted from Traaseth et. al. (6)) C, 

SLN and PLB amino acid sequence from mouse, identical residues are highlighted in red 

and conserved residues in cyan. Both the N-terminal and C-terminal residues are distinct in 

SLN and PLB. D, Western blot analysis of SLN and SERCA expression in mouse cardiac 

and skeletal muscle tissues. α-actin was used as a loading control. SLN, sarcolipin; TA, 
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tibialis anterior; EDL, extensor digitorum longus; RG, red gastrocnemius; WG, white 

gastrocnemius.
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Figure 2. SLN and PLB differently affect SERCA ATPase activity and Ca2+ uptake
Representative Ca2+ dependent ATPase and Ca2+ transport activity profiles of SERCA are 

shown. A and B, SLN does not inhibit SERCA ATPase activity but reduces the Vmax of 

SERCA Ca2+ transport. C and D, PLB inhibits SERCA ATPase activity and Ca2+ transport 

at low Ca2+ concentration but has no effect at high Ca2+ concentration.
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Figure 3. SLN binding to SERCA causes uncoupling of Ca2+ transport
Upon binding of ATP and two Ca2+ ions in the E1 conformational state, SERCA becomes 

auto-phosphorylated by hydrolysis of the ATP and transitions to the high energy Ca2E1-P 

state, which releases the Ca2+ into the SR lumen in exchange for protons and converts to the 

low energy E2-P state. De-phosphorylation of the E2-P state results in the Ca2+-free, E2 

conformation. E2 turns over to the E1 state in the presence of ATP and is able to undergo a 

subsequent cycle only on binding two Ca2+ ions from the cytosol. The interaction of PLB is 

represented in blue and that of SLN is shown in red. The functional interactions of PLB with 

SERCA and Ca2+ binding to SERCA are mutually exclusive. PLB binds to the Ca2+-free E2 

state of SERCA pump and prolongs the pump in E2 state. On the other hand, SLN binds to 

SERCA in the E2 state but remains bound to SERCA during the kinetic cycle, which results 

in uncoupling of the pump and slippage of Ca2+ back into the cytosol.

Shaikh et al. Page 22

J Mol Cell Cardiol. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. SLN interacts with SERCA in the presence of high Ca2+concentration
SLN or PLB interaction with SERCA was studied using chemical cross-linking under 

increasing Ca2+ concentrations (Sahoo et.al. (13)). Only SLN cross-links with SERCA in the 

presence of high Ca2+-up to 100µm. Interestingly, PLB interacts with SERCA at nanomolar 

Ca2+ concentration and its binding is abolished at Ca2+ above 1µM (from Sahoo et.al. (13)). 

Cross-linking of A, SLN and B, PLB, with WT SERCA, phosphorylation–defective 

(D351A-SERCA), and Ca2+ binding site mutants. (Site II mutant-E309Q-SERCA and Site I 

mutant-E771Q-SERCA). Mutation of site I abolishes Ca2+ binding to both sites. These 

cross-linking studies were performed using N30C-PLB or E7C-SLN that cross-linked with 

C318 of SERCA.
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Figure 5. Comparison of SLN and PLB protein sequences in mammals
SLN is 31 aa long with 7 unique cytosolic residues and a highly conserved C-terminus 

(RSYQY). PLB is 52 aa long, and has an extended cytosolic domain of 30 aa that includes 

the phosphorylation sites Ser16 and Thr17 (**). PLB and SLN sequences are highly 

conserved within the same family but not between the two proteins except in the TM region. 

Identical residues between SLN and PLB in the TM region are highlighted in red. The 

conserved residues in PLB and SLN are highlighted in cyan. Note that the major differences 

between PLB and SLN occur at the N and C-termini.
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Figure 6. Two different models showing PLB interaction with SERCA
A, Dissociation Model: cross-linking and co-immunoprecipitation studies suggest that PLB 

dissociates from the SERCA groove upon Ca2+ binding. In this model the PLB monomer 

binds to Ca2+-free SERCA, thereby inhibiting SERCA, but dissociates upon Ca2+ binding 

causing pump activation. The free PLB monomers then re-associate to form pentamers. B, 

Subunit model: This model is based on NMR studies in reconstituted vesicles. This model 

shows that PLB remains bound to SERCA but that the cytoplasmic regulatory domain in 

PLB interconverts between three different states: a ground ‘T’ state (helical and membrane 

associated), an excited ‘R’ state (unfolded and membrane detached), and a ‘B’ state 

(extended, enzyme bound and noninhibitory). Phosphorylation at Ser16 of PLB shifts the 

populations toward the ‘B’ state, increasing SERCA activity.
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Figure 7. Regulation of the SERCA pump by PLB and SLN in the heart and skeletal muscle
The heart and skeletal muscle express different isoforms of SERCA, ryanodine receptor, L-

type Ca2+ channel and calsequestrin. The mechanisms regulating EC-coupling in the heart 

are fundamentally different in the Ca2+ entry through L-type channels that are essential for 

SR Ca2+ release and overall Ca2+ homeostasis. A, In the heart muscle β-adrenergic signaling 

plays a dominant role in regulating Ca2+ cycling and beat-to-beat function of the heart. PLB 

phosphorylation is central to the increased ionotrophy and chronotrophy of the heart. B, 

Skeletal muscle largely relies on SR Ca2+ store for EC coupling, and Ca2+ cycling in 

skeletal muscle is not dependent on β-adrenergic signaling. SLN expression is tissue specific 

(high in oxidative, while low in glycolytic muscle), therefore its effect on SERCA is 

modulated by its expression level rather than phosphorylation status as is known for PLB. 

SLN uncoupling of SERCA increases during exercise and cold adaptation resulting in 

increased heat production and energy expenditure.
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