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Abstract: Calcium is a major signalling bivalent cation within the cell. Compartmentalization is
essential for regulation of calcium mediated processes. A number of players contribute to intracellular
handling of calcium, among them are the sarco/endoplasmic reticulum calcium ATP-ases (SERCAs).
These molecules function in the membrane of ER/SR pumping Ca2+ from cytoplasm into the lumen of
the internal store. Removal of calcium from the cytoplasm is essential for signalling and for relaxation
of skeletal muscle and heart. There are three genes and over a dozen isoforms of SERCA in mammals.
These can be potentially influenced by small membrane peptides, also called regulins. The discovery
of micropeptides has increased in recent years, mostly because of the small ORFs found in long RNAs,
annotated formerly as noncoding (lncRNAs). Several excellent works have analysed the mechanism
of interaction of micropeptides with each other and with the best known SERCA1a (fast muscle) and
SERCA2a (heart, slow muscle) isoforms. However, the array of tissue and developmental expressions
of these potential regulators raises the question of interaction with other SERCAs. For example, the
most abundant calcium pump in neonatal and regenerating skeletal muscle, SERCA1b has never
been looked at with scrutiny to determine whether it is influenced by micropeptides. Further details
might be interesting on the interaction of these peptides with the less studied SERCA1b isoform.
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1. Introduction

The calcium handling machinery pervasively affects cellular functions [1,2]. Its versa-
tility goes beyond turning cellular functions on and off. It works as an effective toolkit with
channels, pumps and binding proteins and provides a spatial and temporal dynamic of the
signal systems to orchestrate life processes. Plasma membranes and the endo/sarcoplasmic
reticulum (ER/SR) help to compartmentalize calcium, creating a 1000–10,000-fold gradient.
Calcium is a “par excellence” allosteric regulator in enzymatic processes: it hardly directly
regulates enzyme activities (reflected by the name “second messenger”), but rather it gener-
ates signals indirectly through pathways involving numerous components [3]. No wonder
that new information about regulation of this system attracts great attention. Recently
the sarco/endoplasmic reticulum calcium ATPase (SERCA) has come into view because
it has been shown to have new regulators in the form of micropeptides with a single
transmembrane domain [4]. SERCAs control cell death and survival. Changes of their
expression results in cell malignancy, ER-stress and apoptosis [5,6]. Not incidentally, the
first recognized task of this pump is to control relaxation in skeletal, cardiac and to some
extent in smooth muscle [7]. Its role in development and differentiation has not been fully
highlighted yet but it is supported by the expression of numerous isoforms. The variety
is apparently increased with the recognition of new micropeptides that fulfil a regulatory
subunit function [8]. This review is focusing on transmembrane micropeptides in the SR.
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2. The Sarco/Endoplasmic Reticulum Ca2+ ATPase

The name of this protein does not entirely indicate its main function: it pumps calcium
ions from the sarcoplasm into the sarcoplasmic reticulum of muscle cells or from the
cytoplasm into the endoplasmic reticulum of non-muscle cells. Lowering the cytoplasmic
calcium concentrations can regulate a wide range of signalling processes. Decreasing
sarcoplasmic calcium level makes all kinds of muscle relax. The energy required for the
pumping of two calcium ions is provided by the hydrolysis of one ATP molecule into
ADP [9]. SERCA is a P-type ATPase and its structure is the second best known after the
Na+/K+ membrane pump [10]. While the Na+/K+ ATPase has more than one subunit,
SERCA is a single protein of about 110 KDa having 10 or 11 transmembrane domains
(except the truncated isoforms) [11]. There are three genes coding for SERCA (SERCA1-3
or ATP2A1-3); each makes several mRNAs mostly by 3′ end splice variations. Altogether
this results in 14 protein isoforms, including two truncated SERCA1 splice variants. This
large list of pumps has a significant difference in calcium affinity (KCa

2+) and maximal
ATPase activity. Their expression displays a myriad of patterns in various tissues and
developmental conditions [9]. SERCA1 has two main isoforms, 1a and 1b. These are
differentiated by splicing at the 3′ end of the primary transcript. In SERCA1a exon 22 is
retained and translates only a C-terminal glycine. In SERCA1b exon 22 is skipped and an
octapeptide tail is translated from exon 21 and 23 at the C-terminal instead of the glycine
(Figure 1). SERCA1a is the most abundantly expressed SR calcium pump in rodent. It is
expressed in fast muscle fibres and to some extent in the atria. The other isoform, SERCA1b
is often mistaken to be expressed only in developing fast muscle. However, as a true
developmental isoform, it is present only in myoblasts, myotubes and in developing fibres
at the protein level [12]. SERCA1b is also characteristic of regenerating skeletal muscle
which has not differentiated into fast or slow types yet. There are truncated isoforms of
SERCA1 which have approximately half of the size of 1a or 1b, those peptides do not pump
calcium but may potentially serve as cation channels and can induce apoptosis [11].
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Figure 1. Unified topology diagram of SERCA1a, SERCA1b, SERCA2a and SERCA2b based on [12].
The conserved TM1-10 is blue. C-terminal glycine of SERCA1a is purple, the tail of SERCA1b is
grey. TM7-TM8 intraluminal loop, TM11 and the intraluminal tail of SERCA2b are red. Actuator
(orange), nucleotide binding (dark red), phosphate binding (green). White stars indicate TMs that
may interact with small membrane peptides called regulins and pink stars those that bind Ca2+ in
functional conformations [9]. The parts of the diagram are not always proportional to the length
of the illustrated sequence. A time-scaled animation of the activity cycle using a SERCA ortholog
P-type ATP-ase [13] is available at: https://www.youtube.com/shorts/3AuGFrfNfJ8 accessed on
10 November 2017. This animation gives implication to the timing of domain movements of SERCA.

https://www.youtube.com/shorts/3AuGFrfNfJ8


Membranes 2023, 13, 274 3 of 18

The other major pump, SERCA2 also has two main isoforms, 2a and 2b [12]. SERCA2a
is the most expressed isoform after SERCA1a in rodent, it is confined to slow skeletal muscle
fibres and serves as the main SR calcium pump in the heart. SERCA2b is found in virtually
every cell, but its ubiquitous expression is reconciled with occasional induction i.e., in glial
cells when it fulfils special functions [14]. SERCA2b has the highest affinity to Ca2+ among
these pumps. There is a SERCA2c isoform created by a small intron intrusion between exon
21 and 22 of the SERCA2a message. This results in frameshift and a truncated C-terminal
of the protein which is expressed in monocyte differentiation [15]. One more splice variant,
SERCA2d has been found at the mRNA level together with SERCA2c in cardiac muscle but
only the SERCA2c protein has been detected in a subsarcolemmal location [15], however,
its function is not detailed yet [16].

SERCA3 has the highest number of known isoforms, at least in human (SERCA3a-
f) [12]. These isoforms are expressed in blood cells, platelets, epithelial cells of the intestine
and the respiratory tract. Their function is not easy to interpret since they usually are co-
expressed with SERCA2b which has 5–10-fold higher Ca2+ affinity. This and the localization
of SERCA3 in small intracellular membrane vesicles and dense tubules closely link it to
the process of store operated calcium entry (SOCE) rendered to the calcium entering unit
(CEU). CEU includes Orai channels and ER/SR interacting molecule STIM (reviewed
in [12]). The expression of SERCA3 is downregulated in cancer and leukaemia cells and it is
upregulated during differentiation of these cells suggesting that these isoforms contribute
to the remodelling of calcium homeostasis in tumours [17].

Most of the three-dimensional structural knowledge of SERCA comes from the crys-
tallization of the rabbit SERCA1a isoform [18] because it was the easiest to isolate in
sufficient quantity. An historical description of structural research of SERCA has been
shortly described elsewhere [19] and reviewed in detail [9,10,20,21]. The pump has ten
transmembrane domains (M1–M10 or TM1–10) and three cytoplasmic domains; an ac-
tuator (A), a nucleotide binding (N), and a phosphorylation (P) domain (Figure 1). The
sequence from N to C-terminus starts with the first part of A domain, continues with
M1–M2 followed by the second part of the A domain and M3-M4. Then comes the P
domain, interrupted by the N domain. This is followed by the second part of the P domain
and closed by the M5–M10 domains at the C-terminal part. The M6 and M7 are connected
with a relatively longer sequence on the cytoplasmic site while M7 and M8 are joined
with a short intraluminal loop. Numerous structural data have been collected about the
conformations of SERCA that are typically assigned to E1, E1P, E2P and E2 state according
to the Post-Albers scheme of transport cycle of P-type ATPases. The E1 has a high and the
E2 a low calcium affinity. The scheme of the Ca2+ transport cycle is as follows: The E1 state
binds two cytosolic calcium ions one after the other from the cytoplasm in the affinity site
formed by M4, M5, M6 and M8 helices, meanwhile it binds ATP in the N domain [18,21].
The ATP links the N and P domain so that the gamma-phosphate and Mg2+ pulls the P
domain to bend [18,21,22]. The N domain is fixed in an inclined position and contacted
by the A domain [18,21,22]. Contacting the A domain pulls up and bends M1 so that it
closes the calcium binding funnel from the cytosolic site [18,21,22]. The gamma-phosphate
of the ATP is transferred to the aspartate of the active site which allows ADP to dissociate
from E1-P [18,21,22] and this triggers opening of the interface between N and P. The A
domain rotates so that its TGES motif forms a contact with the phosphorylation site in
the P domain [18,20]. After this the E1-P converts to E2-P, releases calcium ions into the
SR lumen and becomes dephosphorylated [23,24]. The E2 takes up two or three protons
from the lumen when dephosphorylated and counter-transports them into the cytoplasm
while it transforms to E1 state [25,26]. It is characteristic to this transport that the SR
membrane does not keep a proton gradient, meanwhile it sequesters calcium into the
lumen [9,10,18,20,25,26].

On the canonical structural model of SERCA1 the three cytoplasmic domains are
depicted from C to N-terminal direction, in N-P-A order. The N domain sits atop the P
domain while the A domain is held up at the most N-terminal part by the M1, M2 and M3
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domains. During the transport cycle the three cytoplasmic domains move rigidly. When
the N domain binds Mg2+-ATP it bends toward the A domain. The A domain turns and
phosphorylates the P domain, while the two halves of the P domain bend toward each other.
The calcium ions are bound by complex deformations of four transmembrane domains (M4,
M5, M6 and M8). The first Ca2+ binds to M8 and the second to the induced conformation
of the M4 domain. The SERCA conformations described so far show rigid states and
do not represent the entire conformational landscape [9]. Interesting new conformations
can be revealed in stages bound with regulatory peptides like phospholamban (PLB) and
sarcolipin (SLN) [27–29].

The maximum activity (Vmax) (ATPase turnover rate) and calcium affinity (KCa
2+)

have been extensively tested in microsomes (self-forming vesicles) for the different isoforms.
SERCA1a has virtually identical calcium affinity but a slightly higher maxi-mum calcium
uptake and ATPase activity than SERCA2a [30]. SERCA1b has a similar calcium affinity
but half of the maximum ATPase activity of that of SERCA1a, because SERCA1b does not
tolerate well the high intraluminal calcium concentration in microsomes [31]. SERCA2b
affinity is the highest but its activity is the lowest among SERCAs. SERCA3 has the lowest
calcium affinity but its activity is comparable to that of SERCA1a [32–34]. Each of these
characteristics has been correlated with structural features and most of them are explainable
by sequence data. The identity between SERCA1 and SERCA2 is ~84% and between
SERCA3 and either of the two other paralogs is ~75% [9]. All the isoform characteristics can
be influenced by the cellular environment especially pH, smaller transmembrane proteins
and posttranslational modifications, i.e., SERCA3 has higher tolerance to alkaline pH
than the other forms and it is not inhibited by phospholamban (PLN), the best known
transmembrane regulatory micropeptide of SERCAs [33,35,36].

3. Phospholamban

The name means an easy receiver of phosphate because PLN was found phosphory-
lated in cardiac SR when putative mediators of sympathetic stimulation were sought [37,38].
Targeted ablation of the phospholamban gene in mice was associated with enhanced my-
ocardial contractility and increased Ca2+ affinity of cardiac SERCA compared to the wild
type. The PLN-deficient heart did not respond to beta-adrenergic stimulation; however, the
baseline level of the contractile parameters was equal to that of the wild type littermates [39].
Phospholamban is a 22 KDa protein with 52 amino acids (aa) that is phosphorylated on its
cytoplasmic domain (Ser17) by protein kinase A (PKA) in response to adrenergic stimula-
tion. The other parts are the hinge domain and the transmembrane domain [40] (Figure 2).
Mainly the transmembrane domain is responsible for SERCA inhibition, although the
other parts also contribute to it [41]. When PLN binds to SERCA it creates a collapsed
conformation of the Ca2+ binding sites of the pump. This explains why the Ca2+ affinity
is decreased by dephosphorylated PLN without altering the transport velocity at low
Ca2+ [29]. PLN acts as a monomer in this inhibition. Upon phosphorylation by PKA it
loses its affinity to the Ca2+ binding site of SERCA and dissociates. The phosphorylated
monomers form pentamers, which have less access to the Ca2+ binding site, therefore a
dynamic balance between monomers and pentamers will maintain reversible inhibition
of SERCA [42,43]. This equilibrium is very delicate because the pentameric form has also
been found essential for cardiac contractility, therefore it is much more than just a storage
form [44]. The physical contact between PLN and SERCA is favoured at sub-micromolar
and reversed by micromolar calcium concentrations [45]. This makes the inhibitory effect
available when it is indeed necessary [45]. PLN, next to the PKA phosphorylation site
(Ser16) has another phosphorylation site (Thr17) that suits for calmodulin dependent kinase
II and Akt. However mostly the Ser16 site is regarded as the main regulator of cardiac
function. The Thr17 appears more like a tool for tuning and terminating physiological
need or in pathological conditions [46,47]. The dephosphorylation of PLN by phosphopro-
tein phosphatase 1 (PP-1) or maybe by PP-2 must be considered equally important with
phosphorylation. It has been shown that these two major phosphatases influence cardiac
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function [48]. However, little is known about how they exert their regulation on PLN [9].
The importance of phosphorylation is highlighted by a missense dominant mutation of
PLN at residue 9 (R9C). This allele is associated with inherited dilated cardiomyopathy
with congestive heart failure in humans. Mice with such a mutation recapitulate human
heart failure and premature death. In this case SERCA2a is not inhibited, instead, the
R9C mutation in PLN traps PKA, this also blocks phosphorylation of wild type PLN and
results in a delayed decay of the calcium transient in cardiomyocytes [49]. Because of
the gathered information PLN is considered as an essential component of the regulation
of the SERCA2a microdomain in cardiomyocytes. This microdomain is a small part of
the SR membrane involving the pump and the PLN [9]. The SERCA2a–PLN complex is
influenced by the cAMP stimulated pathway (via PKA) and controls diastole and Ca2+

cycling in cardiomyocytes [50]. Such a complex regulatory role of PLN can be expected in
any other tissues where it is expressed, not just in cardiac muscle [51], as PLN can bind to
and regulate other SERCA isoforms (SERCA1, SERCA2b and SERCA3) as well [35].

4. Sarcolipin

Sarcolipin (SLN) has 31 amino acids and it is homologous to PLN. However, it con-
sists of a significantly shorter cytoplasmic domain (residues ~1–7 vs., ~1–20), a smaller
transmembrane domain (~8–26 vs. ~31–49) and a highly conserved longer luminal tail
(~27–31 vs. ~50–52) (Figure 2). It has been considered much similar to PLN in respect of
regulation of SERCA [52] although its expression in the heart is restricted to atria while
PLN is expressed in ventricles only. In animals larger than mice or rat SLN is frequently
found in skeletal muscle which constitutes about 40% of body weight [53]. SLN has a role in
muscle based non-shivering thermogenesis [54]. It was a breakthrough when it was shown
that SLN uncouples ATP hydrolysis from Ca2+ transport in SERCA, and that it therefore
may control heat regulation in mammals. This is a potential that has not been shown for
PLN [54,55]. The structural basis of difference between SLN and PLN has been investigated
with a focus on the conserved luminal tail. It has been found that Arg(27) and Tyr(31) are
essential for SLN function and superinhibition of SERCA was achieved with PLN chimeras
extended with the SLN luminal tail compared to that of wild type PLN [56]. The crystal
structure of SLN-SERCA shows that SLN is bound in the E1 state (Figure 3) to an inhibitory
groove formed by the M2, M6 and M9 transmembrane helices. In this interaction the
luminal tail is helical and not attached to SERCA, suggesting that the Arg and Tyr residues
of the tail may sit on the hydrocarbon surface of the bilayer and help the optimal binding
of the transmembrane helix into the SERCA inhibitory groove [27,28]. Both SLN and PLN
decrease calcium affinity but PLN unlike SLN does not inhibit the Vmax of SERCA [54,56],
on the contrary, it can increase Vmax at saturating calcium concentration [57]. The level
of SLN can change intensively in muscle remodelling and adaptation, therefore it has
been hypothesised that too much and too little expression of SLN can be detrimental to
muscle health [58]. If this is indeed proven this transmembrane peptide can be a target for
treatment of muscle diseases.

In respect of regulation, less is known about SLN than PLN. The Thr(5) residue in
the cytosolic domain can be a subject of phosphorylation by CAMKII or serine threonine
kinase 16 [59,60]. This residue was found necessary for basal function and beta-adrenergic
stimulation in SLN overexpressing cardiomyocytes [59].

5. Novel Transmembrane Micropeptides
5.1. Myoregulin

Advancement in genome-wide studies suggested that hundreds of micropeptides are
encoded in long RNAs (lncRNA) that have been misannotated as non-coding ones [61].
Bioinformatics screening of previously uncharacterized muscle specific genes identified
two short open reading fames (ORF), one in human and one in mice both coding for a
48 aa long conserved peptide (Figure 2) which was named myoregulin (MLN) [62]. MLN
mRNA was found in situ in the myotome and the developing skeletal muscle of mouse



Membranes 2023, 13, 274 6 of 18

embryos. In later development it was abundantly expressed in skeletal muscle from foetal
to adult stages but not detected in smooth and cardiac muscle. C2C12 cells widely used
for studying differentiation from myoblasts to myotube expressed the endogenous MLN
peptide when they were in myoblast and myotube form. The sequence of MLN showed a
single transmembrane domain similar to that of PLN and SLN, so the functional similarity
with those was also tested. In microsomes of co-transfected HEK cells MLN inhibited the
Ca2+ uptake rate by decreasing Ca2+ affinity of the SERCA1a pump similar to the other
two micropeptides, PLN and SLN. To much surprise, the MLN transcript was abundantly
expressed in every tested skeletal muscle of the hind limb and also in diaphragm and
tongue of adult mice, therefore it was also co-expressed with SERCA1. However, the
co-expression with SERCA2a was much weaker and found only in soleus and diaphragm,
since mice in general have less slow-twitch fibres expressing this pump than fast-twitch
fibres which express SERCA1a. As it has been reported previously, SLN or PLN were
hardly expressed in skeletal muscles of mouse and rat in which SERCA1a or SERCA2a
were abundant [51]. This implied that MLN might be the main regulator of SERCA in
mice skeletal muscles. Indeed, tagged forms of MLN and SERCA1 were co-localized in
matured muscle fibres of mice and co-immunoprecipitated after expression in COS7 cells.
The interaction of MLN with SERCA1 was abolished by mutation of residues shared with
PLN, SLN and SCL (sarcolamban, an invertebrate orthologue [63]). The region upstream
of the promoter of MLN was responsive to transcription factors regulating the myogenic
program, more to MyoD and less to MEF2. Transgenic mice with ablation of the MLN
gene specifically in skeletal muscle were able to run for a longer time and larger distance
and showed significantly increased SR calcium levels in their myoblasts compared to
the wild type [62]. MLN therefore is an SR transmembrane micropeptide that controls
physical performance of mice by regulating the calcium level of the sarcoplasm in skeletal
muscle through inhibition of SERCA. This was somewhat in contrast to the performance
of SLN-null mice where enhanced muscle relaxation, but reduced muscle adaptation was
observed [64,65]. Of note, the SLN-ablated mice were developing in an SLN-null genetic
background, therefore comparison with mice with muscle specifically ablated SLN might
be more appropriate because developing in a wild type genetic background would exclude
the influence of earlier (possible but unknown) developmental defects.

MLN like PLN and SLN binds to the inhibitory groove of SERCA (Figure 3). However,
according to predictions made by a standard transmembrane topology method [66] MLN
forms a firmer connection with M2 and M9 transmembrane segments of SERCA and makes
only a single aa side chain contact with M6. In contrast to MLN, both PLN and SLN have a
substantial interaction with M6 [66]. According to the authors who performed this analysis,
the difference in contact with M6 offers an explanation of why MLN does not alter calcium
affinity like PLN and SLN do [60]. In support of this, they indeed showed that MLN does
not change Ca2+ affinity of SERCA [66]. However, this appears to revise the first report
where MLN apparently decreased the calcium affinity of SERCA in a calcium dependent
calcium uptake assay [62]. This is probably due to the difference in the methodology used
(see details in section of other regulins).
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5.2. DWORF

Dwarf Open Reading Frame (DWORF) was also discovered in a lncRNA by the
same group as MLN [67]. The murine form of this 34 aa peptide is also a tail-anchored
transmembrane protein with a short cytoplasmic tail and one intraluminal serine (Figure 2).
DWORF is expressed and detected by immunoblot in heart ventricles and in the partially
slow-twitch soleus but not in the atria or fast-twitch skeletal muscles. It is co-localized to
the SR with SERCA and other small membrane micropeptides (SLN, PLN, MLN). What
is more, DWORF reduced immunoprecipitation of these peptides with SERCA indicating
that it can exclude them from binding to the pump. The various micropeptides bind to
SERCA as monomers. These bindings occur in the same region but the interactions use
different amino acids. The interactions can modify the time that a SERCA molecule spends
in a given conformation of the catalytic cycle. The micropeptides do remain bound to
SERCA when it assumes other consecutive conformations of the catalytic cycle although
with decreased affinity. As the time spent by SERCA in a given conformation can be
modified by micropeptides, in principle, it can also be estimated in the presence or absence
of micropeptides. The competition between DWORF and PLN can be assumed in a way
that while they preferably bind to distinct, strictly consecutive conformations that cannot
coexist, they remain bound with lower affinity to other conformations but then can be
outcompeted when another micropeptide has higher affinity to that conformation. The
association/dissociation speed constants with SERCA conformation states are different
for PLN and DWORF. This makes it possible that these micropeptides act in different
parts of the transport activity cycle. Transgenic mice overexpressing DWORF specifically
in the heart and KO mice of DWORF have been compared to the wild type. Transgenic
cardiomyocytes of mice had increased calcium transient and SR content and presented
slower relaxation than wild type, while no such difference was observed in the DWORF
KO mice. In a calcium dependent calcium uptake assay of cardiac muscle homogenates,
the transgenic mice showed a remarkable increase, while the KO mice a less noticeable, but
still significant decrease in calcium affinity of SERCA compared to that of the wild type.
The soleus of KO mice also showed a little reduced calcium affinity of SERCA compared
to the wild type. Remarkably, DWORF alone did not increase SERCA2a calcium affinity
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in microsomes isolated from co-transfected COS cells, increase was observed only when
DWORF was co-expressed with SLN, PLN or MLN. At least three-fold overexpression
of DWORF was enough to displace the other micropeptides. This showed that DWORF
enhances SR calcium uptake by displacing peptide inhibitors from SERCA [67]. Later, other
groups demonstrated that DWORF is also capable of increasing calcium affinity and activity
of SERCA in an absence of PLN at sub-saturating calcium concentrations [68,69]. It was
also shown that residues Pro(15) that separates the cytoplasmic and transmembrane helical
structures and Trp(22) in the TM domain were primarily responsible for interaction with
SERCA [68,69]. Considering the mechanism of DWORF and PLN competition, it has been
shown that PLN competes with calcium and high calcium decreases the affinity of PLN for
SERCA but DWORF is the opposite, high calcium increases its affinity to SERCA. According
to a model, DWORF modifies the membrane bilayer and stabilizes SERCA conformations
that predominate at elevated calcium [68]. It has been hypothesized that the function
of these peptides may be related to their reciprocal preference for different intermediate
conformations of SERCA [70]. Indeed, PLN binds best to the E1-ATP state of SERCA which
occurs at low calcium (Figure 3). However, DWORF binds preferentially to E1P and E2P
states that are more frequent at high calcium. DWORF exaggerates changes of PLN-SERCA
during the transport cycle resulting in dynamic oscillation of PLN effect. PLN preferably
binds to the E1-ATP state which is predominant at resting calcium. When intracellular
Ca2+ is elevated the E1P and E2P states accumulate in the population of SERCA and this
is the state when DWORF gradually outcompetes PLN. The increased fraction of PLN
monomers then may have the chance to incorporate into pentamers. On the other hand,
at low calcium DWORF binding is decreased and PLN monomers increasingly bind to
SERCA which accumulates in the E1-ATP state. However, this process is rate-limited by
the dissociation of PLN monomers from pentamers. The computer model in [70] suggested
a functional impact of these interactions so that they exaggerate the response of SERCA
to the change of calcium levels. When the heart is relaxed (diastole) the calcium level
and SERCA activity are low and the pump activity is further inhibited by the increased
binding of PLN. In cardiac contraction (systole) the Ca2+ is high and this supports the
increase in SERCA activity. This activity is further increased by DWORF binding to E1P
and E2P, the rate limiting steps in the catalytic cycle, and by the tendency of releasing PLN
monomers. The further inhibition at low Ca2+ and the stimulation at high Ca2+ can enhance
the efficiency of energy use because the ATP consumption is conserved until the calcium
transport is most effective and needed. Another interesting observation is, that PLN can
be trapped in pentamers because of the increasing phosphorylation by PKA and CaMKII
in response to adrenergic stimulation at a faster heart rate and at high Ca2+ [70]. This
might even contribute to the positive force–frequency relationship when faster heart rate
results in more forceful contraction. This mechanism has been put forward as an insightful
explanation for PLN–SERCA–DWORF interaction [70]. Recently it has been shown that a
kink induced by Pro(15) of DWORF is primarily responsible for stimulation of SERCA [71].

DWORF, already from its discovery tended to receive more attention than other reg-
ulins. This might be since it is expressed in heart and regulates SR calcium uptake that
is pivotal in normal cardiac function. Administering synthetized rat DWORF peptide
of 33–50% purity via the perfusion solution to normal isolated perfused rat hearts and
hearts undergoing ischaemia/reperfusion injury increased ventricular contractile functions
and reversed a Rho-kinase inhibitor-induced coronary vasodilator effect [72]. The authors
propose that this micropeptide might be taken up via pinocytosis into the cardiomyocytes
although the integration into the SR membrane in correct orientation via passive diffusion
also decreases the chance of DWORF acting directly on SERCA. DWORF’s effect on contrac-
tile function also seems to be dependent on the L-type Ca2+ channel [72]. Overexpression of
DWORF in mice mitigated contractile dysfunction associated with PLN overexpression. In
a mouse model of dilated cardiomyopathy (DCM) DWORF also restored cardiac function
and prevented pathological remodelling and Ca2+ dysregulation [73]. A promising gene
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therapy was also applied to prevent calcium dysregulation in heart failure in the same mice
model of DCM [74].

5.3. Other Regulins

The same group which discovered MLN and DWORF also found two other micropep-
tides in bioinformatics screening, each with a single transmembrane domain and regulating
SERCA [75]. One of them, endoregulin (ELN) localized by in situ hybridization to epithelial
and endothelial tissue, together with SERCA3a, the other named another-regulin (ALN)
was expressed ubiquitously like SERCA2b. ELN and ALN both localized to ER membrane
(Figure 2) and with their transmembrane domain, inhibited the calcium pump by decreas-
ing calcium affinity but not affecting Vmax. ELN has been reported to be 56 aa while ALN
appeared the largest among these micropeptides with 65 aa [75]. Both peptides had a long
cytoplasmic domain compared to their muscle specific counterparts and appeared to bind
to the inhibitory part of SERCA (M2, M6, M9 helices) with their transmembrane domain.
Another group has carried out a detailed analysis of ALN and an initial study of ELN [66].
The long unstructured cytoplasmic domain of ALN (residues ~1–42) is followed by the
predicted transmembrane domain (residues ~43–65) which turned out slightly longer in a
molecular dynamic stimulation in lipid bilayer (residues 39–65). The ELN with 62 aa had a
cytoplasmic domain (residues 1–25), a predicted transmembrane domain (residues 26–48)
and a luminal tail (residues 49–62) (Figure 2). In a membrane reconstitution system ALN
decreased calcium affinity and Vmax of calcium dependent ATPase activity of SERCA1a
similar to SLN. In the same assay system ELN only increased the Vmax of SERCA1a and
did not influence KCa

2+ similar to the effect of MLN. The authors note [66] that purified
rabbit SERCA1a was used in these assays instead of SERCA3a for ALN and SERCA2b for
ELN. Considering the self-regulating character of SERCA2b and the more distant homology
of SERCA3, both might represent a real difference besides the distinct assay conditions.
Only three of the SERCA3 isoforms (SERCA3a,b,c) have enough protein data, each are
likely to have a lower affinity than the other SERCAs [32]. Thus, the interaction with ALN
in many cells, or with PLN in cardiomyocytes [66,75], might be more on the maximum
transport activity than on the Ca2+ binding affinity. The other regulin, ELN, which might
also be co-expressed with SERCA3 [75] can decrease only the Vmax [75]. However, ALN
appears ubiquitous, as it has also been detected in cardiac and skeletal muscle, therefore it
can potentially influence SERCA1a and SERCA2a not just SERCA2b [75]. When bound to
the inhibitory part of SERCA, similar to PLN and SLN (Figure 2), ALN also makes contact
with the M6 helix (the aa connections are detailed in [66]). Although the regulins are very
variable [66], their common feature is that each of them dynamically forms oligomers along-
side binding in monomer form to SERCA [76]. It is interesting that the oligomerization
does not seem to interfere with the availability of monomers for binding to SERCA. On
the contrary, affinity for SERCA binding seems to correlate with affinity to oligomerization.
This suggests that regulins, including PLN and SLN, use the same structural determinant
for oligomerization as for SERCA binding [76]. It is remarkable that the oligomerization
of DWORF is unique like its PLB-competing and SERCA-activator roles. The authors of
this pioneering work [76] envisage a scenario when the regulins that are co-expressed in
the same cell interact with the co-localized SERCA isoforms and this regulatory network is
fine-tuned by posttranslational modifications. In addition, previously it has been reported
that SERCA and regulins do not always form contact in a one-to-one ratio. SLN is shown to
contact the M3 accessory site both as monomer and pentamer [77]. The crystal structure of
PLN-SERCA showed that PLN can also bind as a dimer to SERCA. The pentameric form of
PLN has also been shown to bind SERCA at a site different from the inhibitory groove but,
however, that site is also formed by the M3 transmembrane segment. In the pentamer of
PLN the cytoplasmic domains are positioned on the membrane bilayer proximal to the Ca2+

funnel, causing membrane perturbation and increasing the turnover rate of SERCA [78,79].
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6. SERCA2b: Providing a Tail to Catch a Problem?

Small transmembrane micropeptides are often considered as a regulatory subunit of
SERCA similar to the β subunit of the Na+/K+ ATPase pump. However, one of the ER
calcium pumps appeared to have its own self-regulatory domain. Removing exon 22 with
a stop codon during splicing, the SERCA2 transcript is translated into SERCA2b isoform
that is ubiquitously present in every tissue [80]. This pump has a longer C-terminal tail
than SERCA2a, the extra 45 residues comprise one more transmembrane domain (M11)
and a luminal extending tail [80,81] (Figure 1). SERCA2b has a two-fold higher calcium
affinity and a lower ATPase activity (Vmax) than any other SERCA [81,82]. The structural
basis for this difference lies in both the extra M11 domain and the luminal tail which seem
to interact with the M7 and M10 domains and luminal loops. This cooperation stabilizes
the calcium binding E1 conformation and alters the transport kinetics in the high affinity
direction [83,84]. Remarkably, a peptide made from the sequence of the M11 domain of
SERCA2b modified kinetics of SERCA1a in co-reconstituted proteoliposomes so that it
mimicked SERCA2b (lower Vmax, higher Ca2+-affinity). This showed M11 is an active part
in regulation of SERCA2b even without the luminal extension sequence. A phylogenetic
analysis showed that M11 is the most conserved part of the SERCA2b tail. Because of
the similarities with the β subunit of the Na+/K+ ATPase pump, a model was proposed
in which M11 interacts with M7 and M10 inducing a helix bending in M7 as a genuine
regulator of the calcium pump [85]. However, crystal structure of SERCA2b showed that
M11 does not seem to interact with M7, instead, its N-terminal interacts with a part of the
L8/9 loop and its C-terminal with M10 [86]. It turned out in a subsequent cryo-electron mi-
croscopic study of human SERCA2b that the luminal extension tail approaches the luminal
loop between M7 and M8; therefore, it looks to stabilize the cytosolic and transmembrane
arrangements of the pump in the high Ca2+ affinity stage [87]. Further investigation with a
similar method and experimental setup showed that SERCA2b is likely to bind ATP by a
previously unobserved mechanism. The pump adopts an open and a closed conformation
of the cytosolic domains when it binds calcium and the closed conformation occurs prior to
ATP binding. This suggests a novel mechanism in ATP binding [88,89]. Compared to the
novelties of SERCA2b conformations, the first crystal structures of SERCA2a made from pig
heart muscle were very similar to the canonical SERCA1a. The calcium occluded E1-ATP
state and the proton occluded E2P state did support a conservative mechanism, suggesting
that the kinetic differences between the two isoforms are the result of internal interaction of
residues and post-translational modifications [90]. The next crystalized conformations of
SERCA2a provided a long sought insight into the ATP regulation of calcium binding [91]. In
physiological conditions, the cytoplasmic ATP is in a sufficient concentration to bind even



Membranes 2023, 13, 274 11 of 18

to the E2 stage, a conformation that has a very low calcium affinity. In the crystal of E2-ATP
state the A domain takes the E1 position and the N domain moves to the P domain as in
the 2Ca2+-E1-ATP stage. Thus, the ATP is situated properly to the phosphorylation site,
but actual phosphorylation does not happen until the two transmembrane Ca2+ binding
sites are fully occupied. This prevents unproductive phosphorylation of the pump [91].

7. SERCA1b: A Grey Eminence

Considering that SERCA1b was discovered in parallel to the SERCA1a isoform [92],
it has spent the past time in a kind of shadow [93]. The reason for this might be that the
first specific antibody was made 20 years after discovery of the transcript [92,94]. However,
there is still no specific antibody for SERCA1a although this pump is the most studied
SERCA isoforms. This situation is unlikely to change in the future as the only residue of
SERCA1a that is not present in SERCA1b is a C-terminal glycine (Figure 1.). However, since
SERCA1a is the dominantly expressed isoform in adult muscle, antibodies for panSERCA1
(recognizing both SERCA1a and SERCA1b) are also useful, i.e., in fast-twitch muscle fibres
that have no SERCA1b expression [95]. However, when the SERCA1b transcript level is
increased dynamically in myotubes/myoblasts in fast and slow regenerating muscle, a
specific antibody is indispensable for proper verification. The myoblasts and myotubes
are not fast or slow yet, and therefore express mostly developmental isoforms like the
SERCA1b protein [94,96,97]. This is in contrast to stretched or denervated adult muscle
where the transcript levels are increased but the SERCA1b protein is not detected [94]. It
looks definitely that SERCA1b does not comply with the fully developed SR of adult muscle.
Indeed, its expression is pathological in adult fibres as reported in myotonic dystrophy 1
and 2 [31,98,99]. We have used a method based on immunoblot signal ratios of SERCA1b
and panSERCA1 antibodies to show that SERCA1b dominated over SERCA1a in muscle
of myotonic dystrophy 2 patients [99]. In myogenic C2C12 cells the ab ovo silencing of
SERCA1b decreased Ca2+ uptake and Ca2+ release of SR. In the same cells the expression
level of players of the calcium homeostasis like calsequestrin, STIM1 and calcineurin was
decreased. Furthermore, the myotube differentiation was retarded [100]. Additionally, in
wild-type C2C12 cells, the growth stimulator follistatin, an antagonist of the muscle growth
inhibitor myostatin, selectively suppressed Ca2+ uptake and SERCA1b expression. This
indicates that SERCA1b is tightly coupled with stages of ongoing differentiation [101]. The
expression pattern of MLN, the first discovered regulin [62] mirrors that of SERCA1b [94].
This developmental isoform predominantly contributes to muscle specific SERCA activity
in mouse embryo and C2C12 cells where the MLN inhibitory effect on SERCA has been
demonstrated [62,93,94]. For about 28 years SERCA1b has been considered to have no
differences in Ca2+ affinity and in Vmax compared to SERCA1a [102]. It has been shown
that the ATPase activity of SERCA1 is uncoupled from the Ca2+ uptake activity above
50 µM Ca2+ on the two sides of the membrane when leaky vesicles are used or when the
intravesicular Ca2+ concentration is ~10 mM using intact vesicles [103]. Therefore, the
ATPase activity and Ca2+ uptake were tested separately and both of these were lower in
SERCA1b compared to those of SERCA1a in microsomes of transfected HEK cells [31].
Besides showing the novel property of SERCA1b, this data also suggested that the decrease
in Ca2+ uptake activity of SERCA1b is ATPase activity-dependent [31]. The investigation of
the ATP and calcium dependent ATPase activities of SERCA1a and SERCA1b also showed
that the ATP- and Ca2+-affinities were almost the same but the maximum velocity of
SERCA1b was half of that of SERCA1a at both maximal ATP and Ca2+ concentrations [31].
Interestingly, the difference in maximum velocity of SERCA1b and SERCA1a diminished
when A23187, a calcium ionophore was added to the microsomes. This indicated that the
lower activity of SERCA1b was caused by the high concentration of accumulated Ca2+ in
the microsomes [31]. As SERCA1b differs from SERCA1a only by having an eight amino
acid tail instead of a glycine, these results raise the question of what difference this tail
can make in the SERCA1b structure during the activity cycle compared to SERCA1a? The
authors in [31] suggest a possible explanation that the reverse reaction of ATP hydrolysis,
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the synthesis of ATP may be facilitated in the presence of the C-terminal part of SERCA1b.
On other hand the C-terminal tail is cytoplasmic, not luminal. How can it sense intraluminal
Ca2+ then? It has been suggested [9] that the C-terminus of Na+/K+ ATPase can provide
some analogy for the SERCA1b tail function. The C terminus of the Na+/K+ pump controls
Na+-affinity on both sides of the membrane acting on membrane helices through an Arg
residue [104]. Noting that SERCA1b also has two arginines (R) among other highly charged
residues in its DPEDERRK tail [92], this situation looks interesting for further analysis.
It looks feasible that the basic aas of the SERCA1b cytoplasmic tail interact with acidic
residues on the cytoplasmic side of transmembrane domains forming the Ca2+ funnel.
As a result, the E1P state cannot release Ca2+ into the lumen at high intraluminal Ca2+

concentrations. The decrease in calcium release might slow down the E1P–E2P transition
which is a rate limiting step in the activity cycle [33] and might reduce the turnover rate of
the activity cycle of the pump. This function of the tail might suit the myotubes and young
muscle fibres where the intraluminal Ca2+ is gradually accumulated during development
of SR [105]. When the intraluminal calcium is increasing, SERCA1b is inhibited [31] and
this is in favour of the elevation of the sarcoplasmic calcium level. This can induce a
developmental switch in splicing producing SERCA1a independently of muscle type (later
this will be changed to SERCA2a in slow muscle) [93]. These adult isoforms can already
pump more efficiently calcium into the SR even if it is at a higher intraluminal concentration.
Since MLN acts before the rate limiting step, one might imagine that MLN can populate
SERCA1b in the E1P state more than would happen when acting on SERCA1a. Therefore,
MLN can be inhibitory for SERCA1b activity rather than stimulatory, as for SERCA1a.

Table 1. Co-expression of regulins and SERCA proteins in cells and tissues of various species. It is
noticeable that many possible combinations have not been analysed yet and some regulins have not
been detected with specific antibody. vastus l.–vastus lateralis, NA–not available, Ub–based on its
expression so far SERCA2b has been in every cell, Ub?–the similar pattern can be expected for ALN as
for SERCA2b [75]. * It has been detected by in situ hybridization at best, except in C2C12 cells where
the MLN peptide expression was monitored by a FLAG epitope tag introduced to the endogenous
MLN locus [62]. ** Note that SERCA reported at the protein level in C2C12 cells is mainly SERCA1b
[93] and SERCA2a [106]. Note also that RT–PCR analysis of various muscles and organs for regulin
and SERCA mRNAs with in situ images has been further detailed in [62,75].

Regulin

SERCA
SERCA1a SERCA1b SERCA2a SERCA2b SERCA3

PLN

mouse, rat, rabbit and
pig atria; rabbit and
pig EDL [51]; mouse
soleus; human
vastus l. [107]

NA

mouse, rat, rabbit and
pig ventricle and atria;
rabbit and pig soleus
and EDL
[51]; mouse soleus;
human vastus l. [107]

NA/Ub NA

SLN

mouse and rat atria;
rabbit and pig soleus;
rabbit and pig EDL
[51]; human vastus l.
[107]; mouse soleus
and diaphragm [108]

NA

rabbit and pig soleus
and EDL [51]; C2C12
cells [106]; human
vastus l. [107]; mouse
soleus and
diaphragm [108]

NA/Ub NA

DWORF NA NA mouse heart, soleus
and diaphragm [67] NA/Ub NA

MLN * mouse EDL and
soleus [62,94] C2C12 cells ** [62,93]

mouse soleus and EDL
[62,93]; C2C12
cells ** [62,106]

NA/Ub NA

ELN * NA C2C12 cells ** [75,94] C2C12 cells ** [75,106]
intestine and liver in
mouse embryo
[75]/Ub

bronchus, dorsal aorta,
epithelium of trachea,
intestine, liver, lung,
pancreas and
urothelium in mouse
embryo [75]

ALN * NA/Ub? NA/Ub? NA/Ub?

bladder, bronchus,
epidermal epithelium,
heart, intestine, liver
and salivary gland in
mouse embryo [75]

intestine and liver in
mouse embryo [75]
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It appears that inhibition by regulins are more frequent than stimulation and the more
abundant SERCA isoforms (SERCA1, SERCA2a) receive more regulation than the less
expressed ones. Although the regulins are different from each other [66] they can act on
relatively distant SERCA isoforms like SERCA2b and SERCA3a, so their interactions seem
to be fairly conserved [75]. This suggests that every regulin can interact to some extent
with each SERCA if they are co-expressed. However, these interactions are probably not
uniform and not redundant [66]. For example, one can assume that when ALN decreases
Ca2+ affinity it has more effect on SERCA2b that has a high affinity, than on SERCA3a that
has a low affinity.

8. Conclusions

Discovering the transmembrane micropeptides revealed a scenario with more regula-
tion of sarco/endoplasmic Ca2+ transport and calcium homeostasis. This complexity in-
volves a balance between (self-)interactions of micropeptides and their influence on SERCA
isoforms. Most of the knowledge has been collected about interactions with SERCA1a so
contacts with the other isoforms might be expected to reveal additional information. The
reported co-expressions of SERCA isoforms with regulins (summarized in Table 1) show
that three of the new regulins have not been detected with specific antibody in tissues
and cells. Progress in this part might nicely complement the functional studies completed
in mice. The remarkable advancements about SERCA2a and SERCA2b structures and
self-regulatory mechanisms probably help to highlight further types of regulations made
by micropeptides. In this field SERCA1b also seems to continue “to step out” from the
25 years of relative shade by revealing different features of activity compared to those of the
other SERCA isoforms. The micropeptides also highlight new opportunities for molecular
therapy. Promising advancement has already been made with DWORF, but MLN can also
be considered particularly interesting in this respect.

Funding: This research was supported by the EU-funded Hungarian grant EFOP-3.6.2-16-2017-00006.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Acknowledgments: Thank you for the work of an anonymous reviewer.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Berrid ge., M.J.; Bootman, M.D.; Roderick, H.L. Calcium signalling: Dynamics, homeostasis and remodelling. Nat. Rev. Mol. Cell

Biol. 2003, 4, 517–529. [CrossRef]
2. Bers, D.M. Calcium cycling and signaling in cardiac myocytes. Annu. Rev. Physiol. 2008, 70, 23–49. [CrossRef] [PubMed]
3. Carafoli, E.; Krebs, J. Why calcium? How calcium became the best communicator. J. Biol. Chem. 2016, 291, 20849–20857. [CrossRef]

[PubMed]
4. Makarewich, C.A. The hidden world of membrane microproteins. Exp. Cell Res. 2020, 388, 111853. [CrossRef] [PubMed]
5. Doroudgar, S.; Glembotski, C.C. New concepts of endoplasmic reticulum function in the heart: Programmed to conserve. J. Mol.

Cell. Cardiol. 2013, 55, 85–91. [CrossRef]
6. Chemaly, E.R.; Troncone, L.; Lebeche, D. SERCA control of cell death and survival. Cell Calcium 2018, 69, 46–61. [CrossRef]

[PubMed]
7. Fransen, P.; Chen, J.; Vangheluwe, P.; Guns, P.J. Contractile Behavior of Mouse Aorta Depends on SERCA2 Isoform Distribution:

Effects of Replacing SERCA2a by SERCA2b. Front. Physiol. 2020, 11, 282. [CrossRef]
8. Bonilauri, B.; Dallagiovanna, B. Microproteins in skeletal muscle: Hidden keys in muscle physiology. J. Cachexia Sarcopenia Muscle

2022, 13, 100–113. [CrossRef]
9. Primeau, J.O.; Armanious, G.P.; Fisher, M.E.; Young, H.S. The SarcoEndoplasmic Reticulum Calcium ATPase. In Membrane Protein

Complexes: Structure and Function, Subcell Biochem; Harris, J.R., Boekema, E.J., Eds.; Springer: Singapore, 2018; Volume 87, pp.
229–258.

10. Moller, J.V.; Olesen, C.; Winther, A.M.; Nissen, P. The sarcoplasmic Ca2+-ATPase: Design of a perfect chemi-osmotic pump. Q.
Rev. Biophys. 2010, 43, 501–566. [CrossRef]

http://doi.org/10.1038/nrm1155
http://doi.org/10.1146/annurev.physiol.70.113006.100455
http://www.ncbi.nlm.nih.gov/pubmed/17988210
http://doi.org/10.1074/jbc.R116.735894
http://www.ncbi.nlm.nih.gov/pubmed/27462077
http://doi.org/10.1016/j.yexcr.2020.111853
http://www.ncbi.nlm.nih.gov/pubmed/31978386
http://doi.org/10.1016/j.yjmcc.2012.10.006
http://doi.org/10.1016/j.ceca.2017.07.001
http://www.ncbi.nlm.nih.gov/pubmed/28747251
http://doi.org/10.3389/fphys.2020.00282
http://doi.org/10.1002/jcsm.12866
http://doi.org/10.1017/S003358351000017X


Membranes 2023, 13, 274 14 of 18

11. Chami, M.; Gozuacik, D.; Lagorce, D.; Brini, M.; Falson, P.; Peaucellier, G.; Pinton, P.; Lecoeur, H.; Gougeon, M.L.; le Maire,
M.; et al. SERCA1 truncated proteins unable to pump calcium reduce the endoplasmic reticulum calcium concentration and
induce apoptosis. J. Cell Biol. 2001, 153, 1301–1314. [CrossRef]

12. Vandecaetsbeek, I.; Vangheluwe, P.; Raeymaekers, L.; Wuytack, F.; Vanoevelen, J. The Ca2+ pumps of the endoplasmic reticulum
and Golgi apparatus. Cold Spring Harb. Perspect. Biol. 2011, 3, a004184. [CrossRef] [PubMed]

13. Dyla, M.; Terry, D.; Kjaergaard, M.; Sørensen, T.L.; Lauwring Andersen, J.; Andersen, J.P.; Rohde Knudsen, C.; Altman, R.B.;
Nissen, P.; Blanchard, S.C. Dynamics of P-type ATPase transport revealed by single-molecule FRET. Nature 2017, 551, 346–351.
[CrossRef] [PubMed]

14. Morales-Ropero, J.M.; Arroyo-Urea, S.; Neubrand, V.E.; Martín-Oliva, D.; Marín-Teva, J.L.; Cuadros, M.A.; Vangheluwe, P.;
Navascués, J.; Mata, A.M.; Sepúlveda, M.R. The endoplasmic reticulum Ca2+-ATPase SERCA2b is upregulated in activated
microglia and its inhibition causes opposite effects on migration and phagocytosis. Glia 2021, 69, 842–857. [CrossRef] [PubMed]

15. Dally, S.; Bredoux, R.; Corvazier, E.; Andersen, J.P.; Clausen, J.D.; Dode, L.; Fanchaouy, M.; Gelebart, P.; Monceau, V.; Del Monte,
F.; et al. Ca2+-ATPases in non-failing and failing heart: Evidence for a novel cardiac sarco/endoplasmic reticulum Ca2+-ATPase 2
isoform (SERCA2c). Biochem. J. 2006, 395, 249–258. [CrossRef] [PubMed]

16. Dally, S.; Corvazier, E.; Bredoux, R.; Bobe, R.; Enouf, J. Multiple and diverse coexpression, location, and regulation of additional
SERCA2 and SERCA3 isoforms in nonfailing and failing human heart. J. Mol. Cell Cardiol. 2010, 48, 633–644. [CrossRef]

17. Papp, B.; Launay, S.; Gélébart, P.; Arbabian, A.; Enyedi, A.; Brouland, J.P.; Carosella, E.D.; Adle-Biassette, H. Endoplasmic
Reticulum Calcium Pumps and Tumor Cell Differentiation. Int. J. Mol. Sci. 2020, 21, 3351. [CrossRef] [PubMed]

18. Toyoshima, C.; Nakasako, M.; Nomura, H.; Ogawa, H. Crystal structure of the calcium pump of sarcoplasmic reticulum at 2.6 A
resolution. Nature 2000, 405, 647–655. [CrossRef]

19. Zádor, E.; Kósa, M. Sarcoplasmic/Endoplasmic Reticulum Calcium ATPase In Encyclopedia of Signaling Molecules; Choi, S., Ed.; Springer:
Cham, Switzerland, 2018; pp. 4836–4841.

20. Toyoshima, C. Structural aspects of ion pumping by Ca2+-ATPase of sarcoplasmic reticulum. Arch. Biochem. Biophys. 2008,
476, 3–11. [CrossRef]

21. Toyoshima, C. How Ca2+-ATPase pumps ions across the sarcoplasmic reticulum membrane. Biochim. Biophys. Acta 2009, 1793,
941–946. [CrossRef]

22. Sørensen, T.L.; Møller, J.V.; Nissen, P. Phosphoryl transfer and calcium ion occlusion in the calcium pump. Science 2004, 304,
1672–1675. [CrossRef]

23. Olesen, C.; Sørensen, T.L.; Nielsen, R.C.; Møller, J.V.; Nissen, P. Dephosphorylation of the calcium pump coupled to counterion
occlusion. Science 2004, 306, 2251–2255. [CrossRef]

24. Olesen, C.; Picard, M.; Winther, A.M.; Gyrup, C.; Morth, J.P.; Oxvig, C.; Møller, J.V.; Nissen, P. The structural basis of calcium
transport by the calcium pump. Nature 2007, 450, 1036–1042. [CrossRef]

25. Sugita, Y.; Miyashita, N.; Ikeguchi, M.; Kidera, A.; Toyoshima, C. Protonation of the acidic residues in the transmembrane
cation-binding sites of the ca(2+) pump. J. Am. Chem. Soc. 2005, 127, 6150–6151. [CrossRef]

26. Kobayashi, C.; Matsunaga, Y.; Jung, J.; Sugita, Y. Structural and energetic analysis of metastable intermediate states in the E1P-E2P
transition of Ca2+-ATPase. Proc. Natl. Acad. Sci. USA 2021, 118, e2105507118. [CrossRef]

27. Winther, A.M.; Bublitz, M.; Karlsen, J.L.; Moller, J.V.; Hansen, J.B.; Nissen, P.; Buch-Pedersen, M.J. The sarcolipin-bound calcium
pump stabilizes calcium sites exposed to the cytoplasm. Nature 2013, 495, 265–269. [CrossRef]

28. Toyoshima, C.; Iwasawa, S.; Ogawa, H.; Hirata, A.; Tsueda, J.; Inesi, G. Crystal structures of the calcium pump and sarcolipin in
the Mg2+-bound E1 state. Nature 2013, 495, 260–264. [CrossRef]

29. Akin, B.L.; Hurley, T.D.; Chen, Z.; Jones, L.R. The structural basis for phospholamban inhibition of the calcium pump in
sarcoplasmic reticulum. J. Biol. Chem. 2013, 288, 30181–30191. [CrossRef]

30. Reddy, L.G.; Jones, L.R.; Pace, R.C.; Stokes, D.L. Purified, reconstituted cardiac Ca2+-ATPase is regulated by phospholamban but
not by direct phosphorylation with Ca2+/calmodulindependent protein kinase. J. Biol. Chem. 1996, 271, 14964–14970. [CrossRef]

31. Zhao, Y.; Ogawa, H.; Yonekura, S.; Mitsuhashi, H.; Mitsuhashi, S.; Nishino, I.; Toyoshima, C.; Ishiura, S. Functional analysis of
SERCA1b, a highly expressed SERCA1 variant in myotonic dystrophy type 1 muscle. Biochim. Biophys. Acta 2015, 1852, 2042–2047.
[CrossRef]

32. Lytton, J.; Westlin, M.; Burk, S.E.; Shull, G.E.; MacLennan, D.H. Functional comparisons between isoforms of the sarcoplasmic or
endoplasmic reticulum family of calcium pumps. J. Biol. Chem. 1992, 267, 14483–14489. [CrossRef]

33. Dode, L.; Vilsen, B.; Van Baelen, K.; Wuytack, F.; Clausen, J.D.; Andersen, J.P. Dissection of the functional differences between
sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) 1 and 3 isoforms by steady-state and transient kinetic analyses. J. Biol. Chem.
2002, 277, 45579–45591. [CrossRef] [PubMed]

34. Chandrasekera, P.C.; Kargacin, M.E.; Deans, J.P.; Lytton, J. Determination of apparent calcium affinity for endogenously expressed
human sarco(endo)plasmic reticulum calcium-ATPase isoform SERCA. Am. J. Physiol. Cell Physiol. 2009, 296, C1105–C1114.
[CrossRef] [PubMed]

35. Toyofuku, T.; Kurzydlowski, K.; Tada, M.; MacLennan, D.H. Identification of regions in the Ca(2+)-ATPase of sarcoplasmic
reticulum that affect functional association with phospholamban. J. Biol. Chem. 1993, 268, 2809–2815. [CrossRef]

http://doi.org/10.1083/jcb.153.6.1301
http://doi.org/10.1101/cshperspect.a004184
http://www.ncbi.nlm.nih.gov/pubmed/21441596
http://doi.org/10.1038/nature24296
http://www.ncbi.nlm.nih.gov/pubmed/29144454
http://doi.org/10.1002/glia.23931
http://www.ncbi.nlm.nih.gov/pubmed/33105046
http://doi.org/10.1042/BJ20051427
http://www.ncbi.nlm.nih.gov/pubmed/16402920
http://doi.org/10.1016/j.yjmcc.2009.11.012
http://doi.org/10.3390/ijms21093351
http://www.ncbi.nlm.nih.gov/pubmed/32397400
http://doi.org/10.1038/35015017
http://doi.org/10.1016/j.abb.2008.04.017
http://doi.org/10.1016/j.bbamcr.2008.10.008
http://doi.org/10.1126/science.1099366
http://doi.org/10.1126/science.1106289
http://doi.org/10.1038/nature06418
http://doi.org/10.1021/ja0427505
http://doi.org/10.1073/pnas.2105507118
http://doi.org/10.1038/nature11900
http://doi.org/10.1038/nature11899
http://doi.org/10.1074/jbc.M113.501585
http://doi.org/10.1074/jbc.271.25.14964
http://doi.org/10.1016/j.bbadis.2015.07.006
http://doi.org/10.1016/S0021-9258(19)49738-X
http://doi.org/10.1074/jbc.M207778200
http://www.ncbi.nlm.nih.gov/pubmed/12207029
http://doi.org/10.1152/ajpcell.00650.2008
http://www.ncbi.nlm.nih.gov/pubmed/19225163
http://doi.org/10.1016/S0021-9258(18)53845-X


Membranes 2023, 13, 274 15 of 18

36. Toyofuko, T.; Kurzydlowski, K.; Tada, M.; MacLennan, D.H. Amino acids Glu2 to Ile18 in the cytoplasmic domain of phospho-
lamban are essential for functional association with the Ca-ATPase of sarcoplasmic reticulum. J. Biol. Chem. 1994, 269, 3088–3094.
[CrossRef]

37. Kirchberber, M.A.; Tada, M.; Katz, A.M. Phospholamban: A regulatory protein of the cardiac sarcoplasmic reticulum. Recent Adv.
Stud. Card. Struct. Metab. 1975, 5, 103–115.

38. Katz, A.M. Discovery of phospholamban. A personal history. Ann. N. Y. Acad. Sci. 1998, 853, 9–19. [CrossRef]
39. Luo, W.; Grupp, I.L.; Harrer, J.; Ponniah, S.; Grupp, G.; Duffy, J.J.; Doetschman, T.; Kranias, E.G. Targeted ablation of the

phospholamban gene is associated with markedly enhanced myocardial contractility and loss of beta-agonist stimulation. Circ.
Res. 1994, 75, 401–409. [CrossRef]

40. Simmerman, H.K.; Collins, J.H.; Theibert, J.L.; Wegener, A.D.; Jones, L.R. Sequence analysis of phospholamban. Identification of
phosphorylation sites and two major structural domains. J. Biol. Chem. 1986, 261, 13333–13341. [CrossRef]

41. Trieber, C.A.; Afara, M.; Young, H.S. Effects of phospholamban transmembrane mutants on the calcium affinity, maximal activity,
and cooperativity of the sarcoplasmic reticulum calcium pump. Biochemistry 2009, 48, 9287–9296. [CrossRef]

42. Kimura, Y.; Kurzydlowski, K.; Tada, M.; MacLennan, D.H. Phospholamban inhibitory function is activated by depolymerization.
J. Biol. Chem. 1997, 272, 15061–15064. [CrossRef]

43. Autry, J.; Jones, L. Functional co-expression of the canine cardiac Ca2+ pump and phospholamban in Spodoptera frugiperda
(Sf21) cells reveals new insights on ATPase regulation. J. Biol. Chem. 1997, 272, 15872–15880. [CrossRef]

44. Chu, G.; Li, L.; Sato, Y.; Harrer, J.M.; Kadambi, V.J.; Hoit, B.D.; Bers, D.M.; Kranias, E.G. Pentameric assembly of phospholamban
facilitates inhibition of cardiac function in vivo. J. Biol. Chem. 1998, 273, 33674–33680. [CrossRef]

45. Asahi, M.; McKenna, E.; Kurzydlowski, K.; Tada, M.; MacLennan, D. Physical interactions between phospholamban and
sarco(endo)plasmic reticulum Ca2+-ATPases are dissociated by elevated Ca2+, but not by phospholamban phosphorylation,
vanadate, or thapsigargin, and are enhanced by ATP. J. Biol. Chem. 2000, 275, 15034–15038. [CrossRef]

46. Tada, M.; Inui, M.; Yamada, M.; Kadoma, M.; Kuzuya, T.; Abe, H.; Kakiuchi, S. Effects of phospholamban phosphorylation
catalyzed by adenosine 3′:5′-monophosphate- and calmodulindependent protein kinases on calcium transport ATPase of cardiac
sarcoplasmic reticulum. J. Mol. Cell Cardiol. 1983, 15, 335–346. [CrossRef]

47. Mattiazzi, A.; Kranias, E.G. The role of CaMKII regulation of phospholamban activity in heart disease. Front. Pharmacol. 2014, 5, 5.
[CrossRef]

48. MacDougall, L.K.; Jones, L.R.; Cohen, P. Identification of the major protein phosphatases in mammalian cardiac muscle which
dephosphorylate phospholamban. Eur. J. Biochem. 1991, 196, 725–734. [CrossRef]

49. Schmitt, J.P.; Kamisago, M.; Asahi, M.; Li, G.H.; Ahmad, F.; Mende, U.; Kranias, E.G.; MacLennan, D.H.; Seidman, J.G.; Seidman,
C.E. Dilated cardiomyopathy and heart failure caused by a mutation in phospholamban. Science 2003, 299, 1410–1413. [CrossRef]

50. Lai, P.; Nikolaev, V.O.; De Jong, K.A. Understanding the Role of SERCA2a Microdomain Remodeling in Heart Failure Induced by
Obesity and Type 2 Diabetes. J. Cardiovasc. Dev. Dis. 2022, 9, 163. [CrossRef]

51. Vangheluwe, P.; Schuermans, M.; Zádor, E.; Waelkens, E.; Raeymaekers, L.; Wuytack, F. Sarcolipin and phospholamban mRNA
and protein expression in cardiac and skeletal muscle of different species. Biochem. J. 2005, 389, 151–159. [CrossRef] [PubMed]

52. MacLennan, D.H.; Asahi, M.; Tupling, A.R. The regulation of SERCA-type pumps by phospholamban and sarcolipin. Ann. N. Y.
Acad. Sci. 2003, 986, 472–480. [CrossRef]

53. Babu, G.J.; Bhupathy, P.; Carnes, C.A.; Billman, G.E.; Periasamy, M. Differential expression of sarcolipin protein during muscle
development and cardiac pathophysiology. J. Mol. Cell. Cardiol. 2007, 43, 215–222. [CrossRef] [PubMed]

54. Bal, N.C.; Maurya, S.K.; Sopariwala, D.H.; Sahoo, S.K.; Gupta, S.C.; Shaikh, S.A.; Pant, M.; Rowland, L.A.; Goonasekera, S.A.;
Molkentin, J.D.; et al. Sarcolipin is a newly identified regulator of muscle-based thermogenesis in mammals. Nat. Med. 2012, 18,
1575–1579. [CrossRef] [PubMed]

55. Sahoo, S.K.; Shaikh, S.A.; Sopariwala, D.H.; Bal, N.C.; Periasamy, M. Sarcolipin protein interaction with sarco(endo)plasmic
reticulum Ca2+ ATPase (SERCA) is distinct from phospholamban protein, and only sarcolipin can promote uncoupling of the
SERCA pump. J. Biol. Chem. 2013, 288, 6881–6889. [CrossRef]

56. Gorski, P.A.; Glaves, J.P.; Vangheluwe, P.; Young, H.S. Sarco(endo)plasmic reticulum calcium ATPase (SERCA) inhibition by
sarcolipin is encoded in its luminal tail. J. Biol. Chem. 2013, 288, 8456–8467. [CrossRef] [PubMed]

57. Trieber, C.A.; Douglas, J.L.; Afara, M.; Young, H.S. The effects of mutation on the regulatory properties of phospholamban in
co-reconstituted membranes. Biochemistry 2005, 44, 3289–3297. [CrossRef] [PubMed]

58. Chambers, P.J.; Juracic, E.S.; Fajardo, V.A.; Tupling, A.R. Role of SERCA and sarcolipin in adaptive muscle remodeling. Am. J.
Physiol. Cell Physiol. 2022, 322, C382–C394. [CrossRef] [PubMed]

59. Bhupathy, P.; Babu, G.J.; Ito, M.; Periasamy, M. Threonine-5 at the N-terminus can modulate sarcolipin function in cardiac
myocytes. J. Mol. Cell Cardiol. 2009, 47, 723–729. [CrossRef]

60. Gramolini, A.O.; Trivieri, M.G.; Oudit, G.Y.; Kislinger, T.; Li, W.; Patel, M.M.; Emili, A.; Kranias, E.G.; Backx, P.H.; Maclennan,
D.H. Cardiac-specific overexpression of sarcolipin in phospholamban null mice impairs myocyte function that is restored by
phosphorylation. Proc. Natl. Acad. Sci. USA 2006, 103, 2446–2451. [CrossRef]

61. Andrews, S.J.; Rothnagel, J.A. Emerging evidence for functional peptides encoded by short open reading frames. Nat. Rev. Genet.
2014, 15, 193–204, Erratum in Nat. Rev. Genet. 2014, 15, 286. [CrossRef]

http://doi.org/10.1016/S0021-9258(17)42051-5
http://doi.org/10.1111/j.1749-6632.1998.tb08252.x
http://doi.org/10.1161/01.RES.75.3.401
http://doi.org/10.1016/S0021-9258(18)69309-3
http://doi.org/10.1021/bi900852m
http://doi.org/10.1074/jbc.272.24.15061
http://doi.org/10.1074/jbc.272.25.15872
http://doi.org/10.1074/jbc.273.50.33674
http://doi.org/10.1074/jbc.275.20.15034
http://doi.org/10.1016/0022-2828(83)91345-7
http://doi.org/10.3389/fphar.2014.00005
http://doi.org/10.1111/j.1432-1033.1991.tb15871.x
http://doi.org/10.1126/science.1081578
http://doi.org/10.3390/jcdd9050163
http://doi.org/10.1042/BJ20050068
http://www.ncbi.nlm.nih.gov/pubmed/15801907
http://doi.org/10.1111/j.1749-6632.2003.tb07231.x
http://doi.org/10.1016/j.yjmcc.2007.05.009
http://www.ncbi.nlm.nih.gov/pubmed/17561107
http://doi.org/10.1038/nm.2897
http://www.ncbi.nlm.nih.gov/pubmed/22961106
http://doi.org/10.1074/jbc.M112.436915
http://doi.org/10.1074/jbc.M112.446161
http://www.ncbi.nlm.nih.gov/pubmed/23362265
http://doi.org/10.1021/bi047878d
http://www.ncbi.nlm.nih.gov/pubmed/15736939
http://doi.org/10.1152/ajpcell.00198.2021
http://www.ncbi.nlm.nih.gov/pubmed/35044855
http://doi.org/10.1016/j.yjmcc.2009.07.014
http://doi.org/10.1073/pnas.0510883103
http://doi.org/10.1038/nrg3520


Membranes 2023, 13, 274 16 of 18

62. Anderson, D.M.; Anderson, K.M.; Chang, C.L.; Makarewich, C.A.; Nelson, B.R.; McAnally, J.R.; Kasaragod, P.; Shelton, J.M.; Liou,
J.; Bassel-Duby, R.; et al. A micropeptide encoded by a putative long noncoding RNA regulates muscle performance. Cell 2015,
160, 595–606. [CrossRef]

63. Magny, E.G.; Pueyo, J.I.; Pearl, F.M.; Cespedes, M.A.; Niven, J.E.; Bishop, S.A.; Couso, J.P. Conserved regulation of cardiac calcium
uptake by peptides encoded in small open reading frames. Science 2013, 341, 1116–1120. [CrossRef]

64. Tupling, A.R.; Bombardier, E.; Gupta, S.C.; Hussain, D.; Vigna, C.; Bloemberg, D.; Quadrilatero, J.; Trivieri, M.G.; Babu, G.J.;
Backx, P.H.; et al. Enhanced Ca2+ transport and muscle relaxation in skeletal muscle from sarcolipin-null mice. Am. J. Physiol. Cell
Physiol. 2011, 301, C841–C849. [CrossRef] [PubMed]

65. Fajardo, V.A.; Rietze, B.A.; Chambers, P.J.; Bellissimo, C.; Bombardier, E.; Quadrilatero, J.; Tupling, A.R. Effects of sarcolipin
deletion on skeletal muscle adaptive responses to functional overload and unload. Am. J. Physiol. Cell Physiol. 2017, 313,
C154–C161. [CrossRef] [PubMed]

66. Rathod, N.; Bak, J.J.; Primeau, J.O.; Fisher, M.E.; Espinoza-Fonseca, L.M.; Lemieux, M.J.; Young, H.S. Nothing Regular about the
Regulins: Distinct Functional Properties of SERCA Transmembrane Peptide Regulatory Subunits. Int. J. Mol. Sci. 2021, 22, 8891.
[CrossRef]

67. Nelson, B.R.; Makarewich, C.A.; Anderson, D.M.; Winders, B.R.; Troupes, C.D.; Wu, F.; Reese, A.L.; McAnally, J.R.; Chen, X.;
Kavalali, E.T.; et al. A peptide encoded by a transcript annotated as long noncoding RNA enhances SERCA activity in muscle.
Science 2016, 351, 271–275. [CrossRef]

68. Fisher, M.E.; Bovo, E.; Aguayo-Ortiz, R.; Cho, E.E.; Pribadi, M.P.; Dalton, M.P.; Rathod, N.; Lemieux, M.J.; Espinoza-Fonseca, L.M.;
Robia, S.L.; et al. Dwarf open reading frame (DWORF) is a direct activator of the sarcoplasmic reticulum calcium pump SERCA.
Elife 2021, 10, e65545. [CrossRef] [PubMed]

69. Li, A.; Yuen, S.L.; Stroik, D.R.; Kleinboehl, E.; Cornea, R.L.; Thomas, D.D. The transmembrane peptide DWORF activates SERCA2a
via dual mechanisms. J. Biol. Chem. 2021, 296, 100412. [CrossRef] [PubMed]

70. Cleary, S.R.; Fang, X.; Cho, E.E.; Pribadi, M.P.; Seflova, J.; Beach, J.R.; Kekenes-Huskey, P.M.; Robia, S.L. Inhibitory and stimulatory
micropeptides preferentially bind to different conformations of the cardiac calcium pump. J. Biol. Chem. 2022, 298, 102060.
[CrossRef] [PubMed]

71. Reddy, U.V.; Weber, D.K.; Wang, S.; Larsen, E.K.; Gopinath, T.; De Simone, A.; Robia, S.; Veglia, G. A kink in DWORF helical
structure controls the activation of the sarcoplasmic reticulum Ca2+-ATPase. Structure 2022, 30, 360–370. [CrossRef]

72. Mbikou, P.; Rademaker, M.T.; Charles, C.J.; Richards, M.A.; Pemberton, C.J. Cardiovascular effects of DWORF (dwarf open
reading frame) peptide in normal and ischaemia/reperfused isolated rat hearts. Peptides 2020, 124, 170192. [CrossRef]

73. Makarewich, C.A.; Munir, A.Z.; Schiattarella, G.G.; Bezprozvannaya, S.; Raguimova, O.N.; Cho, E.E.; Vidal, A.H.; Robia, S.L.;
Bassel-Duby, R.; Olson, E.N. The DWORF micropeptide enhances contractility and prevents heart failure in a mouse model of
dilated cardiomyopathy. Elife 2018, 7, e38319. [CrossRef] [PubMed]

74. Makarewich, C.A.; Bezprozvannaya, S.; Gibson, A.M.; Bassel-Duby, R.; Olson, E.N. Gene Therapy with the DWORF Micropeptide
Attenuates Cardiomyopathy in Mice. Circ. Res. 2020, 127, 1340–1342. [CrossRef] [PubMed]

75. Anderson, D.M.; Makarewich, C.A.; Anderson, K.M.; Shelton, J.M.; Bezprozvannaya, S.; Bassel-Duby, R.; Olson, E.N. Wide-spread
control of calcium signaling by a family of SERCA-inhibiting micropeptides. Sci. Signal. 2016, 9, ra119. [CrossRef] [PubMed]

76. Singh, D.R.; Dalton, M.P.; Cho, E.E.; Pribadi, M.P.; Zak, T.J.; Šeflová, J.; Makarewich, C.A.; Olson, E.N.; Robia, S.L. Newly
Discovered Micropeptide Regulators of SERCA Form Oligomers but Bind to the Pump as Monomers. J. Mol. Biol. 2019, 431,
4429–4443. [CrossRef]

77. Glaves, J.P.; Primeau, J.O.; Gorski, P.A.; Espinoza-Fonseca, L.M.; Lemieux, M.J.; Young, H.S. Interaction of a Sarcolipin Pentamer
and Monomer with the Sarcoplasmic Reticulum Calcium Pump, SERCA. Biophys. J. 2020, 118, 518–531. [CrossRef]

78. Glaves, J.P.; Primeau, J.O.; Espinoza-Fonseca, L.M.; Lemieux, M.J.; Young, H.S. The Phospholamban Pentamer Alters Function of
the Sarcoplasmic Reticulum Calcium Pump SERCA. Biophys. J. 2019, 116, 633–647. [CrossRef]

79. Alford, R.F.; Smolin, N.; Young, H.S.; Gray, J.J.; Robia, S.L. Protein docking and steered molecular dynamics suggest alternative
phospholamban-binding sites on the SERCA calcium transporter. J. Biol. Chem. 2020, 295, 11262–11274. [CrossRef]

80. Lytton, J.; MacLennan, D.H. Molecular cloning of cDNAs from human kidney coding for two alternatively spliced products of
the cardiac Ca2+-ATPase gene. J. Biol. Chem. 1988, 263, 15024–15031. [CrossRef]

81. Verboomen, H.; Wuytack, F.; Van den Bosch, L.; Mertens, L.; Casteels, R. The functional importance of the extreme C-terminal tail
in the gene 2 organellar Ca(2+)-transport ATPase (SERCA2a/b). Biochem. J. 1994, 303, 979–984. [CrossRef]

82. Dode, L.; Andersen, J.P.; Leslie, N.; Dhitavat, J.; Vilsen, B.; Hovnanian, A. Dissection of the functional differences between
sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) 1 and 2 isoforms and characterization of Darier disease (SERCA2) mutants
by steady-state and transient kinetic analyses. J. Biol. Chem. 2003, 278, 47877–47889. [CrossRef]

83. Vandecaetsbeek, I.; Trekels, M.; De Maeyer, M.; Ceulemans, H.; Lescrinier, E.; Raeymaekers, L.; Wuytack, F.; Vangheluwe,
P. Structural basis for the high Ca2+ affinity of the ubiquitous SERCA2b Ca2+ pump. Proc. Natl. Acad. Sci. USA 2009, 106,
18533–18538. [CrossRef] [PubMed]

84. Clausen, J.D.; Vandecaetsbeek, I.; Wuytack, F.; Vangheluwe, P.; Andersen, J.P. Distinct roles of the C-terminal 11th transmembrane
helix and luminal extension in the partial reactions determining the high Ca2+ affinity of sarco(endo)plasmic reticulum Ca2+-
ATPase isoform 2b (SERCA2b). J. Biol. Chem. 2012, 287, 39460–39469. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cell.2015.01.009
http://doi.org/10.1126/science.1238802
http://doi.org/10.1152/ajpcell.00409.2010
http://www.ncbi.nlm.nih.gov/pubmed/21697544
http://doi.org/10.1152/ajpcell.00291.2016
http://www.ncbi.nlm.nih.gov/pubmed/28592414
http://doi.org/10.3390/ijms22168891
http://doi.org/10.1126/science.aad4076
http://doi.org/10.7554/eLife.65545
http://www.ncbi.nlm.nih.gov/pubmed/34075877
http://doi.org/10.1016/j.jbc.2021.100412
http://www.ncbi.nlm.nih.gov/pubmed/33581112
http://doi.org/10.1016/j.jbc.2022.102060
http://www.ncbi.nlm.nih.gov/pubmed/35605666
http://doi.org/10.1016/j.str.2021.11.003
http://doi.org/10.1016/j.peptides.2019.170192
http://doi.org/10.7554/eLife.38319
http://www.ncbi.nlm.nih.gov/pubmed/30299255
http://doi.org/10.1161/CIRCRESAHA.120.317156
http://www.ncbi.nlm.nih.gov/pubmed/32878549
http://doi.org/10.1126/scisignal.aaj1460
http://www.ncbi.nlm.nih.gov/pubmed/27923914
http://doi.org/10.1016/j.jmb.2019.07.037
http://doi.org/10.1016/j.bpj.2019.11.3385
http://doi.org/10.1016/j.bpj.2019.01.013
http://doi.org/10.1074/jbc.RA120.012948
http://doi.org/10.1016/S0021-9258(18)68141-4
http://doi.org/10.1042/bj3030979
http://doi.org/10.1074/jbc.M306784200
http://doi.org/10.1073/pnas.0906797106
http://www.ncbi.nlm.nih.gov/pubmed/19846779
http://doi.org/10.1074/jbc.M112.397331
http://www.ncbi.nlm.nih.gov/pubmed/23024360


Membranes 2023, 13, 274 17 of 18

85. Gorski, P.A.; Trieber, C.A.; Larivière, E.; Schuermans, M.; Wuytack, F.; Young, H.S.; Vangheluwe, P. Transmembrane helix 11 is a
genuine regulator of the endoplasmic reticulum Ca2+ pump and acts as a functional parallel of β-subunit on α-Na+,K+-ATPase. J.
Biol. Chem. 2012, 287, 19876–19885. [CrossRef] [PubMed]

86. Inoue, M.; Sakuta, N.; Watanabe, S.; Zhang, Y.; Yoshikaie, K.; Tanaka, Y.; Ushioda, R.; Kato, Y.; Takagi, J.; Tsukazaki, T.; et al.
Structural Basis of Sarco/Endoplasmic Reticulum Ca2+-ATPase 2b Regulation via Transmembrane Helix Interplay. Cell Rep. 2019,
27, 1221–1230. [CrossRef] [PubMed]

87. Zhang, Y.; Inoue, M.; Tsutsumi, A.; Watanabe, S.; Nishizawa, T.; Nagata, K.; Kikkawa, M.; Inaba, K. Cryo-EM structures of
SERCA2b reveal the mechanism of regulation by the luminal extension tail. Sci. Adv. 2020, 6, eabb0147. [CrossRef] [PubMed]

88. Zhang, Y.; Watanabe, S.; Tsutsumi, A.; Kadokura, H.; Kikkawa, M.; Inaba, K. Cryo-EM analysis provides new mechanistic insight
into ATP binding to Ca2+-ATPase SERCA2b. EMBO J. 2021, 40, e108482. [CrossRef]

89. Zhang, Y.; Inaba, K. Structural basis of the conformational and functional regulation of human SERCA2b, the ubiquitous
endoplasmic reticulum calcium pump. Bioessay 2022, 44, e2200052. [CrossRef]

90. Sitsel, A.; De Raeymaecker, J.; Drachmann, N.D.; Derua, R.; Smaardijk, S.; Andersen, J.L.; Vandecaetsbeek, I.; Chen, J.; De Maeyer,
M.; Waelkens, E.; et al. Structures of the heart specific SERCA2a Ca2+-ATPase. EMBO J. 2019, 38, e100020. [CrossRef]

91. Kabashima, Y.; Ogawa, H.; Nakajima, R.; Toyoshima, C. What ATP binding does to the Ca2+ pump and how nonproductive
phosphoryl transfer is prevented in the absence of Ca2+. Proc. Natl. Acad. Sci. USA 2020, 117, 18448–18458. [CrossRef]

92. Brandl, C.J.; deLeon, S.; Martin, D.R.; MacLennan, D.H. Adult forms of the Ca2+ ATPase of sarcoplasmic reticulum. Expression in
developing skeletal muscle. J. Biol. Chem. 1987, 262, 3768–3774. [CrossRef]

93. Zádor, E.; Kósa, M. The neonatal sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA1b): A neglected pump in scope.
Pflug. Arch. 2015, 467, 1395–1401. [CrossRef]

94. Zádor, E.; Vangheluwe, P.; Wuytack, F. The expression of the neonatal sarcoplasmic reticulum Ca2+ pump (SERCA1b) hints to a
role in muscle growth and development. Cell Calcium 2007, 41, 379–388. [CrossRef] [PubMed]

95. Szabó, A.; Wuytack, F.; Zádor, E. The effect of passive movement on denervated soleus highlights a differential nerve control on
SERCA and MyHC isoforms. J. Histochem. Cytochem. 2008, 56, 1013–1022. [CrossRef] [PubMed]

96. Mendler, L.; Szakonyi, G.; Zádor, E.; Görbe, A.; Dux, L.; Wuytack, F. Expression of sarcoplasmic/endoplasmic reticulum Ca2+

ATPases in the rat extensor digitorum longus (EDL) muscle regenerating from notexin-induced necrosis. J. Muscle Res. Cell Motil.
1998, 19, 777–785. [CrossRef] [PubMed]

97. Zádor, E.; Mendler, L.; Ver Heyen, M.; Dux, L.; Wuytack, F. Changes in mRNA levels of the sarcoplasmic/endoplasmic-reticulum
Ca(2+)-ATPase isoforms in the rat soleus muscle regenerating from notexin-induced necrosis. Biochem. J. 1996, 320, 107–113.
[CrossRef]

98. Guglielmi, V.; Oosterhof, A.; Voermans, N.C.; Cardani, R.; Molenaar, J.P.; van Kuppevelt, T.H.; Meola, G.; van Engelen, B.G.;
Tomelleri, G.; Vattemi, G. Characterization of sarcoplasmic reticulum Ca(2+) ATPase pumps in muscle of patients with myotonic
dystrophy and with hypothyroid myopathy. Neuromuscul. Disord. 2016, 26, 378–385. [CrossRef]

99. Kósa, M.; Brinyiczki, K.; van Damme, P.; Goemans, N.; Hancsák, K.; Mendler, L.; Zádor, E. The neonatal sarcoplasmic reticulum
Ca2+-ATPase gives a clue to development and pathology in human muscles. J. Muscle Res. Cell Motil. 2015, 36, 195–203. [CrossRef]
[PubMed]

100. Tóth, A.; Fodor, J.; Vincze, J.; Oláh, T.; Juhász, T.; Zákány, R.; Csernoch, L.; Zádor, E. The Effect of SERCA1b Silencing on the
Differentiation and Calcium Homeostasis of C2C12 Skeletal Muscle Cells. PLoS ONE 2015, 10, e0123583. [CrossRef]

101. Fodor, J.; Gomba-Tóth, A.; Oláh, T.; Almássy, J.; Zádor, E.; Csernoch, L. Follistatin treatment suppresses SERCA1b levels
independently of other players of calcium homeostasis in C2C12 myotubes. J. Muscle Res. Cell Motil. 2017, 38, 215–229. [CrossRef]

102. Maruyama, K.; MacLennan, D.H. Mutation of aspartic acid-351, lysine-352, and lysine-515 alters the Ca2+ transport activity of the
Ca2+-ATPase expressed in COS-1 cells. Proc. Natl. Acad. Sci. USA 1988, 85, 3314–3318. [CrossRef]

103. De Meis, L. Brown adipose tissue Ca2+-ATPase: Uncoupled ATP hydrolysis and thermogenic activity. J. Biol. Chem. 2003, 278,
41856–41861. [CrossRef] [PubMed]

104. Toustrup-Jensen, M.S.; Holm, R.; Einholm, A.P.; Schack, V.R.; Morth, J.P.; Nissen, P.; Andersen, J.P.; Vilsen, B. The C terminus
of Na+, K+-ATPase controls Na+ affinity on both sides of the membrane through Arg935. J. Biol. Chem. 2009, 284, 18715–18725.
[CrossRef]

105. Seth, M.; Li, T.; Graham, V.; Burch, J.; Finch, E.; Stiber, J.A.; Rosenberg, P.B. Dynamic regulation of sarcoplasmic reticulum Ca(2+)
stores by stromal interaction molecule 1 and sarcolipin during muscle differentiation. Dev. Dyn. 2012, 241, 639–647. [CrossRef]
[PubMed]

106. Fajardo, V.A.; Bombardier, E.; Vigna, C.; Devji, T.; Bloemberg, D.; Gamu, D.; Gramolini, A.O.; Quadrilatero, J.; Tupling, A.R.
Co-expression of SERCA isoforms, phospholamban and sarcolipin in human skeletal muscle fibers. PLoS ONE 2013, 8, e84304.
[CrossRef] [PubMed]

http://doi.org/10.1074/jbc.M111.335620
http://www.ncbi.nlm.nih.gov/pubmed/22528494
http://doi.org/10.1016/j.celrep.2019.03.106
http://www.ncbi.nlm.nih.gov/pubmed/31018135
http://doi.org/10.1126/sciadv.abb0147
http://www.ncbi.nlm.nih.gov/pubmed/32851169
http://doi.org/10.15252/embj.2021108482
http://doi.org/10.1002/bies.202200052
http://doi.org/10.15252/embj.2018100020
http://doi.org/10.1073/pnas.2006027117
http://doi.org/10.1016/S0021-9258(18)61421-8
http://doi.org/10.1007/s00424-014-1671-3
http://doi.org/10.1016/j.ceca.2006.08.001
http://www.ncbi.nlm.nih.gov/pubmed/17010426
http://doi.org/10.1369/jhc.2008.951632
http://www.ncbi.nlm.nih.gov/pubmed/18678884
http://doi.org/10.1023/A:1005499304147
http://www.ncbi.nlm.nih.gov/pubmed/9836148
http://doi.org/10.1042/bj3200107
http://doi.org/10.1016/j.nmd.2016.04.003
http://doi.org/10.1007/s10974-014-9403-z
http://www.ncbi.nlm.nih.gov/pubmed/25487304
http://doi.org/10.1371/journal.pone.0123583
http://doi.org/10.1007/s10974-017-9474-8
http://doi.org/10.1073/pnas.85.10.3314
http://doi.org/10.1074/jbc.M308280200
http://www.ncbi.nlm.nih.gov/pubmed/12912988
http://doi.org/10.1074/jbc.M109.015099
http://doi.org/10.1002/dvdy.23760
http://www.ncbi.nlm.nih.gov/pubmed/22411552
http://doi.org/10.1371/journal.pone.0084304
http://www.ncbi.nlm.nih.gov/pubmed/24358354


Membranes 2023, 13, 274 18 of 18

107. Fajardo, V.A.; Smith, I.C.; Bombardier, E.; Chambers, P.J.; Quadrilatero, J.; Tupling, A.R. Diaphragm assessment in mice
overexpressing phospholamban in slow-twitch type I muscle fibers. Brain Behav. 2016, 6, e00470. [CrossRef]

108. Chen, Q.N.; Fan, Z.; Lyu, A.K.; Wu, J.; Guo, A.; Yang, Y.F.; Chen, J.L.; Xiao, Q. Effect of sarcolipin-mediated cell transdifferentiation
in sarcopenia-associated skeletal muscle fibrosis. Exp. Cell Res. 2020, 389, 111890. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/brb3.470
http://doi.org/10.1016/j.yexcr.2020.111890

	Introduction 
	The Sarco/Endoplasmic Reticulum Ca2+ ATPase 
	Phospholamban 
	Sarcolipin 
	Novel Transmembrane Micropeptides 
	Myoregulin 
	DWORF 
	Other Regulins 

	SERCA2b: Providing a Tail to Catch a Problem? 
	SERCA1b: A Grey Eminence 
	Conclusions 
	References

