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Abstract 

Peptides play pivotal roles in the regulation of various physiological processes. As 

neuropeptides or peptide hormones, they can bind to a range of receptors and thereby 

trigger the activation of different pathways, including insulin signaling. Another central 

functionality is facilitated by the action of the as regulins summarized transmembrane 

micropeptides. By binding to the sarco/endoplasmic reticulum Ca2+ ATPase (SERCA), the 

regulins control Ca2+ homeostasis and muscle contraction. With the ongoing 

identification of novel modulatory micropeptides encoded by small open reading frames, 

the urgency to understand peptide-dependent regulatory networks rises. In this regard, 

especially impact and physiological relevance exerted by the enzymatic inactivation of 

the mature, biologically active peptides are far from completely understood.  

Neprilysins are metalloendopeptidases expressed throughout the animal kingdom. 

Based on their broad substrate specificity, the activity of neprilysins is crucial for the 

modulation of multiple peptide-dependent processes. This work aimed to identify new 

peptide substrates of the Drosophila melanogaster Neprilysin 4 (Nep4) and investigate 

the enzyme's physiological impact on the affected regulatory mechanisms.  

The first part of the work could identify 16 novel Nep4 peptide substrates that play 

essential roles in insulin signaling and the regulation of food intake: allatostatin A1-A4, 

adipokinetic hormone, corazonin, diuretic hormone 31, drosulfakinin 1 and 2, leucokinin, 

two short neuropeptide F peptides, and tachykinin 1-4. Thereby, aberrant expression of 

Nep4 leads to severe phenotypes linked to misregulation of insulin signaling, including 

reduced body size and weight, compromised food intake, and a characteristic shift in 

metabolomic composition. 

To further investigate and understand the complex functionality of the newly discovered 

Nep4 substrates, these peptides were tested for their ability to modulate the Drosophila 

heartbeat. A combined in vitro/in vivo screen revealed that the tested substrates exert 

chronotropic as well as inotropic effects, rendering the peptides as essential novel 

modulators of the heartbeat in Drosophila. 

The main project of this thesis was based on the initial finding that animals with Nep4 

overexpression exhibit severe impairments of body wall muscle and heart functionality. 

By applying various experiments, including analyses of muscle and heart contraction, 

measurement of Ca2+ transients, pull-down studies, STED super-resolution microscopy, 

and mass spectrometry, Neprilysin 4 was identified as a novel modulator of SERCA 

activity. The molecular underpinning of this regulatory mechanism is the Nep4 mediated 
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cleavage and inactivation of Drosophila SERCA-inhibitory Sarcolamban micropeptides 

SCLA and SCLB. Strikingly, cleavage experiments using the mammalian neprilysin and 

apparent colocalization of Neprilysin and SERCA in human heart tissue indicate 

evolutionary conservation of this mechanism. 

In summary, this work could identify a range of so far unknown Nep4 substrates and 

thereby point out the critical roles these class of enzymes plays in insulin signaling as 

well as the physiology of muscle and heart contraction. 
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1 Introduction 

1.1 Peptide signaling networks and their regulation via 

neprilysins 

Peptides are critical regulators of many different physiological processes in animals and 

plants. They are defined as polypeptide chains with a maximal length of 50 amino acids. 

As a further subdivision, a peptide with less than 20 amino acids is called oligopeptide. 

There are different possibilities to classify the biologically active peptides. Ribosomal 

peptides are assembled by ribosomes during translation, whereas nonribosomal peptides 

are generated by enzymes and are predominately found in fungi, plants, and unicellular 

organisms. Based on their origin and way of action, ribosomal peptides can be further 

distinguished in, e.g., neuropeptides, peptide hormones, lipopeptides, antimicrobial, and 

regulatory transmembrane peptides. 

Neuropeptides are produced and released by neurons and act as first messenger at many 

different sites of the animal or human body (see also section 1.1.1; reviewed by Nässel 

and Winther, 2010; Schoofs et al., 2017; Nässel and Zandawala, 2019). In contrast to 

neuropeptides, peptide hormones are signaling molecules that are defined in the first 

place by their functionality and not by their transcriptional origin. Peptide hormones 

always act on the endocrine system but can be expressed by a range of endocrine tissues 

and cells, including neurons. Therefore, some peptides are simultaneously classified as 

neuropeptides and peptide hormones. Both neuropeptides and peptide hormones are 

usually generated by processing a so-called prepropeptide that represents a larger 

precursor encoded by a gene (Figure 1).  

 

 

Figure 1 | Maturation and processing of 

neuropeptides and peptide hormones. (1) 

The translated prepropeptide harbors spacer 

regions, propeptides that later give rise to the 

mature peptides, and a signal sequence 

guiding the prepropeptide to the secretory 

pathway. (2)/(3) At the ER and Golgi, the 

prepropeptide is processed, including protease-

mediated propeptide excision. (4) After the 

addition of posttranslational modifications like 

amidation of the C-terminus (-NH2), the 

mature peptides are released into the 

extracellular space via secretory vesicles. The 

bioactive peptides are distributed in the 

organism via the blood or hemolymph (in 

insects) flow and finally reach their target 

tissue/cell, where they often act as first 

messenger to trigger intracellular signaling 

pathways. 
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After translation, the N-terminal signal peptide directs the prepropeptide to the 

secretory pathway. In the endoplasmic reticulum (ER), the signal sequence is cleaved, 

and the propeptides are later excised through dibasic or monobasic cleavage mediated by 

proteases. Finally, the propeptides are processed to mature peptides through the 

addition of post-translational modifications (PTMs). PTMs are, in many cases, crucial to 

peptide functionality and stability. For example, bridging of disulfides gives rise to a 

cyclic peptide, sulfation of tyrosine residues enhances interaction with proteins, and N-

terminal or C-terminal blocking via the addition of a pyroglutamate respectively 

amidation provides stability against degradation. Finally, the mature neuropeptides are 

released into the extracellular space via secretory vesicles. 

Neuropeptides and peptide hormones typically act as first messengers that initiate the 

release of an intracellular second messenger via activation of plasma membrane-located 

receptors at the surface of their target cell or tissue (Figure 2). The need to bind to a 

receptor distinguishes peptide hormones from steroid hormones which are lipid-soluble 

and can therefore directly pass the plasma membrane. In many cases, the peptide 

receptors are so-called G protein-coupled receptors (GPCRs, e.g., reviewed in Oldham 

and Hamm, 2008; Lefkowitz, 2013; Hilger et al., 2018). With nearly 800 representatives 

in humans and 200 in the fruit fly Drosophila melanogaster, the GPCRs constitute the 

largest superfamily of membrane receptors (Brody and Cravchik, 2000; Bjarnadottir et 

al., 2006; Hanlon and Andrew, 2015; Liu et al., 2021). Concomitantly with their 

abundance, GPCRs can trigger different intracellular signaling cascades. The first 

identified GPCR was the ß-adrenergic receptor (Ahlquist, 1948) that is implicated in the 

regulation of phospholamban (PLN), a very different type of peptide involved in the 

regulation of heart contraction (see section 1.2.4).  

In general, activation of GPCRs through binding of a ligand leads to the exchange of 

GDP (guanosine diphosphate) by GTP (guanosine triphosphate) at the interacting 

intracellular located heterotrimeric G protein (guanine nucleotide-binding protein; 

Figure 2). As a result, the G protein dissociates into the Gα and Gßγ subunits, whereby 

both subunits are capable of regulating different downstream signaling pathways 

autonomously. Four different Gα families with distinct effector targets have been 

identified so far: Gαi, Gαq, Gαs, and Gα12/13 (reviewed in Simon et al., 1991; Downes and 

Gautam, 1999). The αi and αs subunits interact with the membrane-bound adenylyl 

cyclase (AC), hence with different outcomes. The binding of αs to AC results in ATP-

dependent formation of the ubiquitous second messenger cAMP (cyclic adenosine 

monophosphate), whereas the interaction of αi inhibits cAMP production. The Gαq 

subunit mediates activation of the membrane-bound phospholipase that triggers the 

production of the second messenger inositol-1,4,5-trisphosphate (Ins(1,4,5)P3) and 

diacylglycerol (DAG) and function of α12/13 is to activate RhoGTPases by binding to Rho 

guanine nucleotide exchange factor proteins (RhoGEFs; Figure 2). GPCR mediated 

signaling is terminated through hydrolysis of GTP, leading to the reassociation of the G 

protein subunits. 
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Figure 2 |GPCR-dependent activation of intracellular signaling pathways. The binding of a ligand, for example a 

neurotransmitter, pheromone, or peptide, induces a conformational change in the GPCR. The conformational change is 

transmitted to intracellularly bound trimeric G protein resulting in the replacement of the GDP with GTP at the Gα 

subunit. Upon nucleotide exchange, the trimeric G protein dissociates into the Gα subunit and Gßγ dimer. Depending on 

the respective Gα family (Gαi, Gαq, Gαs, or Gα12/13), different downstream effectors are targeted by the dissociated Gα 

subunit. While Gαi and Gαs act through the adenylate cyclase to affect cAMP production, Gαq activates the membrane-

bound phospholipase Cβ (PLCβ). PLCβ then hydrolyses the phospholipid phosphatidylinositol-4,5-bisphosphate 

(PtdIns(4,5)P2), further leading to formation of Ins(1,4,5)P3 and DAG. The Gα12/13 subunit stimulates Rho GTPases (Rho) 

by binding to RhoGEFs. The Gßγ heterodimer triggers downstream signaling predominately through the interaction with 

scaffolding proteins. Modified after (Pfleger et al., 2019). 

 

Besides the classical GPCR activation, several novel modes of GPCR mediated signal 

transduction not depending on G proteins have been identified by now (reviewed in 

Wang et al., 2018). 

In recent years, another type of peptides besides neuropeptides and peptide hormones 

has gained more and more attention: transmembrane micropeptides regulating proteins 

localizing to the same membrane (reviewed by Makarewich and Olson, 2017; 

Makarewich, 2020). The relatively late discovery of many micropeptides is because 

several of these peptides are encoded by small open reading frames (smORFs/sORFs) of 

long, formerly “noncoding” annotated RNAs (Hartford and Lal, 2020; Kute et al., 2022). 

Identifying these peptides was and is therefore challenging and relies on advanced 

bioinformatic analyses as well as large-scale transcriptomics and proteomics. The most 

prominent examples are the newly identified members of the “regulin” family (Anderson 

et al., 2016; reviewed by Rathod et al., 2021). These transmembrane peptides modulate 

the activity of the Sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) to regulate muscle 

contraction (see section 1.2.4.).  

Despite all progress regarding identifying and characterizing the many ways in which 

peptides modulate different processes, one ‘blind spot’ often remains. Molecular 

mechanisms targeting the peptides turnover and stipulating how the active peptides 

themselves are regulated or their activity efficiently terminated, short-termed and in the 

long run, often remain unclear. Nevertheless, neprilysins represent one important class 

of enzymes facilitating this necessary functionality (see sections 1.1.2 and 1.1.3). 
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1.1.1 Peptides are critical to insulin signaling in Drosophila 

melanogaster 

Insulin and insulin-like growth factor (IGF) signaling (IIS) is a highly orchestrated 

interplay of various pathways and effectors. Together, all these processes regulate, e.g., 

food intake, digestion, metabolism, and physiological homeostasis. In humans, 

misregulation of insulin signaling can be concomitant with the development of one of the 

most severe and prevailed diseases of the present age: Diabetes mellitus. Therefore, a 

mechanistic understanding of all factors implicated in this highly complex system is of 

extraordinary significance.  

Drosophila melanogaster is a model system holding many similarities to vertebrate IIS 

(reviewed in e.g., Nässel et al., 2013; Rajan and Perrimon, 2013; Nässel et al., 2015; 

Okamoto and Yamanaka, 2015; Nässel and Vanden Broeck, 2016; Nässel and 

Zandawala, 2019; Chowanski et al., 2021). However, the open circulatory system of 

Drosophila constitutes one of the main differences in comparison to the vertebrate’s 

closed and subdivided circulatory system concerning the distribution of factors 

regulating IIS. In flies, the hemolymph called blood-like body fluid is distributed through 

the pumping action of the heart tube and flows around the inner organs, thereby 

mediating the transport and exchange of nutrients and signaling factors (reviewed by 

Rotstein and Paululat, 2016; see also section 1.2.1, Figure 8). Instead of vertebrate 

insulin and insulin-like growth factor, flies express eight so-called Drosophila insulin-

like peptides (DILPS) representing the central switches of IIS (Figure 3; Brogiolo et al., 

2001; Vanden Broeck, 2001; Grönke et al., 2010; reviewed by Antonova et al., 2012). 

dilp2, 3, and 5 are expressed by IPCs (insulin-producing cells) called neurosecretory cells 

of the Drosophila brain (Brogiolo et al., 2001; Ikeya et al., 2002; Rulifson et al., 2002; 

Broughton et al., 2005). Regarding their DILP production and release functionality, IPCs 

are analogous to mammalian insulin-secreting pancreatic β cells. The IPCs are 

comprised of 14 cells organized as a pair of seven cells each, whereby the cell bodies 

localize to the pars intercerebralis called region of the central nervous system (CNS). In 

addition to the release of DILPs, the IPCs also produce and release drosulfakinins, 

peptides that induce satiety (Söderberg et al., 2012). 

In contrast to the DILPs produced by the IPCs, dilp6 is expressed by adipose cells of the 

fat body and exhibits structural as well as functional similarities to vertebrate IGF 

(Slaidina et al., 2009; Okamoto et al., 2009). By binding to IPCs, DILP6 was shown to 

repress the expression of other dilps (Bai et al., 2012). DILP7 is secreted by specific 

neurons with projections to different sites of the gut and the female reproductive system 

(Miguel-Aliaga et al., 2008; Yang et al., 2008), while larval imaginal discs produce DILP8 

(Colombani 2012; Garelli et al., 2012). The function of DILP8 is to coordinate 

developmental timing with the growth status of tissues. 

In general, IIS can be divided in two parts with the DILPs representing the switch-point 

(Figure 3; reviewed by e.g., Owusu-Ansah and Perrimon, 2014; Nässel et al., 2015; 

Nässel and Vanden Broeck, 2016; Nässel and Zandawala, 2019). Upstream of dilp 
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expression, different factors integrate and transmit information like the nutrition state 

and energy storage to induce DILP production and release. Downstream of the IPCs, the 

released DILPs translate this information by activating different signaling pathways 

regulating, e.g., growth, metabolism, reproduction, and lifespan, but also stress 

resistance, cognitive functions, and behavior (Brogiolo et al., 2001; Clancy et al., 2001; 

Tatar et al., 2001; Giannakou et al., 2007; Tatar et al., 2014; Itskov and Ribeiro, 2013; 

Root et al., 2011; Luo et al., 2014; Pool and Scott, 2014; reviewed by Antonova et al., 

2012; Nässel and Zandawala, 2019). 

Based on their respective secretion site, the peptides and other IPC-binding factors can 

be distinguished in gut-, fat body-, or neuron-derived (Figure 3). Various neuropeptides 

and peptide hormones act on the IPCs of Drosophila, either directly via binding to their 

receptor expressed at the surface of the IPCs or indirectly through activation of receptors 

expressed by other neurons. For example, the gut-derived peptide diuretic hormone 31 

(DH31) triggers the release of short neuropeptide F (sNPF) and corazonin from distinct 

neurons. Upon release, sNPF and corazonin bind to their respective GPCRs at IPCs and 

thereby induce dilp expression (e.g., Johnson et al., 2005; Lee et al., 2008; Veenstra et 

al., 2008; Kapan et al., 2012). On the contrary, GPCR receptors of the neuropeptides 

allatostatin A (AstA; Lenz et al., 2001; Hentze et al., 2015), leucokinin (Zandawala et al., 

2018; Yurgel et al., 2019), and Drosophila tachykinins (Birse et al., 2011) are expressed 

by IPCs, enabling these group of peptides to trigger dilp expression directly. Eventually, 

these peptides are also expressed by enteroendocrine cells (Yoon and Stay, 1995; Siviter 

et al., 2000; Veenstra et al., 2008). Additionally, the CCH2amides represent relatively 

novel peptide hormones with receptors at IPCs (Veenstra and Ida, 2014; Ren et al., 2015; 

Sano et al., 2015). In contrast to the previously mentioned neuropeptides, the 

CCH2amides are exclusively produced and released by the fat body and intestine.  

Further known factors acting on IPCs are, for example, neurotransmitters, 

neuromodulators, hormones, glucose (Rulifson et al., 2002; Kreneisz et al., 2010; Park et 

al., 2014), as well as fat-body derived factors like leptin-like molecule unpaired-2 (Rajan 

and Perrimon, 2012), and the proteins stunted (Delanoue et al., 2016) and TNF Eiger 

(Agrawal et al., 2016). Moreover, fat body-derived adiponectin and DILP6 were shown to 

repress dilp expression at IPCs (Kwak et al., 2013; Slaidina et al., 2009; Okamoto et al., 

2009). The glucose level in the hemolymph is also sensed by adipokinetic hormone (AKH) 

secreting cells (APCs; Kim and Rulifson, 2004). The APCs can be found in the corpora 

cardiaca (CC), a cluster of cells located in the ring gland of Drosophila. Upon glucose 

binding, AKH is secreted by the CC and binds to its receptor, a GPCR present at the 

surface of IPCs, to induce the expression of dilp3 (Staubli et al., 2002; Kim and Rulifson, 

2004; Kim and Neufeld, 2015). Therefore, the AKH producing CC cells are analogous to 

mammalian glucagon-secreting pancreatic islet α cells and AKH to mammalian glucagon 

(Schaffer, 1990; Noyes et al., 1995; Bednarova et al., 2013). 
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Figure 3 | Factors regulating dilp expression at the IPCs of Drosophila larvae. Cell bodies of the IPCs localize at 

the Drosophila brain hemispheres, while their axons project to several regions of the body. By binding to their respective 

receptors present at the surface of the IPC cell bodies (see box), different factors initiate the production and release of 

DILPs. The factors are predominately derived from three tissues: the CC of the ring gland (1), the fat body (2), or the 

midgut (3). Thereby, the open circulatory system of Drosophila allows for the free distribution of modulating molecules to 

their target tissue. Some peptides do not directly act on the IPCs, but induce the expression and secretion of other 

neuropeptides, like corazonin or sNPF, which then activate the IPCs. (1) At the CC, APCs release the peptide AKH that 

acts on the neighboring IPCs. (2) The fat body is the source of different IPC-regulatory factors. Besides the protein stunted 

and TF Eiger, the fat body also produces the repressor DILP6 and adiponectin. (3) The midgut secretes, for example, the 

AstA peptides, DH31, and tachykinins, but also CCHamide is produced by this organ. After their release at different 

neurohemal sites, the DILPs trigger various downstream insulin signaling pathways. Modified after (Nässel and 

Zandawala, 2019). 

 

Since APCs also express the AstA receptor, AKH release is as well stimulated by the 

binding of AstA (Hentze et al., 2015). However, since many of the described factors are 

restricted to a specific developmental stage, larvae and adult animals exhibit quite 

distinct mechanisms of IPC activation (see also section 3.1). 

The IPCs project axons to different neurohemal areas of the body where the DILPs are 

released. In flies, the released DILPs bind to one of the two known receptors at the 

surface of their target tissue: the tyrosine kinase receptor dInR (Drosophila insulin 

receptor) or the GPCR dLgr3 (Drosophila Leucine-rich repeat-containing G protein-

coupled receptor 3) (Fernandes et al., 1995; Brogiolo et al., 2001; Van Hiel et al., 2015). 

Different signaling cascades are triggered upon activation of the receptors, for example, 

the canonical insulin/PI3K/Akt (phosphatidylinositol-3-kinase/protein kinase B) 

signaling pathway, the with the insulin/PI3K/Akt interrelated target of rapamycin 

(TOR) pathway, and the mitogen-activated protein kinase (MAPK; extracellular signal-

regulated kinase, ERK) pathway, (reviewed, e.g., by Grewal, 2009; Teleman, 2009; 

Antonova et al., 2012). This diversity of selectively triggered pathways allows control of 

the diverse DILP-dependent functions, e.g., growth or life span regulation (see above). 

However, the effects exerted by dilp expression are relatively well studied, whereas 

factors that control and effectively govern the different IPC activating pathways remain 

largely elusive. Especially regulation mechanisms targeting the mature and active 

peptides that induce dilp expression are not known, even though metalloendopeptidases 

like neprilysins could mediate such a functionality. 
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1.1.2 Neprilysins control diverse processes via cleavage of 

different peptide substrates  

Neprilysins are M13 zinc-metalloendopeptidases characterized by their broad substrate 

specificity. Through hydrolysis of various peptide substrates, neprilysins play pivotal 

roles in several processes, including the regulation of blood pressure and natriuresis, 

nociception, or the degradation of detrimental peptide species related to Alzheimer’s 

disease (reviewed in, e.g., Erdös and Skidgel, 1989; Turner et al. 2001; Bayes-Genis et 

al., 2016a). The best-characterized member of the neprilysin M13 family is the 

mammalian neprilysin (NEP, neutral endopeptidase, EC 3.4.24.11; also known as 

membrane metalloendopeptidase (MME), common acute lymphoblastic leukemia antigen 

(CALLA), and enkephalinase). NEP was initially described in 1973 as an enzyme of the 

rabbit kidney brush border membranes and only shortly after that, purified and 

classified as neutral endopeptidase (George and Kenny, 1973; Kerr and Kenny, 1974a; 

Kerr and Kenny, 1974b). In the following years, expression of NEP was detected in many 

different tissues where the enzyme fulfills versatile gastrointestinal, neurological, renal, 

pulmonary, and cardiovascular functions (e.g., Malfroy et al., 1978; Roques et al., 1980; 

Skidgel et al., 1984; Trejdosiewicz et al., 1985; Letarte et al., 1988; Borson, 1991; 

Kokkonen et al., 1999). 

Most of the identified neprilysins are type II integral membrane-bound proteins 

localizing to the plasma membrane. Though, in urine and blood, the enzyme is present as 

soluble form resembling other soluble neprilysin species secreted into the extracellular 

space like the human NEP2 (Erdös and Skidgel, 1989; Whyteside and Turner, 2008). 

Typically, the membrane-bound neprilysins consist of a short N-terminal intracellular 

domain, a transmembrane domain, and a C-terminal extracellular domain holding the 

conserved Neprilysin-like (M13) protease domain (Figure 4). The domain comprises two 

alpha-helical subdomains connected by a linker (Oefner et al., 2000; Figure 4). Together, 

these domains build the spherical cavity bearing the active site of neprilysin, whereby 

the subdomain 2 and the linker domain sterically restrict the binding of peptides with a 

size of more than ~ 3 kDa (Figure 4B; Tiraboschi et al., 1999; Oefner et al., 2000, 

Pankow et al., 2009). The active site is located at the larger subdomain 1 and harbors the 

four sequence motifs critical to catalytic activity: HExxH, ENIAD(xGG), CxxW, and 

NAY/FY (Oefner et al., 2000; Figure 5A). 

The histidine residues of the HExxH consensus sequence and the ENIAD(xGG) 

glutamate coordinate a zinc atom required for cleavage in a tetrahedral structure 

(Figure 4C; Oefner et al., 2000; Moss et al., 2018; Moss et al., 2020). Together with the 

surrounding residues, the coordinated zinc ion builds a small binding pocket with the 

subsites S1, S1’ and S2’ (Figure 4C). Besides zinc coordination, the HExxH motif is also 

accountable for the catalysis of the substrate, which is mediated by its glutamate 

residue. Consistently, the enzymatic activity of neprilysin is efficiently disrupted by 

mutation of this residue (Devault et al., 1988; Kubo et al., 1992). 
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Figure 4 | The extracellular domain of human NEP is critical for catalytic activity. (A) The extracellular domain 

of human NEP harbors the conserved Neprilysin-like (M13) protease domain composed of the subdomains 1 (green) and 2 

(red) and a linker region (cyan) connecting the subdomains. Together, the domains build a spherical cavity that can be 

entered by small peptides (~ 3 kDa). The zinc ion (black sphere) is crucial for substrate cleavage at the catalytic center. 

Glycan residues are depicted in blue. Shown is a three-dimensional ribbon diagram based on a crystal structure (Protein 

Data Bank ID: 6GID). (B) Interior cave of NEP (green) with a bound natriuretic peptide (CNP, C-type natriuretic peptide; 

orange). NEP residues D372 and R222 interact with CNP residues R8 and D7, respectively, thereby positioning the CNP 

F2 residue at the catalytic site (yellow). Cleavage of CNP occurs primarly at the amino-terminal bond of the F2 residue. 

The model is based on crystal structures (Protein Data Bank IDs: 2QPJ; Oefner et al., 2007 and IJDP; He et al., 2001). (C) 

Detail view of the binding pocket with the subsites S1, S1’, and S2’ without a bound substrate. The binding pocket is 

formed by the coordinated zinc atom (grey sphere) and surrounding NEP residues. Coordination of the zinc is mediated by 

the His583, His587, and Glu646 residues. (A) and (C) were adapted and modified after (Moss et al., 2018), and (B) was 

adapted and modified after (Pankow et al., 2009). 

 

Additionally, the CxxW motif is critical for protein folding and maturation, and NAY/FY 

is necessary for substrate binding (Oefner et al., 2000; Turner et al., 2001; Oefner et al., 

2004; Sitnik et al., 2014). Neprilysins prefer to cleave the amino-terminal bond at 

hydrophobic residues of their substrates and are effectively inhibited by phosphoramidon 

and thiorphan (e.g., Hersh and Morihara, 1986; Tiraboschi et al., 1999; Oefner et al., 

2000; Oefner et al., 2004). Among the currently over 50 known NEP substrates are the 

natriuretic peptides, bradykinin, tachykinins, glucagon, the insulin B-chain, endothelins, 

and amyloid β-peptides (reviewed, e.g., in Erdös and Skidgel 1989; Bayes-Genis et al., 

2016a). Especially because of its role in the cleavage of natriuretic peptides, NEP 

displays a valuable therapeutic target to treat hypertension and is also used in 

combination with the blocking of the Angiotensin receptor in the form of so-called 

vasopeptidase inhibitors to treat patients with systolic heart failure (McMurray et al., 

2014; Sharma et al., 2020; e.g., reviewed in Bayes-Genis et al., 2016a; Bayes-Genis et al., 

2016b; Singh et al., 2017; Docherty et al., 2020). 

Members of the M13 neprilysin family have been identified in many different species 

ranging from Hydra vulgaris or Drosophila melanogaster to vertebrates, including 

mammals (Turner et al., 2001; Bland et al., 2008). Several peptide signaling pathways 
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are also conserved (see section 1.1.1), emphasizing the comprehensive role of neprilysins 

in regulating these processes. 

 

1.1.3 Drosophila Neprilysin 4 exhibits dual subcellular 

localization in muscles 

Seven neprilysin coding genes have been identified in Drosophila melanogaster so far. 

The corresponding proteins Nep1-Nep7 hold all four conserved sequence motifs critical to 

catalytic activity (Bland et al., 2008; Sitnik et al., 2014). In contrast to the other 

Drosophila neprilysins, alternative splicing of nep4 (Nep4) results in the formation of the 

isoforms Nep4A and Nep4B/C (Meyer et al., 2009; Meyer et al., 2011). The Nep4A 

isoform holds a transmembrane domain and represents a typical type II integral 

membrane protein, like the mammalian NEP (Figure 5), whereas Nep4B/C lacks the 

transmembrane domain (Meyer et al., 2009).  

The evolutionary conversation of the protease domain harboring the sequence motifs 

responsible for the catalytic activity suggests comparable substrate specificity of Nep4 

and the other neprilysins (Figure 4; Figure 5). Though, in vitro cleavage assays 

demonstrated that Nep4B efficiently degrades the human peptide substance P but fails 

to cleave Locusta migratoria tachykinin 1 and human bradykinin. In addition, human 

Angiotensin I and Drosophila Pigment Dispersing Factor (PDF) were also cleaved hence 

with low efficiency. Further experiments using the NEP inhibitors phosphoramidon and 

thiorphan showed that Nep4 is not susceptible to these inhibitors (Meyer et al., 2009).  

The expression of Nep4 is controlled by a neuronal and a mesodermal enhancer element 

(Panz et al., 2012; Meyer et al., 2011). While the neuronal enhancer mediates the 

expression of Nep4A in glial cells and neurons of the CNS, the mesodermal enhancer 

facilitates Nep4 expression in cardiac and muscle cells (Figure 5B-C; Meyer et al., 2009; 

Meyer et al., 2011; Panz et al., 2012). Furthermore, high Nep4 expression was confirmed 

in the testes, where the peptidase plays a crucial role in sperm functionality (Meyer et 

al., 2009; Ohsako et al., 2021). Nevertheless, Nep4 functionality in the different tissues 

has yet to be fully elucidated. On the one hand, expression of Nep4 in different stages of 

Drosophila, including embryonic tissues, hints at a developmental role of the peptidase. 

On the other hand, Nep4 expression in neuronal tissue is related to memory formation, 

whereas expression in gonads plays a role in reproduction (Sitnik et al., 2014; Turrel et 

al., 2016). Furthermore, Nep4 was shown to be expressed in larval heart and muscle 

tissue, where the peptidase is pivotal for muscle integrity (Panz et al., 2012). 

Interestingly, in contrast to the typical neprilysin localization at the plasma membrane, 

Nep4 exhibited dual subcellular localization in muscles (Figure 5B-C; Panz et al., 2012). 

In addition to surface located Nep4, the enzyme was also detected in membranes of the 

sarcoplasmic reticulum (SR), an organelle crucial to Ca2+ homeostasis during muscle 

contraction (see section 1.2.3). 
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Figure 5 | Nep4A exhibits a dual subcellular localization in Drosophila muscles. (A) Primary structure of 

Drosophila Nep4A. The enzyme (1040 aa) consists of a short N-terminal intracellular domain (ICD; 56 aa), a 

transmembrane domain (TMD; 20 aa), and a large extracellular part (ECD; 964 aa). Catalytic activity is mediated by the 

four sequence motifs NAYY, HELTH, ENIAD, and CSVW. They are part of the evolutionary conserved Neprilysin-like 

protease domain at the C-terminal end of the ECD. The motifs HELTH and ENIAD represent zinc-binding domains (bold 

residues are critical to zinc coordination and catalysis), whereas NAYY mediates substrate binding, and CSVW is 

important for protein folding and maturation. (B-B``) Expression of HA-tagged Nep4 (Nep4-HA; green) driven by the 

native mesodermal enhancer results in dual subcellular localization of the peptidase in body wall muscles. While Nep4 

signal is apparent at the surface of the myofibers (B`, B``; green) and corresponds to F-actin (B, B``; red), a strong Nep4 

signal is also detectable around the nuclei. (C-C``) Higher magnification of the nuclear region shows that Nep4 co-localizes 

with a marker of the SR (SERCA, red). The muscles of third instar larvae were stained with phalloidin-TRITC and an 

anti-HA/anti-SERCA antibody. (B) and (C) were modified and adapted after (Panz et al., 2012). 

 

While localization at the surface of muscles enables the enzyme to cleave soluble 

signaling peptides circulating in the hemolymph, the functionality of Nep4 at the SR 

membrane remains unclear. 
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1.2 Physiology of muscle contraction and role of 

regulatory micropeptides 

The physiological mechanisms underlying muscle and heart contractions are 

evolutionary well conserved throughout the animal kingdom. This is due to the fact that 

the smallest contractile unit of striated muscles, the sarcomere, is highly conserved in 

different types of muscle tissue and animal taxa (Figure 6; Hanson and Huxley, 1953; 

reviewed in Clark et al., 2002; Ehler and Gautel, 2008). Consecutively attached 

sarcomeres build a single myofibril, and several myofibrils are bundled to myofibers 

covered by the sarcolemma called plasma membrane. Depending on the respective 

muscle type, a single muscle can be composed of only one myofiber/myofibril or 

comprises fascicles called muscle fiber bundles. 

A molecular sliding mechanism enables sarcomere shortening based on the interaction of 

thin actin filaments and thick myosin filaments (Huxley and Niedergerke, 1954; Huxley 

and Hanson, 1954; Burbaum et al., 2021; Wang et al., 2021; see also Figure 9). This 

interaction generates a mechanical force, further leading to contraction of the whole 

muscle and subsequently resulting in movement of a structure, organ, or body part. 

Through various adaptions characterizing the different muscle types, muscles can be 

optimized to generate maximal forces, like jaw muscles, or to endure long periods of 

contraction, like the muscles that build up a heart.  

In general, muscles can be divided into two major groups, smooth and striated muscles. 

While the repeated alignment of sarcomeres present in striated muscles results in a 

typical regular pattern visible under the light microscope, smooth muscles lack this 

regular composition of thin and thick filaments leading to a more ‘smooth’ and unregular 

appearance of the overall muscle tissue (e.g., Gabella, 1984). Smooth muscles are 

composed of specialized non-syncytial myocytes featuring tapered ends. They typically 

mediate slow or sustained involuntary contraction, which is, for example, needed for the 

movement of inner organs in peristaltic waves. In contrast, striated muscles are 

responsible for precisely controlled rapid movements like the wing stroke of Drosophila. 

This muscle type comprises long, multinucleated cylindrical myocytes and contains 

many mitochondria due to the high energy requirement. However, invertebrate “hybrid” 

muscular structures exhibiting molecular composition of both types have been described 

as well (e.g., Sulbarán et al., 2015; Steinmetz et al., 2012; Kobayashi et al., 1998; Hoyle, 

1969; Plesch, 1977). According to the different patterns of striation, the voluntary 

striated muscles can be further subdivided into transversely/cross-striated (vertebrates 

and invertebrates) and obliquely/helically striated muscles (invertebrates only) (Hanson, 

1957; Paniagua et al., 1996; Royuela et al., 2000). Continuous or discontinuous Z-discs 

further characterize the transversely striated muscles of invertebrates. With skeletal 

and cardiac muscles, two different types of cross-striated muscles are present in 

vertebrates. In contrast to skeletal muscles, cardiac tissue does not exhibit the typical 

regularly arranged sarcomeres of striated muscles. 
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Figure 6 |The sarcomere is the basic contractile unit of muscles. (A) A comparison of a Drosophila flight muscle 

and a human skeletal muscle illustrates the high evolutionary conservation of these tissues. The muscles consist of single 

myofibers (Drosophila flight muscle) or myofiber bundles (human skeletal muscle). In both cases, the myofibers are 

composed of parallel-assembled myofibrils. One myofibril spans the entire length of one muscle and is built up by end-to-

end joined sarcomeres, the contractile units of muscles. Coordinated contraction of all myofibrils of one muscle fiber and 

transmission of the thereby generated mechanical force via tendons or tendon-like structures results in overall muscle 

contraction. Even though the size of muscles varies a lot between organisms and yet can be quite variable depending on 

the muscle type in one animal, the size of the sarcomeres is very consistent. This also applies to the molecular components 

forming a single sarcomere. (B) The sarcomeric Z-disc consists of α-actinin that serves as an anchor structure for titin and 

thin actin filaments. By contrast, the M-line is located at the center of a sarcomere, where titin itself serves as the anchor 

for the thick myosin filaments. Besides the dense Z-discs, the region of thick myosin filaments (A-Band) and the brighter 

region of thin actin filaments (I-Band) can be distinguished under the light microscope. Modified and adapted after 

(Lemke and Schnorrer, 2017). 

 

Instead, cardiac tissue is composed of specialized single nucleated cardiomyocytes 

organized in branched bundles and connected by intercalated discs. As cell-cell adhesion 

structure, intercalated discs are essential for synchronizing the heartbeat by connecting 

the cytoplasms of neighboring cardiomyocytes. This distinct architecture of cardiac 

tissue is causative for the less regular appearance of striation in comparison to skeletal 
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muscles (e.g., reviewed in Zhao et al., 2019). Two different subgroups of skeletal muscles 

can be distinguished: slow- and fast-twitch muscles. Slow-twitch or red muscles are 

specialized for sustained/tonic activity and can be characterized, e.g., by their aerobic 

respiration (oxidative phosphorylation) in combination with a high content of myoglobin 

and mitochondria. Fast-twitch fibers (white muscles), on the other hand, use anaerobic 

metabolism (glycolysis) and exhibit less myoglobin and mitochondria (Schiaffino and 

Reggiani, 2011; reviewed, e.g., by Calderon et al., 2014; Kuo and Ehrlich, 2015). With 

these characteristics, fast-twitch fibers are construed for phasic and active activity. 

Therefore, long-term exercise leads to the conversion of slow-twitch fibers to fast-twitch 

fibers. 

 

1.2.1 The muscle tissue of Drosophila  

The fruit fly Drosophila melanogaster is a well-established model organism to study 

muscle functionality, physiology, and myogenesis. In contrast to other invertebrates, 

only one primary type of muscle tissue is present in arthropods: transversely striated 

muscles with continuous or discontinuous Z-discs that share many similarities with 

vertebrate skeletal muscles (Figure 6 and Figure 7; Smith, 1966; Osborne, 1967; 

Goldstein and Burdette, 1971; Jorgensen and Rice, 1983; Paniagua et al., 1996, Royuela 

et al., 2000; reviewed in Taylor, 2006). Due to the lack of an internal skeleton, most of 

the Drosophila muscles are connected via myotendinous junctions (MTJs) called tendon-

like structures to the cuticular exoskeleton to allow for contractile force transmission 

(reviewed in, e.g., Volk, 1999; Schnorrer and Dickson, 2004; Schweitzer et al., 2010; Soler 

et al., 2016).  

Like in all holometabolous insects, Drosophila muscles undergo two significant 

rearrangement phases in the course of development: during the embryo to larva 

transition and during the pupal metamorphosis (reviewed in Poovathumkadavil and 

Jagla, 2020). In the first phase of the muscle rearrangement, embryonic muscles develop 

either into larval somatic muscles, also known as body wall muscles, visceral, or cardiac 

muscle tissue (Figure 7). As a well-orchestrated process, peristaltic contraction waves of 

the super contractile body wall muscles build the base for the typical larval crawling 

locomotion. All embryonic and larval muscles have in common that they consist of single 

myofibrils or single cardiomyocytes, whereas the formation of multifibrillar muscles first 

takes place in the pupal stage (Miller, 1950; Shafiq, 1963). The resulting thoracic 

indirect flight muscles (IFMs) of adult flies consist of multiple myofibers and power the 

wing stroke (Figure 7C). They are composed of dorsoventral muscles (DVMs) and dorsal 

longitudinal muscles (DLMs), which represent the largest muscles of the adult 

Drosophila. They share their fibrillar organization and many developmental 

characteristics with vertebrate skeletal muscles, rendering the Drosophila DLMs an 

excellent model system for studying myogenesis and muscle physiology (Shafiq, 1963; 

reviewed in, e.g., Vigoreaux, 2006; Taylor, 2006). In contrast to the IFMs, all the other 
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muscle types of adult flies, including direct flight muscles (DFMs), leg, head, abdominal 

and visceral muscles, and cardiac muscles are only composed of single tubular muscles 

or cardiomyocytes. 

The visceral muscles surround the intestinal system and are responsible for the 

movement of inner organs in larvae and adult flies. Unlike vertebrate smooth muscles, 

they exhibit striation to some extent but also show morphological and functional 

similarities to vertebrate smooth muscles. 

 

 

Figure 7 |Muscle tissues present in Drosophila. (A) Simplified schematic overview of the main muscle tissues in 

Drosophila third instar larvae. Somatic muscles (blue) are represented by body wall muscles lining the inner cuticle. Body 

wall muscle contraction is accountable for the locomotion of the animal. Peristaltic contractions of the digestive tract are 

mediated by the visceral involuntary muscles (green). The cardiac muscles (red) build the dorsal larval heart that can be 

distinguished in an anterior aorta and a posterior heart chamber. (B) Muscular components of the larval Drosophila heart 

(dorsal view). The cardiac tube is built by cardiomyocytes forming a lumen through which the hemolymph is transported 

from the posterior end to the anterior part of the animal. Specialized cardiomyocytes, the ostia cells, form six ostia called 

openings through which the hemolymph enters the heart chamber. One pair of valve cells, located at the transition 

between the heart chamber and aorta, prevents the backflow of hemolymph during heart contraction. In addition to 

cardiomyocytes, a second type of cardiac muscle tissue is needed to maintain heart contraction: the alary muscles that 

position the heart in the open body cavity. (C) Simplified schematic overview of the main muscle tissues present in adult 

Drosophila. Somatic muscles (blue) can, e.g., be found in the head, legs, abdomen, and thorax. The fibrillar thoracic 

indirect flight muscles, composed of dorsoventral (DVMs) and dorsal longitudinal muscles (DLMs), represent the largest 

muscles of the fruit fly and power the wing stroke. For digestion of food, contraction of visceral muscles (green) is required. 

In comparison to the larval stage, the morphology of the adult heart (red) is more complex. (D). Muscular components of 

the adult Drosophila heart (dorsal view). While the posterior larval heart consists of only one chamber, the adult 

abdominal heart comprises four heart chambers. At the transition of the thorax and abdomen, the narrow aorta merges 

into the conical heart chamber. Three pairs of adult valves subdivide the following heart sections into a second, third, and 

terminal chamber. The hemolymph enters the adult heart via five pairs of ostia. Four pairs of alary muscles are attached 

to the cardiac tube through the ECM and embedded pericardial nephrocytes (not shown). Besides cardiomyocytes and 

alary muscles, a third muscle group is involved in forming the adult heart: the ventral longitudinal muscles (VLMs) that 

cover the ventral side of the heart tube. 
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These are, for example, irregularly aligned filaments, irregular and perforated Z-discs, 

and an underdeveloped sarcoplasmic reticulum network (Goldstein and Burdette, 1971; 

reviewed in Lee et al., 2006). Based on their morphology, Drosophila visceral muscles 

can be further distinguished in polynucleated longitudinal and binuclear circular 

muscles (Goldstein and Burdette, 1971; Klapper, 2000; Klapper et al., 2001; Klapper et 

al., 2002; reviewed in Lee et al., 2006). In addition to the somatic and visceral muscles, a 

third type of muscle tissue is initiated during embryonic development: the cardiac 

muscles (Figure 7). Emerging from embryonic cardioblasts, the cardiomyocytes called 

mononucleated striated cardiac muscle cells form the tubular contractile heart of 

Drosophila (Miller, 1950; Rizki, 1978; Zaffran et al., 1995; Sellin et al., 2006; reviewed in 

Medioni et al., 2009; Rotstein and Paululat, 2016; and Bodmer and Frasch, 2010). As an 

important part of the open circulatory system, the function of the dorsal vessel is to 

maintain hemolymph flow by pumping the interstitial fluid from the posterior end of the 

animal to the anterior part (reviewed in Rotstein and Paululat, 2016). 

The larval heart tube is built by two opposing rows of 104 cardiomyocytes that are 

connected via adherens junctions and thereby shape the heart lumen (Rugendorff et al., 

1994; Zaffran et al., 1995; Sellin et al., 2006; Lehmacher et al., 2012; reviewed in 

Medioni et al., 2009). Interestingly, junctions at cardiomyocyte contact sites exhibit 

similarities to the cardiac intercalated discs of vertebrate cardiac tissue (Lehmacher et 

al., 2012). The larval heart is further subdivided into a posterior heart chamber 

comprising the three pairs of ostia called openings allowing the hemolymph to enter the 

heart lumen and the anterior and more narrow aorta through which the hemolymph 

emanates into the open body cavity (Figure 7A-B; Miller, 1950; Rizki, 1978; Curtis et al., 

1999; Molina and Cripps, 2001; Wasserthal, 2007, Lehmacher et al., 2012; Monier et al., 

2005; Sellin et al., 2006; Lehmacher et al., 2012). Thereby, unidirectional flow of the 

hemolymph is ensured by the action of one pair of intracardiac valve cells present at the 

transition between the heart chamber and aorta (Rizki, 1978; Zeitouni et al., 2007; Wu 

and Sato, 2008; Lehmacher et al., 2012; Lammers et al., 2017). Both ostia, as well as 

valve cells, represent specialized cardiomyocytes. Collective contraction of all 

cardiomyocytes results in peristaltic movement of the whole heart, whereby contraction 

is initiated at the end of embryogenesis. 

A crucial factor for proper heart functionality is further the cardiac extracellular matrix 

(ECM) that forms a three-dimensional network surrounding the cardiac tube (Drechsler 

et al., 2013; Rotstein et al., 2018; reviewed in Volk et al., 2014 and Rotstein and 

Paululat, 2016). By connecting the heart tube to the seven pairs of so-called alary 

muscles that position the heart in the body cavity (Miller, 1950; Rizki, 1978; Curtis et 

al., 1999; LaBeau et al., 2009; Lehmacher et al., 2012; Bataille et al., 2015), the ECM 

acts as link and force transmitter between the contracting heart and the body wall 

(Lehmacher et al., 2012; reviewed in Volk et al., 2014; Rotstein and Paululat, 2016). 

Embedded in the ECM, the pericardial cells accompany the heart in two rows. Besides 

the expression of ECM compounds (Drechsler et al., 2013), the highly endocytic 
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pericardial cells filter the hemolymph, rendering these cells an important part of the fly’s 

excretory system (Das et al., 2008; Weavers et al., 2009; Ivy et al., 2015; Dehnen et al., 

2020; reviewed in Helmstädter and Simons, 2017). 

Like many other organs, Drosophila’s heart tube also undergoes main remodeling during 

pupation (Miller, 1950; Rizki, 1978; Curtis et al., 1999; Molina and Cripps, 2001; Monier 

et al., 2005; Sellin et al., 2006; Lehmacher et al., 2012). As a result, the adult cardiac 

tube exhibits five pairs of ostia and is connected to four pairs of alary muscles 

(Figure 7C-D; Curtis et al., 1999; Molina and Cripps, 2001; Wasserthal, 2007, Zeitouni et 

al., 2007; Shah et al., 2011; Lehmacher et al., 2012). With three pairs, the number of 

intracardiac valves is also increased in comparison to the larval heart, even though the 

total number of cardiomyocytes is reduced to 84 in comparison to the 104 cardiomyocytes 

of the larval heart (Sellin et al., 2006; Zeitouni et al., 2007; Lehmacher et al., 2012; Tang 

et al., 2014; Lammers et al., 2017). The additional valve cells subdivide the heart 

chamber into one anterior conical chamber and three posterior chambers (Curtis et al., 

1999; Monier et al., 2005; Sellin et al., 2006; Lehmacher et al., 2012). At the transition to 

the thoracic segment, the conical chamber merges into the aorta extending over the 

whole length of the thorax.  

The rearrangements in the pupal stage also affect the cardiac myofilament organization 

and orientation. While the circular myofilaments of the larval cardiomyocytes are rather 

irregular and scattered over the heart tube, adult hearts exhibit a more ordered and 

condensed cardiac myofilament organization. Moreover, the ventral side of the adult 

heart is covered by a layer of syncytial ventral longitudinal muscles (VLMs) that are 

built from larval alary muscles during pupation (Figure 7D; Miller, 1950; Rizki, 1978; 

Curtis et al., 1999; Molina and Cripps, 2001; Lehmacher et al., 2012; Shah et al., 2011; 

Schaub et al., 2015). The functionality of this muscle tissue is still not fully understood. 

However, it was assumed that it could be part of the dorsal diaphragm (Miller 1950; 

Lehmacher et al., 2012). Unlike in the other cardiomyocytes, the dense reticulated 

arrangement of myofilaments in cardiac valve cells is not remodeled during pupal 

development (Lehmacher et al., 2012; Lammers et al., 2017). This also applies to the 

myofilament organization of ostia cells. Most of the ostial myofilaments resemble typical 

cardiomyocyte patterns in larvae and adults, while the ostial lips exhibit 

perpendicular/orthogonally arranged filaments (Lehmacher et al., 2012). 

 

1.2.2 Tightly controlled Ca2+ transients are essential for 

proper muscle functionality  

Precisely regulated Ca2+ transients are the physiological base for muscle contraction 

cycles consisting of consecutive phases of contraction (systole) and relaxation (diastole). 

In memorable experiments from the 19th century, Sydney Ringer could show that 

calcium is a crucial factor for myocardial function (Ringer, 1882; Ringer, 1883), thus 

setting the starting point for the rapidly emerging scientific field of Ca2+ signaling and 
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homeostasis (e.g., reviewed by Berridge et al., 2003; Carafoli, 2002; Clapham, 2007; 

Carafoli and Krebs, 2016). Even though the various muscle types show some differences 

regarding details of their respective physiological contraction mechanisms, the cycling of 

Ca2+ is always the central incentive. In all cases, an external signal is transduced into an 

increase in cytosolic Ca2+ concentration [Ca2+] of the myocyte, further leading to the 

interaction of thin actin and thick myosin filaments that finally results in sarcomere 

shortening and muscle contraction. Thereby, many different channels, transporters, 

exchangers, ATPase pumps, and calcium-binding proteins are involved maintaining and 

regulating this process. The fact that most of these proteins transport or bind Ca2+ 

underlines the importance of this class of ions for muscle and heart physiology. 

The previously described muscle types differ especially regarding their mechanism of 

contraction initiation (reviewed by Kuo and Ehrlich, 2015). As voluntarily controlled 

tissue, skeletal muscles are not self-stimulating, and contractions are exclusively 

initiated by signals of the nervous system. In contrast, the involuntary smooth and 

cardiac muscles receive initiating signals from the endocrine system, neighboring cells, 

pacemaker cells, or via mechanical forces in addition to the nervous system. The skeletal 

muscles of vertebrates are innervated by motoneurons that release the neurotransmitter 

acetylcholine at the neuromuscular junctions (NMJs). By binding to sarcolemma-integral 

nicotinic acetylcholine receptors (nAChRs), acetylcholine causes the influx of cations 

leading to the depolarization of the sarcolemma. This depolarization opens voltage-gated 

sodium channels that thereby propagate the action potential along the sarcolemma. On 

the contrary, the motoneurons of Drosophila muscle tissue are glutamatergic, and 

depolarization of the sarcolemma is accomplished by binding of the neurotransmitter 

glutamate to ionotropic glutamate receptors (Jan and Jan, 1976a; Jan and Jan, 1976b; 

Ormerod et al., 2020; reviewed, e.g., by Menon et al., 2013; Harris and Littleton, 2015). 

One exception is the myogenic larval heart, whose contraction is not dependent on 

extrinsic neuronal signals (Rizki, 1978; Dowse et al., 1995; Johnson et al., 1997; Johnson 

et al., 1998; Johnson et al., 2002). Interestingly, the adult Drosophila heart is not 

myogenic but innervated by glutamatergic motoneurons (Rizki, 1978; Dulcis and Levine 

2003; Dulcis and Levine, 2005).  

At the beginning of a new muscle contraction-relaxation cycle, an incoming action 

potential originating from an innervating motoneuron (in case of skeletal/somatic 

muscles) or a pacemaker (in case of cardiomyocytes/cardiac tissue) leads to 

depolarization of the sarcolemma (Figure 8). Thereby, depolarization constitutes the first 

step of excitation-contraction coupling (ECC). ECC describes the coupling of sarcolemmal 

depolarization to the release of the intracellular Ca2+ storage that subsequently triggers 

muscle contraction (Kahn and Sandow, 1950; Sandow, 1952; reviewed, e.g., by Ríos et 

al., 1990; Lamb, 2000; Bers, 2002 and Calderon et al., 2014). In the first step of cardiac 

ECC, depolarization of the sarcolemma induces the opening of the sarcolemma-integral 

voltage-gated L-type calcium channels (LTCCs; also known as dihydropyridine receptors: 

DHPRs), resulting in an influx of extracellular Ca2+ into the cytosol of the myocyte. 
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Figure 8 | Ca2+ cycling in vertebrate cardiomyocytes. (1) The beginning of a new systolic phase (related processes 

marked by red arrows) is characterized by an incoming action potential (AP) spreading along the sarcolemma. 

Depolarization of the membrane induces the opening of the L-type calcium channels (LTCCs), which predominantly 

localize at T-tubule called invaginations of the sarcolemma, leading to an influx of extracellular Ca2+ into the cytoplasm of 

the myocyte. (2) This influx provokes the fast release of Ca2+, which is stored in the sarcoplasmic reticulum (SR) via the 

opening of the SR membrane integral ryanodine receptor (RyR2). (3) By binding to troponin’s calcium receptor subunit 

(Tn-C), Ca2+ initiates sarcomere shortening and subsequently cardiomyocyte contraction. (4) The diastolic phase (related 

processes marked by blue arrows) is characterized by reducing the cytosolic Ca2+ concentration [Ca2+] resulting in 

restoration of the tropomyosin-mediated inhibition of actin and myosin interaction at the sarcomeric level. Depletion of 

cytoplasmic Ca2+ is predominately (~ 70 % in cardiomyocytes) fulfilled by the activity of the Sarco/Endoplasmic Ca2+-

ATPase (SERCA2a) enzyme that actively transports cytoplasmic Ca2+ back into the SR. Thereby, the SR Ca2+ store gets 

recovered for the next systolic phase. (5) About 30 % of the cytoplasmic Ca2+ is depleted by the Na+/Ca2+ exchanger (NCX) 

and the plasma membrane Ca2+ ATPase (PMCA), though the activity of NCX is dependent on the pumping action of the 

sodium-potassium ATPase (Na⁺/K⁺-ATPase) that builds up the required Na+ gradient. The action of different proteins also 

modulates Ca2+ cycling. Calsequestrin (CASQ2) and the histidine-rich calcium-binding protein (HRC) localize to the SR 

lumen and directly bind Ca2+, whereby they help to build up the extremely high diastolic Ca2+ concentration in the SR 

lumen. Additionally, HRC can also directly affect SERCA and RyR. SR-membrane integral peptides like Phospholamban 

(PLN) are further important regulators of Ca2+-transients and muscle contraction. By binding to SERCA, this class of 

peptides affects the activity of the ATPase and therefore modulates the rate of cytosolic Ca2+ depletion. Abbreviations of 

proteins and peptides correspond to isoforms found in human cardiomyocytes. Adapted and modified after (Gorski et al., 

2015a). 

 

LTCCs represent a subgroup of voltage-gated calcium channels (VGCCs), a protein 

family that localizes to the plasma membrane of excitable cell types. When the [Ca2+] 

exceeds a distinct threshold level, it triggers the fast release of Ca2+ ions stored in the 

sarcoplasmic reticulum (SR), which constitutes the specialized endoplasmic reticulum 
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(ER) of muscle cells (see section 1.2.3). This fast release of the stored Ca2+ is induced by 

the interaction of cytosolic Ca2+ with the SR membrane integral ryanodine receptor 

channels (RyR). The homotetrameric RyR (Fleischer et al., 1985; Kawamoto et al., 1986; 

Inui et al., 1987) represents a huge P-type channel protein complex that consists of four 

560 kDa subunits and harbors numerous functional domains (e.g., reviewed by Hwang et 

al., 2012; Meissner, 2017; Zalk and Marks, 2017; Santulli et al., 2018). The N-terminal 

cytoplasmic part of the receptor accounts for most of the receptor’s mass and represents 

the primary target for its regulation. The activity of RyR is modulated by various factors, 

including [Ca2+], interacting proteins, nucleotides, divalent cations, the phosphorylation 

state, or reactive oxygen species (reviewed, e.g., in Lanner et al., 2010; Reddish et al., 

2017; Kushnir et al., 2018; Kobayashi et al., 2021). The transmembrane domain is 

assembled by six α-helices which build the ion-conducting receptor channel with a core 

formed by the C-terminal domain (des Georges et al., 2016; reviewed by Zalk and Marks, 

2017). The C-terminal domain holds binding sites for the channel activators Ca2+, ATP, 

caffeine, and the plant alkaloid ryanodine at interdomain interfaces (des Georges et al., 

2016). 

The previously described mechanism of RyR opening triggered by the binding of Ca2+ 

that entered the cell through the DHPR is called calcium-induced calcium release (CICR) 

and is a characteristic of cardiac tissue (Endo et al., 1970; Ford and Podolsky, 1970; 

Fabiato and Fabiato, 1972; Fabiato and Fabiato, 1978; reviewed, e.g., by Bers, 2002; 

Ríos, 2018). By contrast, the opening of the skeletal muscle RyR1 relies predominately 

on the conformational change of DHPR provoked by depolarization of the sarcolemma 

(reviewed, e.g., in Calderon et al., 2014; Kobayashi et al., 2021), a process also known as 

DICR (Depolarization-induced Ca2+ release). The direct interaction of DHPR and RyR1 

as part of the Ca2+ release complex (CRC) (also known as Ca2+ release unit (CRU) or 

“couplon”) allows for the transduction of sarcolemma depolarization into the release of 

the SR-luminal Ca2+ store (e.g., Marty et al., 1994; Franzini-Armstrong et al., 1999; 

Cheng et al., 2005; reviewed, e.g., in Marty, 2015; Dulhunty et al., 2017). The CRC is the 

core of a specialized membrane structure: the triad junction (Figure 10; see also section 

1.2.3). In addition to DICR, also CICR can play a role in skeletal muscles contraction, 

especially in non-mammals (Endo et al., 1970; Ford and Podolsky, 1970; reviewed, e.g., 

in Endo, 2009; Calderon et al., 2014; and Ríos, 2018). However, different studies 

emphasize that CICR is the primary mechanism for ECC in invertebrate muscles 

(Takekura and Franzini-Armstrong, 2002; Collet, 2019), including Drosophila (Feng et 

al., 2019; Hsu et al., 2020).  

In summary, both described modes of ECC lead to the release of the SR Ca2+ storage into 

the cytoplasm. Here, the released Ca2+ can interact with sarcomere components to 

provoke sarcomere shortening, as initially described by the sliding filament theory 

(Figure 9; Huxley and Niedergerke, 1954; Huxley and Hanson, 1954). At the molecular 

level, the filamentous molecule tropomyosin blocks myosin-binding sites of the thin actin 

filaments at low [Ca2+] prevalent during diastole, so that thin and thick filaments 
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interaction is inhibited at this state (Figure 9A-B). At high [Ca2+], Ca2+ binds to the 

calcium receptor subunit (Tn-C) of troponin, thereby inducing a conformational change 

that is further transmitted to the inhibitory (Tn-I) and tropomyosin-binding/thin 

filament-anchoring subunits (TnT) of troponin. Due to the close association of troponin 

and tropomyosin, the conformational change of troponin causes the steric rearrangement 

of tropomyosin, subsequently resulting in exposure of the myosin-binding sites of actin 

(e.g., Lehman et al., 1994; Vibert et al., 1997; Lehman et al., 2000). The myosin heads of 

the thick filaments can now bind to actin to initiate ATP- dependent myosin-actin 

cycling (Lymn and Taylor, 1971; Hynes et al., 1987; e.g., reviewed in Huxley, 1969; 

Geeves, 1991; Spudich, 2001; Goody, 2003). Thereby, the release of inorganic phosphate 

(Pi) after ATP hydrolysis provokes the power stroke in the form of a myosin lever arm 

swing, also known as swinging cross-bridges. Thus, myosin generates a pulling force by 

applying tension to the thin filaments so that the thin filaments are pulled in the 

direction of the M-line (Figure 9C-D). Even though understanding of the exact actin-

myosin interaction dynamics has been of great scientific interest since the 1950s, many 

structural aspects are topisc of current investigations or still remain to be resolved (e.g., 

Irving, 2017; Reconditi et al., 2017; Robert-Paganin et al., 2019; Pospich et al., 2021; 

Smith et al., 2021). 

 
Figure 9 |Sarcomere shortening is Ca2+- and ATP-dependent. The sarcomeric molecular composition allows Ca2+ 

and ATP-dependent spatial interaction of myosin heads and actin filaments resulting in muscle contraction. (A) At low 

[Ca2+] prevalent during diastole, tropomyosin blocks the myosin-binding sites of actin so that interaction of the thick and 

thin filaments is inhibited at this state. (B) The sarcomere exhibits its maximal length without myosin (blue) and actin 

(red) interaction. (C) During systole, the binding of Ca2+ to troponin leads to tropomyosin rearrangement and 

subsequently to the exposure of the myosin binding sites. This enables the myosin heads of the thick filaments to interact 

with the actin of thin filaments. During a process known as myosin-actin cycling, myosin consecutively binds and releases 

actin, whereby the release is dependent on ATP hydrolysis. (D) Myosin-actin cycling results in sarcomere shortening 

according to the early described sliding filament theory and produces contractile force. In the contracted form, the lengths 

of the sarcomeric I-Bands and H-Zone are reduced, while the size of the A-Band stays constant. The flexible titin filaments 

(yellow) that connect thick myosin filaments to α-actinin (green) are also crucial for the sliding mechanism. 
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However, the sarcomere shortens due to the actin-myosin interaction and synchronized 

shortening of all muscle sarcomeres generates contractile force. 

The diastolic or relaxation phase is initiated by alleviating the cytosolic Ca2+ 

concentration mediated by different proteins (Figure 8). The Sarco/Endoplasmic calcium 

ATPase (SERCA) transports the cytosolic Ca2+ back into the SR, restoring the SR Ca2+ 

load, which is needed for the next systole (see section 1.2.3). About 70 % of the systolic, 

cytosolic Ca2+ is replaced by SERCA activity (Bers, 2008). Furthermore, the sarcolemma-

integral sodium-calcium exchanger (NCX), the plasma membrane calcium ATPase 

(PMCA), and mitochondria play notable roles in depleting the cytosolic Ca2+ levels, 

although to a much lower extent than SERCA. During diastole, the antiporter NCX uses 

the electrochemical gradient of sodium for the extrusion of Ca2+ into the extracellular 

space (first described in Reuter and Seitz, 1968; e.g., reviewed by Blaustein and Lederer, 

1999; Philipson and Nicoll, 2000; Khananshvili, 2014). Thereby, the import of three 

sodium ions enables the export of one calcium ion. The required electrochemical gradient 

of sodium is established by the action of the sodium-potassium ATPase (Na+/K+-ATPase) 

(Skou, 1957; e.g., reviewed by Shattock et al., 2015; Hilgemann, 2020). Besides NCX, 

also PMCA removes calcium from the myocytic cytoplasm into the extracellular space 

(Dunham and Glynn, 1961; Schatzmann, 1966). Under hydrolysis of one molecule ATP, 

PMCA removes one calcium ion from the cytosol. In contrast to NCX, PMCA exhibits a 

relatively high affinity for Ca2+, though with a lower translocation efficiency.  

In addition to the mentioned Ca2+-transporting proteins, Ca2+-binding proteins like 

calsequestrin, triadin, HRC (see section 1.3.3), and calmodulin are critical to ensure and 

modulate excitation-contraction coupling. Calsequestrin (CASQ) represents a calcium-

binding protein localizing to the SR lumen of vertebrates (MacLennan and Wong, 1971; 

Ikemoto et al., 1972; Wang et al., 2020, e.g., reviewed in Knollmann, 2009; Györke et al., 

2009; Royer and Rios, 2009; Woo et al., 2020). The ability of one CASQ protein to bind up 

to 80 Ca2+ ions renders this protein an essential factor to build up the very high SR-

luminal Ca2+ level prior to systole in vertebrate myocytes (Park et al., 2004). In addition, 

calsequestrin confers luminal Ca2+ sensitivity of the RyR either directly or via the 

intermediate proteins junctin and triadin (e.g., Szegedi et al., 1999; Zhang et al., 1997; 

reviewed in Marty, 2015). Both junctin and triadin are only transcribed in mammals, 

span the SR membrane, and build the Ca2+ release complex (CRC) together with 

calsequestrin, RyR, and other proteins (see section 1.2.3). 

A highly conserved Ca2+-binding protein in vertebrates and invertebrates is calmodulin 

(CaM; Cheung, 1970; Kakiuchi and Yamazaki, 1970; Copley et al., 1999). As a 

tremendously versatile calcium sensor that gets activated upon binding of Ca2+, it can 

interact with hundreds of different proteins (Yap et al., 2000; Ikura, 2006; Andrews et 

al., 2020). Besides its function of modulating the activity of the LTCCs (Peterson et al., 

1999; reviewed, e.g., in Ben-Jhony and Yue, 2014), it was also shown that calmodulin 

affects the Ca2+ sensitivity of the RyR (e.g., Seiler et al., 1984; Tripathy et al., 1995; 

Fruen et al., 2000; Rodney et al., 2000; Gong et al., 2019). Moreover, CaM is an activator 
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of the Ca2+-calmodulin-dependent protein kinase CaMK, which plays a role in ß-

adrenergic signaling (e. g., reviewed in Bers, 2008; Mattiazzi and Kranias, 2014; see also 

section 1.2.4). 

In contrast to the previously described contraction initiation mechanism of striated 

muscles, vertebrate smooth muscles exhibit some differences especially regarding ECC. 

Thus, smooth muscles contraction is not exclusively triggered by signals of the nervous 

system. Instead, also activation of GPCRs coupled to inositol 1, 4, 5-trisphosphate 

receptor (IP3R)–mediated Ca2+ release and stretch-activated conductances are capable of 

initiating contraction (Figure 2; Lin et al., 2016; Sanders and Koh, 2007). As in striated 

muscles, depolarization of the smooth muscle sarcolemma leads to a cytosolic Ca2+-influx 

via LTCCs, but the Ca2+ causes not primarily opening of RyR but binds to cytosolic 

calmodulin. In its Ca2+-bound state, calmodulin activates the myosin light-chain kinase 

(MLCK), which then phosphorylates the myosin of thick filaments, resulting in smooth 

muscle contraction (reviewed, e.g., by Kuo and Ehrlich, 2015). Stretch activation (SA) is 

not exclusively restricted to smooth muscles; one type of SA also plays a crucial role in 

other muscles with rhythmic activity, especially in insect flight muscles or, to some 

extent, in the human heart (e.g., Pringle, 1949; Steiger 1971; Bullard and Pastore, 2019; 

reviewed by Campbell and Chandra, 2006). Up to now, the exact functional mechanism 

of SA is not fully understood. However, SA can be characterized, i.a., by the occurrence of 

enhanced actin-myosin cross-bridges associated with a delayed boost in force as a 

reaction to an increase of the sarcomere length (e.g., Wu et al., 2010; Perz-Edwards et 

al., 2011; Sanfelice et al., 2016). 

Numerous human myopathies and cardiomyopathies are related to the impairment of 

sarcomere structure or mishandling of calcium during muscle or heart contraction (e.g., 

reviewed by Hasenfuss and Pieske, 2002; Gorski et al., 2015a). Familial hypertrophic 

cardiomyopathy (familial HCM or FHC), for example, is also known as the “disease of 

the sarcomere” (Thierfelder et al., 1994) because various mutations in several genes 

encoding for different sarcomeric components have been identified as elicitors for FHC 

(e.g., reviewed by Clark et al., 2002; Geske et al., 2018). Nevertheless, not only FHC but 

many other myopathies and different forms of muscular dystrophy (e.g., Limb-Girdle 

MD, Duchenne MD, Beckers MD) can be related to such mutations. Moreover, the 

complete loss of one of the central ECC components is usually associated with human 

perinatal death. 

With respect to their abundance, skeletal muscle myopathies that are associated with 

malfunction of the RyR or the Calcium release complex (CRC)/couplon are summarized 

as “triadopathies” or “couplonopathies” (Dowling et al., 2014; Rios et al., 2015; Dulhunty 

et al., 2017), though the complete loss of RyR1 or specific subunits of DHPR is lethal. Up 

to now, hundreds of different mutations of the skeletal muscle ryr1 gene or the cardiac 

ryr2 have been identified as the cause of several congenital myopathies or 

cardiomyopathies, for example, malignant hyperthermia (MH), the RyR1-related 

myopathies (RyR1-RM) formerly known as central core disease (CCD), multi-minicore 
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disease (MmD) and centronuclear myopathy (CNM), catecholaminergic polymorphic 

ventricular tachycardia (CPVT), arrhythmogenic right ventricular dysplasia type 2 

(ARVD2), and idiopathic ventricular fibrillation in cardiac muscle (George et al., 2007; 

Treves et al., 2008; Leenhardt et al., 2012; reviewed, e.g., in Meissner, 2017; Kushnir et 

al., 2018). Some of the causative ryr mutations result in a Ca2+ leakage from the lumen 

of the SR into the cytosol. SR Ca2+ leak via RyR is not only related to muscle and cardiac 

malfunction (reviewed, e.g., in Hernandez-Ochoa et al., 2015; Kushnir et al., 2018; 

Jungbluth et al., 2018) but can be as well a factor in the onset of Alzheimer’s disease 

(Oules et al., 2021), cancer (Waning et al., 2015), and diabetes (Santulli et al., 2015).  

In comparison to the fatal consequences of RyR loss, the knockout of other Ca2+ handling 

proteins like CSQ, triadin, junctin, or FKB12 is normally not related to those severe 

effects. However, mutations in their encoding genes can as well result in the 

development of a myopathy or cardiomyopathy (e.g., Leenhardt et al., 2012; Beghi et al., 

2020; Titus et al., 2020; Wang et al., 2020). In addition to SR Ca2+ leak and reduced or 

elevated cytosolic Ca2+ content, defects in SR Ca2+ uptake and reduced SR calcium load 

are often associated with impaired calcium cycling/ECC in heart failure (reviewed by 

Gorski et al., 2015a). The latter are typically based on malfunctions of SERCA or 

regulators of the ATPase, underlining their importance for proper heart and muscle 

contraction. 

 

1.2.3 The sarcoplasmic reticulum and SERCA are important 

for muscle relaxation 

The sarcoplasmic reticulum functionality is crucial for successful ECC and muscle 

contraction (reviewed by Rossi and Dirksen, 2006; Sorrentino, 2011; Reddish et al., 

2017). Thereby, several structural adaptions, including the formation of distinct SR 

subcompartments, ensure optimal translation of sarcolemmal depolarization into proper 

cycling of Ca2+ between the SR lumen and the cytosol (Figure 8-11). As transversely 

protruding and interconnected invaginations of the sarcolemma, the T-tubules 

(transverse tubules) allow for the fast and extensive transmission of sarcolemmal 

depolarization from the muscle surface to the interior of the three-dimensional muscle 

fibers where the LTCCs predominately localize to the so-called triad or junctional 

complex (Figure 10; Franzini-Armstrong and Porter, 1964; Franzini-Armstrong et al., 

1999; Edwards et al. 2012). At the muscle triad, the T-tubule membrane localizes 

adjacent to a subcompartment of the SR network: the terminal cisternae of the 

junctional SR (Porter and Palade, 1957; Franzini-Armstrong and Porter, 1964; Peachey, 

1965, Mitchell et al., 1983; reviewed, e.g., by Rossi et al., 2008; Barone et al., 2015). 

Generally, the SR forms a network surrounding each myofibril and can be distinguished 

in longitudinal regions (L-SR), terminal cisternae, and the junctional (jSR), all regularly 

aligned to the underlying sarcomeres (Figure 11; reviewed in Rossi and Dirksen, 2006; 

Sorrentino, 2011; Reddish et al., 2017). The L-SR is specialized for Ca2+ uptake to 
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terminate muscle contraction and builds a sarcotubular network surrounding the 

myofibrils, whereas the terminal cisternae are adapted for Ca2+ release to initiate 

contraction. This is mediated by RyRs, which are enriched at the terminal cisternae 

membrane facing the T-Tubule. This membrane is referred to as jSR. The triad junction 

is formed by a T-tubule and two associated SR junctional terminal cisternae, whereby 

junctophilin called proteins primarily mediate bridging (Takeshima et al., 2000). Close 

spatial proximity of LTCCs, RyRs, and the previously described CRC proteins (see also 

section 1.2.2) at the triad allows for efficient translation of sarcolemmal depolarization 

into Ca2+ release from the SR lumen (Figure 8; Figure 10).  

 

 

The architecture of the SR varies in different muscle types to meet the tissue’s individual 

requirements. Junctions between sarcolemma and SR can be found in skeletal muscles 

and in cardiac cells of mammals, but they are more less absent in smooth muscles 

(reviewed in Wray and Burdyga, 2010) that also lack the elaborate T-Tubule network 

due to their alternative contraction initiation mechanism (see 1.2.2). In mammalian 

cardiac tissue, the junctional microdomain consisting of a T-tubule membrane and the 

contagious jSR is referred to as a “dyad” or “dyadic junction” (Franzini-Armstrong et al., 

1999; reviewed in Eisner et al., 2017; Lu and Pu, 2020), whereas LTCCs localizing at the 

muscle surface build so-called “peripheral couplings” with the jSR (Franzini-Armstrong 

et al., 1999; Scriven et al., 2000; Takeshima, 2002). In contrast to the skeletal muscle 

triads, dyads and peripheral couplings are characterized by only one jSR cisternae per 

dyad and CICR as the facilitated contraction initiation mechanism (and not DICR as in 

skeletal muscles).  

Drosophila muscles also exhibit varying SR architecture. For example, the indirect flight 

muscles of arthropods are characterized by a less extensive SR network (e.g., Syme and 

Josephson, 2002) and the absence of triads, whereas the other somatic muscles possess 

triadic or dyadic junctions (Medioni et al., 2009; Lehmacher et al., 2012). This can be 

explained by the fact that contraction initiation in flight muscles is mostly triggered by 

Figure 10 |Triadic junctions of skeletal 

muscles. DHPRs predominately localize at T-

tubules, where they build a triad/junctional 

complex together with RYR1 present at the 

junctional SR. Besides RYR and DHPR, the 

bridging protein junctophilin (JP45) and the 

SR proteins junctin, triadin, and calsequestrin 

(Ca2+-CASQ1) are also part of the triad. Triadic 

junctions allow for fast transmission of 

sarcolemmal depolarization into muscle 

contraction during DICR, while muscle 

relaxation is predominately achieved through 

the SERCA-mediated Ca2+ uptake into the 

longitudinal SR. Modified and adapted after 

(Reddish et al., 2017). 
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SA and does not rely on CICR. Therefore, close LTCC/RyR proximity is not required in 

this tissue.  

The Sarco/Endoplasmic Ca2+-ATPase SERCA predominately localizes to the membranes 

of the L-SR in accordance with the Z-disks and, though with less coverage, with the M-

lines (Figure 11B; e.g., Sanyal et al., 2006; Rossi et al., 2008; Sorrentino et al., 2011). 

Accountable for the majority of the cytosolic Ca2+ removal after contraction, SERCA is 

the most critical protein responsible for the muscle relaxation phase initiation (Bers, 

2008). The fact that the L-SR represents the largest part of the organelle, together with 

the high abundance of SERCA at its membranes, emphasizes the central significance of 

Ca2+ translocation into the lumen of the L-SR during muscle contraction cycles. Though 

the Ca2+ sequestering function of the SR has already been linked to contraction 

relaxation initiation by Setsuro Ebashi (Ebashi, 1961, Ebashi and Lippmann, 1962) and 

Annemarie Weber (Weber and Herz, 1961; Weber et al., 1963), the causative SERCA 

protein was first discovered by Wilhelm Hasselbach in 1961 (Hasselbach and Makinose, 

1961; Hasselbach and Makinose, 1963, reviewed by Rüegg, 2016)  

 

Figure 11 |The sarcoplasmic reticulum is subdivided into junctional and longitudinal domains. (A) In ground-

breaking EM studies of fish muscles conducted in 1964 by Franzini-Armstrong and Porter, distinct SR domains can be 

distinguished: the longitudinal SR (L-SR) that spans the distance between two terminal cisternae and the junctional SR 

(jSR) adjacent to the T-tubules. SR domains are nicely aligned to the sarcomeric composition, with triads especially being 

present at the borders of A- and I-bands. (B) SERCA localizes to the L-SR surrounding the myofilaments at A- and I-

bands. Due to the high density of the L-SR at Z-discs (marked by α-actinin), SERCA and α-actinin exhibit extensive co-

localization. As a marker of the jSR, RyR1 predominately localizes at the borders of A- and I-Bands, resulting in the 

alternation of RyR- and α-actinin signal. Shown are antibody stainings of longitudinal cryosections derived from skeletal 

muscle fibers. (A) is adapted and modified after (Franzini-Armstrong and Porter, 1964), and (B) is modified after 

(Sorrentino et al., 2011). 

In the following years and decades, Hasselbach and many others further elucidated the 

exact molecular mechanism by which SERCA mediates muscle relaxation. However, the 
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fact that Ca2+ transport into the SR is coupled to ATP hydrolysis was also a finding of 

the early years (Hasselbach and Makinose, 1962). 

SERCA belongs to the superfamily of P-type ATPases whose general function is the ATP-

powered transport of cations across membranes. P-type ATPases can be divided into five 

subfamilies (P1-P5). Besides SERCA (P2A-ATPases), the subfamily of P2-ATPases 

further includes the calmodulin-binding Ca2+-ATPases (P2B-ATPases), Na+/K+- and 

H+/K+-ATPases of animals (P2C-ATPases), and Na+-pumps of fungi (P2D-ATPases) 

(reviewed, e.g., by Kühlbrandt, 2004; Palmgren and Nissen, 2011; Dyla et al., 2020). 

SERCA is an asymmetrically oriented 110 kDa transmembrane protein that consists of a 

single polypeptide distributed over five domains: the cytosolic A (actuator)-, N 

(nucleotide-binding)-, and P (poshporylation)-domains, and the transmembrane T 

(transport)-, and S (support)-domains (Figure 12A).  

The catalytic mechanism of SERCA-mediated Ca2+ transport is characterized by ATP-

hydrolysis, associated with autophosphorylation of the cytoplasmic part of the ATPase 

and cycling between a high (E1) and low (E2) affinity state (Figure 13; reviewed, e.g., by 

Apell, 2003; Kühlbrandt, 2004; Olesen et al., 2007; Møller et al., 2010; Palmgren and 

Nissen, 2011; Dyla et al., 2020; Aguayo-Ortiz and Espinoza-Fonseca, 2020a). Based on 

the findings elucidating the Na+/K+-ATPase catalytic mechanism, cycling between the E1 

and E2 state is also known as the Post-Albers cycle (Albers, 1967; Post et al., 1969; Post 

et al., 1972; Jorgensen, 1975). In general, phosphorylation state and bound ligands 

determine conformational changes of the P-type ATPases. Thereby, the tight coupling of 

the transmembrane and cytoplasmic domains allows ion translocation against steep 

concentration gradients (Geurts et al., 2020; reviewed in Inesi and Tadini-Buoninsegni, 

2014). At the E1 state, the two ion binding sites residing at the transmembrane domains 

of SERCA are accessible from the cytosol and exhibit a high affinity for Ca2+ (KCa). The 

binding of two Ca2+ ions enables interaction of Mg2+-ATP and the N- domain (E1-ATP 

state) followed by o ATP hydrolysis coupled to autophosphorylation of a conserved 

aspartate at the DKTG motif of the P-domain and occlusion of the binding sites (Jensen 

et al., 2006; Sørensen et al., 2004; Toyoshima and Mizutani, 2004). This conformation is 

referred to as the E1P-ADP state.  

Extensive structural rearrangements including an ~120° rotation of the A-domain 

(Olesen et al., 2007; Dyla et a., 2020) together with ADP release during a putative 

intermediate state (E2P-ADP and/or [Ca2]E2P) finally lead to the reduction of Ca2+ 

affinity of the ion binding sites. Because the binding sites are now accessible through the 

SR lumen, the liberation of the two bound Ca2+ ions into the SR lumen can occur in the 

so-called luminal/extracellular or outward ion exchange pathway of the E2P state 

(Clausen and Andersen, 2010; Dyla et al., 2017).  
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Figure 12 |Functional domains of SERCA. (A) Simplified scheme of the SERCA domain architecture. The 

transmembrane part of the ATPase comprises ten membrane-spanning helices building two domains and localizing to the 

SR membrane. Functions of the transmembrane support-domain (S) consisting of four helices (M7-M10, grey) and the 

transport-domain (T, M1-2, purple; M3-4, brown; M6-M5, anthracite) is substrate binding and translocation. Three 

cytosolic loops, together with an N-terminal part, build the three cytosolic domains: the actuator (A)-, nucleotide-binding 

(N)-, and phosphorylation (P)-domain. (B) SERCA crystal structure at the E1P-ADP state based on Protein Data Bank ID: 

1T5T (Sørensen et al., 2004). Colors correspond to domain assignments in (A). Ca2+ ions bound to the substrate-binding 

sites of the T-domain are depicted as orange spheres. ADP (green) interacts with the N-domain of the cytoplasmic part, 

and the AIF4
- (dark pink; phosphoryl transfer analog) mimics autophosphorylation of the P-domain. Modified and adapted 

after (Dyla et al., 2020).  

 

In the next step of E1/E2 cycling (E2-Pi state), two or three counterions (H+), localized at 

the SR lumen in high abundance, access the binding sites of the transmembrane domain, 

thereby initiating dephosphorylation of the N-domain (Olesen et al., 2004; Lewis et al., 

2012; Toyoshima et al., 2004). Finally, Pi is released (E2 state), and SERCA transforms 

into the E1 state resulting in the extrusion of the counterions into the cytosol 

(Figure°13). This part of the catalytic cycle is also known as the inward ion exchange/N-

terminal pathway (reviewed by Bublitz et al., 2013). Both the luminal/extracellular and 

the inward ion exchange pathway are Mg2+-dependent. By interacting with the 

transmembrane binding sites, which also represent low-affinity Mg2+ sites, Mg2+ 

stabilizes the inward-open and outward-open conformations (Peinelt and Apell, 2002; 

Inesi et al., 2004; Olesen et al., 2007; Clausen and Andersen, 2010). In addition to the E1 

state, SERCA can also transform into a Ca2+-free E1 state upon binding to the regulatory 

micropeptides sarcolipin and phospholamban (see section 1.2.4). At this state, E1/E2 

cycling is inhibited. Under most conditions, E1/E2 cycling exhibits a distinct 

directionality (clockwise with respect to Figure 13) with two transported Ca2+ ions for 

each hydrolyzed ATP. However, partial reactions can be reversed under certain 

conditions, even though in vivo relevance of these findings remains unclear (e.g., 

Makinose and Hasselbach, 1971; de Meis et al., 1980; Dyla et al., 2017). 
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The P-type ATP cycling mechanism was predominately derived from structural data 

since it is possible to trap SERCA at different stages via the addition of ions, ATP 

analogs, and structural analogs to mimic phosphorylation, phosphoryl transfer, or 

phosphate release (Karlsen and Bublitz, 2016). Already in the year 1983, two-

dimensional SERCA crystals were obtained and analyzed via electron microscopy (EM) 

by Dux and Martonosi as one of the first structural studies (Dux and Martonosi, 1983). 

In 2000, Toyoshima et al. determined the first SERCA X-ray crystal structure at 2.6 Å 

resolution (Toyoshima et al., 2000). This was the starting point for a downright race for 

higher resolutions, different conformational states, and isoforms (reviewed in 

Kühlbrandt, 2004; Møller et al., 2010; Toyoshima and Corvelius, 2013; Aguayo-Ortiz and 

Espinoza-Fonseca, 2020a) finally leading to 94 deposited SERCA crystal structures in 

the RCSB Protein Data Bank (state of data as of April 2022; Figure 13).  

 

 

Figure 13 |Catalytic mechanism of SERCA-mediated Ca2+ transport. At the beginning of a new catalytic cycle, Ca2+ 

ions bind to the substrate-binding sites of the T-domain, which is accessible from the cytosol during the E1 state. This 

leads to a conformational movement of the N-domain (red) and subsequent ATP binding, resulting in the E1-ATP state. In 

the next step, ATP hydrolysis is coupled to autophosphorylation of the P-domain (blue), and the transmembrane substrate 

binding sites get occluded, resulting in the E1P-ADP state. The E2P-ADP state (greyscale) represents a putative 

intermediate state, a morph of E1P-ADP and E2P. However, after the release of the ADP, Ca2+ is delivered to the SR 

lumen, and counterions (H+) can now bind to the T-domain at the E2P state. During the transition into the E2-Pi state, 

SERCA gets dephosphorylated, and the release of the Pi finally leads to the conversion into the E1 state in which the 

counter-transported H+ ions are released. The E1 (off-pathway) state is characterized by the N- and P-domain detachment 

and displays one example of an inactive state. Shown are surface representations of SERCA structures with corresponding 

Protein Data Bank IDs in parenthesis underneath the names of respective states. The domain colors correspond to domain 

annotations in Figure 13. Ca2+ ions are depicted as orange spheres and H+ ions as blue spheres. ATP and bound ADP are 

shown in green, while the dark pink sphere marks phosphorylation of SERCA. Free Pi is depicted as a green sphere. In 

contrast to the white background of accessible binding sites, occluded binding sites exhibit a grey background color. 

Colored arrows indicate upcoming conformational shifts of domains. Background color saturation of the SR lumen 

(orange) and cytosol (blue) correlate with respective ion (Ca2+ or H+) excess. Modified after (Dyla et al., 2020). 

https://en.wikipedia.org/wiki/%C3%85
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In more recent years, insights derived from crystallographic data gets completed by 

advanced biophysical and microscopic data on the atomic level (e.g., Dyla et al., 2017; 

Raguimova et al., 2018; reviewed by Aguayo-Ortiz and Espinoza-Fonseca, 2020a). 

Different ligands like thapsigargin, orthovanadate, or complex peptide toxins such as 

mastoparan, can bind to SERCA, thereby trapping the enzyme at distinct conformational 

states and inhibiting further E1/E2 cycling. On the one hand, this was extensively used 

as a tool to obtain the numerous crystal structures. On the other hand, specific SERCA 

inhibition could help to elucidate the physiological function of the ATPase (reviewed, 

e.g., by Michelangeli an East, 2011).  

SERCA localizes to the SR/ER membranes of all eukaryotic cells, representing one of the 

most prevalent proteins. In vertebrates, three SERCA genes (ATP2A1, ATP2A2, and 

ATP2A3) encode three isoforms of the ATPase: SERCA1, SERCA2, and SERCA3. 

However, alternative splicing of the genes results in the translation of 12 proteins: 

SERCA1a/b, SERCA2a/b/c/d, and SERCA3a/b/c/d/e/f (Periasamy and Kalyanasundaram 

2007; reviewed by Hovnanian, 2007; Brini and Carafoli, 2009). The different isoforms are 

expressed in different tissues at different stages, thereby exhibiting functionally distinct 

properties to meet the unique requirements of their individual expression surrounding 

(see Table 1). SERCA2b displays some peculiarities regarding its structure and 

properties. In comparison to SERCA1 and SERCA3, SERCA2 was documented to exhibit 

the highest affinity for Ca2+ (Chandrasekera et al., 2009). In addition, the SERCA2b 

isoform holds an 11th transmembrane helix, leading to the formation of a C-terminal 

ER/SR-luminal extension peptide with a high affinity for Ca2+ that probably harbors 

regulatory function (Campbell et al., 1992; Vandecaetsbeek et al., 2009; Gorski et al., 

2012; Inoue et al., 2019). 

In contrast to the three expressed SERCA genes in vertebrates, invertebrates possess 

only one gene for the ATPase, with two exceptions. The parasite Schistosoma mansoni 

was shown to have two genes encoding for SERCA, and the leech Helobdella robusta 

even has three SERCA genes (de Mendonça et al., 1995; Talla et al., 1998; Altshuler et 

al., 2012). Although most invertebrates possess one SERCA gene, some of them exhibit 

expression of different isoforms due to alternative splicing as in vertebrates. Examples of 

this are the crustacean Artemia franciscana (Escalante and Sastre, 1993; Escalante and 

Sastre, 1994) and the nematode Caenorhabditis elegans (Zwaal et al., 2001). Also 

splicing of the Drosophila SERCA gene gives rise to at least two isoforms (Varadi et al., 

1989; Magyar and Varadi, 1990; Magyar et al., 1995). 

Tight regulation of P-type ATPase activity on a short timescale is crucial regarding 

different aspects. On the one hand, these enzymes consume high amounts of ATP, so 

misregulation would lead to energy dissipation which is not manageable for a healthy 

organism in the long term (Smith et al., 2013). Moreover, the energy available from ATP 

would be counteracted by the electrochemical gradient built by a non-regulated P-type 

ATPase. 
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Table 1| SERCA genes and isoforms present in vertebrates (SERCA expression levels are based on respective 

references and Periasamy and Kalyanasundaram, 2007) 

SERCA 

gene 

Isosoform Expression  References Interacting 

regulin* 

ATP2A1 

1a Adult fast-twitch skeletal muscles 

(strong expression)  

Brandl et al., 1987 

Korczak et al., 1988 

Zhang et al., 1995 

MLN 

SLN 

1b Fetal fast-twitch skeletal muscles 

(strong expression) 

Brandl et al., 1986 

Zhang et al., 1995 

 

ATP2A2 

2a Adult cardiac muscles (strong 

expression) 

Adult slow-twitch skeletal muscles 

(strong expression) 

Fetal slow and fast-twitch skeletal 

muscle (weak expression) 

Smooth muscles (weak expression) 

MacLennan et al., 1985 

Lytton and MacLennan 

1988 

Lytton et al., 1989 

Verboomen et al., 1992 

Verboomen et al., 1994 

Zarain-Herzberg and 

Alvarez-Fernandes 2002 

PLN 

DWORF 

2b Ubiquitous (weak expression) Gunteski-Hamblin et al., 

1988 

Lytton and MacLennan 

1988 

Lytton et al., 1989 

Verboomen et al., 1992 

Verboomen et al., 1994 

Zarain-Herzberg and 

Alvarez-Fernandes 2002 

ALN 

2c Cardiac muscle (moderate 

expression) 

Monocytes and hematopoietic, 

epithelial, and mesenchymal cell 

lines (weak expression) 

Gelebart et al., 2003 

Dally et al., 2006 

 

2d Skeletal muscle (weak expression) Kimura et al., 2005  

ATP2A3 

3a Ubiquitous (weak expression) 

Slightly elevated levels in 

hematopoietic cell lineages, lung, 

kidney, colon, pancreas and salivary 

glands trachea 

Burk et al., 1989 

Anger et al., 1993 

Bobe et al., 1994 

Wuytack et al., 1994 

Wu et al., 1995 

ELN 

3b Dode et al., 1998 

Poch et al., 1998 

Martin et al., 2002 

3c Dode et al., 1998 

Martin et al., 2002 

3d Martin et al., 2002 

3e Martin et al., 2002 

3f Bobe et al., 2004 

* see section 1.2.4 for references 

On the other hand, the enzyme must maintain the respective resting ion concentration, 

and an excessive decrease in its activity would have detrimental effects. Therefore, 

accommodation of the exact activity level can be achieved by a broad range of 

mechanisms: auto-inhibition, the chemical environment, adjustment of the enzyme 
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expression, post-translational modifications, or interaction with other proteins or 

peptides (reviewed by, e.g., Kühlbrandt et al., 2004; Periasamy and Kalyanasundaram, 

2007; Calderon et al., 2014; Stammers et al., 2015; Dyla et al., 2020) Since SERCA 

activity is not regulated via auto-inhibitory mechanisms, the remaining are more critical 

to ensure proper functionality of the enzyme. Among the factors of the chemical 

environment that modulate SERCA activity, Ca2+ concentration and pH are the most 

important. If the SR luminal Ca2+ exceeds the dissociation constant from the low affinity 

binding sites of SERCAs transmembrane domain, Ca2+/H+ exchange is circumvented 

resulting in uncoupling of ATP hydrolysis and ion transport (reviewed by Inesi et al., 

2014). Uncoupling of SERCA is also triggered through a high pH and associated 

reduction of H+ concentration. This phenomenon is known as “slippage of the pump” and 

probably plays a role in heat production and thermogenesis (de Meis et al., 1997; de Meis 

et al., 2005; Bal et al., 2012; see also section 1.2.4) 

Transcriptional regulation of SERCA expression is mediated by the hormones thyroid 

and adiponectin (reviewed by Periasamy and Kalyanasundaram, 2007; Stammers et al., 

2015). Thyroid hormone was shown to regulate the expression of SERCA2a in cardiac 

tissue (Rohrer and Dilmann, 1988; Nagai et al., 1989; Zarain-Herzberg et al., 1994; 

Hartong et al., 1994; Tuyl et al., 2004), but it acts on the SERCA inhibitor 

phospholamban as well (Kimura et al., 1994; Kiss et al.,1994; see section 1.2.3). This is 

probably also true for the adipocyte-derived peptide hormone adiponectin, which can 

restore SERCA2 activity to baseline levels (Guo et al., 2013). Of note, adiponectin is also 

an important peptide in insulin signaling (Figure 3). Another known factor affecting the 

expression of SERCA1 and SERCA2 is exercise (reviewed in Stammers et al., 2015). 

Interestingly, exercise increases SERCA2a protein content (e.g., Wisløff et al., 2002), 

whereas effect on SERCA1 protein content ranges between reduction and increase, 

dependent on the respective organism, training, and muscle fiber type (e.g., Green et al., 

2003; Morissette et al., 2014). 

Besides modulation of SERCA expression, microRNA interference and post-translational 

modification of the translated protein are documented mechanisms to adjust the activity 

of the enzyme (Gurha et al., 2012; Wahlquist et al., 2014; Kumarswamy et al., 2012) 

Post-translational modifications that directly affect SERCA activity include 

glutathionylation, SUMOlyation, glycosylation, 0-glcNAcylation, nitration, and 

acetylation (reviewed in Stammers et al., 2015). Glutathionylation and SUMOlyation of 

SERCA mRNA increase SERCA2a activity and can rescue SERCA2a function in heart 

failure (Adachi et al., 2004; Kho et al., 2011). 

Several proteins and peptides modulate SERCA activity via direct interaction. The 

histidine-rich Ca2+-binding protein (HRC; Hofmann et al., 1991), calumenin (Yabe et al., 

1997), and sarcalumenin (Leberer et al., 1990; Jiao et al., 2012) are all expressed in 

mammals, localize to the SR lumen and directly bind to SERCA and thereby affect its 

activity. HRC (see also Figure 8) and calumenin are Ca2+-storage proteins that bind Ca2+ 

with low affinity and inhibit SERCA by interacting with SR luminal loops of the 
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transmembrane domain (Arvanitis et al., 2007; Sahoo and Kim, 2008; Sahoo et al., 2009). 

Correspondingly, knockout of HRC leads to muscle hypercontractility caused by elevated 

SERCA activity (Park et al., 2013). Vice-versa, overexpression of calumenin was shown 

to result in hyperinhibition of SERCA2 (Sahoo and Kim, 2008). Nevertheless, the 

principal SERCA-regulatory mechanism is the direct interaction with SR membrane 

integral peptides, and some of the before-mentioned SERCA regulatory mechanisms also 

act through phospholamban (see section 1.2.4). 

The genetic manipulation of SERCA in different model organisms was crucial for 

understanding the essential physiological functions of the pump. Phenotypes of animals 

harboring SERCA mutations provided important insights regarding SERCA 

functionality and significance in Ca2+ cycling. Besides the mouse model, significant work 

was also done in the Drosophila model system (reviewed by Chorna and Gaiti, 2012). By 

analyzing conditional Drosophila Ca-P60A/dSERCA mutants, Sanyal et al. could show 

that inhibition of the ATPase greatly impacts neuromuscular physiology and can 

paralyze larvae (Sanyal et al., 2005). Further studies elaborated on effects of SERCA 

activity on heartbeat frequency and rhythmicity in Drosophila (Sanyal et al., 2006; 

Desai-Shah et al., 2010; Abraham and Wolf, 2013). Furthermore, the implication of 

SERCA in Notch signaling was investigated in Drosophila, thereby identifying the 

ATPase as a possible therapeutic target to treat cancer (Periz and Fortini, 1999; Roti et 

al., 2013).  

Concomitant with their central role in muscle and heart physiology, dysregulation or 

aberrant function of SERCA has been implicated in the pathology of several human 

diseases (e.g., reviewed in Brini and Carafoli, 2009; Hovnanian, 2007; Chemaly et al., 

2018). For example, distinct mutations in the SERCA coding genes cause Brody 

myopathy and the skin disorder Darier’s disease. Brody myopathy, or Brody’s disease is 

a rare autosomal genetic disorder elicited by loss-of-function mutations of the ATP2A1 

gene (Brody, 1969; Karpati et al., 1986; Odermatt et al., 1996; Novelli et al., 2004; 

reviewed by Brini and Carafoli, 2009). The mutations lead to impairments of SERCA1 

functionality resulting in heterogeneous symptoms related to delayed skeletal muscle 

relaxation elicited by a slow-down of the SERCA1 mediated Ca2+ uptake into the SR 

(Benders et al., 1994). Nevertheless, relatively common symptoms of Brody’s disease are 

skeletal muscle cramping and stiffening induced by exercise or low temperatures 

(Odermatt et al., 1996; Novelli et al., 2004).  

The rare autosomal dominant skin disorder Darier’s disease (or Darier-White’s disease/ 

keratosis follicularis) is caused by mutations in the ATP2A2 gene (Sakuntabhai et al., 

1999; reviewed, e.g., by Foggia and Hovnanian, 2004; Dhitavat et al., 2004; Hovnanian, 

2007). Darier’s disease is characterized by a loss of cell-to-cell adhesion in the suprabasal 

epidermis layer resulting in skin lesions, wart-like blemishes, and abnormal 

keratinization. Up to now, it remains unclear why the disease is restricted to specific 

cells of the epidermis. However, concerning the crucial importance of SERCA2 in 
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different muscle types, the presence of compensatory mechanisms for reduced SERCA2 

activity in these tissues is very likely (Hovnanian, 2007). 

In addition to Brody’s and Darier’s disease, impairment of SERCA activity has been 

linked to several other disorder phenotypes. For example, a functionally decreased 

SERCA pump is often detectable in human heart failure (HF) patients as well as in HF 

animal models (reviewed by Brini and Carafoli, 2009; Gorski et al., 2015a). In recent 

years, restoring SERCA2 in failing hearts via gene therapy and other therapies 

targeting SERCA became a research topic of great interest. Surprising at first glance, 

SERCA malfunction has also been related to cancer and diabetes (e.g., reviewed in 

Zarain-Herzberg et al., 2014; Stewart et al., 2015; Chemaly et al., 2018; Pagliaro et al., 

2021).  

 

1.2.4 Activity of SERCA is modulated by binding of regulin 

peptides 

The most important mechanism to modulate SERCA activity is the reversible direct 

binding of SR transmembrane micropeptides, also called “regulins” or “regulin peptides”. 

Up to now, six regulins have been identified in vertebrates. Phospholamban (PLN), 

sarcolipin (SLN), myoregulin (MLN), another-regulin (ALN), and endoregulin (ELN) 

represent inhibitors of the Ca2+-ATPase, whereas DWORF was shown to enhance 

SERCA activity (Figure 14; reviewed by Payre and Desplan, 2016; Primeau et al., 2018; 

Rathod et al., 2021). The peptides are generally expressed in a tissue-specific manner, 

localize to the SR/ER membrane, and preferentially interact with the SERCA isoform of 

the respective tissue (see Table 1). However, by far the best characterized regulatory 

peptide happens to be phospholamban. The structural base of SERCA/PLN interaction 

has been studied extensively, making it one of the best understood transporter-peptide 

interactions (e.g., reviewed in MacLennan and Kranias, 2003; Primeau et al., 2018; 

Rathod et al., 2021). Initially described in 1975 (Kirchberger et al., 1975; reviewed in 

Katz, 1998), PLN consists of 52 amino acids and has a size of 6.1 kDa.  The peptide is 

composed of an N-terminal cytoplasmic helix (~aa 1-20; domain Ia) holding with 

Ser16and Thr17 two potential phosphorylation sites, a flexible linker (~aa 21-30; domain 

Ib), and a highly conserved single transmembrane helix (~aa 31-52; domain II) harboring 

the SERCA-interaction sites (Figure 14; Simmerman et al., 1986; Verardi et al., 2011; 

reviewed by MacLennan and Kranias 2003). The linker enables the peptide to switch 

between two configurations depending on the phosphorylation of the cytoplasmic 

domain: the tilted T-state or the more elongated R-state (e.g., Traaseth et al., 2009; 

Gopinath et al., 2021). 

Like the other regulins, PLN binds to SERCAs inhibitory cleft that is built by the 

transmembrane helices M2, M6, and M9 (Figure 14C) at E2 states and thereby 

decreases Ca2+ affinity (KCa) of the ATPase (Reddy et al., 1995; Akin et al., 2013). The 

Thr805 residue of SERCAs M6 helix (Toyoshima et al., 2003) and the PLN 
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transmembrane residue Asn34 are the most critical residues for inhibition since mutation 

of Asn34 is concomitant with a loss of inhibitory function (Kimura et al., 1997; Trieber et 

al., 2005; Trieber et al., 2009). Usually, PLN interacts with the Ca2+-free SERCA 

conformation, holding the ATPase in a metal ion-free E1-like state, also known as E1-

Like-PLN (Figure 13; Figure 14; Akin et al., 2013; Espinoza-Fonseca et al., 2015). In this 

state, SERCA affinity for Ca2+ is markedly reduced. Nevertheless, it was shown that 

PLN also binds to Ca2+-bound SERCA conformations, though with lower affinity (Bidwell 

et al., 2011). PLN can occur as a monomer or as an oligomer, whereby the pentamer 

represents the most abundant oligomeric form (Simmerman et al., 1986). Since the 

monomeric PLN is preferentially bound to SERCAs inhibitory groove, monomeric PLN 

represents the inhibitory form (Autry and Jones, 1997; Kimura et al., 1997; Thomas et 

al., 1998). Additionally, more recent data finally explain the early finding that PLN 

pentamers could not only represent inactive storage forms (Chu et al., 1998).  

 

 
Figure 14 | Comparison of SERCA-inhibitory peptides. (A) Sequence alignments of the SR membrane integral 

regulins another-regulin (ALN), endoregulin (ELN), phospholamban (PLN), myoregulin (MLN), sarcolipin (SLN), and 

sarcolamban A (SCLA) are shown. All peptides consist of a cytoplasmic domain of variable length, a transmembrane 

domain, and a rather short SR-luminal domain. Identical conserved transmembrane residues are marked in green (*), and 

transmembrane residues with similar properties are depicted in blue (.). (B) While ALN, ELN, PLN, and MLN exhibit 

rather large cytoplasmic parts, SLN and SCL harbor minor cytoplasmic domains. Additionally, SLN and PLN also possess 

a luminal domain of comparable size. The peptide’s well-conserved transmembrane domains form the canonical 

interaction face with SERCA within the SR membrane. The depicted SCL protein corresponds to SCLA from Drosophila. 

Despite the SCLA sequence, shown amino acid sequences are derived from mouse. (C) Atomic model of PLN (orange) 

bound to SERCA1a (green) in a lipid bilayer. Coupled via a linker region (Ib) to the TM helix, the PLN cytoplasmic helix 

(Ia) interacts with SERCAs N-domain. The model of SERCA is based on a rabbit SERCA1a crystal structure at the E2 

state (Protein Data Bank ID: 1IWO; Toyoshima and Nomura, 2002), and the PLN model was derived from two NMR 

structures (Protein Data Bank IDs: 1FJK and 1PLP) refined with molecular dynamics and energy minimization. SERCAs 

cytoplasmic domains are indicated as violet letters (A- N-, and P-domain), and TM helices are highlighted with blue 

numbers. (A) and (B) are modified and adapted after (Anderson et al., 2016), (C) is modified after (Toyoshima et al., 2003). 
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Instead of binding to the canonical inhibitory groove, the pentamer was indeed found to 

bind to an accessory site of the Ca2+-ATPase (Glaves et al., 2019; Alford et al., 2020). 

Interestingly, these experiments and molecular dynamics simulation propose an 

activating role for this non-canonical interaction (Glaves et al., 2019; Glaves et al., 2011; 

Stokes et al., 2006). In this manner, the PLN pentamer interacts with SERCA’s M3 helix 

inducing repositioning of the PLN cytoplasmic domain. Nevertheless, the physiological 

relevance of this probably activating interaction has to be proved. 

Critical for the inhibitory effect exerted by PLN are different factors: the molar ratio of 

PLN and SERCA, the Ca2+ concentration [Ca2+], as well as the oligomerization and 

phosphorylation state of the peptide. The fact that all these aspects are linked to each 

other renders this system rather complex. PLN-dependent modulation of SERCA activity 

is terminated at high cytosolic Ca2+ concentrations and through phosphorylation of 

PLN’s cytoplasmic helix (Tada et al., 1975; James et al., 1989). At low calcium 

concentrations (~0.1 to 1.0 µM), inhibition through PLN reaches its maximum, whereas 

SERCA exhibits maximal activity (Vmax) at high Ca2+ concentrations (~1.0 to 10 µM) if 

bound to PLN (Figure 17; Cantilina et al., 1993; Asahi et al., 2000; Fernandez-de Gortai 

and Espinoza-Fonseca, 2018; Raguimova et al., 2020).  

At one-to-one molar stoichiometry, PLN monomers bind to SERCA, and the elicited 

inhibitory effect is maximal (e.g., Glaves et al., 2019). At higher PLN concentrations, the 

peptide tends to organize in oligomers, thereby reducing inhibition through monomers or 

even activating the ATPase through interaction with PLN pentamers (see above; Glaves 

et al., 2019; Trieber et al., 2005; Trieber et al., 2009). On the one hand, phosphorylation 

of PLN Ser16 and/or Thr17 directly affects the equilibrium of PLN monomer/oligomer 

dynamics (Cornea et al., 1997). On the other hand, phosphorylation results in the re-

organization of the PLN N-terminal cytoplasmic domain into the R-state so that it can 

interact with SERCAs cytoplasmic domain, probably inducing relief of inhibition (Karim 

et al., 2006; Sugita et al., 2006; Gustavsson et al., 2013; Aguayo-Ortiz and Espinoza-

Fonseca, 2020b). However, up to now, it remains unclear whether PLN dissociates from 

SERCA as a result of phosphorylation (dissociation model) or if the SERCA-PLN complex 

is instead maintained, hence allowing for Ca2+ translocation due to conformational 

change of the transmembrane domain induced by phosphorylation (subunit model; see 

also Primeau et al., 2018; Alford et al., 2020). 

The functionality of PLN dependent regulation of SERCA is to modulate cardiac 

contractility. By phosphorylation of PLN in response to ß-adrenergic stimulation, 

inhibition of SERCA is relieved, resulting in enhanced SR Ca2+ load and faster rates of 

contraction and relaxation (Figure 15). Therefore, the ß-adrenergic system is crucial to 

rapidly increase physical performance as part of the fight-or flight response. 
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Figure 15 | Phospholamban is phosphorylated 

through the ß-adrenergic pathway. Scheme of ß-

adrenergic stimulation and CaMKII 

(calcium/calmodulin-dependent protein kinase II) 

induced phosphorylation at cardiac myocytes. The 

binding of noradrenaline (NE) to the ß-adrenergic 

receptor (yellow) results in cyclic AMP (cAMP) 

production mediated by the adenylate cyclase (AC) 

and G protein (G). cAMP activates protein kinase A 

(PKA), leading to phosphorylation of different targets 

like DHPR, RyR2, and the main target PLN. 

Phosphorylation of the latter relieves SERCA2a 

inhibition. Dephosphorylation of PLN is mediated by 

PP1 (protein phosphatase 1), itself inhibited by 

phosphorylated I-1 (inhibitor-1) and Hsp20 (heat 

shock protein 20). Another consequence of PKA 

activation is the rise in cytoplasmic Ca2+ 

concentration that initiates further phosphorylation 

of Ca2+ handling proteins through CaMKII. In 

summary, relief of PLN mediated SERCA inhibition 

combined with the activation of different Ca2+ 

handling proteins results in faster cardiac 

contraction/relaxation rates. Modified after 

(Mattiazzi and Kranias, 2014). 

 

As a central target of β-adrenergic signaling, PLN is phosphorylated by the protein 

kinase A (PKA; e.g., Tada et al., 1974; Kranias and Solaro, 1982; Chen et al., 2007; 

reviewed by MacLennan and Kranias, 2003), protein kinase B (PKB/Akt; Catalucci et al., 

2009) and calcium/calmodulin-dependent protein kinase II (CaMKII; see also section 

1.2.2; e.g., Kirchberger et al., 1982; Movsesian et al., 1984; Simmerman et al., 1986). The 

ß-adrenergic pathway is triggered by sympathetic nervous system activation. As a result, 

catecholamines, such as adrenaline or noradrenaline, bind to the ß-adrenergic receptor, a 

GPCR localizing at the surface of muscles. Activation of the GPCR (see also Figure 2) 

initiates the production of the second messenger cyclic AMP (cAMP) through the 

adenylate cyclase (Kirchberger et al., 1972). The cAMP then stimulates PKA that in turn 

phosphorylates several cardiac proteins, like LTCC (e.g., reviewed by Kamp and Hell, 

2000), troponin I (e.g., Li et al., 2000), RyR (see 1.2.2) or PLN. Besides targeting PLN 

monomers at the Ser16 residue of the cytoplasmic domain, it was shown that PKA could 

also phosphorylate PLN bound to SERCA or PLN organized in pentamers or even 

support PLN pentamerization (Cornea et al., 1997; Ceholski et al., 2012; Wittmann et 

al., 2015). 

Phosphorylated PLN gets reactivated for SERCA inhibition through dephosphorylation 

mediated by the protein phosphatase 1 (PP1; Kranias, 1985; MacDougall et al., 1991; 

Steenaart et al., 1992). PP1 is organized in a regulatory complex residing at the SR 

membrane. Besides PP1, PLN, PKA, and SERCA, this complex was shown to include 

further a kinase anchoring protein, inhibitor-1 (I-1), small heat shock protein 20 (Hsp-

20), the HS-1 associated protein X-1 (HAX-1), small ubiquitin-related modifier (SUMO-
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1), and phosphodiesterase (Figure 15; reviewed in, e.g., Kranias and Hajjar, 2012; 

Mattiazzi and Kranias, 2014). In addition, the phosphorylation of the different Ca2+- 

handling proteins also leads to an increase in the cytosolic [Ca2+]. Elevated [Ca2+], in 

turn, activates CaMKII that further amplifies the phosphorylation effect by targeting 

the Thr17 residue of PLN (reviewed e.g., by Mattiazzi and Kranias, 2014). 

Dephosphorylation of Thr17 is facilitated by the SR-luminal localized protein 

phosphatase 2Ce (PP2Ce; Akaike et al., 2017). In summary, PLN phosphorylation is the 

main determinant of the ß-adrenergic response and therefore represents the key 

mediator for eliciting positive cardiac chronotropic, inotropic, and lusitropic/relaxant 

effects. 

In accordance with the expression of the SERCA2a isoform as the primary interaction 

target (see table 1), PLN can be found in cardiac (at ventricles and in lower amounts in 

atrial tissue), slow-twitch skeletal and smooth muscles (e.g., Bokník et al., 1999; 

Vangheluwe et al., 2005). Interestingly, expression with other regulins like sarcolipin is 

apparent in some tissues, perhaps conciliating SERCA superinhibition (Asahi et al., 

2003; Vangheluwe et al., 2005; Fajardo et al., 2013). In contrast to PLN, SLN is 

predominately expressed in fast-twitch skeletal muscles, with lower amounts of the 

peptide being present in slow-twitch skeletal and atrial muscles of vertebrates (e.g., 

Odermatt et al., 1997; Odermatt et al., 1998; Minamisawa et al., 2003; Babu et al., 2007; 

Fajardo et al., 2013). Agreeing with its expression pattern, SLN is the primary regulator 

of the SERCA1a isoform. In 1972, SLN was discovered as a proteolipid that co-

precipitates with SERCA (MacLennan, 1974). It was not until 1992 that the amino acid 

sequence of this proteolipid was determined and named sarcolipin (Wawrzynow et al., 

1992). Even though the authors speculated that sarcolipin could be “a modulator of the 

ATPase”, first extensive characterization as SERCA-inhibitory peptide happened to be in 

the year 1998 (Odermatt et al., 1998). As a homolog of PLN, the SLN peptide exhibits 

some structural similarities to the first described regulin but substantial differences 

regarding the mechanism of SERCA inhibition as well (reviewed in Bhupathy et al., 

2007; Primeau et al., 2018; Rathod et al., 2021). With 31 amino acids and a molecular 

weight of 3.8 kDa, SLN is considerably smaller than PLN (Figure 14; Figure 17). The 

single-span TM helix of SLN (~ aa 7-26) is highly conserved and accounts for most of the 

peptide size. Structural data revealed binding of the transmembrane domain to SERCA’s 

inhibitory cleft formed by helices M2, M6, and M9 to build a 1:1 heterodimeric complex 

as it was also publicized for PLN (Figure 14C; Figure 16C; Toyoshima et al., 2013; 

Winther et al., 2013). With only six residues, the unstructured N-terminal cytoplasmic 

domain is relatively small and holds with Thr5 a possible phosphorylation site. Though 

remaining unclear for a long period, it was finally shown that SLN can get 

phosphorylated at this residue by CaMKII (Bhupathy et al., 2009) as well as 

serine/threonine kinase 16 (STK16; Gramolini et al., 2006). Even though 

phosphorylation seems to play a role in alleviating SLN mediated inhibition, the exact 

mechanism and physiological relevance are unsolved. 



Introduction 

 

42 

 
Figure 16 | Interaction of SLN and SERCA. (A) SLN interacts with SERCA’s canonical binding groove built by the 

transmembrane helices M2, M6, and M9. Shown is a model based on an X-ray structure of rabbit SLN bound to SERCA1a 

at E1-state (Protein Data Bank ID: 4H1W; Winther et al., 2013). The colors of SLN correspond to the colors in (B) and (C). 

(B) The SLN peptide is composed of a short N-terminal cytoplasmic domain (red), a helical transmembrane domain that 

can be further distinguished in a more N-terminal (Ib; green) and a more C-terminal part (II; blue), and a cytoplasmic tail 

(purple). (C) The detailed view of the transmembrane region depicted in (A) reveals the interaction of SLN residues with 

residues of SERCA’s TM9 and TM2. Modified and adapted after (Wang et al., 2021). 

Even though phosphorylation seems to play a role in alleviating SLN mediated 

inhibition, the exact mechanism and physiological relevance are unclear. The short C-

terminal tail of SLN (~aa Arg27-Ser28-Tyr29-Gln30-Tyr31) localizes to the SR lumen and is 

highly conserved. Unlike PLN, SLN probably inhibits SERCA not only through the 

interaction of the transmembrane domain with the inhibitory groove of the ATPase; 

instead, the luminal tail also facilitates SERCA inhibition (e.g., Hughes et al., 2007; 

Gorski et al., 2013; Wang et al., 2021; see section 3.3. for further discussion). However, 

as a result, both PLN and SLN decrease SERCA’s apparent Ca2+ affinity KCa at low 

[Ca2+], thereby holding the ATPase in a Ca2+- and metal ion-free intermediate state 

(Espinoza-Fonesca et al., 2015), but the exerted effect on SERCA’s Vmax at high [Ca2+] is 

quite contrary (Figure 17). Under this condition, Vmax of PLN bound SERCA exceeds the 

value of SERCA alone, whereas binding of SLN at high molar ratios (~4 SLN to 1 

SERCA) reduces Vmax of the ATPase (e.g., Gorski et al., 2013; Sahoo et al., 2013; 

reviewed in Rathod et al., 2021). Due to the lack of structural and functional studies, as 

well as some inconclusive data, the exact interaction mechanism of SLN-mediated 

SERCA inhibition has yet to be fully elucidated.  

Like PLN, the SLN peptide can form oligomers, whereby the monomeric peptide and 

dimers display the most abundant species (Hellstern et al., 2001; Autry et al., 2011; 

Glaves et al., 2020). Interestingly, like PLN, SLN was shown to bind to the M3 accessory 

site of SERCA in vitro, hence not only as a pentamer but also as a monomeric peptide 
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(Glaves et al., 2020). However, in vivo physiology and the relevance of this interaction is 

unclear.  

Besides inhibition of SERCA activity, the role of SLN in non-shivering thermogenesis of 

fast-twitch skeletal muscles and its implication in energy metabolism displays a unique 

functionality of SLN in comparison to the other regulins (Bal et al., 2012; reviewed by 

Gamu et al., 2014; Maurya and Periasamy, 2015). SLN-mediated muscle-based 

thermogenesis is achieved by uncoupling of SERCA through separation of ATP 

hydrolysis and calcium transport resulting in futile enzymatic cycles (Smith et al., 2002; 

Mall et al., 2006). In that way, the excess ATP hydrolysis contributes to heat production. 

Uncoupling of SERCA is already known to occur at very high Ca2+ concentrations 

present inside and outside the cytosol and high pH (e.g., reviewed by de Meis et al., 2005; 

Periasamy et al., 2017). Different theories have been proposed regarding the molecular 

underpinnings of this phenomenon. Structural studies could show that SLN remains 

associated with Ca2+ bound SERCA conformations throughout the kinetic cycle (Sahoo et 

al., 2013; Wang et al., 2021). It is assumed that this maintained interaction facilitates 

uncoupling predominantly through the action of distinct residues of the transmembrane 

helix and the C-terminus (Figure 16C; Wang et al., 2021; see section 3.3 for further 

discussion). Another theory is that uncoupling is mediated by the SLN cytoplasmic 

domain (Autry et al., 2016). Experiments using SLN-null mice demonstrated that these 

animals could not maintain their body core temperature in cold surroundings, which 

promotes in vivo relevance of SLN mediated thermogenesis (Bal et al., 2012; Rowland et 

al., 2015). However, incongruent data and many outstanding questions concerning a 

physiologically meaningful impact of SLN contribution to thermogenesis outline this 

research field as a subject of ongoing debate (reviewed in Campbell and Dicke, 2018). 

 

 
Figure 17 | Comparison of SERCA-modulating effects exerted by PLN and SLN. Measurement of Ca2+dependant 

SERCA1a activity in the absence (black) or presence (grey) of the regulins PLN and SLN. (A) At low cytosolic Ca2+ 

concentrations, SERCAs apparent affinity for Ca2+ (KCa) is slightly reduced in the presence of PLN. At higher Ca2+ 

concentrations (> 1.0 µM), PLN facilitates an increase of SERCAs maximal activity (Vmax). (B) The SLN-mediated 

inhibitory effect on SERCA activity is not reliant on the [Ca2+]. Even at high [Ca2+], KCa and Vmax are markedly reduced. 

Modified and adapted after (Rathod et al., 2021). 
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In summary, despite their structural and functional similarities, PLN and SLN exhibit 

quite distinct differences regarding the details of their SERCA-regulatory mechanisms. 

Different factors with the power to terminate PLN’s inhibitory impact on SERCA, 

including [Ca2+], phosphorylation, and oligomerization, have been identified for PLN. In 

contrast, an in vivo mechanism to alleviate or end SLN-mediated SERCA inhibition has 

not been identified yet.  

Aberrant PLN functionality is implicated in several diseases like general contractile 

dysfunction, dilated cardiomyopathy (DCM), and cardiac hypertrophy (e.g., reviewed by 

Kranias and Bers, 2007; Mattiazzi and Kranias, 2014; Gorski et al., 2015b). Thereby, 

mutation of residues important for ß-adrenergic regulation can cause lethal hereditary 

DCM (Schmitt et al., 2003). Heart failure can be associated with diminished SR Ca2+ 

uptake related to decreased PLN phosphorylation (e.g., Huang et al., 1999; Schwinger et 

al., 1999). Since cardiac function is improved by reducing PLN-mediated inhibition, 

altering PLN levels to restore perturbed SR Ca2+ uptake could be a therapeutic tool for 

the treatment of heart failure (e.g., Stroik et al., 2020; Grote Beverborg et al., 2021). The 

availability of data regarding the implication of SLN in the development of diseases is 

reduced compared to PLN. Nevertheless, it was shown that SLN expression is often 

dysregulated in patients with a cardiovascular disease (Uemura et al., 2004; Zheng et 

al., 2014), and for the onset of Tako Tsubo cardiomyopathy, ventricular expression of 

SLN seems to be a significant factor (Nef et al., 2009). In addition, the role of SLN in 

thermogenesis gives rise to new possibilities to treat metabolic disorders, for example, 

diabetes or obesity (Maurya et al., 2015; Periasamy et al., 2017). 

In comparison to the relatively well-studied regulins PLN and SLN, investigation and 

understanding of the remaining vertebrate regulins MLN, ELN, ALN, DWORF, and the 

arthropod SCL peptides is still in the fledgling stages (reviewed by Payre and Desplan, 

2016; Primeau et al., 2018; Rathod et al., 2021). The peptides are encoded by smORFs 

that were previously assumed to be noncoding (see also section 1.1). Through 

bioinformatic screening of so far uncharacterized muscle RNA transcripts, different 

groups could identify several smORFs encoding for the peptides (Magny et al., 2013; 

Anderson et al., 2015; Nelson et al., 2016). The thereby identified myoregulin peptide is 

expressed in skeletal muscles together with SLN, though MLN seems to be the main 

regulin in skeletal muscles of adult mice (Anderson et al., 2015; Anderson, 2016). The 

topology of the 46 amino acid long MLN peptide exhibits broad similarities to PLN 

(Figure 14A-B). Differences apply predominately to the cytosolic domain and the C-

terminus. While the cytosolic domain appears to be closely related to the SR membrane, 

the C-terminal tail is with only three amino acids rather short and does not extend far 

into the SR lumen (Anderson et al., 2015; Rathod et al., 2021). A molecular model of 

MLN/SERCA interaction based on molecular dynamics simulations and molecular 

modeling revealed that the regulin preferentially interacts with transmembrane helices 

M2 and M9 if bound to SERCA, whereas interaction with M6 is alleviated in comparison 

to PLN- or SLN/SERCA interaction (Rathod et al., 2021) So far, functional data 
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regarding the MLN-mediated effect on SERCA’s KCa remains inconclusive (Anderson et 

al., 2015; Rathod et al., 2021). However, comparable to the exerted effect of SLN, 

SERCAs Vmax seems to be reduced even at high [Ca2+].  

Endoregulin localizes to endothelial and epithelial tissue, whereas another-regulin was 

found to be ubiquitously expressed (Anderson et al., 2016). Therefore, these regulins 

represent unique non-muscle regulatory subunits of SERCA. Both ELN and ALN, were 

identified in a bioinformatic screen for DNA sequences exhibiting homologies to the 

already known regulins (Anderson et al., 2016). The result was the identification of ELN 

as a regulator of SERCA3a and ALN of SERCA2b (Figure 14A-B). In addition, ALN 

expression was also detected in skeletal and cardiac muscles. With 65 amino acids, ALN 

is the largest regulin peptide but seems not to comprise a C-terminal tail (Figure 14A-B; 

Anderson et al., 2016; Rathod et al., 2021). On the contrary, TMHMM predictions reveal 

a rather long C-terminus as part of the 56 amino acid ELN peptide (Anderson et al., 

2016; Rathod et al., 2021). First interaction studies emphasize, on the one hand, 

canonical interaction with the inhibitory cleft of SERCA for both peptides (Anderson et 

al., 2016). On the other hand, molecular dynamics simulations, and molecular modeling 

revealed the preferred interaction of ALN and SERCAs helix M2 with less extensive 

contacts to M6 and M9 (Rathod et al., 2021). In addition, ALN seems to reduce both KCa 

and Vmax of SERCA, thereby resembling effects exerted by SLN (Rathod et al., 2021). 

Dwarf open reading frame truly stands out of the line of so far identified regulins 

because it is the only known primary positive modulator of SERCA (Nelson et al., 2016). 

The fact that many heart diseases are related to diminished SR Ca2+ uptake by SERCA 

outlines DWORF as an attractive therapeutic target for treating cardiomyopathies 

(Makarewich et al., 2018; Makarewich et al., 2020). With a length of 35 amino acids, 

DWORF belongs to the rather short representatives of the regulin family. It is expressed 

in the same tissues as PLN: in the heart muscles (predominately ventricles) and slow-

twitch skeletal muscles (Nelson et al., 2016). Also, regarding its overall structure, the 

peptide exhibits the most similarities to PLN. DWORF is composed of a cytoplasmic 

helix localizing at the membrane surface, a flexible linker around the Pro15 residue 

connecting the cytoplasmic helix to the transmembrane domain, and a relatively short 

transmembrane helix that lacks, like ALN, the C-terminal tail intruding to the SR 

lumen (Gopinath et al., 2021; Fisher et al., 2021; Reddy et al., 2022). The 

DWORF/SERCA interaction increases in SERCA’s turnover rate and Vmax (Fisher et al., 

2021; Rathod et al., 2021), but it does not influence KCa of the ATPase (Nelson et al., 

2016; Makarewich et al., 2018). Interestingly, DWORF seems to enhance SERCA activity 

by two different mechanisms. On the one hand, the congruent expression pattern of PLN 

and DWORF enables the replacement of PLN as the dominant SERCA interaction 

subunit. When bound to SERCA, distinct structural characteristics of the activator 

prevent SERCA inhibition. The linker domain of DWORF replaces a part of the 

transmembrane helix that is known to be important for SERCA inhibition, even though 

the peptide binds to SERCAs inhibitory groove (Nelson et al., 2016; Singh et al., 2019; 
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Fisher et al., 2021). As a result, the binding of DWORF enhances SERCA activity by 

reducing PLN-mediated interaction. In addition to the displacement of PLN, DWORF 

was also found to enhance SERCA activity directly, even in the absence of PLN (Li et al., 

2021; Fisher et al., 2021; Reddy et al., 2022). This functionality is probably based on the 

linker region around Pro15 that introduces a kink in DWORF’s topology since mutation of 

this region relieves activation (Reddy et al., 2022). 

The starting point for discovering the new regulins was in 2013 when Magny et al. 

identified and characterized the Drosophila regulin peptides Sarcolamban A and B 

(Magny et al., 2013). Their finding confirms the conservation of regulins from insects to 

humans. Besides Drosophila, expression of SCL peptides was meanwhile confirmed for 

other arthropods including further insects and the tadpole shrimp, an early crustacean 

representative (Bak et al., 2020). The in this course identified SCL peptides either better 

resembled functional and structural characteristics of SLN or PLN. By using 

bioinformatic tools, Magny et al. identified Drosophila SCLA and SCLB; both encoded by 

a smORF located on the same formerly annotated non-coding RNA. With 28 respectively 

29 amino acids, SCLA and SCLB represent the smallest regulin peptides (Figure 14A-B; 

Figure 18). Both were found to be expressed in cardiac and somatic muscles of 

Drosophila (Figure 18B), where they co-localize with Drosophila SERCA (CaP60A) and 

regulate calcium homeostasis and muscle contraction by inhibition of the ATPase 

(Magny et al., 2013). 

 

 
Figure 18 | Insect SCL peptides modulate muscle contraction by inhibiting SERCA activity. (A) Comparison of 

SLN and Bombus terrestris SCL bound to Drosophila SERCA. Overlay of SLN and SCLB shows that both peptides are 

bound to SERCA’s canonical inhibitory groove. The model is based on a molecular dynamics simulation using crystal 

structures of SERCA and SLN as templates (Protein Data Bank IDs: 3AR4 from Toyoshima et al., 2011; and 3W5A from 

Toyoshima et al., 2013). (B) In indirect flight muscles of Drosophila, SCLA (green) and SERCA (red) colocalize at the SR 

membrane, especially at the dyads (arrowheads) and the dense SR around the nuclei (arrows). Shown is a muscle-specific 

overexpression of GFP-tagged SCLA and an antibody staining of endogenous SERCA. (C) Adult flies with complete loss of 

scl expression (Df(2L)scl) exhibit extensive heart arrhythmia with recurrent heartbeat arrests (*). (A) is modified after 

(Bak et al., 2020), and (B) and (C) are modified and adapted after (Magny et al., 2013). 
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Mutant flies with loss of scl expression exhibit, e.g., heart arrhythmia and altered Ca2+ 

transients. Structurally, both SCL peptides best resemble the topology of vertebrate SLN 

(Magny et al., 2013; Bak et al., 2020). They possess a short N-terminal unstructured 

cytoplasmic domain (~aa 1-6 for SCLA), a highly conserved TM helix (~aa 7-16 for 

SCLA), and a short C-terminal tail (~aa 23-28 for SCLA) that probably extends into the 

SR lumen (amino acid predictions based on Anderson et al., 2016). Interestingly, SCLA 

and SCLB exhibit extensive sequence resemblances, with the biggest differences 

applying to their C-termini (see also section 3.3). 

Evolutionary conservation was underlined by experiments showing that PLN and SLN 

localize similarly to SCL if ectopically expressed in Drosophila muscles (Magny et al., 

2013). In modeling studies, the authors could also demonstrate the conserved binding of 

SLN and PLN to Drosophila SERCA and vice versa interaction of insect SCL with 

vertebrate SERCA, which is further supported by co-immunoprecipitation experiments. 

This is also corroborated by later co-reconstitution experiments using different arthropod 

SCLB peptides and rabbit SERCA1a (Bak et al., 2020). All peptides were shown to 

inhibit the mammalian SERCA. Based on different phylogenetic analyses, Magny et al. 

propose a common ~30 amino acid ancestral peptide that gave rise to the regulins of the 

different species. However, the functional role of expressing two distinct regulin peptides 

in insects remains completely unclear. In addition, no data regarding modulation of the 

SCL mediated inhibition is available, even though this would be of high interest, 

especially concerning the complex and still not fully understood regulatory mechanisms 

affecting and governing the action of the different vertebrate regulins. 
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1.3 Aim of the thesis 

Peptide hormones, neuropeptides, and regulatory membrane integral micropeptides play 

pivotal roles in various physiological processes, including insulin signaling and the 

control of muscle contraction. Misregulation of these sensitively balanced, often 

crosslinked regulatory networks can end in the development of severe diseases like 

Alzheimer’s Disease, diabetes, or heart failure. Therefore, a comprehensive 

understanding of these regulatory networks is of central meaning and could be the 

starting point for developing therapeutic strategies for treating the named diseases. As 

metalloendopeptidases with broad substrate specificity, neprilysins display crucial 

modulators of peptide-dependent processes. However, mechanistic understanding and 

physiological relevance of neprilysin-mediated cleavage of peptide substrates are far 

from being understood.  

On the one hand, this work aims to investigate if peptides implicated in the insulin 

signaling pathway represent novel substrates of the neprilysin and to further elucidate 

the physiological impact of neprilysin-mediated regulation of insulin signaling. In 

addition, by applying a combined in vitro/in vivo screen, this work aims to test whether 

these peptides also play another, formerly unknown role by acting on the Drosophila 

heart. On the other hand, the objective of this thesis is to reveal the role of neprilysin in 

the regulation of muscle and heart contraction. Since it is already known that Nep4 is 

implicated in muscle functionality, it is of high interest to investigate if the SERCA-

inhibitory micropeptides represent novel substrates of the enzyme. 

Peptide-dependent regulation of insulin signaling and muscle contraction, as well as 

neprilysin-mediated inactivation of peptide substrates, are evolutionarily well-conserved 

mechanisms. Therefore, Drosophila melanogaster represents a convenient model system 

to investigate the mechanistic underpinning and, most importantly, to evaluate the 

physiological relevance in vivo.  
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2 Results 

The results of this thesis are presented in the following research publications and 

manuscripts: 

 

2.1  Hallier, B., Schiemann, R., Cordes, E., Vitos-Faleato, J., Walter, S., Heinisch, J. 

J., Malmendal, A., Paululat, A., and Meyer, H. (2016). Drosophila neprilysins 

control insulin signaling and food intake via cleavage of regulatory 

peptides. eLife, 5, e19430. doi: 10.7554/eLife.19430. PMID: 27919317; PMCID: 

PMC5140268. 

Status 13.04.22: Published  

 

2.2 Schiemann, R., Lammers, K., Janz, M., Lohmann, J., Paululat, A., and Meyer, H. 

(2018). Identification and In Vivo Characterisation of Cardioactive Peptides in 

Drosophila melanogaster. International journal of molecular sciences, 20(1), 2. 

doi: 10.3390/ijms20010002. PMID: 30577424; PMCID: PMC6337577. 

Status 13.04.22: Published  

 

2.3. Schiemann, R. and Meyer, H. (2022). Neprilysin 4. Chapter in „Rawlings - Vol. 1 - 

Handbook of Proteolytic Enzymes: Metallopeptidases, 4th Edition”, ISBN: 

9780128235874  

Status 13.04.22: Manuscript accepted for publication 

 

2.4. Schiemann, R., Buhr, A., Cordes, E., Walter, S., Heinisch, J. J., Ferrero, P., 

Milting, H., Paululat, A., and Meyer, H. Neprilysins regulate muscle contraction 

and heart function via cleavage of SERCA-inhibitory micropeptides. 

Status 13.04.22: Manuscript in revision at Nature communications 

 

Updated status 29.07.22: The revised and adapted manuscript was published by 

Nature communications: 

 

Schiemann, R., Buhr, A., Cordes, E., Walter, S., Heinisch, J. J., Ferrero, P., 

Milting, H., Paululat, A., and Meyer, H. (2022). Neprilysins regulate muscle 

contraction and heart function via cleavage of SERCA-inhibitory 

micropeptides. Nature communications, 13(1):4420. doi: 10.1038/s41467-022-

31974-1. PMID: 35906206; PMCID: PMC9338278. 
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Further publications: 

 

Meyer, H., Buhr, A., Callaerts, P., Schiemann, R., Wolfner, M. F., and Marygold, 

S. J. (2021). Identification and bioinformatic analysis of neprilysin and neprilysin-

like metalloendopeptidases in Drosophila melanogaster. microPublication 

biology, vol 2021. doi: 10.17912/micropub.biology.000410. PMID: 34189422; 

PMCID: PMC8223033. 

Status 13.04.22: Published 

 

Santalla, M., García, A., Schiemann, R., Paululat, A., Mattiazzi, A., Valverde, C., 

Hernández, G., Meyer, H., Ferrero, P. Interplay between SERCA, 4E-BP and 

eIF4-E in the Drosophila heart 

 

Status 13.04.22: Manuscript accepted for publication at PLOS ONE 

 

 

Own respective contributions and work shares are listed in Appendix section 5.5. 
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2.1 Drosophila neprilysins control insulin signaling and 

food intake via cleavage of regulatory peptides 

 

The results of this project are presented in the following research publication: 

 

Hallier, B., Schiemann, R., Cordes, E., Vitos-Faleato, J., Walter, S., Heinisch, J. J., 

Malmendal, A., Paululat, A., and Meyer, H. (2016). Drosophila neprilysins control 

insulin signaling and food intake via cleavage of regulatory peptides. eLife, 5, e19430. 

doi: 10.7554/eLife.19430. PMID: 27919317; PMCID: PMC5140268. 

 

Link: https://elifesciences.org/articles/19430 

 

The published article corresponds to pages 51-72 of the printed version of this thesis. 
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2.2 Identification and in vivo characterization of 

cardioactive peptides in Drosophila melanogaster 

 

The results of this project are presented in the following research publication: 

 

Schiemann, R., Lammers, K., Janz, M., Lohmann, J., Paululat, A., and Meyer, H. (2018). 

Identification and In Vivo Characterisation of Cardioactive Peptides in Drosophila 

melanogaster. International journal of molecular sciences, 20(1), 2. 

doi: 10.3390/ijms20010002. PMID: 30577424; PMCID: PMC6337577. 

 

Link: 

https://www.mdpi.com/1422-0067/20/1/2 

 

The published article corresponds to pages 73-87 of the printed version of this thesis. 
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2.3 Neprilysin 4 

Abstract 
Neprilysins are evolutionarily conserved ectoenzymes that cleave and thereby inactivate 
physiologically relevant peptides in the extracellular space. Members of the neprilysin family 
typically consist of a short N-terminal cytoplasmic domain, a membrane spanning region, and 
a larger extracellular domain that holds sequence motifs critical to zinc coordination, 
catalysis, and substrate or inhibitor binding. In Drosophila melanogaster, seven neprilysin 
genes have been identified. However, up to now only two of the corresponding protein 
products, Nep2 and Nep4, were characterized in terms of enzymatic activity. This chapter 
summarizes the current knowledge on Nep4 with a particular focus on cleavage specificity, 
expression pattern, and physiological relevance. 

 
Keywords 
Neprilysin, M13 metallopeptidase, metalloendopeptidase, neuropeptides, peptide hormones, 
peptide hydrolysis, Drosophila melanogaster 

 
Databanks 

 
Name and History  
The first characterization of a neprilysin, also known as neutral endopeptidase (NEP) 24.11, 
endoprotease 24.11, membrane metalloendopeptidase (MME) EC 3.4.24.11, common acute 
lymphoblastic leukemia antigen (CALLA), and enkephalinase, was reported in 1973. While 
the enzyme was initially described as a “neutral peptidase” in rabbit kidney brush border 
membranes (1), further analyses resulted in purification of the enzyme from rabbit kidney and 
subsequent classification as endopeptidase (2). Later on, the renal enzyme was found to be 
identical to a clinically relevant brain enkephalinase (3), as well as to the lymphocyte marker 
CALLA (CD10) (4). In the following years, many additional tissues were reported to express 
NEP and, based on the concurrently growing number of clinically relevant peptide substrates, 
today´s research mainly focuses on the potentially critical functions of the endopeptidase in 
cardiovascular, neurological, renal, pulmonary, and gastrointestinal physiology (5). 
Like human NEP, Drosophila melanogaster Neprilysin 4 (Nep4) belongs to the M13 family of 
metalloendopeptidases. In Drosophila, 28 genes encoding M13 class metalloendopeptidases 
have been identified, with 7 of the corresponding protein products holding all four conserved 
sequence motifs that are critical to catalytic activity in vertebrate neprilysins (HExxH, 
ENIAD(xGG), CxxW, and NAY/FY, (6,7)). These 7 genes are classified “Neprilysins” (Nep1 - 
Nep7). The remaining 21 genes display sequence similarity to Neprilysins but lack at least 
one of the catalytically relevant motifs. The corresponding protein products may thus be 
catalytically inactive or exhibit non-canonical cleavage-specificities (see Activity and 
Specificity). Members of this group are classified “Neprilysin-like” and characterized by a 
“Nepl” prefix (Nepl1 - Nepl21, (6)). 

 
Activity and Specificity 
Reaction and specificity 
Nep4 enzymatic activity is determined by four sequence motifs located within the 
extracellular domain of the enzyme (see Structural Chemistry). In-line with vertebrate 
neprilysins, Drosophila Nep4 is characterized by a rather broad substrate specificity. 
However, based on structural data for human NEP that indicate sterically restricted active 
site access (substrates needs to be < 3kDa) (8), corresponding restrictions likely apply also 
to Nep4. Among the 16 Nep4 substrates identified so far (Table 1; (9,10)), DH31 represents 
the largest (3.15 kDa). Generally, Nep4 substrates are preferentially cleaved next to 
hydrophobic residues, predominantly with Phe or Leu at P1´ (9,10). G#L and X#F cleavage, 
which are also preferred hydrolysis positions of many mammalian neprilysins (11,12), can be 
observed in particular. 
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Assay methods 
Cleavage of human Substance P, human Angiotensin I, human Bradykinin, Drosophila PDF, 
and Locusta migratoria Tachykinin 1 was assessed using 1 µg of N-terminally GST-tagged 
Nep4B (expressed in Escherichia coli, see Preparation). The purified enzyme was incubated 
with 750 ng of the respective candidate peptide in 50 mM Tris (pH 7), 100 mM NaCl (2h, 35 
°C). Resulting cleavage products were characterized via electrospray ionization (ESI) mass 
spectrometry (10). 
Putative Nep4 in vivo substrates were identified by using Nep4B expressed and purified from 
Sf21 insect cells (C-terminal His-tag, see Preparation). To measure enzymatic activity, 25 
ng of the purified enzyme were incubated with 150 ng of each respective candidate peptide 
in 50 mM NaH2PO4 (pH 7.9), 300 mM NaCl (5h, 35 °C). Cleavage products were analyzed by 
ESI mass spectrometry (9). 

 
pH optimum 
Optimal catalytic activity requires neutral conditions (pH 7), with a significant decrease in 
activity being observed above pH 8 and below pH 6 (10). 

 
Inhibitors 
Up to now no specific Nep4 inhibitor or activator has been identified. Phosphoramidon and 
thiorphan, two highly efficient transition-state inhibitors of vertebrate neprilysins (13,14), do 
not significantly affect Nep4-mediated hydrolysis (10). 

 
Table 1: Neprilysin 4 substrates and hydrolysis positions 
Peptide Sequence Scissile bonds Cleavage products 

Allatostatin A-19 VERYAFGLa G#L 
F#G 

VERYAFG 
VERYAF 

Allatostatin A-29 LPVYNFGLa G#L 
F#G 
N#F 

LPVYNFG 
LPVYNF 
LPVYN 

Allatostatin A-39 SRPYSFGLa P#Y YSFGLa 

Allatostatin A-49 TTRPQPFNFGLa G#L 
N#F 
P#F 

TTRPQPFNFG 
TTRPQPFN 
FNFGLa 

AKH9 QLTFSPDWa L#T 
T#F 

TFSPDWa 
FSPDWa 

Corazonin9 QTFQYSRGWTNa T#F 
G#W 

FQYSRGWTNa 
QTFQYSRG 

DH319 TVDFGLARGYSGTQEAKHR
MGLAAANFAGGPa 

G#Y; G#L 
G#Y 

YSGTQEAKHRG 
TVDFGLARG 

Drosulfakinin-19 FDDYGHMRFa R#F FDDYGHMR 

Drosulfakinin-29 GGDDQFDDYGHMRFa R#F 
Q#F 

GGDDQFDDYGHMR 
FDDYGHMRFa 

Leucokinin9 NSVVLGKKQRFHSWGa S#W 
H#S 
R#F 
R#F 

NSVVLGKKQRFHS 
NSVVLGKKQRFH 
NSVVLGKKQR 
FHSWGa 

sNPF 11-11
9 AQRSPSLRLRFa L#R AQRSPSLRL 

sNPF 14-11
9; sNPF212-19

9 SPSLRLRFa R#F 
S#L 

SPSLRLR 
LRLRFa 

Substance P10 RPKPQQFFGLMa F#G 
G#L 

RPKPQQFF 
RPKPQQFFG 

Tachykinin 19 APTSSFIGMRa G#M 
S#F 

APTSSFIG 
FIGMRa 

Tachykinin 29 APLAFVGLRa P#L 
G#L 
A#F 
F#V 

LAFVGLRa 
APLAFVG 
FVGLRa 
APLAF 
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Tachykinin 49 APVNSFVGMRa G#M APVNSFVG 
Tachykinin 59 APNGFLGMRa G#F FLGMRa 

Superscripts indicate corresponding references. 
 

Drosophila peptides that are resistant to Nep4-mediated hydrolysis include Hugin, NPF, 
sNPF3, sNPF4, Tachykinin 3 and Tachykinin 6 (9). Locusta migratoria Tachykinin 1 and 
human Bradykinin are also unaffected by Nep4 enzymatic activity, while human Angiotensin I 
and Drosophila Pigment Dispersing Factor (PDF) are hydrolyzed with low efficiency (10). 

 
Structural Chemistry 
Primary structure 
Nep4 isoform A (1040 aa; 119.577 kDa; pI 7.63) represents a type II integral membrane 
protein composed of a short N-terminal intracellular domain (56 aa), a transmembrane 
domain (20 aa), and a large extracellular part (964 aa) that holds the catalytic center (Fig 1). 
In contrast to isoform A, isoforms B and C (978 aa; 113.059 kDa; pI 6.93) lack the 
intracellular and the transmembrane domain and therefore constitute soluble, secreted 
peptidases (10). All isoforms share the Peptidase M13 Neprilysin-like protease domain (aa 
251 - 1040 for Nep4A; aa 189 - 978 for Nep4B/C) that holds four conserved sequence motifs 
critical to enzymatic activity and specificity: while HExxH and ENIAD(xGG) represent zinc-
binding domains, CxxW is critical to protein folding and maturation and NAY/FY mediates 
substrate binding ((6,7,15), Fig. 1). A single point mutation within the HExxH motif (Nep4A: 
E873Q, Nep4B/C: E811Q) completely disrupts enzymatic activity (9,16). 

 
Secondary structure 
Since up to now no experimentally validated secondary or tertiary structure is available for 
Nep4, corresponding information can be deduced only from sequence comparisons with 
members of the neprilysin family whose structure has been solved. Such comparisons 
indicate structural similarity between Nep4A and membrane-bound vertebrate NEP, ECE-1 
and ECE-2 (7,8,10,17-19). On the other hand, Nep4B/C exhibit similarities to soluble 
vertebrate NEP2 (10,20,21). 

 

 
Figure 1: Primary structure of Nep4A and Nep4B/C. All isoforms share a large 
extracellular domain (ECD) that harbors four conserved sequence motifs critical to catalytic 
activity (HExxH, ENIAD(xGG), CxxW, and NAY/FY). Bold residues are involved in zinc 
coordination. Nep4A furthermore holds a short N-terminal intracellular domain (ICD) and a 
transmembrane domain (TMD) that are both absent in Nep4B/C.  

 
Preparation 
Source 
Commercial sources for Nep4 fly stocks are listed in Table 2. In addition, nep4 deficiency 
lines, cDNA clones, and transgenes can be obtained from various sources (Bloomington 
Drosophila Stock Center, Drosophila Genomics Resource Center, Vienna Drosophila 
Resource Center, Source BioScience). Finally, tissue-specific nep4 overexpression and 
reporter lines have been generated and described (9,10,16,22). 
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Table 2: Available Nep4 fly stocks 
Identifier Description Resource Applied in 

Bl36979 y[1] w[*]; 
Mi{y[+mDint2]=MIC}Nep4[MI03765] 

 
MiMIC insertion in nep4 gene 

Bloomington 
Drosophila Stock 
Center 

 

v100189 P{KK104462}VIE-260B 
nep4 RNAi line 

Vienna Drosophila 
Resource Center 

(7,9,16,23) 

v16669 w[1118]; P{GD5655}v16669 
nep4 RNAi line 

Vienna Drosophila 
Resource Center 

(7,16,23) 

v16668 w[1118]; P{GD5655}v16668/TM3 
nep4 RNAi line, balanced 

Vienna Drosophila 
Resource Center 

(7) 

4058R-1 nep4 RNAi line National Institute of 
Genetics (Japan) 

 

4058R-2 nep4 RNAi line National Institute of 
Genetics (Japan) 

 

 

Expression systems 
Catalytically active Nep4B has been expressed in transgenic Drosophila, in Sf21 cells, and in 
E. coli Rosetta (DE3) cells (9,10,16). Expression in Sf21 cells was based on the ‘Bac-to-Bac’ 
baculovirus expression system (Life Technologies, Carlsbad, CA, USA). Prior to generating 
recombinant bacmids via site-specific transposition, the nep4B coding sequence was cloned 
in-frame with a C-terminal His-tag into an E.coli/S.cerevisiae/Baculovirus triple-shuttle 
derivative of the pFastBac Dual vector (Life Technologies, Carlsbad, CA, USA) adapted for 
cloning by homologous recombination in vivo (24). Sf21 cells were transfected with the 
resulting bacmids and grown in 75 cm2 flasks for 72 hr. E. coli expression was done by 
inserting the nep4B coding sequence in frame with an N-terminal GST-tag into the pGEX-5X-
1 vector (Cytiva, Marlborough, MA, USA). Expression was induced by adding 0.2 mM IPTG 
and cells were incubated at 28°C for 5h. 
 
Isolation, purification 
His-tagged Nep4B was isolated from transfected Sf21 cells via gravity-flow based Ni-NTA 
purification (9). 
GST-tagged Nep4B was purified from transformed E. coli Rosetta (DE3) cells using 
glutathione agarose (10). 

 
Biological Aspects 
Nep4 is involved in the regulation of numerous physiological processes. These include 
insulin signaling and food intake (9), memory formation (23), and reproduction (7). 
Fundamental reasons for the functional diversity are i) a broad substrate specificity (see 
Activity and Specificity) and ii) the multifaceted expression pattern of the enzyme. 

 
Distribution in organisms and tissues 
Nep4 expression has been confirmed in embryonic tissues like heart and muscle precursor 
cells, glial cells, and gonads (7,10). In larval and adult stages, the peptidase is expressed in 
testes, in cardiac and body wall muscles, in glial cells, and in a few neurons of the central 
nervous system, including insulin producing cells (IPCs) (9,10,16,23). As shown in (16,22), 
neuronal expression is controlled by regulatory elements located within the first intron of 
nep4 isoform B, while the mesodermal enhancer is located in the 3´-UTR of the nep4 gene. 

 

Normal function 

Tissue-specific regulation of nep4 expression is accompanied by tissue-specific functions of 
the peptidase. While neuronal expression appears to be required for proper formation of 
long-term and middle-term memory (23), gonad-specific expression is essential to 
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reproduction (7). Control of feeding behavior and proper expression of insulin-like peptides is 
based mainly on presence of the enzyme at the surface of body wall muscles (9). In addition, 
Nep4 localizes to the sarcoplasmic reticulum of heart and body wall muscles. Presence in 
this subcellular compartment may be causally related to impaired muscle integrity that has 
been observed as a result of altered nep4 expression (16). 
In most cases, hydrolysis of specific neuropeptides or peptide hormones (see Activity and 
Specificity) represents the mechanistic basis of the Nep4 biological significance. In this 
regard, it has been shown that both, increasing as well as reducing Nep4 activity cause 
severe physiological impairments and premature lethality (9). This result indicates a need for 
precisely adjusted neprilysin activity to ensure physiological homeostasis of the individual 
peptide substrates. 

 
Distinguishing Features 
While most neprilysins are expressed in a membrane-bound state with the catalytically active 
site localizing to the extracellular space, Nep4 is expressed isoform-specifically either as a 
membrane bound (Nep4A) or as a soluble, secreted enzyme (Nep4B, Nep4C). Isoform 
expression is stage-dependent, with soluble Nep4 being the predominant variant during 
development, and membrane-bound Nep4 representing the major isoform in adults (10). 
Another aspect specific to Nep4 is presence of the peptidase in muscle tissue (9,16). No 
other Drosophila neprilysin shares this particular expression pattern. 

 
Antibodies 
A monospecific Nep4 antibody has been generated and described (10). 

 
Related Peptidases 
In the Drosophila genome 7 Neprilysins have been identified (Nep1 - Nep7). The 
corresponding protein products share a high structural similarity and are characterized by 
presence of 4 distinct sequence motifs that are critical to catalytic activity (see Structural 
Chemistry). In addition, 21 Neprilysin-like genes exist in Drosophila, with the presumptive 
protein products lacking at least one of the conserved motifs (6). Related mammalian 
enzymes include NEP, the endothelin-converting enzymes (ECE-1, ECE-2), the erythrocyte 
surface antigen KELL (ECE-3) and the PEX peptidase (15). 

 
Further readings 
First characterization of Nep4 expression, solubility, subcellular localization, and enzymatic 
activity was performed in (10). Biological processes regulated by Nep4 were identified in 
(7,9,16,23). Cleavage and substrate specificity was assessed in detail in (9). 
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Summary 

 

Muscle contraction depends on strictly controlled Ca2+ transients within myocytes. A major 

player maintaining these transients is the sarcoplasmic/endoplasmic reticulum Ca2+ ATPase, 

SERCA. Activity of SERCA is regulated by binding of micropeptides and impaired expression 

or function of these peptides results in cardiomyopathy. To date, it is not known how 

homeostasis or turnover of the micropeptides is regulated. We found that the Drosophila 

endopeptidase Neprilysin 4 hydrolyzes SERCA-inhibitory Sarcolamban peptides in 

membranes of the sarcoplasmic reticulum, thereby ensuring proper regulation of SERCA. 

Cleavage was necessary and sufficient to maintain homeostasis and function of the 

micropeptides. Analyses on human Neprilysin, sarcolipin, and ventricular cardiomyocytes 

indicated that the regulatory mechanism is evolutionarily conserved. By identifying a 

neprilysin as essential regulator of SERCA activity and Ca2+ homeostasis in cardiomyocytes, 

these data contribute to a more comprehensive understanding of the complex mechanisms 

that control muscle contraction and heart function in health and disease. 

 

Keywords: SERCA, Neprilysin, micropeptides, muscle contraction, heart physiology, 

calcium homeostasis, sarcoplasmic reticulum, cardiomyopathy, Drosophila melanogaster  
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Introduction 

 

The contraction of muscle fibers is governed by well-characterized molecular processes, with 

the concentration of free cytosolic calcium ions being a crucial parameter. This concentration 

is largely maintained by the activity of the sarcoplasmic and endoplasmic reticulum Ca2+ 

ATPase (SERCA), an enzyme that transports Ca2+ from the cytosol into the sarcoplasmic 

reticulum (SR). The resulting reduction in cytosolic Ca2+ levels initiates the muscle relaxation 

phase. Accordingly, precise regulation of SERCA activity is essential for the proper function 

of muscle tissue, and the physiological relevance of SERCA in heart and muscle disease has 

been extensively studied (see 1, 2 and references therein). One central result of these studies 

is that the amount and activity of SERCA are significantly reduced upon aging as well as 

under pathophysiological conditions, such as congestive heart failure or progressive 

muscular dystrophy. In addition, an increase in SERCA activity ameliorates corresponding 

etiopathologies, which provides further evidence for the critical relevance of SERCA to 

muscle physiology. Moreover, these data emphasize the therapeutic potential of modulating 

SERCA activity in a directed manner 1, 3, 4, 5, 6. 

A prerequisite for the development and implementation of appropriate therapies is knowledge 

of all relevant factors affecting SERCA activity. In this context, the high degree of structural 

and functional conservation between human and Drosophila SERCA renders the fly an ideal 

model system to identify relevant factors 7, especially since also in Drosophila, SERCA 

activity is essential to proper cardiac function 8, 9. Both in vertebrates 10 and in Drosophila 

melanogaster 11, the activity of SERCA is controlled by certain SR membrane integral 

peptides that bind to the enzyme and inhibit its activity. In vertebrate hearts, Phospholamban 

(PLN) and Sarcolipin (SLN) have been identified as such regulatory peptides 12, 13, with the 

affinity of PLN for SERCA depending on PLN phosphorylation and oligomerization states 10. 

For both micropeptides, alterations in expression or function are associated with severe 

cardiomyopathy 14, 15, 16, 17, 18, 19. Recently, two additional micropeptides that bind and regulate 

SERCA in muscle tissue have been identified: myoregulin (MLN) and dwarf open reading 

frame (DWORF). MLN shares sequence and structural similarity with PLN and SLN and 

appears to be a major peptide inhibitor of SERCA activity in fast-type skeletal muscle 20. By 

contrast, DWORF represents the only SERCA-activating micropeptide identified up to now 21, 

22. Among these peptide regulators of SERCA activity, MLN, PLN, and SLN share several 

amino acids within their transmembrane helices that are critical to the interaction with 

SERCA 20. These residues are also conserved in Sarcolamban A (SCLA) and Sarcolamban 

B (SCLB), invertebrate SERCA-inhibitory micropeptides present in cardiac and somatic 

muscles of Drosophila melanogaster 11, 20. Analogous to human PLN, SLN, and MLN, binding 

of SCL to Drosophila SERCA reduces the activity of the enzyme. Accordingly, SCL loss-of-
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function mutants exhibit impaired calcium transients in heart cells, concomitant with heart 

arrhythmia 11. To date, mechanisms that regulate the amount or the turnover of any of the 

SERCA-regulatory micropeptides are largely unknown. 

In this study, we present evidence that the endopeptidase Neprilysin 4 (Nep4) acts as a 

novel and essential regulator of SCL homeostasis and SERCA activity in Drosophila. 

Increased nep4 expression in heart cells phenocopied characteristic effects of scl knockout, 

including impaired Ca2+ transients, aberrant SERCA activity, and heart arrhythmia. 

Respective phenotypes strictly depended on the catalytic activity of the enzyme, which 

identified abnormal peptide cleavage as a critical factor. In a combined in vitro and in vivo 

approach we identified Sarcolamban peptides as the phenotype-relevant Nep4 substrate and 

could show that hydrolysis of the peptides reduces their membrane affinity, thereby releasing 

them from the SR membrane and precluding further SERCA interaction. In addition, the 

Nep4-hydrolyzed peptides exhibited a significantly impaired ability to oligomerize. Finally, 

Nep4, SERCA, and SCL colocalized in SR membranes of heart and body wall muscles, 

suggesting that spatial proximity between the three factors is of high mechanistic relevance. 

Initial analyses on corresponding human factors indicated that the regulatory mechanisms 

identified in Drosophila are relevant also in humans. 

 

Results 

 

Modulating nep4 expression affects cardiac function, Ca2+ homeostasis, and SERCA activity 

 

In a screen for candidate proteins regulating heart function in adult Drosophila melanogaster 

we identified the metallopeptidase Nep4 as a novel and essential factor. Using semi-

automated optical heartbeat analysis (SOHA 23), physiological heart parameters were 

analyzed in animals exhibiting either increased or reduced expression of the peptidase in 

heart cells. In addition to the active enzyme, the effects of overexpressing a catalytically 

inactive Nep4 variant, containing glutamine instead of the essential glutamate within the zinc-

binding motif (E873Q 24, 25), were assessed (Fig. 1). Animals overexpressing active Nep4 

displayed both arrhythmia and prolonged periods of diastolic heart arrest, while increased 

production of the catalytically inactive variant had no such effects. Cardiomyocyte-specific 

nep4 knockdown resulted in a tendency toward arrhythmia, but the effect was not statistically 

significant (Fig. 1A, D, supplementary videos 1-4). However, compared to controls, 

abnormally long heart periods (HP) were recurrently observed in knockdown animals, with 

individual periods lasting up to 4.500 ms (Fig. 1C, supplementary video 4). Prolonged HPs 

were also characteristic for increased nep4 expression, yet to an even stronger extent 

(individual HP > 20.000 ms, Fig. 1C, supplementary video 2). Unlike rhythmicity, heart rate 
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was not affected by increased or reduced nep4 expression. Corresponding animals exhibited 

a median heart rate of about 90-100 beats per minute, which was not significantly different 

from control hearts (Fig. 1B) and within the range of published data 26, 27. Similar inter-

individual Nep4 overexpression levels were confirmed by immunostainings (Fig. S9A, B). To 

exclude nonspecific effects caused by the upstream activation sequence (UAS) constructs 

employed or owed to the chromosomal background, all analyzed lines (UAS-Nep4, UAS-

Nep4E873Q, and UAS-nep4 RNAi) were crossed to w1118 flies. None of the control offspring 

exhibited aberrant heart parameters (Fig. 1A, B). 

To evaluate whether the functional impairments were specific to cardiomyocytes or affected 

muscle cells in general, we analyzed third instar larval body wall muscles for corresponding 

deficiencies. Endogenous nep4 expression in cardiac and somatic muscle tissue of all 

Drosophila developmental stages has been confirmed previously 24, 25, 28, 29. Consistent with 

the effects in heart cells, body wall muscle function was significantly impaired by increased 

Nep4 levels. Relative to controls, corresponding animals exhibited a reduced crawling speed 

(Fig. 1E) that was based on a decreased muscle contraction frequency (Fig. 1F), while the 

magnitude of the individual contractions was not affected (Fig. S9C). Again, the phenotype 

depended on the enzymatic activity of Nep4; increased expression of the catalytically 

inactive variant did not affect any of the measured parameters. RNAi-mediated knockdown of 

the peptidase was also without significant effects (Fig. 1E, F). Equivalent expression levels 

and wildtype-like subcellular localizations of all Nep4 overexpression constructs, as well as a 

high nep4-specific knockdown capacity of the analyzed RNAi line, were confirmed previously 

24, 25. 

To assess the physiological basis of the observed phenotypes, we employed a genetically 

encoded Ca2+ indicator (GCaMP3) to analyze Ca2+ transients in cardiomyocytes exhibiting 

altered nep4 expression. We found that both increasing and reducing nep4 levels affected 

cardiac Ca2+ handling, namely SR Ca2+ load, SERCA activity, and cardiac relaxation 

constants (Fig. 2). To estimate the SR Ca2+ load, we analyzed caffeine-induced Ca2+ 

transients in the corresponding transgenic animals. Caffeine activates ryanodine receptors; 

thus, measuring caffeine-induced transients allows calculation of the Ca2+ content within the 

SR 30, 31. Interestingly, nep4 overexpression animals exhibited a significant increase in SR 

Ca2+ load, while animals overproducing the catalytically inactive variant did not (Fig. 2A). 

Since a major factor determining the degree of the SR Ca2+ load is SERCA 2, we 

subsequently calculated the activity of this enzyme. In accordance with the increased Ca2+ 

load, overexpression of active Nep4 increased SERCA activity by about two-fold. Vice versa, 

cardiac-specific nep4 knockdown significantly reduced SERCA activity. Again, only the 

enzymatically active Nep4 affected SERCA activity, while catalytically inactive Nep4 had no 

such effect (Fig. 2B). Finally, we determined the constant of relaxation (Tau) in the respective 
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transgenic animals (Fig. 2C). In agreement with reduced SERCA activity, nep4 knockdown 

caused a significant increase in Tau, as reflected by prolonged relaxation in corresponding 

Ca2+ traces (Fig. 2D). Conversely, overexpression of catalytically active Nep4 resulted in a 

tendency toward a reduced Tau. However, the effect was not statistically significant (Fig. 

2C). To exclude any influence of variable beating frequencies on the measured Ca2+ flux 

parameters, we analysed a subgroup of nep4 knockdown flies selected specifically for slower 

heart rates. For this group, all effects on SR Ca2+ load, SERCA activity, and Tau were 

consistent with the population data of that genotype (Tab. S2, Fig. 2A-C), indicating that 

variations in heart rate did not significantly affect the measured parameters. The possibility 

that the observed changes in SERCA activity were based on altered expression of this 

enzyme was assessed by Western blots using protein extracts isolated from animals of all 

genotypes tested. SERCA expression levels and protein stability were not affected by altered 

nep4 expression (Fig. 2E), indicating a direct regulatory effect of Nep4 on the activity of 

SERCA. 

 

Nep4 colocalizes and coprecipitates with SERCA 

 

To understand the Nep4 dependent effects on myocytic Ca2+ homeostasis in more detail, the 

subcellular localization of Nep4 in adult cardiomyocytes and heart-associated ventral 

longitudinal muscles 32 was analyzed. We employed the previously established endogenous 

nep4 enhancer 28 to drive expression of HA-tagged nep4A gene product (Nep4A::HA) at 

near-physiological levels. Identical subcellular localizations of endogenous and tagged 

versions of the protein were confirmed previously 24. As depicted in Fig. 3, within the heart 

and ventral longitudinal muscles, Nep4 localized to endomembranes, including the nuclear 

membrane (Fig. 3A´, C´, D´, F´, arrowheads). In addition, a punctate repetitive pattern along 

the muscle fibers was apparent (Fig. 3A´, C´, D´, F´, arrows). Identically-treated control 

crosses lacking the UAS construct (nep4 > w1118) did not exhibit any signal above 

background (Fig. 3G-G´). Co-labeling using anti-SERCA antibodies resulted in considerable 

signal overlap, indicating colocalization of the two enzymes within membranes of the SR 

compartment (Fig. 3B-C´, E-F´). A similar pattern was evident in larval heart and body wall 

muscles (Fig. S1). This observation, together with the consistent responses to modified nep4 

expression in cardiomyocytes and body wall muscles (Fig. 1), suggests analogous functions 

of the peptidase in the two contractile tissues and across developmental stages. 

To assess whether colocalization of Nep4 and SERCA reflected an interaction at the protein 

level, we performed pull-down assays using a green fluorescent protein (GFP) tagged Nep4 

fusion protein (Nep4::GFP) as bait (Fig. 3I). The construct was expressed in muscles (mef2-

Gal4) to probe interaction in a tissue with endogenous relevance of SERCA and Nep4. 
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SERCA efficiently coprecipitated with Nep4::GFP, indicating physical interaction between the 

two enzymes. Free cytoplasmic GFP (mef2-Gal4 > GFP, Fig. 3I), as well as SR-luminal GFP 

(mef2-Gal4 > GFP.ER, Fig. S9D) were used as individual controls. Coprecipitation of SERCA 

was absent in either control. 

 

Nep4 colocalizes with SERCA-inhibitory Sarcolamban peptides 

 

As depicted in Fig. 1, all Nep4-mediated effects on cardiac Ca2+ homeostasis and SERCA 

activity depended on the catalytic activity of the peptidase. This result implies that aberrant 

hydrolysis of certain peptides represents the mechanistic basis of the observed phenotypes. 

To date, only two SCL peptides have been identified as peptidergic regulators of SERCA 

activity in Drosophila 11. We found that Nep4::GFP and FH-tagged SCLA (FH::SCLA) partially 

colocalized with SERCA in body wall (Fig. S3) as well as in cardiac muscle cells (Fig. 4A-

A´´´´, B). In cardiomyocytes, substantial colocalization of all three factors was observed 

around the nucleus (Fig. 4B, solid arrow). More distant from the nucleus, mainly SERCA and 

SCLA signals were visible (Fig. 4B, open arrows). A similar localization pattern was observed 

for SCLB, Nep4, and SERCA (Fig. S2). Correct functionality and localization of the FH-

tagged constructs had been confirmed previously 11. To analyze the subcellular localization in 

more detail, we performed stimulated emission depletion (STED)-based super-resolution 

imaging of corresponding heart preparations (Fig. 4C-C´´´, D-D´). The results indicated a 

rather dynamic local distribution of the three factors, with considerable overlap of Nep4, 

SERCA, and SCLA signals being evident in membranes contiguous with the nuclear 

membrane (Fig. 4D, solid arrow). In addition, individual colocalization between SCLA and 

SERCA (Fig. 4D, open arrow), Nep4 and SERCA (Fig. 4D, feathered arrow), or Nep4 and 

SCLA (Fig. 4D, solid winged arrowhead) was occasionally observed. Finally, we also 

detected free SERCA (Fig. 4D, open arrowhead), Nep4 (Fig. 4D, open winged arrowhead), 

and SCLA (Fig. 4D, solid arrowhead). More distant from the nucleus, mainly SERCA and 

SCLA were detected (Fig. 4D´). Again, a colocalizing portion (Fig. 4D´, open arrow), as well 

as individual SERCA (Fig. 4D´, open arrowhead) and SCLA signals (Fig. 4D´, solid 

arrowhead), were present. 

 

Neprilysins hydrolyze the luminal domain of SERCA-inhibitory peptides from flies and 

humans 

 

Based on their spatial proximity within the SR membrane, we analyzed whether SCL 

represents a substrate of Nep4. To narrow down possible cleavage sites, we employed a 

Nep4::roGFP fusion protein to determine whether the catalytic center of Nep4, and thus its 
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hydrolytic activity, is oriented towards the SR lumen or the cytosol of muscle cells. As shown 

in a previous study, the excitation spectrum of roGFP is highly redox sensitive 33, 34. 

Accordingly, the steady-state fluorescence intensity ratio (405 nm / 488 nm excitation) of the 

free roGFP control reflected the reducing conditions present in the cytoplasm (Fig. S4A). By 

contrast, roGFP fused to the C-terminus of Nep4 exhibited a steady-state fluorescence 

intensity ratio characteristic of oxidizing conditions (Fig. S4B). This indicates that the C-

terminus of Nep4, and thus its catalytic activity, resides in the SR lumen, suggesting that 

Nep4-mediated hydrolysis of target peptides occurs within this compartment. Of note, most 

of the SERCA-regulatory peptides identified to date, including the Drosophila SCL, harbor a 

luminal domain at their C-terminus 20. For human PLN, a single point mutation within this 

domain (V49A) completely disrupts the inhibitory effects of PLN on SERCA2a 12, which 

demonstrates the physiological relevance of the luminal domain. 

To analyze whether the Nep4-mediated regulation of SERCA activity involves cleavage of 

the corresponding SCL peptide domains, we assessed the susceptibility of the luminal 

termini of SCLA (YLIYAVL, SCLAlum) and SCLB (YAFYEAAF, SCLBlum) to Nep4-mediated 

hydrolysis. To this end, recombinant Nep4 was purified from transfected Sf21 insect cells 

and incubated with the respective peptides. As depicted in Fig. 5, Nep4 hydrolyzed both 

SCLAlum and SCLBlum at distinct positions. While SCLAlum was mainly cleaved between Ala-5 

and Val-6 (Fig. 5A, red chromatogram), SCLBlum was hydrolyzed predominantly between Ala-

2 and Phe-3 as well as between Ala-7 and Phe-8 (Fig. 5B, red chromatogram). Identically-

treated control preparations lacking Nep4 did not exhibit any hydrolytic activity (Fig. 5A, B, 

green chromatograms). The observed cleavage specificities agree with the reported 

preference of Nep4 to cleave next to hydrophobic residues, particularly with Phe or Leu at 

P1´ 24. To confirm the mechanistic relevance of the amino acids at P1´, and thus the 

specificity of the Nep4-mediated SCL cleavage, we also analyzed mutated forms of the 

respective peptides (SCLAlum(V6A); SCLBlum(F8A), SCLBlum(F3A), and SCLBlum(F3A/F8A), Fig. S5). In 

all cases, the substitution of the P1´ residue by Ala resulted in altered cleavage 

characteristics, ranging from the generation of novel hydrolysis products (Fig. S5A), up to a 

complete resistance of the corresponding derivative to Nep4 mediated hydrolysis (Fig. S5D). 

Considering the functional conservation of SERCA-regulatory peptides in metazoa 35, 36, we 

investigated whether the Drosophila SCL peptides are also cleaved by human neprilysin 

(NEP). Interestingly, the human enzyme hydrolyzed the Drosophila peptides with the same 

specificity as Nep4, yielding largely identical cleavage products (Fig. 5C, D). Furthermore, 

SLN, the vertebrate ortholog of SCL, was also hydrolyzed by both enzymes in a similar 

manner (Fig. 5E, F). In this regard, the SR-luminal domain of human SLN (WLLVRSYQY, 

SLNlum) was analyzed for NEP- as well as Nep4-catalyzed hydrolysis. The peptide was 

selected because of two reasons: (i) it represents a potent inhibitor of SERCA activity and (ii) 
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it exhibits structural and functional homology to Drosophila SCL, including an intraluminal C-

terminus of considerable size and mechanistic relevance 35, 37, 38. Both human NEP and 

Drosophila Nep4 cleaved SLNlum predominantly between Leu-2 and Leu-3 as well as 

between Ser-6 and Tyr-7 (Fig. 5E, F), which confirms SLN as a novel NEP substrate in vitro 

and produces initial evidence that homeostasis and turnover of SERCA-regulatory 

micropeptides are controlled via similar mechanisms in humans and flies. All analyzed 

peptides, along with the individual Nep4 or NEP specific hydrolysis positions, are depicted in 

Tab. S1. 

 

Neprilysin-mediated hydrolysis impairs membrane anchoring of SERCA-inhibitory 

micropeptides in S2 cells 

 

To investigate the physiological significance of Nep4 / NEP-mediated SCL / SLN hydrolysis, 

we analyzed the consequences of the cleavage events at the molecular level. Therefore, 

CLIP-tagged full-length SCLA, SCLB, and SLN were expressed in Drosophila S2 cells, either 

with or without co-expression of Nep4 (SCLA, SCLB) or human NEP (SLN) (Fig. 6A-C). 

Consistent with the localization pattern in heart and body wall muscles (Figs. 3, 4, S1, S2, 

S3), the full-length peptides localized to the outer nuclear membrane and the ER of the cells 

(Fig. 6A, arrows), with only minor signals being present in nucleoplasm or cytoplasm. A 

similar localization pattern of full-length SCLA and SCLB in S2 cells has been reported 

previously 11. Strikingly, co-expression of Nep4 or NEP resulted in partial relocalization of the 

peptides to the cytoplasm, as indicated by reduced signal overlap with the ER marker 

Calnexin (Fig. 6A, arrowheads), suggesting a reduced membrane association of the cleaved 

peptides. To corroborate this indication, we analyzed cytoplasmic and membrane-enriched 

fractions generated from correspondingly transfected S2 cells by in-gel fluorescence 

detection and correlated Western blots. In absence of Nep4 or NEP, all peptides were 

present predominantly in the membrane-enriched fraction, but shifted into the cytoplasmic 

fraction in response to added expression of the individual peptidases (Fig. 6B). This effect 

was observed for all three peptides tested, yet the extent of relocalization was peptide-

specific. While in case of SCLA, the ratio between membrane-enriched and soluble fraction 

shifted from 1.54 (-Nep4) to 0.68 (+Nep4, factor 2.3), the respective ratio for SCLB changed 

from 3.1 (-Nep4) to 1.52 (+Nep4, factor 2.0). SLN exhibited the strongest response to 

neprilysin expression, with a shift in ratio from 12.31 (-NEP) to 3.04 (+NEP, factor 4.0). The 

free CLIP-tag was considered as a fully soluble control (ratio: 0.18, Fig. 6C). In addition to 

expressing the full-length peptides together with the individual neprilysins, we also analyzed 

truncated forms of SCLA, SCLB, and SLN. In this regard, we expressed the predominant 

Nep4- or NEP-hydrolysis products identified above (Fig. 5) and evaluated their respective 
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localization in relation to the corresponding full-length peptides. All truncated peptides 

exhibited a considerably reduced membrane association (Fig. S6), with the extent being 

similar to the effects observed as a result of co-expressing the individual neprilysins along 

with the full-length peptides (Fig. 6). These results indicate that Nep4-mediated SCL 

cleavage and NEP-mediated SLN cleavage impair membrane localization of the respective 

peptides in a similar manner. 

 

Neprilysin-mediated hydrolysis affects amount and oligomerization states of SERCA-

inhibitory micropeptides in muscle tissue 

 

In muscle cells of transgenic animals, reduced membrane localization in response to Nep4 

overexpression was not observed for the Drosophila peptides (Figs. 6D, S7). However, in 

this tissue we detected species of higher molecular weight for both SCLA and SCLB that 

occurred in addition to the monomeric peptides (Fig. 6D). Corresponding constructs were 

stable in SDS-PAGE, thus probably representing SDS-resistant oligomers. Based on the 

apparent molecular masses (monomers: 17 kDa, oligomers: 68 kDa), tetrameric forms of the 

peptides are most likely. Of note, a similar resistance to denaturing conditions has also been 

confirmed for vertebrate PLN oligomers, with a pentameric form being predominant 39, 40. To 

our knowledge, this is the first indication on the ability of SCL peptides to oligomerize. 

Strikingly, for both peptides the high molecular weight species were largely absent in animals 

that overexpressed Nep4 in a muscle-specific manner (Fig. 6D, E), thus confirming in vivo 

relevance of the Nep4-mediated SCLA / SCLB cleavage and indicating that Nep4-mediated 

hydrolysis impairs the ability of both peptides to oligomerize. For SCLA, increased Nep4 

expression also reduced the overall amount of the peptide in muscle cells by 56.9%, relative 

to animals with endogenous Nep4 expression, while overall SCLB levels were not 

significantly affected (Fig. 6E). The latter result was based on a tendency of monomeric 

SCLB to accumulate in animals with elevated Nep4 expression, thus compensating for the 

significant reduction in the amount of oligomeric SCLB and indicating a higher stability of 

Nep4-hydrolyzed SCLB, compared to hydrolyzed SCLA, in muscle tissue (Fig. 6D, E). 

To further substantiate the indication that neprilysin-mediated SCL / SLN hydrolysis 

represents an evolutionarily conserved mechanism to regulate abundance and localization of 

the peptides, and thus SERCA activity, we analyzed the subcellular localization pattern of 

NEP and SERCA in human ventricular cardiomyocytes (Fig. S8). Both enzymes exhibited a 

highly similar localization, with the main signals being concentrated along the Z-discs of the 

muscle fibers (Fig. S8A´´, arrow) and in membranes continuous with the nuclear membrane 

(Fig. S8A´´, arrowhead). In control stainings lacking primary antibodies, no signal above 

background was observed (Fig. S8A´´´). These data indicated colocalization of NEP and 
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SERCA in SR membranes of human cardiomyocytes, thus supporting the notion that 

neprilysin-mediated regulation of SERCA activity is relevant in humans and that the 

underlying molecular mechanisms may be comparable in flies and humans. 

 

Discussion 

 

While the principal mechanisms of muscle contraction in metazoa have been intensively 

studied, adaptive responses to variable physiological requirements are not entirely 

understood at the molecular level. However, SERCA is a major player involved in adaptation 

3, 4, 10, 36. As known for vertebrates 10, and more recently confirmed in insects 11, the activity of 

SERCA is controlled by SR membrane integral micropeptides that bind to the enzyme and 

modulate its activity. Well-characterized vertebrate peptides include PLN, SLN, MLN, and 

DWORF 12, 13, 20, 21, 22, while SCL represents a Drosophila ortholog of the SERCA-regulatory 

micropeptides 11. Based on the critical physiological relevance, vertebrate and fly loss-of-

function mutants for these peptides exhibit compromised Ca2+ transients in heart cells 

concomitant with heart arrhythmia. In addition to the muscle-specific factors, endoregulin 

(ELN) and another-regulin (ALN) have been identified as SERCA-inhibiting micropeptides in 

non-muscle tissues, indicating a conserved mechanism for the control of intracellular Ca2+ 

dynamics in both muscle and non-muscle cell types 35. To date, no mechanism has been 

identified that directly regulates the turnover of any of the micropeptides within the SR 

membrane. 

This study demonstrates that modulating the expression of the endopeptidase Nep4 

significantly affects SERCA activity in Drosophila, thus establishing a correlation between 

neprilysin activity and the regulation of SERCA for the first time. A high physiological 

relevance is confirmed by the fact that altering nep4 expression phenocopies characteristic 

effects of SCL knockout, including abnormal heart rhythmicity as well as impaired SERCA 

activity and SR Ca2+ load (Figs. 1, 2). By confirming Nep4-mediated hydrolysis of SERCA-

regulatory SCL peptides (Figs. 5, S5), we provide evidence that neprilysin-mediated 

cleavage of these peptides is the mechanistic basis of the described phenotypes. The finding 

that the catalytically-active enzyme, and not the inactive variant, affected heart function and 

SERCA activity (Figs. 1, 2), supports this premise as it confirms aberrant enzymatic activity, 

and thus abnormal peptide hydrolysis, as a causative parameter. 

Interestingly, we found that in S2 cells both, the Drosophila SCL peptides as well as human 

SLN exhibited a significantly reduced membrane anchoring ability as a result of co-

expression of Nep4 or NEP, respectively (Fig. 6A-C). A similar effect was observed if the 

Nep4 / NEP hydrolysis products, identified in the in vitro cleavage assays (Fig. 5), were 

expressed in S2 cells. Again, Nep4-cleaved SCL as well as human NEP-cleaved SLN 
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exhibited a significantly reduced membrane localization, relative to the non-cleaved full-

length peptides (Fig. S6). A milder relocalization effect was observed for truncated SCLA and 

SCLB, and a stronger was present with truncated SLN (Figs. 6, S6). Given the distinct 

cleavage products (Figs. 5, S6), the larger truncation of SLN (7 amino acids) in comparison 

to SCLA (2 amino acids) and SCLB (6 amino acids) may to some extent account for the 

individual effects. This possibility is supported by data confirming a similar degree of 

relocalization for human SLN and PLN in response to consecutive C-terminal truncation 37, 41, 

thus emphasizing the functional relevance of the corresponding C-termini. 

In muscle tissue of transgenic animals, altered membrane localization in response to Nep4 

overexpression was not observed for SCLA or SCLB. This was mainly due to the fact that, 

unlike the results in S2 cells, the peptide amounts detectable in the cytoplasmic fractions 

prepared from transgenic animals were very low, even if Nep4 was overexpressed. As a 

consequence, quantifying the ratio between soluble and membrane bound peptides was 

rather error-prone (Fig. 6D, S7). One explanation for this outcome could be an efficient 

degradation of the soluble Nep4-cleaved peptides in the cytoplasm of muscle cells, which 

may not occur that efficiently in S2 cells. Of note, instability and rapid intracellular 

degradation have already been reported for truncated forms of vertebrate PLN 16 and SLN 37. 

However, a high in vivo relevance of the Nep4-mediated SCL cleavage was confirmed by the 

facts that muscle-specific overexpression of Nep4 significantly reduced the overall amount of 

SCLA in this tissue and, furthermore, largely abolished the formation of high molecular 

weight species of SCLA and SCLB, presumably representing peptide oligomers (Fig. 6D, E). 

While the reduced SCLA levels clearly indicate that Nep4 is required to control the amount of 

this peptide within the SR membrane, the reduced oligomerization observed for both SCLA 

and SCLB is equally remarkable, considering that oligomerization is also a well-known and 

physiologically highly relevant characteristic of vertebrate PLN 10. Here, oligomerization 

represents a mechanism for storage of active PLN monomers, playing a key role in SERCA 

regulation 42, 43. Given our observation that SCL may also form oligomers (Fig. 6D, E), a 

similar mechanism could be present in Drosophila, with the Nep4 cleavage activity controlling 

both, the overall amount of the peptides, as well as the ratio between monomeric and 

oligomeric SCL. Of note, SCLA and SCLB oligomers were detected by SDS-PAGE, 

indicating high thermal stability and detergent resistant association. A similar resistance to 

denaturing conditions has also been reported for vertebrate PLN oligomers 39, 40. 

Together with the data from S2 cells, these results indicate that i) Nep4 hydrolyzes SCLA 

and SCLB in vivo, ii) this cleavage event reduces membrane localization of the peptides as 

well as their ability to oligomerize, and iii) cleavage considerably reduces the overall amount 

of SCLA in muscles. In this regard, S2 cells may feature the principal molecular mechanism, 

while in muscle tissue, the highly adapted conditions result in a more complex regulation. 
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Here, especially the high abundance of SERCA may be crucial, which has been shown to 

affect the oligomeric structure of vertebrate PLN, with an increasing SERCA / PLN ratio 

causing depolymerization of pentameric PLN 44. Consistent with our results on the Drosophila 

SCL peptides, analyses on human PLN found i) a reduced membrane localization, ii) a 

reduced ability of the peptide to form oligomers, and iii) a reduced binding affinity to SERCA 

as a result of consecutive C-terminal truncation 41. Thus, in addition to emphasizing the 

physiological relevance of the corresponding C-termini, these results corroborate the 

indication that amount and function of Drosophila and vertebrate SERCA-inhibitory 

micropeptides are regulated in a mechanistically similar manner. 

Because interaction between the regulatory micropeptides and SERCA occurs within the SR 

membrane 10, 11, 13, it appears likely that loss of membrane localization represents the critical 

physiological event inactivating the peptides. This inactivation is presumably required to 

prevent the peptides from accumulating within the SR membrane and, eventually, from 

abnormally binding and inhibiting SERCA (Fig. 7). The fact that C-terminal truncation likewise 

affects membrane anchoring of human PLN 41, human SLN (37, Figs. 6, S6), and Drosophila 

SCL (Fig. 6, S6) indicates the presence of an evolutionarily conserved mechanism to control 

membrane association and general abundance of corresponding peptides. 

Significantly, up to now no candidate enzyme that adequately catalyzes C-terminal cleavage 

in vivo has been identified in any organism. Our data indicate that Nep4 represents a 

corresponding factor in Drosophila and that the peptidase is necessary and sufficient to 

control the amount of SERCA-regulatory peptides within the SR membrane. Under nep4 

overexpression conditions, SCL peptides are excessively cleaved, while nep4 knockdown 

results in peptide accumulation. As a result of both interventions, appropriate regulation of 

SERCA activity is impaired (Fig. 2), which eventually causes the observed phenotypes (Figs. 

1, 2, 7). 

In contrast to vertebrates that express multiple SERCA genes in a time- and tissue-specific 

manner 4, 45, in Drosophila only one corresponding gene is known (CaP60A, 46). Interestingly, 

this reduced complexity also applies to the SERCA-regulatory micropeptides. Currently, the 

only identified SERCA-regulatory micropeptides in Drosophila are SCLA and SCLB, with 

expression being confirmed in both cardiac and somatic muscle tissue 11. By contrast, 

vertebrate genomes contain at least four corresponding genes, each of them exhibiting 

specific expression patterns. While PLN and SLN are expressed in cardiac and slow skeletal 

muscle, MLN appears to be specific to all skeletal muscles 12, 13, 20 and DWORF, the only 

SERCA-activating micropeptide identified to date, specific to heart and soleus 21. This 

reciprocal expansion of SERCA and regulatory peptide family members during evolution 

suggests that the two families have coevolved as an effective and general mechanism to 

control Ca2+ handling in muscle cells. In this respect, the situation in Drosophila, with only 
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one SERCA and two micropeptide genes being present, would represent the 

phylogenetically ancient status, while a similar, yet more specialized regulation occurs in 

vertebrates. Our finding that altering nep4 expression has similar effects in heart and body 

wall muscle cells supports this idea by indicating similar underlying physiologies in both 

contractile tissues (Fig. 1). Moreover, considering our data on human NEP (Figs. 5, 6, S6, 

S8), it appears likely that also the neprilysin-mediated regulation of micropeptide abundance 

is evolutionarily conserved. We could show that both human NEP and Drosophila Nep4 

hydrolyze the luminal domain of human SLN with identical cleavage specificity (Fig. 5E, F). 

Furthermore, the effects on membrane anchoring were similar for truncated SCL and 

truncated SLN (Figs. 6A-C, S6), and also the localization pattern of NEP and SERCA in 

human ventricular cardiomyocytes (Fig. S8) was reminiscent of the corresponding pattern in 

the Drosophila heart (Figs. 3, 4, S1, S2). Interestingly, NEP expression has been reported to 

be elevated in cardiomyocytes of patients suffering from aortic valve stenosis or dilated 

cardiomyopathy 47. In that study, it was speculated that elevated NEP activity in these patient 

groups resulted in increased degradation of local bradykinin and ANP / BNP, and thus 

reduced protection from the progression of hypertrophy and fibrosis. However, in view of our 

data an alternative scenario may be more likely. We found that in human ventricular 

cardiomyocytes NEP localized in direct proximity to SERCA, which indicates colocalization in 

membranes of the SR (Fig. S8). Therefore, it is conceivable that the increased NEP 

expression results in increased cleavage of SLN and correspondingly enhanced SERCA 

activity and cardiomyocyte contractility. Thus, elevated NEP expression in aortic valve 

stenosis or dilated cardiomyopathy patients may represent a physiological response to 

restore cardiac ejection fraction and to ameliorate the effects of cardiac disease, rather than 

being causative. 

While further research is necessary to assess these issues in detail, the present study 

introduces neprilysin activity as a novel and efficient regulator of SERCA. As SERCA is an 

important therapeutic target in myocardial disorders, our data can represent a valuable basis 

for the development of innovative therapies against predominant heart and muscle diseases. 

 

Materials and Methods 

 

Fly strains 

 

The following Drosophila lines were used in this work. w1118 (RRID:BDSC_5905) was used as 

control strain. RRID:BDSC_59041 that expresses GFP fused to an ER / SR targeting signal 

from Cytochrome b5 under the control of UAS was applied as a control in pull-down assays. 

Driver lines were mef2-Gal4 (RRID:BDSC_27390), tinC-Gal4 (R. Bodmer, Sanford Burnham 
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Medical Research Institute, San Diego, CA, USA), and nep4-Gal4 25, 29. UAS lines were UAS-

Nep4A 25, UAS-Nep4Ainact (catalytically inactive form (E873Q), 25), UAS-FH::SCLA 11, and 

UAS-FH::SCLB 11. UAS-roGFP and UAS-Nep4::roGFP lines were established by cloning the 

roGFP2 33 or nep4::roGFP2 coding sequence into the pUAST vector 48. The latter construct 

included a short in-frame spacer sequence (gcgggcgga) between the nep4A and roGFP2 

coding sequences. Resulting constructs were subjected to P-element-based transformation 

using commercial services (Best Gene Inc., CA, USA). Flies expressing GCaMP3 in a 

cardiac-specific manner (UAS-GCaMP3 / UAS-GCaMP3; tinCΔ4-Gal4, UAS-GCaMP3 / 

tinCΔ4-Gal4, UAS-GCaMP3, 49) were applied to measure Ca2+-transients in cardiomyocytes. 

Knockdown of nep4 was achieved using line 100189 (KK library, Vienna Drosophila 

Resource Center [VDRC]). High nep4-specific knockdown efficiency of the respective hairpin 

was confirmed previously 24, 25. A second nep4-specific RNAi construct (line 16669, GD 

library, VDRC) did not significantly reduce nep4 transcript levels 25. It was therefore excluded 

from further analysis. 

 

Generation of expression constructs 

 

For heterologous expression of Nep4B in Sf21 cells, the nep4B coding sequence was fused 

to a C-terminal His-tag by appropriate primer design and cloned downstream of the 

polyhedrin promoter into a pFastBac Dual vector (Thermo Fisher Scientific, Waltham, MA, 

USA). To track transfection efficiency, an eGFP reporter gene was inserted into the same 

vector under the control of the p10 promoter. Generation of recombinant bacmids and 

transfection/infection was performed according to the Bac-to-Bac baculovirus expression 

system manual (Life Technologies, Carlsbad, CA, USA). 

Plasmids for expression of CLIP-tagged peptides, human NEP or Drosophila Nep4 in S2 

cells were generated based on an E. coli / S. cerevisiae / D. melanogaster triple-shuttle 

derivative of the pAc5.1/V5-His vector (Thermo Fisher Scientific) adapted for cloning by 

homologous recombination in vivo. The respective vector was constructed by in vivo-

recombination in yeast, inserting URA3 and a 2 µm sequence for selection and propagation, 

respectively, as described 50. Constructs expressing truncated peptides were generated 

using the Q5 Site-Directed Mutagenesis Kit (New England Biolabs, Ipswich, MA, USA) 

according to the manufacturer´s instructions. 

 

Motility and contraction analysis 

 

Nep4 overexpression and knockdown was driven by mef2-Gal4. The driver line crossed to 

w1118 was used as a control. Movement and contraction assays were conducted as 
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previously described 51. Briefly, wandering third instar larvae of each respective genotype 

were transferred onto glass petri dishes supplemented with millimeter paper. All movements 

were recorded with a standard video camera (Canon UC X10Hi, Canon, Tokyo, Japan). 

Movement speed was determined by calculating the distance covered in a continuous run of 

10 s. The same run was used to count larval body contractions. Because increased Nep4 

levels in muscle tissue affect body size 24, distance and speed were calculated in relation to 

animal size. 

 

Analysis of cardiac function 

 

For SOHA analysis, 1-week-old male flies were tranquilized on ice for 1 min, placed in a 60 

mm petri dish containing a thin layer of Vaseline, and fixed by their spread wings with the 

ventral side up. Animals were then covered with artificial hemolymph solution containing 5 

mM KCl, 8 mM MgCl2, 2 mM CaCl2, 108 mM NaCl, 1 mM NaH2PO4, 5 mM HEPES, 4 mM 

NaHCO3, 10 mM trehalose, and 10 mM sucrose, pH 7.1 52. For semi-intact heart 

preparations, the head as well as the ventral half of the thorax and abdomen and all 

abdominal internal organs, except for the dorsal vessel, were removed. After dissection, the 

preparation was allowed to rest for at least 10 min. Heartbeat recordings were evaluated as 

described previously 23, 53. 

Measurements of Ca2+ transients were conducted as previously described 54, 55. Briefly, 1-

week-old male flies were anesthetized with carbon dioxide, placed in a 60 mm petri dish 

containing Vaseline, and fixed with the ventral side up. The head and thorax were cut off to 

exclude neuronal influence on cardiac activity. The middle ventral region of the abdomen 

was opened and the internal organs were removed. Subsequently, the preparation was 

submerged in oxygenated artificial hemolymph solution. Ca2+ transients were recorded using 

a Carl Zeiss LSM 410 confocal microscope (Zeiss, Jena, Germany). GCaMP3 was excited at 

488 nm with an Ar laser and the fluorescence signal was detected using a 505–530 nm 

band-pass detection filter. Changes in fluorescence of the conical chamber, localized in the 

first abdominal segment, were scanned, with an increase in fluorescence, followed by a 

decrease in fluorescence, reflecting the transient elevation of cytosolic [Ca2+] that precedes 

contraction. Recordings of Ca2+ transients were conducted for 25 seconds. Resulting images 

(1024 x 1024 pixel) were analyzed with ImageJ (National Institutes of Health, MD, USA) and 

LabChart software (AD Instruments, CO, USA).  

Analyzed hearts were not paced and parameters were only compared under the premise that 

spontaneous heart rates of semi-intact preparations were not significantly different between 

the individual groups of flies. Ca2+ transient amplitudes were calculated according to the 

formula Fmax-F0/F0 and depicted in arbitrary units of fluorescence. Fmax represents the 
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maximal fluorescence signal obtained during the systole, and F0 corresponds to the minimal 

fluorescence recorded during the diastolic period. This approach normalizes differences in 

indicator concentration between cells, thus providing a plausible method for comparing ratios 

between different samples / genotypes. Relaxation was measured by calculation of Tau 

constant (sec), based on the exponential decay of Ca2+ transients. For estimating the 

sarcoplasmic reticulum Ca2+ load, a caffeine pulse (10 mM) was applied to the perfusion 

media. This compound triggers the release of Ca2+ through the ryanodine receptor 30. The 

amplitudes of the caffeine-induced Ca2+ transient and the Ca2+ transients recorded during the 

5 seconds preceding the caffeine pulse (pre-caffeine) were measured and Ca2+ load was 

expressed as the ratio between the caffeine-induced Ca2+ transient amplitude divided by the 

average of the corresponding pre-caffeine Ca2+ transient amplitudes. SERCA activity was 

calculated by subtracting the inverse of the rate constant of caffeine induced Ca2+ transient 

decay (TauCaff) from that of the pre-caffeine transients (TauCa), (1/TauCa - 1/TauCaff). In this 

regard, the rate constant of [Ca2+]i decay during a caffeine-induced Ca2+ transient largely 

reflects the function of NCX, while both NCX and SERCA contribute to pre-caffeine [Ca2+]i 

decay 30, 56, 57, 58, 59, 60, 61, 62, 63. 

 

Cell culture, subcellular localization and fractionation 

 

S2 cells were grown in Schneider´s Drosophila medium (Pan Biotech, Aidenbach, Germany). 

Transfection was done in 6-well plates or 15 cm2 flasks using TransFectin (BioRad, Hercules, 

CA, USA) according to the manufacturer´s instructions. For co-transfection, total plasmid 

amounts were adjusted to a maximum of 3 µg. For immunostaining, cells were fixed in 4% 

formaldehyde in phosphate-buffered saline (PBS) for 20 min and rinsed three times with 

PBS. Subsequently, samples were treated with permeabilization/blocking solution (0.1% 

Triton X-100, 2% bovine serum albumin [BSA] in PBS) for 20 min and rinsed again three 

times with PBS. To exclude a possible cross-reaction of antibodies, cells were sequentially 

stained. In a first step, samples were incubated with anti-Calnexin antibodies 

(RRID:AB_2722011, 1:200) overnight at 4°C. Cells were washed with PBS (3x, 15 min 

each), blocked with ROTI ImmunoBlock (Roth, Karlsruhe, Germany) for 45 min, and 

incubated with secondary antibodies (RRID:AB_2534071, 1:200) diluted in ROTI 

ImmunoBlock for 90 min. Cells were washed as described before and incubated with anti-

CLIP antibodies (RRID:AB_2827567, 1:100) and anti-Nep4/anti-NEP antibodies (anti-Nep4: 

RRID:AB_2569115, 1:500, monospecificity confirmed in 28; anti-NEP: human, ab256494, 

1:100, Abcam). Following another washing step, cells were blocked again with ROTI 

ImmunoBlock and incubated with secondary antibodies (RRID:AB_2534074, 1:200;  

RRID:AB_2338084, 1:100). Finally, cells were washed again as described above and 
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mounted in Fluoromount-G (Thermo Fisher Scientific). Confocal images were captured with 

an LSM 800 microscope (Zeiss). For fractionation, 5 ml of transfected cells were harvested 

(300 x g, 3 min, room temperature [RT]) and labeled with 1 µM CLIP-Cell TMR-Star (New 

England Biolabs) in 100 µl PBS at 37 °C for 30 min. Excess substrate was washed out with 

PBS for 15 min. Afterwards, cells were resuspended in 500 µl 0.5 M NaCl including protease 

inhibitor (Promega, Madison, WI, USA.) and lyzed using a glass-teflon homogenizer. 

Homogenates were centrifuged to remove cell debris (500 x g, 5 min, 4 °C) and the resulting 

supernatant was subjected to ultracentrifugation (100.000 x g, 1 h, 4 °C). The soluble 

cytoplasmic fraction was collected and prepared for SDS-PAGE, while the pellet was 

resuspended in 250 µl 0.5 M NaCl, using a 1 ml syringe with a 25 gauge needle. Following 

another ultracentrifugation step (100.000 x g, 45 min, 4 °C), the membrane-enriched pellet 

was resuspended again in the same buffer and prepared for SDS-PAGE. In-gel detection of 

CLIP-tagged constructs was done with a ChemiDoc MP Imaging System (BioRad). For 

quantification, pixel intensities were measured using Image Lab Software, Version 6.0.1 

(BioRad). 

For fractionation of tissue samples, transgenic 3rd instar larvae were frozen in liquid nitrogen 

and homogenized. Homogenates were resuspended in 120 µl 0.5 M NaCl including protease 

inhibitor and centrifuged (10.000 x g, 15 min, 4 °C). The resulting supernatant was processed 

similar to the supernatant of S2 cells, yet 60 µl were used for pellet resuspension after 

ultracentrifugation. Western blot based pixel intensities were quantified with a ChemiDoc MP 

Imaging System (BioRad) in combination with Image Lab Software, Version 6.0.1 (BioRad). 

 

Enzymatic cleavage assay 

 

Heterologous expression of Nep4B was performed in Sf21 cells (RRID:CVCL_0518) as 

described previously 24. Transfected and non-transfected Sf21 cells were cultured in 75 cm2 

flasks for 72 h and harvested by centrifugation (300 x g, 5 min). Subsequently, cells were 

resuspended in 5 ml binding buffer (50 mM NaH2PO4, pH 7.9, 300 mM NaCl) and lysed with 

a glass-teflon homogenizer. The resulting homogenates were centrifuged (10.000 x g, 10 

min) and the supernatants were subjected to gravity-flow-based His-tag purification 

according to the manufacturer’s instructions (Protino Ni-NTA agarose, Macherey-Nagel, 

Düren, Germany). To measure enzymatic activity, 3 µl of Nep4B-containing (10 ng/ml, 

purified from nep4B transfected cells) and non-containing (from untransfected control cells) 

preparations were supplemented with 7 µl (250 ng) of individual peptides. To measure 

activity of human NEP (transcript variant 1, D53–W750, N-terminal His-tag fusion, Enzo Life 

Sciences, Farmingdale, NY, USA), 1 µl (50 ng) of the enzyme was supplemented with 9 µl 

(250 ng) of individual peptides. All dilutions were prepared in hydrolysis buffer (100 mM 
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NaCl, 50 mM Tris, pH 7.0). After 5 h of incubation (35 °C), 1 µl of each respective 

preparation was analyzed via mass spectrometry (see below). For measurements of 

untreated peptides, respective samples were diluted in hydrolysis buffer without addition of 

enzyme and processed as described above. Peptides were synthesized at JPT Peptide 

Technologies (Berlin, Germany) with more than 90% purity. Individual cleavage assays were 

repeated at least three times. 

 

Pull-down assay 

 

30 third instar larvae of each control genotype (mef2-Gal4 > UAS-roGFP or mef2-Gal4 > 

UAS-GFP.ER), as well as an equal weight of mef2-Gal4 > UAS-Nep4A::roGFP third instar 

larvae, were frozen in liquid nitrogen and homogenized. Homogenates were resuspended in 

300 µl lysis buffer (150 mM NaCl, 50 mM Tris, 1 mM MgCl, 0.2% n-dodecyl-β-D-

maltopyranoside [DDM]) and centrifuged (10.000 x g, 15 min). The resulting supernatants 

were incubated for 30 min at 4 °C with 50 µl of µMACS anti-GFP MicroBeads (Miltenyi 

Biotec, Auburn, CA, USA). Beads were immobilized in calibrated µ-columns (Miltenyi Biotec), 

which were equilibrated beforehand with 200 µl lysis buffer. After two washing steps using 

200 µl lysis buffer, bound proteins were reduced by incubation in 50 µl reducing solution 

(10 mM dithiothreitol [DTT], 100 mM NH4HCO3) for 5 min at RT and additional 30 min at 

38 °C, followed by two washing steps with 20 mM Tris-HCl (pH 7.5). Subsequently, bound 

proteins were alkylated by addition of 50 µl alkylation solution (54 mM Iodacetamid, 100 mM 

NH4HCO3) and incubation for 15 min in the dark. The columns were then washed twice with 

100 µl digestion buffer (50 mM NH4HCO3, 5% acetonitrile), sealed, and incubated with 25 µl 

trypsin solution (0.01 µg trypsin / lysC in digestion buffer) overnight. Eluates were centrifuged 

(10.000 x g, 10 min) and subjected to mass spectrometry analysis (5 µl per sample). At least 

three independent biological replicates were analyzed for each genotype. 

 

Mass spectrometry 

 

Reversed-phase chromatography was performed using the UltiMate 3000 RSLCnano 

System (Thermo Fisher Scientific). Samples were loaded onto a trap column (Acclaim 

PepMap 100 C18, 5 µm, 0.1 mm x 20 mm, Thermo Fisher Scientific) and washed with 

loading buffer (0.1% TFA in H2O) at a flow rate of 25 µl/min. The trap column was switched in 

line with a separation column (Acclaim PepMap 100 C18 2 µm, 0.075 mm x 150 mm, 

Thermo Fisher Scientific). Subsequently, bound peptides were eluted by changing the 

mixture of buffer A (99% water, 1% acetonitrile, 0.1% formic acid) and buffer B (80% 

acetonitrile, 20% water and 0.1% formic acid) from 100:0 to 20:80 within 60 min. The flow 
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rate was kept constant at 0.3 µl/min. Eluted compounds were directly electrosprayed through 

an EASY-Spray ion source (Thermo Fisher Scientific) into a Q Exactive Plus Orbitrap mass 

spectrometer (Thermo Fisher Scientific). Eluates were analyzed by measuring the masses of 

the intact molecules as well as the masses of the fragments, which were generated by 

higher-energy collisional dissociation (HCD) of the corresponding parent ion. For peptide 

cleavage assays, extracted ion chromatograms corresponding to the synthesized peptides or 

their respective proteolytic fragments were analyzed using FreeStyle Software (v1.3, Thermo 

Fisher Scientific). For analysis of pull down data, PEAKS Studio software (Version 10.6, 

Bioinformatics Solutions Inc., Waterloo, Canada), in combination with a Drosophila-specific 

SwissProt database (UP000000803, www.uniprot.org/proteomes/UP000000803) was used 

to determine peptide-specific amino acid sequences (parent mass error tolerance: 10 ppm; 

fragment mass error tolerance: 0.2 Da; enzyme: trypsin; max missed cleavages: 2; selected 

PTMs: carbamidomethylation, oxidation, phosphorylation). Label-free quantification was 

performed by comparing peptide and protein amounts of different groups according to 

established protocols 64, with each group consisting of at least three independent biological 

replicates. The protein list was controlled by FDR (threshold: 1%) and significance was 

calculated by PEAKS software (one-way ANOVA). Classification as possible interaction 

partner required p < 0.01, with quantification being based on at least two individual protein-

specific peptides. The mass spectrometry proteomics data have been deposited to the 

ProteomeXchange Consortium via the PRIDE 65 partner repository 

(http://www.ebi.ac.uk/pride) with the dataset identifier PXD027738. 

 

Immunohistochemistry and western blot 

 

Animals were dissected on Sylgard plates (Sylgard 184 Elastomer Base and Curing Agent, 

Dow Corning, MI, USA), fixed in 3.7% formaldehyde in PBS for 1 h, rinsed three times in 

PBS, and transferred into 1.5 ml reaction cups. Subsequently, tissues were permeabilized in 

1% Triton X-100 for 1 h, blocked in ROTI ImmunoBlock (45 min), and incubated with primary 

antibodies (overnight, 4 °C). Samples were washed in PBT (3x, 10 min each) and blocked 

again as described above. Secondary antibodies were applied for 90 min. For staining of 

human tissue, myocardial left ventricular heart slices (5 μm) were deparaffinized and 

rehydrated as previously described 66. Tissue permeabilization was done in 0.1 % Triton X-

100 (15 min), followed by washing in PBS (3x) and blocking in 5% BSA. Primary antibodies 

were diluted in 5% BSA in PBS and incubated overnight. Sections were washed in 1% BSA 

in PBS (3x, 5 min each), followed by incubation with secondary antibodies (1 h, 4 °C). 

Finally, samples were washed as described above and mounted in Fluoromount-G. Primary 

antibodies used were: anti-Nep4 (RRID:AB_2569115, 1:200, monospecificity confirmed in 28), 
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anti-SERCA (1:500, Drosophila-specific, kind gift from Mani Ramaswami, monospecificity 

confirmed in 67), anti-SERCA (human, ab219173, 1:100, Abcam, Cambridge, UK), anti-NEP 

(human, ab256494, 1:100, Abcam), anti-GFP (RRID:AB_889471, 1:500), anti-GFP 

(RRID:AB_305564, 1:2000), anti-GFP (RRID:AB_300798, 1:750), and anti-HA 

(RRID:AB_262051, 1:100). The secondary antibodies were anti-mouse-A647 

(RRID:AB_2687948, 1:200), anti-mouse-Cy2 (RRID:AB_2307343, 1:100), anti-mouse-Cy3 

(RRID:AB_2338680, 1:200), anti-rabbit-Cy2 (RRID:AB_2338021, 1:100), anti-rabbit-Cy3 

(RRID:AB_2338000, 1:200), anti-rabbit-Dy550 (RRID:AB_10674190, 1:200), anti-goat-A488 

(ab150141, Abcam, 1:150), and anti-chicken-A488 (RRID:AB_2340375,1:100). For STED 

imaging, Star 488 (2-0102-006-7, Abberior, Göttingen, Germany), Star Orange 

(RRID:AB_2847853), and Star Red (RRID:AB_2620152) secondary antibodies were used. 

Confocal images were captured with an LSM5 Pascal confocal microscope (Zeiss). STED 

imaging was performed using a Leica TCS STED CW microscope (Leica Microsystems, 

Wetzlar, Germany). 

Western blots were performed as described 25. Primary antibodies were anti-Actin 

(RRID:AB_528068, 1:20), anti-Calnexin (RRID:AB_2722011, 1:500), and anti-SERCA (67, 

1:5000). Secondary antibodies were anti-mouse-alkaline phosphatase (AP) 

(RRID:AB_258091, 1:10.000) and anti-rabbit-alkaline phosphatase (RRID:AB_258446, 

1:10.000). For quantification, pixel intensities of respective bands were measured using 

Image Lab Software, Version 6.0.1 (BioRad). 

 

Protein orientation 

 

Determination of Nep4 orientation in SR membranes was performed as described 34. Briefly, 

dorsal muscles of Nep4::roGFP2-expressing third instar larvae were dissected as previously 

described 53. As distinct from heart preparations, the dorsal vessel as well as the main 

tracheal branches were also removed. Preparations were placed with the ventral side down 

on an object slide and covered with PBS. Confocal images were captured with an inverse 

LSM Olympus IX81 (Zeiss) using excitation at 405 nm and 488 nm. After measuring an 

untreated steady state, the PBS was replaced by 0.5 mM diamide and the oxidized state was 

captured 1 min later. Subsequently, the diamide solution was replaced by 2 mM DTT and the 

reduced state was captured after 7 min of incubation. By calculating the ratio of the average 

405 nm / 488 nm signal intensities and comparing the steady-state ratio with the 

corresponding oxidized and reduced states, the redox environment of Nep4::roGFP in the 

untreated muscles was deduced. As a control, cytoplasmic roGFP2 was analyzed 

analogously. 
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Statistical analysis 

 

For statistical analysis of physiological heart parameters, cardiac Ca2+ transients, muscle 

performance, and Nep4 orientation in the SR membrane, one-way ANOVA followed by 

Dunnett’s Multiple Comparison Test was used. ER / nuclear fluorescence ratios were 

statistically assessed by one-way ANOVA with subsequent Bonferroni’s Multiple Comparison 

Test to allow for comparison between selected groups. Western blot quantifications and 

analyses on the effects of variable heart rates on Ca2+ flux parameters (Tab. S2) were 

statistically analyzed using a paired t-test (two-tailed) allowing pairing of related values from 

one individual replicate. For all tests, a p value < 0.05 was considered significant (*p < 0.05, 

**p < 0.01, ***p < 0.001). Except for the pull-down data, which were statistically analyzed and 

visualized with PEAKS Studio software, all other data were analyzed and visualized using 

GraphPad Prism 5 (Version 5.03, GraphPad Software Inc., San Diego, CA, USA). 
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Figures 

 

Figure 1 

Nep4 activity is critical to heart and body wall muscle function. (A) Relative to control animals 

(tinC-Gal4 / +, n = 10), cardiomyocyte-specific overexpression of catalytically active Nep4 

(tinC-Gal4 > UAS-Nep4, n = 10) results in arrhythmia. Overexpression of inactive Nep4 (tinC-
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Gal4 > UAS-Nep4E873Q, n = 10) or reduced expression of the peptidase (tinC-Gal4 > UAS-

nep4 RNAi, n = 11) do not significantly affect rhythmicity. UAS controls (UAS-Nep4, n = 10; 

UAS-Nep4E873Q, n = 10; UAS-nep4 RNAi, n = 10) lacking Gal4 expression are also without 

any effect. (B) Relative to control animals (tinC-Gal4 / +, n = 10), neither knockdown of nep4 

(tinC-Gal4 > UAS-nep4 RNAi, n = 11) nor increased expression of active (tinC-Gal4 > UAS-

Nep4, n = 10) or inactive Nep4 (tinC-Gal4 > UAS-Nep4E873Q, n = 10) affect heart rate. (C) 

Combined histograms showing the distribution of heart periods (HP) from flies of the 

indicated genotypes. Cardiomyocyte-specific overexpression of catalytically active Nep4 

(tinC-Gal4 > UAS-Nep4, n = 10 with 964 recorded beats) as well as reduced expression of 

the peptidase (tinC-Gal4 > UAS-nep4 RNAi, n = 11 with 881 recorded beats) result in 

occurrence of abnormally long HPs (arrows). Control hearts (tinC-Gal4 / +, n = 10 with 897 

recorded beats) or hearts overexpressing inactive Nep4 (tinC-Gal4 > UAS-Nep4E873Q, n = 10 

with 929 recorded beats) do not exhibit such impairments. (D) Representative 10 s M-mode 

traces depict heart contractions from flies of the indicated genotypes. Increased expression 

of catalytically active Nep4 (tinC-Gal4 > UAS-Nep4) causes arrhythmia with prolonged 

periods of diastolic heart arrest (asterisk). (E) Body wall muscle function is impaired by 

elevated Nep4 levels. Relative to control animals (mef2-Gal4 / +, n = 31), muscle-specific 

Nep4 overexpression (mef2-Gal4 > UAS-Nep4, n = 30) results in a decrease in crawling 

speed by 34%. Increased expression of catalytically inactive Nep4 (mef2-Gal4 > UAS-

Nep4E873Q, n = 30) or knockdown of the peptidase (mef2-Gal4 > UAS-nep4 RNAi, n = 32) has 

no significant effect. To factor in the fact that elevated levels of Nep4 affect body size 24, the 

crawling speed [mm/sec] was calculated relative to the size of respective animals. (F) 

Relative to control animals (mef2-Gal4/+, median: 1.1 Hz, n = 31), muscle-specific Nep4 

overexpression (mef2-Gal4 > UAS-Nep4, n = 30) results in decreased muscle contraction 

frequency (median: 0.7 Hz). Increased expression of catalytically inactive Nep4 (mef2-Gal4 > 

UAS-Nep4E873Q, n = 30) or knockdown of the peptidase (mef2-Gal4 > UAS-nep4 RNAi, n = 

32) has no significant effect (median: 1.1 Hz and 1.1 Hz, respectively). Asterisks indicate 

statistically significant deviations from respective controls (p < 0.001, one-way ANOVA 

followed by Dunnett’s Multiple Comparison Test). For all experiments, at least 10 individual 

animals were analyzed per genotype. 
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Figure 2 

Cardiac Ca2+ homeostasis is affected by altered nep4 expression levels. (A) Relative to 

control animals (tinC-Gal4 / +, n = 8), sarcoplasmic reticulum Ca2+ load is increased by 105% 

in cardiomyocytes overexpressing active Nep4 (tinC-Gal4 > UAS-Nep4, n = 8). 

Overexpression of catalytically inactive Nep4 (tinC-Gal4 > UAS-Nep4E873Q, n = 6) or 

knockdown of the peptidase (tinC-Gal4 > UAS-nep4 RNAi, n = 23) has no significant effect. 

(B) Relative to control animals (tinC-Gal4 / + n = 10), overexpression of active Nep4 (tinC-

Gal4 > UAS-Nep4, n = 10) results in an increase in SERCA activity by 91%, while 

knockdown of the peptidase (tinC-Gal4 > UAS-nep4 RNAi, n = 20) reduces SERCA activity 

by 57%. Overexpression of catalytically inactive Nep4 (tinC -Gal4 > UAS-Nep4E873Q, n = 6) 

has no significant effect. (C) The constant of relaxation (Tau) is only affected by knockdown 

of nep4. Relative to controls (tinC-Gal4 / +, n = 11), corresponding animals (tinC-Gal4 > 

UAS-nep4 RNAi, n = 22) exhibit a 2.9-fold increase in Tau. Overexpression of active (tinC-

Gal4 > UAS-Nep4, n = 12) or inactive Nep4 (tinC-Gal4 > UAS-Nep4E873Q, n = 8) has no 
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significant effects. Asterisks indicate statistically significant deviations from respective 

controls (**p < 0.01, ***p < 0.001, one-way ANOVA followed by Dunnett’s Multiple 

Comparison Test). Each dot represents one analyzed animal. (D) Representative Ca2+ traces 

indicating the decay rate constant of the systolic Ca2+ transients (ksyst). Traces from 1 week 

old adult Drosophila hearts of the depicted genotypes are shown. (E) Representative western 

blot of total protein extracts isolated from adult flies of the indicated genotypes. For 

quantification, pixel intensity measurements were normalized to corresponding loading 

controls (Ponceau S). Resulting values are shown relative to the control (tinC-Gal4 / +). The 

lower panel depicts the mean values (+ SD) of three individual biological replicates. SERCA 

protein levels are not affected by altered nep4 expression (paired t-test, two-tailed). 
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Figure 3 

Nep4 partially colocalizes with SERCA in heart tissue. (A, D) Nep4::HA was expressed under 

the control of the native nep4 enhancer and labeled with a monospecific anti-HA antibody 

(nep4 > Nep4::HA). (B, E) SERCA was labeled with a monospecific antibody detecting the 

endogenous protein (SERCA). Optical slices of adult heart muscle fibers (A-C) or ventral 

longitudinal muscle fibers (D-F) are shown. Scale bars: 50 µm; ventral view, anterior left. 

Boxes indicate areas of higher magnification, as depicted in (A´-C´) and (D´-F´, D´´´, E´´´). 

Scale bars: 10 µm. Nep4::HA colocalizes with SERCA in membranes contiguous with the 

nuclear membrane (C´, F´, arrowheads). In addition, both proteins partially colocalize in a 

punctate manner along the muscle fibers (C´, F´, arrows). Control stainings lacking the UAS 

Nep4::HA construct (nep4 > w1118, G, G´) or primary SERCA antibodies (H, H´) do not exhibit 

any signal above background. (I) Volcano plot depicting the results of pull-down assays using 

Nep4::GFP as bait and free cytoplasmic GFP as control. Bait proteins were expressed in 

third instar larval muscle tissue. SERCA coprecipitates with Nep4::GFP. Data are based on 

three individual biological replicates. Open outlined squares depict proteins with 

quantification being based on only one detected peptide. Corresponding candidates were 

excluded from further analysis. A significance value of 20 corresponds to p < 0.01 (one-way 

ANOVA).   
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Figure 4 

Nep4 partially colocalizes with Sarcolamban A. GFP-tagged Nep4 (mef2 > Nep4::GFP, A, 

A´´´´, B, C, C´´´, D, D´) and FH-tagged Sarcolamban A (mef2 > FH::SCLA, A´, A´´´´, B, C´, 
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C´´´, D, D´) were expressed under the control of the muscle-specific mef2 enhancer and 

labeled with monospecific antibodies against the GFP- or the FH-tag. SERCA was labeled 

with a monospecific antibody detecting the endogenous protein (SERCA, A´´, A´´´´, B, C´´, 

C´´´, D, D´). DAPI was used as a nuclear marker (A´´´). Optical slices of third instar larval 

heart tissue are shown. The box in C´´´ indicates an area of higher magnification as depicted 

in (B). (A-A´´´´, B) Nep4, SERCA and SCLA signals colocalize predominantly around the 

nuclei (B, solid arrow). More distant from the nuclei, only SERCA and SCLA signals are 

visible (B, open arrows). Scale bars: 20 µm (A-A´´´´); 10 µm (B); ventral view, anterior left. 

(C-D´) STED images of analogously stained cardiac tissue. Boxes in C´´´ indicate areas of 

higher magnification as depicted in (D, D´). Overlap between Nep4, SERCA, and SCLA 

signals is visible predominantly around the nucleus (D, solid arrow). Individual colocalization 

between SCLA and SERCA (D, open arrow), Nep4 and SERCA (D, feathered arrow), or 

Nep4 and SCLA (D, solid winged arrowhead) occurs occasionally. Individual signals of 

SERCA (D, open arrowhead), Nep4 (D, open winged arrowhead), and SCLA (D, solid 

arrowhead) are present as well. More distant from the nucleus, only SERCA and SCLA are 

detected, while Nep4 is largely absent (D´). For SERCA and SCLA, again a colocalizing 

portion (D´, open arrow) as well as individual SERCA (D´, open arrowhead) and SCLA 

signals (D´, solid arrowhead) are present. Scale bars: 10 µm (C-C´´´); 1 µm (D, D´). 
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Figure 5 

Neprilysins hydrolyze the luminal domain of SERCA-inhibitory micropeptides. Depicted are 

total ion chromatograms of the luminal part of Drosophila Sarcolamban A (SCLAlum, A, C), 

Drosophila Sarcolamban B (SCLBlum, B, D), and human sarcolipin (SLNlum, E, F). Full-length 

peptides (bold) are detected under all applied experimental conditions (peptide only, black 

chromatograms; peptide incubated with control preparation, green chromatograms; peptide 

incubated with purified enzyme, red chromatograms). Specific cleavage fragments are 

detected only after addition of enzyme. (A) Incubation of SCLAlum (YLIYAVL) with Drosophila 
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Nep4 results in formation of YLIYA and YLIY fragments (red chromatogram). (C) The same 

fragments are generated by human neprilysin (NEP)-mediated hydrolysis of SCLAlum. An 

additional peak corresponds to either LIYAV or IYAVL. (B) Incubation of SCLBlum 

(YAFYEAAF) with Drosophila Nep4 results in formation of FYEAAF, YAFYEAA, and YAFYE 

fragments (red chromatogram). (D) Human NEP-mediated hydrolysis of SCLBlum generates 

predominantly FYEAAF. In addition, minor amounts of FYEAA or AFYEA are produced. (E) 

Incubation of SLNlum (WLLVRSYQY) with human NEP results in formation of WLLVRS, 

LVRSYQY, LVRSY, and WLLVR fragments (red chromatogram). (F) Incubation of SLNlum 

(WLLVRSYQY) with Drosophila Nep4 results in formation of WLLVRS, LVRSYQY, and 

LVRSY fragments (red chromatogram). Insets depict areas of magnification indicated by the 

dashed boxes. Italicized fragments could not be assigned to one exclusive peptide 

sequence. Y-axes show absolute peak intensities, X-axes depict retention times. Individual 

cleavage assays were repeated at least three times. 
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Figure 6 

Neprilysin-hydrolyzed SERCA-inhibitory micropeptides exhibit reduced membrane anchoring. 

(A) CLIP-tagged Sarcolamban A (SCLA), Sarcolamban B (SCLB), and Sarcolipin (SLN) 
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peptides were expressed in Drosophila S2 cells as full-length peptides (CLIP::SCLA; 

CLIP::SCLB; CLIP::SLN), either with or without co-expression of Nep4 (SCLA, SCLB) or 

human NEP (SLN). CLIP-tag and Nep4 or NEP were visualized by immunostainings as 

indicated. Split images are overexposed in the lower right part to confirm presence of cells. 

Anti-Calnexin antibodies were applied as ER membrane marker. Cells expressing the free 

CLIP-tag were used as a soluble control. While full-length SCL / SLN peptides mainly 

localize to the ER (arrows), co-expression of Nep4 or NEP results in reduced signal overlap 

of the peptides with the ER marker (arrowheads). Scale bars: 5 µM. (B) Subcellular fractions 

of Drosophila S2 cells expressing the indicated CLIP-tagged SCL or SLN constructs, with or 

without co-expression of Nep4 or NEP, were analyzed by SDS-PAGE and subsequent 

fluorescent in-gel detection of CLIP-tagged fusions. Western blot analysis was performed 

with anti-Nep4 and anti-NEP antibodies, as indicated, to confirm peptidase expression 

(asterisks), and with anti-Calnexin antibodies (marker for ER membranes) and anti-Actin 

antibodies (cytosolic marker) to confirm identity of the individual fractions. Coomassie 

staining (CBB) was used as loading control. P = pellet (membrane-enriched); S = 

supernatant. (C) Peptide-specific ratios between membrane-enriched (P) and soluble (S) 

fractions were determined by pixel intensity measurements. The diagram depicts the 

resultant mean values (+ SD) of five individual biological replicates. Asterisks indicate 

statistically significant differences between the individual peptide-specific ratios (**p < 0.01, 

***p < 0.001, paired t-test, two-tailed). Free CLIP-tag was used as a soluble control. (D) 

Subcellular fractions of Drosophila 3rd instar larvae expressing the indicated FH-tagged SCL 

constructs in a muscle-specific manner (mef2-Gal4), with or without co-expression of Nep4, 

were analyzed by Western blot. Peptides were detected with anti-HA antibodies. Actin 

signals were used for normalization. P = pellet (membrane-enriched); S = supernatant; mono 

= peptide monomer; oligo = peptide oligomer. (E) Relative amounts of peptide oligomers 

(oligo), peptide monomers (mono), and the sum of both (total) were determined by pixel 

intensity measurements. For each of the indicated SCL / Nep4 combinations, the combined 

signals from pellet and supernatant fractions, as depicted in (D), were evaluated. Resultant 

data represent mean values (+ SD) of three individual biological replicates. Asterisks indicate 

statistically significant differences (*p < 0.05, **p < 0.01, paired t-test, two-tailed).  
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Figure 7 

Neprilysin-mediated hydrolysis of SERCA-inhibitory micropeptides is essential to control 

SERCA activity 

(A) Without Nep4, Sarcolamban (SCL) peptides occur in a monomeric and an oligomeric 

state and accumulate within the sarcoplasmic reticulum (SR) membrane, resulting in 

abnormal binding and inhibition of SERCA and a consequential reduction in the SERCA-

mediated Ca2+ transport. (B) Nep4-mediated SCL hydrolysis reduces the ability of the 

peptides to oligomerize and releases them from the SR membrane, thus preventing SCL 

accumulation and excessive SERCA inhibition. Released peptides become degraded in the 

cytoplasm. VGCC: Voltage-gated L-type Ca2+ channel; RyR: Ryanodine receptor; NCX: 

Na+/Ca2+ exchanger; PMCA: Plasma membrane Ca2+ ATPase.  
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Supplementary Figures 

 

 

Figure S1 

Nep4 partially colocalizes with SERCA in third instar larval heart and body wall muscles. (A, 

D) Nep4::HA protein was expressed under the control of the native nep4 enhancer and 

labeled with a monospecific antibody against the HA-tag (nep4 > Nep4::HA). (B, E) SERCA 

was labeled with a monospecific antibody detecting the endogenous protein (SERCA). 

Optical projections of a third instar larval body wall muscle fiber (A-C) or heart tube (D-F) are 

shown. Scale bars: 50 µm; ventral view, anterior left. Boxes indicate areas of higher 

magnification, as depicted in (D´-F´). Scale bars: 10 µm. Nep4::HA colocalizes with SERCA 

in membranes contiguous with the nuclear membrane (arrowheads). In addition, both 

proteins partially colocalize in a punctate manner along the muscle tissue (arrows). 
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Figure S2 

Nep4 partially colocalizes with Sarcolamban B in larval heart tissue. GFP-tagged Nep4 (mef2 

> Nep4::GFP, A) and FH-tagged Sarcolamban B (mef2 > FH::SCLB, A´) were expressed 

under the control of the muscle-specific mef2 enhancer and labeled with monospecific 

antibodies against the GFP- or the FH-tag, respectively. SERCA was labeled with a 

monospecific antibody detecting the endogenous protein (SERCA, A´´). Colocalization of all 

three factors is visible around the nuclei (B, C, solid arrow). More distant from the nuclei, only 

SERCA and SCLB signals are present (B, C, open arrow). Confocal images of third instar 

larval heart tissue are shown. Scale bars: 20 µm; ventral view, anterior left. Insets indicate 

areas of higher magnification as depicted in B and C. Scale bars: 10 µm.  

 

  



Results 

 

135 

 

Figure S3 

Nep4 partially colocalizes with Sarcolamban A and Sarcolamban B in larval body wall 

muscles. GFP-tagged Nep4 (mef2 > Nep4::GFP, A, B) and FH-tagged Sarcolamban A (mef2 

> FH::SCLA, A´) or Sarcolamban B (mef2 > FH::SCLB, B´) were expressed under the control 

of the muscle-specific mef2 enhancer and labeled with monospecific antibodies against the 

GFP- or the FH-tag, respectively. SERCA was labeled with a monospecific antibody 

detecting the endogenous protein (SERCA, A´´, B´´). Colocalization of Nep4, SCLA, and 

SERCA is visible around the nuclei (A´´´, solid arrows). More distant from the nuclei, only 

SERCA and SCLA signals are present (A´´´, open arrow). A similar localization pattern is 

apparent for Nep4, SCLB, and SERCA (B´´´). Confocal images of third instar larval body wall 

muscles are shown. Scale bars: 20 µm; ventral view, anterior left. 
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Figure S4 

The C-terminus of Nep4 localizes to the SR lumen. A Nep4::roGFP fusion (mef2-Gal4 > 

UAS-Nep4::roGFP) was employed to determine the orientation of the protein within the SR 

membrane. Free roGFP was used as a control (mef2-Gal4 > UAS-roGFP). While the steady-

state fluorescence intensity ratio (405 nm / 488 nm excitation) of free roGFP reflects reducing 

conditions (A), roGFP fused to the C-terminus of Nep4 exhibits a corresponding ratio that is 

characteristic for oxidizing conditions (B). For each experimental condition, 30 ROIs from 

three individual animals were analyzed (10 ROIs per animal). Asterisks indicate statistically 

significant deviations from respective controls (p < 0.001, one-way ANOVA followed by 

Dunnett’s Multiple Comparison Test). 
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Figure S5 

The amino acid at P1´ is a critical determinant of the Nep4 cleavage specificity. Depicted are 

total ion chromatograms of mutated SCLAlum (A) and SCLBlum derivatives (B-D). Mutated 

residues are marked in red. Full-length peptides (bold) are detected under all applied 

experimental conditions (pure peptide, black chromatogram; peptide incubated with control 

preparation, green chromatogram; peptide incubated with purified Nep4, red chromatogram). 

Italicized fragments could not unambiguously be assigned to one distinct peptide sequence. 

(A) Substitution of Val-6 by Ala (SCLAlum(V6A), YLIYAAL) results in additional cleavage 

between Tyr-1 and Leu-2 as well as between Ala-6 and Leu-7, giving rise to the peptide 

fragments LIYAA, LIYA and YLIYAA (red chromatogram). (B) The SCLBlum(F8A) derivative 

(YAFYEAAA) is largely resistant to Nep4-mediated hydrolysis (red chromatogram). Aside 

from the full-length peptide, only minor amounts of a AFYEAAA cleavage product are 
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detected; a third peak of low amplitude corresponds to either AFYEAA or FYEAAA (See also 

Table S1). (C) The SCLBlum(F3A) derivative (YAAYEAAF) is largely resistant to Nep4-mediated 

hydrolysis (red chromatogram). Aside from the full-length peptide, only minor amounts of the 

fragments AYEAAF and AAYEAAF are detected, with the latter also being present in the 

untreated peptide sample (black chromatogram). (D) The SCLBlum(F3A/F8A) derivative 

(YAAYEAAA) is completely resistant to Nep4-mediated hydrolysis; no cleavage products are 

detected (red chromatogram). In addition to the full-length peptide (YAAYEAAA), under all 

three experimental conditions a non-assignable peak with a molecular mass of 707.3 Da is 

present. Y-axes show absolute peak intensities, X-axes depict retention times. Individual 

cleavage assays were repeated at least three times. 
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Figure S6 

Truncated Sarcolamban and Sarcolipin peptides exhibit reduced membrane anchoring in S2 

cells.(A) CLIP-tagged Sarcolamban A (SCLA), Sarcolamban B (SCLB), and Sarcolipin (SLN) 

were expressed in Drosophila S2 cells as full-length (CLIP::SCLA; CLIP::SCLB; CLIP::SLN) 

and C-terminally truncated constructs (CLIP::SCLAtrunc; CLIP::SCLBtrunc; CLIP::SLNtrunc). All 

constructs were labeled with CLIP-Cell TMR-Star substrate. Cells expressing the free CLIP-

tag were used as a soluble control and anti-Calnexin antibodies (RRID:AB_2722011, 1:200) 

in combination with anti-mouse-A488 secondary antibodies (RRID:AB_2338845, 1:200) were 

used as ER marker. While full-length SCL / SLN peptides mainly localize to the ER (arrows), 

the corresponding truncated peptides accumulate in the nucleus (N). Scale bars: 5 µM. The 

lower panel depicts schematics of the analyzed SCL / SLN constructs. (B) Subcellular 
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fractions of Drosophila S2 cells expressing the indicated CLIP-tagged SCL or SLN constructs 

were analyzed by SDS-PAGE and subsequent fluorescent in-gel detection of CLIP-tagged 

fusions. Western blot analysis was performed with anti-Calnexin antibodies (marker for ER 

membranes) and anti-Actin antibodies (cytosolic marker) to confirm identity of the individual 

fractions. Coomassie staining (CBB) was used as loading control. P = pellet (membrane-

enriched); S = supernatant. (C) Peptide-specific ratios between membrane-enriched (P) and 

soluble (S) fractions were determined by pixel intensity measurements. Depicted are the 

resultant mean values (+ SD) of three individual biological replicates. Asterisks indicate 

statistically significant differences between the individual peptide-specific ratios (*p < 0.05, 

**p < 0.01, paired t-test, two-tailed). Free CLIP-tag (CLIP) was used as a soluble control. 
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Fig. S7 

Overexpression of Nep4 does not significantly affect Sarcolamban A or Sarcolamban B 

membrane localization in third instar larval muscle tissue. Subcellular fractions of Drosophila 

3rd instar larvae expressing the indicated SCL constructs, with or without co-expression of 

Nep4, were analyzed by Western blot. Peptide-specific ratios between membrane-enriched 

(P) and soluble (S) fractions were determined by pixel intensity measurements. Only the 

monomeric form of the peptides was considered. The diagram depicts the resultant mean 

values (+ SD) of three individual biological replicates. No statistically significant differences 

were observed. 

 

  



Results 

 

142 

 

Fig. S8 

NEP and SERCA partially colocalize in human ventricular cardiomyocytes. (A) Human left 

ventricular cardiomyocytes were stained for NEP (A) and SERCA (A´). Overlapping signals 

are present along the Z-discs (A-A´´, arrow) and in membranes continuous with nuclear 

membrane (A-A´´, arrowhead). In the absence of primary antibodies, no signal above 

background is visible (A´´´). Scale bars: 20 µm. 
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Fig. S9 

Control data. (A-A’’’’) Immunostainings of one week old adult males with heart-specific 

overexpression of Nep4 (tinC-Gal4 > UAS-Nep4) confirm similar Nep4 protein levels in the 

individual animals. Nep4 was detected with a monospecific antibody (RRID:AB_2569115). 

(B) Control stainings lacking primary antibodies do not exhibit any signal above background. 

Maximum projections of the heart chamber are shown; scale bars: 100 µm; the heart tube is 

indicated by dashed lines; all images were captured under similar conditions. 

(C) Contraction efficiency of third instar larval body wall muscles is not affected by increased 

Nep4 expression (mef2-Gal4 > UAS-Nep4, n = 30), knockdown of nep4 (mef2-Gal4 > UAS-

nep4 RNAi, n = 32) or increased expression of catalytically inactive Nep4 (mef2-Gal4 > UAS-

Nep4E873Q, n = 30), relative to control animals (mef2-Gal4 / +, n = 31). Contraction efficiency 

was calculated by normalizing the mean crawled distance per contraction to the body length 

of respective animals. Statistical significance was assessed by a one-way ANOVA followed 

by Dunnett’s Multiple Comparison Test.  

(D) Proteins coprecipitating with Nep4 were identified by pull down assays using total protein 

extracts of male third instar larvae expressing GFP-tagged Nep4 as bait (mef2-Gal4 > 

Nep4::GFP) and SR-luminal GFP (mef2-Gal4 > GFP.ER) as a control. SERCA significantly 



Results 

 

144 

coprecipitates with Nep4. Data are based on three individual biological replicates. Open 

outlined squares depict proteins with quantification being based on only one detected 

peptide. Corresponding candidates were excluded from further analyses. A significance 

value of 20 corresponds to p < 0.01 (one-way ANOVA). 

 

Supplementary Tables 

 

Table S1 

Analyzed peptides and cleavage characteristics 

Name Sequence Hydrolyzed by Cleavage 
products 

Cleavage 
position 

Analyzed 
in 

Sarcolamban Alum YLIYAVLa 

Nep4 
YLIYA 
YLIY 

A/V 
Y/A 

Fig. 5A 

NEP 
YLIYA 
YLIY 
LIYAV / IYAVLa 

A/V 
Y/A 
Y/L; V/L; L/I 

Fig. 5C 

Sarcolamban Alum(V6A) YLIYAALa Nep4 

YLIYAA 
YLIYA 
LIYAA 
LIYA 

A/L 
A/A 
Y/L; A/L 
Y/L; A/A 

Fig. S5A 

Sarcolamban Blum YAFYEAAFa 

Nep4 
YAFYEAA 
FYEAAFa 
YAFYE 

A/F 
A/F 
E/A 

Fig. 5B 

NEP 
FYEAAFa 
FYEAA / AFYEA 

A/F 
A/F; Y/A; A/A 

Fig. 5D 

Sarcolamban Blum(F8A) YAFYEAAAa Nep4 AFYEAA / FYEAAAa A/A; A/F Fig. S5B 
Sarcolamban Blum(F3A) YAAYEAAFa Nep4 AYEAAFa A/A Fig. S5C 
Sarcolamban Blum(F3A/F8A) YAAYEAAAa n/a n/a n/a Fig. S5D 

Sarcolipinlum WLLVRSYQYa 

Nep4 

WLLVRSYQ 
LVRSYQYa 
WLLVRS 
WLLVR 
LVRSY 

Q/Y 
L/L 
S/Y 
R/S 
L/L; Y/Q 

Fig. 5F 

NEP 

LVRSYQYa 
WLLVRS 
WLLVR 
LVRSY 

L/L 
S/Y 
R/S 
L/L; Y/Q 

Fig. 5E 

Peptides analyzed for Drosophila Neprilysin 4 (Nep4) or human Neprilysin (NEP) mediated 

cleavage. Mutated residues are labelled in red; C-terminal amidation is indicated by an a. 

Italicized fragments could not be assigned to one unique peptide sequence. 

 
Table S2 

Variable beating frequencies do not affect Ca2+ flux parameters  

Cardiac parameter tinC-Gal4 > UAS-nep4 
RNAi; 
population 

tinC-Gal4 > UAS-nep4 
RNAi; 
subgroup selected for 
slower heart rate 

Significance values 

Heart rate [bpm] 
191.66 (SEM=12.41, 
n=22) 136.25 (SEM=10.56, n=9) 

 
0,002 

SR Ca2+ load [au] 2.47 (SEM=0.25, n=22) 2.83 (SEM=0.50, n=9) 

 
0,538 

SERCA activity [1/sec] 4.11 (SEM=0.53, n=20) 3.40 (SEM=0.76, n=9) 

 
0,564 

Constant of relaxation, 
Tau [sec] 0.20 (SEM=0.02, n=22) 0.26 (SEM=0.04, n=9) 

 
0,314 
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Depicted are Ca2+ flux parameters of nep4 knockdown flies (tinC-Gal4 > UAS-nep4 RNAi) 

and of a subgroup of nep4 knockdown flies selected for slower heart rates. For this 

subgroup, all effects on SR Ca2+ load, SERCA activity, and Tau are consistent with the 

population data. n depicts the number of analyzed animals. Statistically significant 

differences are indicated in bold (p < 0.05, Students t-test (two-tailed)). 

 
Supplementary Videos 

 

Supplementary Videos 1-4 

Overexpression and knockdown of nep4 affect heart rhythmicity 

Representative heart recordings (30 sec) of adult animals of the following genotypes are 

shown: tinC-Gal4 / + (supplementary video 1); tinC-Gal4 > UAS-Nep4 (supplementary video 

2); tinC-Gal4 > UAS-Nep4E873Q (supplementary video 3); tinC-Gal4 > UAS-nep4 RNAi 

(supplementary video 4). 
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3 Discussion 

The identification of signaling peptides and regulatory micropeptides continues to 

expand. While signaling peptides often represent switches for highly intricated pathways 

that rely on the precise orchestration of many different factors, membrane-located 

micropeptides usually modulate the activity of their specific interaction partner. In both 

cases, there is a need for regulatory mechanisms that target the biologically active 

peptides and are capable of terminating their respective actions. This work could 

characterize the neprilysin as an enzyme with promiscuous functionality based on broad 

substrate specificity and a variable subcellular localization (Figure 19). By cleavage of 

several extracellular peptides implicated in insulin signaling, the Drosophila neprilysin 

localizing to the cell surfaces serves as a central regulator of food intake, body size and 

weight, and development (2.1; 3.1). The complexity of the thereby affected pathways was 

further amplified by the finding that several of the signaling peptides also play a 

formerly unknown role in the modulation of heart functionality (2.2; 3.2). Neprilysin 

localizing at the SR membrane facilitates another functionality. In this compartment, 

the enzyme hydrolyzes SERCA-inhibitory micropeptides to ensure proper muscle 

contraction and heart functionality (2.4; 3.3). 

 

 

Figure 19 |Tissue-dependent subcellular localization of Nep4 is related to distinct functionalities of the 

enzyme. A simplified scheme summarizes the results of this thesis. (1) Regulation of insulin signaling is facilitated by 

Nep4 that localizes to the plasma membrane of muscle cells (1a), cardiomyocytes (not shown), or cells of the CNS (1b). At 

the CNS, Nep4 is present at the surface of IPCs and distinct glial cells. By the cleavage of signaling peptides circulating in 

the hemolymph produced by, for example, endocrine cells of the gut or fat body, activity of surface-located Nep4 prohibits 

peptide receptor activation, e.g., at IPCs. (2) Several peptides of the insulin signaling pathway additionally exert 

cardiomodulatory effects, probably via binding to receptors located at the surface of cardiomyocytes. (3) Nep4 also localizes 

to the SR membrane of body wall muscles and cardiomyocytes. The main project of this thesis identified the Nep4 as a 

critical regulator of SERCA activity. This functionality is based on the Nep4-mediated cleavage of SERCA-inhibitory SCL 

peptides. Only one IPC is shown for simplification. The depicted muscle cell also represents the cardiomyocytes of the 

heart. A highly deviant scale was applied to all structures to allow for the display of all functionalities. 
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3.1 Activity of Nep4 is critical to peptide homeostasis in 

insulin signaling 

Insulin and insulin-like growth factor (IGF) signaling (IIS), including all involved 

molecular components, is evolutionary well-conserved. Nevertheless, mainly due to a 

reduced number of genes coding for peptide receptors and downstream signaling 

elements, invertebrates exhibit extenuated complexity of IIS compared to mammals 

(reviewed by Nässel and Zandawala, 2019). Furthermore, the open circulatory system of 

Drosophila melanogaster mediates the uncoupling of oxygen transport and distribution 

of metabolites, nutrients, and signaling molecules. This uncoupling allows the 

investigation of metabolic and cardiac dysfunctions that would be lethal in higher taxa 

with a closed cardiovascular system. Therefore, Drosophila has become a preferred 

model system to dissect various aspects of IIS and has already extensively contributed to 

our understanding of this signaling pathway (see section 1.1.1; reviewed in Rajan & 

Perrimon, 2013; Owusu-Ansah and Perrimon, 2014; Padmanabha and Baker 2014). 

In the first project of this thesis, the role of Drosophila Neprilysin 4 (Nep4) in IIS was 

investigated. Examining the body size and weight of third instar larvae with tissue-

specific overexpression or knockdown of the peptidase, it was apparent that muscle-

specific overexpression of Nep4 leads to a severe reduction of both analyzed parameters 

(2.1, Figure 1B; Hallier et al., 2016). Furthermore, the knockdown of Nep4 in glial cells 

significantly reduces the body size and weight, whereby this effect can be rescued by 

ectopic expression of Nep4. An aberrant Nep4 expression also affects the development 

and life span (2.1, Figure 1A; Hallier et al., 2016). Both muscle-specific overexpression 

and knockdown of the peptidase result in enhanced embryonic lethality. Even though 

increased lethality of animals with elevated Nep4 levels in muscle tissue persists 

throughout development, the most substantial effect in the form of the complete lethality 

occurs in third instar larvae. On the contrary, reduced Nep4 expression is concomitant 

with a 100 % lethality during metamorphosis. Of note, animals with overexpression of 

catalytically inactive Nep4 (Panz et al., 2012) only exhibit increased lethality in the late 

larval development, probably due to overexpression of the intracellular domain. A 

previous study could show that this domain is critical to muscle integrity at this state, 

and overexpression of the cytoplasmic Nep4 domain is concomitant with a muscle 

degeneration phenotype (Panz et al., 2012). The fact that the elicited effects were 

restricted to overexpression of catalytically active Nep4 in the other stages, which is also 

true for the effects on body size and weight, renders the cleavage of so far unknown 

peptide substrates pivotal for proper development and growth. Since growth is closely 

related to metabolism, the metabolite composition of third instar larvae with reduced or 

enhanced Nep4 levels was analyzed via NMR metabolomics. Compared to control 

animals, larvae with elevated or diminished levels of the peptidase in muscle tissue 

exhibit distinct changes in metabolite composition (2.1, Figure 2; Hallier et al., 2016). 

These changes are related to impaired energy metabolism, like increased glucose levels 

or the reduction of NAD (Nicotinamide adenine dinucleotide).  
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According to affected energy metabolism, the food intake of larvae with aberrant Nep4 

expression is significantly reduced (2.1, Figure 3A; Hallier et al., 2016). Since food intake 

is a process directly connected to insulin signaling and the production and release of 

insulin-like peptides (DILPs), dilp1, dilp2, dilp3, and dilp5 expression levels were 

determined via qRT-PCR. Thereby, muscle-specific overexpression of Nep4 was shown to 

significantly reduce the expression of all dilps, an effect that was not elicited by 

overexpression of the inactive enzyme or the knockdown (2.1, Figure 3B; Hallier et al., 

2016). Subsequently, the endogenous localization of the enzyme was investigated (2.1, 

Figure 4; Hallier et al., 2016).  

On the one hand, the enzyme can be detected in muscle cells where it localizes to the cell 

surface and to intracellular membranes that were previously found to constitute the 

membranes of the sarcoplasmic reticulum (SR; Panz et al., 2012). On the other hand, 

Nep4 resides in CNS glial cells (2.1, Figure 5; Hallier et al., 2016) and at the plasma 

membrane of specific neurons: the IPCs (2.1, Figure 6; Hallier et al., 2016). Interestingly, 

these neurosecretory cells are responsible for producing and releasing of the DILP 

peptides (see also 1.1.1). Since the described metabolism-related phenotypes are based 

on the catalytic activity of Nep4 and the expression of dilps is predominately dependent 

on the binding of several peptides to their respective receptors at the surface of the IPCs, 

these peptides were tested as candidates for Nep4-mediated hydrolysis in an in vitro 

cleavage assay (2.1, Figure 7; Hallier et al., 2016). The candidates for this in vitro screen 

were chosen based on their proven relation to insulin signaling and food intake. Because 

steric conformation of the neprilysin binding pocket excludes substrates over ~3 kDa (see 

1.1.2), considerably larger peptides were excluded from the screen. By incubation of 23 

candidate peptides with purified Nep4B and subsequent analysis of cleavage products 

via mass spectrometry, 16 candidates were found to represent novel in vitro substrates of 

the peptidase (Table 2). On the contrary, the tested candidates hugin, neuropeptide F 

(NPF), proctolin, the short neuropeptide F species sNPF 3 and 4, tachykinin 3, and 

tachykinin 6 were resistant to Nep4-mediated hydrolysis (2.1, Table 1; Hallier et al., 

2016). While cleavage of some peptides only occurs at one site (allatostatin A3; 

drosulfakinin 1; sNPF11-11; tachykinin 4; tachykinin 5), most of the substrates are 

cleaved at several positions (Table 2). Some peptides even exhibit progressive C-terminal 

truncation if incubated with the peptidase (allatostatin A2, allatostatin A4, and 

leucokinin). However, no formation of cleavage products in preparations lacking the 

Nep4 renders the observed catalytic activity as specific. Indeed, neprilysins are typically 

characterized by their broad substrate specificity and promiscuous activity. Over 50 

peptide substrates are, for example, known for the human NEP (reviewed, e.g., in Erdös 

and Skidgel, 1989; Bayes-Genis et al., 2016a). Therefore, the relatively broad specificity 

exhibited by Nep4 in this screen nicely reflects the commonly described neprilysin 

properties.  

 

 



Discussion 

 

149 

Table 2| Identified Nep4 in vitro substrates implicated in insulin signaling and the regulation of food intake. 

Nep4-mediated hydrolysis of the depicted peptides at the indicated cleavage sites results in the formation of 

several cleavage products. Respective cleavage positions are indicated (#). Via mass spectrometry detected 

peptide fragments are underlined. Data based on (2.1, Table 1; Hallier et al., 2016). 

Peptide Sequence Scissile bonds Cleavage products 

Allatostatin A1 VERYAFGLa G#L 

F#G 

VERYAFG#L 

VERYAF#GLa 

Allatostatin A2 LPVYNFGLa G#L 

F#G 

N#F 

LPVYNFG#La 

LPVYNF#GLa 

LPVYN#FGLa 

Allatostatin A3 SRPYSFGLa P#Y SRP#YSFGLa 

Allatostatin A4 TTRPQPFNFGLa G#L 

N#F 

P#F 

TTRPQPFNFG#La 

TTRPQPFN#FGLa 

TTRPQP#FNFGLa 

AKH QLTFSPDWa L#T 

T#F 

QL#TFSPDWa 

QLT#FSPDWa 

Corazonin QTFQYSRGWTNa T#F 

G#W 

QT#FQYSRGWTNa 

QTFQYSRG#WTNa 

DH31 TVDFGLARGYSGTQEA

KHRMGLAAANFAGGPa 

G#Y; G#L 

 

G#Y 

TVDFGLARG#YSGTQEAKH

RMG#LAAANFAGGPa 

TVDFGLARG#YSGTQEAKH

RMGLAAANFAGGPa 

Drosulfakinin 1 FDDYGHMRFa R#F FDDYGHMR#Fa 

Drosulfakinin 2 GGDDQFDDYGHMRFa R#F 

Q#F 

GGDDQFDDYGHMR#Fa 

GGDDQ#FDDYGHMRFa 

Leucokinin NSVVLGKKQRFHSWGa S#W 

H#S 

R#F 

NSVVLGKKQRFHS#WGa 

NSVVLGKKQRFH#SWGa 

NSVVLGKKQR#FHSWGa 

sNPF11-11 AQRSPSLRLRFa L#R AQRSPSLRL#RFa 

sNPF14-11; 

sNPF212-19 

SPSLRLRFa R#F 

S#L 

SPSLRLR#Fa 

SPS#LRLRFa 

Tachykinin 1 APTSSFIGMRa G#M 

S#F 

APTSSFIG#MRa 

APTSS#FIGMRa 

Tachykinin 2 APLAFVGLRa P#L 

G#L 

A#F 

F#V 

AP#LAFVGLRa 

APLAFVG#LRa 

APLA#FVGLRa 

APLAF#VGLRa 

Tachykinin 4 APVNSFVGMRa G#M APVNSFVG#MRa 

Tachykinin 5 APNGFLGMRa G#F APNG#FLGMRa 

 

Furthermore, it is also known that neprilysins prefer to cleave their substrates at the 

amino-terminal bond of hydrophobic residues (e.g., Gafford et al., 1983; Matsas et al., 

1983; Hersh and Morihara, 1986; Tiraboschi et al., 1999; Oefner et al., 2000; Rose et al., 

2002). This also applies to most of the observed cleavage sites in this screen since 

substrate hydrolysis preferably occurred at the amino bond of Phe and Leu or N-

terminally of other hydrophobic residues. However, based on the many identified 

substrates and single cleavage events, it is hardly possible to deviate which cleavage 

event(s) accounts for the observed phenotypes related to impairments of IIS. In addition, 

the question remains which of the formed cleavage products are inactive. A possibility to 
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solve this is to test whether the formed fragments can still activate their respective 

receptors in vitro and in vivo.  

Nevertheless, the result of increased Nep4-mediated cleavage of one or several peptides 

is the reduced dilp expression and related downstream effects of impaired IIS signaling, 

like the reduced body size and weight, a metabolic shift, and a decreased life span. These 

phenotypes of Nep4 overexpressing larvae correspond to known IPC ablation 

phenotypes, like elevated levels of circulating glucose or a reduced body size and body 

weight (Rulifson et al., 2002; Broughton et al., 2005). Accordingly, knockdown of the 

insulin-degrading enzyme (IDE) has the opposite effect, concomitant with a reduced 

hemolymph carbohydrate content and an increased body weight (Tsuda et al., 2010; 

Hyun and Hashimoto, 2011). However, unlike animals with IPC ablation or knockdown 

of the IDE, flies with aberrant Nep4 expression do not show advantageous effects like 

the extension of their life span. The reason could be that dissimilar to IPC ablation, the 

overexpression of Nep4 does not only affect IPCs and insulin signaling but could also 

interfere with other processes affected by the enhanced cleavage of the peptides (see 

section 3.2). In line with this, Nep4 was already shown to be important for muscle 

integrity (Panz et al., 2012). Furthermore, the additional muscle-specific occurrence of 

Nep4 at the SR even hints at another up to now unknown functionality of the enzyme 

that could be affected by the overexpression (Figure 19; see also section 3.3) 

Dissection of the effects produced by the Nep4-mediated peptide cleavage is also 

bedeviled because the novel substrates act in a highly intricated network with partially 

overlapping or even opposing roles. Drosulfakinins and allatostatin A, for example, 

induce satiety respectively inhibit feeding (Hergarden et al., 2012; Söderberg e a., 2012; 

Chen et al., 2016), whereas other substrates like corazonin or sNPF species are positive 

regulators of insulin signaling and promote food intake (Lee et al., 2008; Hergarden et 

al., 2012). Moreover, the peptides do not all act on the same level but in a hierarchically 

organized way. Accordingly, the substrates can be divided into three groups. The first 

group of peptides bind to their specific receptors predominantly expressed by IPCs to 

directly induce dilp expression (e.g., sNPF, AKH). Peptides of the second group do not 

primarily bind to IPCs, but trigger peptide production at other neurosecretory cells (e.g., 

DH31, allatostatin A). The thereby produced peptides then act on IPCs. The third group 

is relatively small and encompasses peptides produced by IPCs (drosulfakinins; 

Söderberg et al., 2012). As a representative of the first group, AKH is released by the 

AKH producing cells (APCs) of the corpora cardiaca (CC), and the production of the 

peptide is dependent on different factors, like the binding of AstA or the hemolymph 

glucose level (e.g., Kim and Rulifson, 2004; Hentze et al., 2015). Hence, the AKH level 

integrates several information sources and is also considered a “master regulator” 

(Galikova et al., 2015). Moreover, the AKH receptors are expressed at IPCs and in the 

fat body, where activation of AKHR is accomplished by mobilizing stored energy reserves 

(Bharucha et al., 2008). Like AKH, also sNPF and corazonin act as integrators of several 

information sources since their release from neurosecretory cells is, i.a., triggered by 
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DH31 (e.g., Johnson et al., 2005; Lee et al., 2008; Veenstra et al., 2008). The fact that 

Nep4 is a regulator of peptides from all three described groups underlines the complexity 

of the overall regulatory mechanism. 

Another interesting point is that Nep4 is expressed in muscle tissue but also in glial cells 

and the IPCs (2.1, Figure 5-6; Hallier et al., 2016). Since the body size and weight are 

affected in animals with muscle-specific Nep4 overexpression or glial cell-specific 

knockdown of the peptidase, both expression sites seem to play a physiologically relevant 

role. Strikingly, the glial cell-specific knockdown of the peptidase diminished growth, an 

effect not occurring upon muscle-specific reduced expression of Nep4. Based on this, one 

can deviate that the expression of Nep4 at the surface of glial cells is necessary for the 

regulation of peptide clearance at the CNS during larval development. Perhaps, the 

Nep4 present at the CNS can rescue the reduced peptide inactivation in animals 

exhibiting muscle-specific Nep4 knockdown. Of note, Nep4 is not only expressed in some 

glial cells of the CNS but also by IPCs (2.1, Figure 6; Hallier et al., 2016). Here, the 

functionality of the peptidase could be to cleave substrates prior to binding to their 

receptors on the IPCs, thereby ensuring efficient inhibition of receptor activation. 

Nevertheless, aberrant expression of the peptidase in a neuron-specific manner does not 

interfere with growth or development (2.1, Figure 1; Hallier et al., 2016). Another 

explanation for surface-located Nep4 appearance in different tissues could be a 

correlation of Nep4 expression with the occurrence of their primary hydrolysis target. In 

this context, the Nep4 at the muscle surfaces could be responsible for cleaving the fat 

body or gut-derived peptides, while Nep4 in the CNS could be essential to cleave 

neuropeptides circulating in the CNS (Figure 19). To further investigate this issue, it 

would be interesting to analyze dilp expression levels in flies with disturbed Nep4 levels 

in IPCs and glial cells. 

Besides elevated glucose levels, the metabolomic analysis also showed that animals with 

muscle-specific overexpression exhibit reduced circulating levels of NAD and lactate, 

metabolites related to a process called aerobic glycolysis (2.1, Figure 1; Hallier et al., 

2016). The aerobic glycolysis allows for rapid and extensive growth during the larval 

developmental stages, and impairment of this program leads to increased larval lethality 

(Tennessen et al., 2011; Tennessen et al., 2014). However, the relevance of aerobic 

glycolysis and many other distinct aspects of insulin signaling is restricted to the larval 

stage, where the animals feed a lot, and the DILPs primarily have to positively couple 

the nutrient uptake with systemic growth. In adults, insulin signaling is not that much 

adjusted to one main task but is rather critical for overall homeostasis. As a result, IIS 

in adult flies is even more complex and, therefore, less well-understood (reviewed by 

Nässel and Zandawala, 2019). One distinction between larval and adult IIS is, for 

example, that the IPCs of adults can sense hemolymph levels autonomously and are not 

reliant on the sensing activity of APCs (Park et al., 2014). Another difference is that the 

spatial expression pattern of gut-derived peptides like allatostatin A, DH31, sNPF, or 

tachykinin is altered in adults compared to larvae (reviewed by Nässel and Zandawala, 
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2019). Because of such distinctions, it would be of great value to investigate if Nep4 is 

also a crucial regulator of IIS in adults and to further examine the causes for possible 

differences. Since muscle-specific overexpression and glial-specific knockdown of the 

peptidase result in larval lethality, alternatives for driving the expression need to be 

used to analyze adults. 

In summary, Nep4 was found to be a crucial regulator of insulin signaling. By cleavage 

of peptides circulating in the hemolymph, the Nep4 localizing to the plasma membranes 

of different tissues controls food intake, larval growth, and development (Figure 19). 

However, the ongoing identification of novel peptides and peptide receptors and further 

characterization of the already known signaling circuits render our knowledge regarding 

IIS still incomplete (reviewed by Nässel and Zandawala, 2019). Based on the high 

relevance of the newly identified mechanism, it would be worth testing the new 

candidates regarding their susceptibility to neprilysin-mediated hydrolysis. Relevance is 

also underlined by the probably conserved role of neprilysins in IIS since recent data 

showed that NEP is a regulator of glucose metabolism in humans (reviewed by Packer, 

2018; Esser and Zraika, 2019). Therefore, NEP inhibition even could be a possible target 

to treat patients with diabetes. 

 

3.2 Identification of peptides with cardiomodulatory 

function 

Many neuropeptides and peptide hormones do not exclusively act in one pathway but 

fulfill several functions in different contexts (e.g., reviewed in Schoofs et al., 2017; Nässel 

et al., 2019). This also applies to the peptides identified as novel Nep4 substrates in (2.1, 

Hallier et al., 2016). Since Nep4 localizes, i.a., to the Drosophila heart (see 2.4; 

Schiemann et al.) and, with corazonin, one of the insulin signaling-related substrates 

has a well-documented function in modulating the heartbeat of insects (Veenstra, 1989), 

the peptides were assessed for putative cardiomodulatory properties (2.2, Schiemann et 

al., 2018). In the first part of this study, the synthesized peptides were applied onto 

semi-intact larval heart preparations, and different heart parameters such as the heart 

rate with systolic and diastolic intervals, contraction strength (fractional shortening), 

and rhythmicity were examined via semi-automatic optical heartbeat analysis (SOHA; 

Fink et al., 2009) (2.2, Figure 1, Figure 3, Figure 4; Schiemann et al., 2018). 11 of the 19 

tested candidates significantly altered one or more heart parameters upon application, 

whereby the exerted effects were quite distinct (Table 3). The peptides either exhibited 

inotropic (allatostatin A1, leucokinin) or chronotropic effects (allatostatin A2, corazonin, 

DH31, proctolin, tachykinin1, tachykinin 3, tachykinin 4, and tachykinin 5). Remarkably, 

the heart rate acceleration due to reduced diastolic intervals was the most abundant 

effect among the chronotropic peptides.  
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Table 3| In vitro effects of peptide application on different heart parameters. Listed are the individual effects 

upon application of the peptides at a concentration of 1 x 10-7. Nomenclature indicates significance of the observed effects. 

(+ = increase, p < 0.05; ++ = increase, p < 0.01; +++ = increase, p < 0.001; - = decrease, p < 0.05; -- = decrease, p < 0.01; --- = 

decrease, p < 0.001; / = no significant effect; based on paired sample Student´s t-test). Θ indicates full arrest of heartbeat 

upon peptide application. HR (Heart Rate); DI (Diastolic interval), SI (Systolic Interval), FS (Fractional Shortening), AI 

(Arrhythmicity index). Data based on (2.3, Table 1; Schiemann et al., 2016). 

Peptide Sequence HR DI SI FS AI 

AKH QLTFSPDWa / / / / / 

Allatostatin A1 VERYAFGLa / / / + / 

Allatostatin A2 LPVYNFGLa / - + / / 

Allatostatin A3 SRPYSFGLa / / / / / 

Allatostatin A4 TTRPQPFNFGLa Θ Θ Θ Θ Θ 

Corazonin QTFQYSRGWTNa ++ -- + / / 

DH31 TVDFGLARGYSGTQEA

KHRMGLAAANFAGGPa 

+++ - -- / / 

Drosulfakinin 1 FDDYGHMRFa / / / / / 

Drosulfakinin 2 GGDDQFDDYGHMRFa / / / / / 

Leucokinin NSVVLGKKQRFHSWGa / / / + / 

Proctolin RYLPT +++ --- / / + 

sNPF11-11 AQRSPSLRLRFa / / / / / 

sNPF14-11 

sNPF212-19 

SPSLRLRFa 
/ / / / / 

Tachykinin 1 APTSSFIGMRa +++ -- / / + 

Tachykinin 2 APLAFVGLRa / / / / / 

Tachykinin 3 APTGFTGMRa + / / / / 

Tachykinin 4 APVNSFVGMRa / / / / ++ 

Tachykinin 5 APNGFLGMRa +++ -- / / / 

Tachykinin 6 AALSDSYDLRGKQQRF

ADFNSKFVAVRa 
/ / / / / 

 

Furthermore, one of the tested candidates, the allatostatin A4 peptide, triggered the 

complete yet reversible heartbeat arrest upon application.  

Possible dose-dependencies of the identified cardioaccelatory peptides were tested by 

applying varying peptide concentrations. Surprisingly, though the progressive increase 

of applied peptide concentrations from 1 x 10-11 to 1 x 10-7 mainly was concomitant with 

more potent elicited effects, application of the highest peptide concentration of 1 x 10-5 

resulted in all cases in a diminished response (2.2, Figure 2; Schiemann et al., 2018). In 

addition, the dose-response experiment revealed that Allatostatin A4 only leads to a 

cardiac arrest at a concentration of 1 x 10-7. 
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To test whether the cardioaccelatory peptides exhibit physiological in vivo relevance 

regarding heartbeat regulation, their respective peptide precursor proteins were 

ubiquitously downregulated in third instar larvae. Subsequently, the heart parameters 

were analyzed by a newly developed software that allowed for the investigation of intact 

animals (HIRO; developed by Kay Lammers, Osnabrück University, Department of 

Zoology/Developmental biology). The downregulation of allatostatin A, corazonin, 

proctolin, and tachykinin protein precursors results in a significantly accelerated heart 

rate of intact Drosophila larvae. (2.2, Figure 5; Schiemann et al., 2018). 

In summary, an in vitro screen for cardioactive peptides followed by the in vivo 

assessment of positive candidates revealed four peptides/peptide species that affect the 

heartbeat of Drosophila in a physiologically relevant manner. Of note, peptides 

identified in the in vitro screen were either exclusively chronotropic or inotropic. It is 

well-known that the peptides activate downstream signaling cascades by binding to G 

protein-coupled receptors (GPCRs; see sections 1.1 and 1.1.1). The fact that altered levels 

of these circulatory peptides affected the larval heart rate in vitro and in vivo in 

combination with the myogenic nature of the larval heart emphasizes the abundance of 

respective GPCRs at the surface of cardiomyocytes (Figure 19). Therefore, investigating 

GPCR localization at this tissue, for example via antibody staining, is recommended. 

Intriguingly, the activity of several GPCRs like the ß-adrenergic receptor is crucial to 

heartbeat regulation in vertebrates (reviewed by Capote et al., 2015). The at first sight 

surprising result of the dose-response experiments also hints at the implication of GPCR 

receptors. As a common reaction to prolonged stimulation, GPCRs are internalized and 

distributed to the endomembrane system (e.g., reviewed in Hanyalogu and von Zastrow, 

2008; Sorkin and von Zastrow, 2009; Drake et al., 2006; Calebiro and Godbole, 2018). 

Therefore, the efficient internalization of respective GPCRs could explain the decreased 

effects at high peptide concentrations. It would be interesting to determine the 

respective peptide receptors’ threshold values by applying different peptide 

concentrations ranging between the identified threshold range of 1 x 10-7 to 1 x 10-5. 

However, the question remains about how the activation of respective GPCRs modulates 

the heartbeat. Even though different heart-modulatory effects have been reported for 

Drosophila peptides or peptide-related proteins, these effects’ underlying molecular 

mechanism somewhat remains unclear (e.g., Nichols et al., 1999; Johnson et al., 2000; 

Liao et al., 2014; Ormerod et al., 2016). In this regard, it would be of high interest to 

further investigate the downstream signaling of GPCRs in the cardiac tissue. 

 

3.3 Neprilysins control heart and muscle contraction via 

the inactivation of SERCA-inhibitory micropeptides 

Neprilysin 4 is expressed in different cell types and tissues throughout the whole 

development of Drosophila melanogaster. Thereby, Nep4 enzymes of both somatic 

muscles and cardiac cells exhibit a particular distinction compared to the other tissues. 
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In addition to the typical ectoenzyme localization at the plasma membrane, Nep4 also 

resides at the membranes of the sarcoplasmic reticulum in muscle tissue (Panz et al., 

2012; 2.1, Figure 4; Hallier et al., 2016). In the main project of the thesis, the 

functionality of Nep4 in this compartment was investigated. 

Since the SR is closely related to muscle and heart performance (see section 1.2.3), 

different cardiac parameters were analyzed in adult flies with heart-specific aberrant 

expression of Nep4 (2.4, Figure 1; Schiemann et al.). Compared to control animals, flies 

with an elevated Nep4 level undergo extensive arrhythmias, including recurring 

heartbeat arrest (2.4, Figure 1A,1C-D; Schiemann et al.). This phenotype relies on the 

enzyme’s catalytic activity because overexpression of a catalytically inactive variant 

(Panz et al., 2012; 2.1, Hallier et al., 2016) does not affect heartbeat rhythmicity. The 

knockdown of Nep4 in cardiac cells leads to a slight increase of arrhythmia in the form of 

prolonged heart periods, though not in a statistically significant manner. Interestingly, 

in addition to the affected cardiac performance of adult animals, elevated Nep4 levels 

impair the functionality of larval muscles (2.4, Figure 1E-F; Schiemann et al.). Due to a 

reduced contraction frequency of body wall muscles, the crawling speed of larvae 

exhibiting Nep4 overexpression in muscle cells is significantly reduced. As the effects on 

the adult heart, the impairments in larvae rely on the catalytic activity of Nep4.  

In many cases, impaired muscle functionality is related to aberrant Ca2+ cycling (1.2.2). 

Using the genetically encoded Ca2+ indicator GCaMP3 (Tian et al., 2009), different 

parameters of Ca2+ cycling were assessed in the heart tissue of animals with altered 

Nep4 levels. Interestingly, flies overexpressing catalytically active Nep4 exhibit an 

increased SR Ca2+ load (2.4, Figure 2A; Schiemann et al.). Usually, an increased SR Ca2+ 

load can be caused by impaired Ca2+ release via the RyR or by enhanced activity of 

SERCA, which is responsible for the transport of cytoplasmic Ca2+ into the SR and 

terminates the systolic phase (see 1.2.2; 1.2.3). Indeed, the increased Ca2+ uptake 

mediated by this enzyme was found to be causative of the high SR Ca2+ load in Nep4 

overexpressing animals (2.4, Figure 2B; Schiemann et al.). Since some SERCA-

interacting factors have been shown to decrease the expression level of the ATPase (e.g., 

Jiao et al., 2012), comparable expression levels of SERCA were proved via quantitative 

western blots for all genotypes (2.4, Figure 2E; Schiemann et al.). The knockdown of the 

peptidase slightly increases SR Ca2+ load and significantly reduces SERCA activity. 

Surprisingly, the constant of relaxation (tau) is only considerably affected in animals 

with reduced Nep4 levels (2.4, Figure 2C-D; Schiemann et al.). However, flies 

overexpressing catalytic active Nep4 tend towards tau reduction, even though this effect 

is not statistically significant. Since the single measurements for both elevated and 

reduced Nep4 expression display a high individual variance, the increase of 

measurements would probably be beneficial to clarify the picture. Nevertheless, the 

distinct effect of Nep4 overexpression or knockdown on SERCA activity indicates a 

functional relationship between the proteins.  
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To further investigate this relationship, subcellular localization of SERCA and Nep4 

were examined in two kinds of Drosophila adult heart muscles: cardiomyocytes and 

ventral longitudinal muscles (VLMs). Nep4 and SERCA partially co-localize in both 

tissues, especially in the perinuclear membrane (2.4, Figure 3A’-C’; D’-F’; Schiemann et 

al.). The “NEST” (nuclear envelope biosynthesis) pathway could explain the 

accumulation of SR proteins at the perinuclear membrane. New SR proteins are 

translated at the rough ER constituting the perinuclear membrane and occasionally 

accumulate at this site before they reach their respective target SR location via 

transversely directed tubules (Ogata and Yamasaki, 1990; McFarland et al., 2010; 

Sleiman et al., 2015; He et al., 2020).  

However, Nep4 and SERCA also co-localize at SR membranes of larval cardiac muscles 

and body wall muscles, indicating a conserved relationship between Nep4 and SERCA in 

all muscle tissues and stages (2.4, Figure S1; Schiemann et al.). Subsequent pull-down 

assays indeed revealed a direct interaction of Nep4 and SERCA (2.4, Figure 3I; 

Schiemann et al.). Since Drosophila SERCA is known to be inhibited by the binding of 

transmembrane SCL peptides (Magny et al., 2013; see section 1.2.4) and Nep4-mediated 

regulation of heart and muscle contraction relies on the catalytic activity of the 

peptidase, localization of all three factors was assessed (2.4, Figure 4; Schiemann et al.). 

Larvae with muscle-specific overexpression of Nep4 and SClA (2.4, Figure 4A-B, Figure 

S3A-A’’’; Schiemann et al.,) or SCLB (2.4, Figure S2, Figure S3B-B’’’; Schiemann et al.) 

exhibit partial co-localization of all three factors in cardiomyocytes and body wall 

muscles, especially at the perinuclear membrane. Furthermore, STED super-resolution 

microscopy of animals with Nep4/SCLA overexpression revealed more varying 

localization of the factors (2.4, Figure 4C-D’; Schiemann et al.). As indicated by the LSM-

derived data, all three factors preferentially co-localize at the perinuclear membrane. 

Also, individual co-localization of SCLA and Nep4, SCLA and SERCA, and Nep4 and 

SERCA is apparent. In the more peripheral areas of the SR, SERCA and SCLA are the 

predominant factors.  

Because the localization studies in combination with the co-immunoprecipitation of Nep4 

and SERCA hinted towards a direct interaction of Nep4, SERCA, and the SCL peptides, 

in vitro cleavage assays were applied to test whether the SCLs represent substrates of 

the peptidase. Beforehand, the putative cleavage regions were determined by assessing 

the Nep4 orientation in the SR membrane using a redox-sensitive Nep4::roGFP fusion 

construct (Dooley et al., 2004; Tsachaki et al., 2015). Since the redox state of 

Nep4::roGFP corresponds to oxidizing conditions, the Nep4 C-terminus holding the 

catalytically active site localizes to the lumen of the SR in muscle tissue (2.4, Figure S4; 

Schiemann et al.). Based on this finding, it was conducted that cleavage of SCL peptides 

can only occur at their C-terminal residues protruding to the SR lumen. Therefore, the 

cleavage assays were performed with the synthesized C-terminal tails of SCLA 

(YLIYAVL, SCLAlum) and SCLB (YAFYEAAF, SCLBlum) (2.4; Figure 5A-B; Schiemann et 

al.). Due to the different used prediction methods, available predictions of either 
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transmembrane or luminal localization of the C-terminal residues of other regulin 

peptides vary. The predictions are, for example, based on TMHMM analyses, molecular 

dynamics simulations, solid-state NMR analyses, or crystal structures (e.g., Buffy et al., 

2006; Anderson et al., 2016; Glaves et al., 2020; Gopinath et al., 2021; Rathod et al., 

2021). Hence, how far the respective C-terminal residues protrude into the SR lumen 

remains unclear. Therefore, the synthesized peptides used in the cleavage assays were 

generously chosen to ensure representation of the whole C-Terminus. Both SCLlum 

peptides were incubated with purified recombinant Nep4, and resulting cleavage 

products were analyzed by Orbitrap mass spectrometry. SCLAlum and SCLBlum were 

efficiently hydrolyzed, resulting in the formation of two, respectively, three specific 

cleavage products (Figure 20). All cleavage products were generated through the 

hydrolysis of the amino-terminal bond of the hydrophobic residues Val, Ala, or Phe. 

These cleavage sites correspond to the known neprilysin specificity, which was as well 

confirmed in the screen for novel insulin signaling-related peptide substrates (2.1, 

Hallier et al. 2016; Table 2). Of note, control preparations lacking Nep4 did not exhibit 

catalytic activity. Relevance of the hydrophobic C-terminal residues for cleavage 

susceptibility was further assessed in cleavage assays with peptides holding Ala 

substitutions for Val and Phe residues at hydrolysis sites. 

 

 
Figure 20 |Neprilysins hydrolyze SERCA-inhibitory peptides. Via orbitrap mass spectrometry detected peptide 

fragments are indicated in blue. Cleavage products that could not be assigned to a distinct sequence are marked in italics. 

The Nep4-mediated hydrolysis of SCLAlum results in the formation of two distinct cleavage products. One of these cleavage 

products is also generated by the human neprilysin (NEP). NEP-dependent catalyzation of SCLAlum furthermore gives rise 

to two other fragments, whereby one of which could not be assigned to a sequence based on its detected size. The SCLBlum 

peptide gives rise to three cleavage fragments upon incubation with Nep4. One of these fragments is also generated by 

NEP, in addition to a further cleavage product. NEP also cleaves the vertebrate SLNlum peptide at four different sites. The 

same cleavage products are formed as a result of Nep4-mediated hydrolysis. Furthermore, Nep4 also cleaves SLNlum at the 

N-terminal bond of the C-terminal Val residue. Data are based on (2.4; Figure 5; Schiemann et al.). 



Discussion 

 

158 

In all cases, the substitutions altered or even inhibited Nep4-mediated catalysis of the 

peptides (2.4, Figure S5; Schiemann et al.). 

To test if the found mechanistic relationship between SERCA-inhibitory peptides and 

neprilysin is evolutionary conserved, the Drosophila SCL peptides were examined for 

their susceptibility to cleavage through the human NEP. Strikingly, both peptides are 

efficiently hydrolyzed by the enzyme, indeed indicating evolutionary conservation. 

Possible conservation was also reconfirmed by the specific cleavage of the vertebrate 

sarcolipin peptide (SLNlum; WLLVRSYQY) through Drosophila Nep4 and human NEP 

(2.4, Figure 5F-D; Schiemann et al.). The SLN peptide was chosen as a candidate 

because it exhibits extensive structural similarities to the SCL peptides, including a C-

terminal tail (Anderson et al., 2016; Rathod et al., 2021). Both enzymes hydrolyzed the 

SLNlum peptide with a high overlap of generated cleavage sites. Thus, it is shown for the 

first time that SERCA-regulatory micropeptides represent at least in vitro substrates of 

the neprilysin. In contrast to the rather variable N-Terminus (see Figure 14; section 

1.2.4), the C-terminus is highly conserved among the regulins (Anderson et al., 2016; 

Rathod et al., 2021). Interestingly, the C-termini of SERCA-regulatory peptides are 

known to be critical for the peptide-mediated modulation of the ATPase activity. For 

phospholamban (PLN), it was shown that a single point mutation targeting a C-terminal 

Val residue (Val49Ala) is sufficient to interrupt PLN-dependent SERCA inhibition 

(Minamisawa et al., 1999; Abrol et al., 2014). Also, the inhibitory function of the SLN 

peptide relies on its C-terminal domain, and truncation leads to the loss of inhibitory 

function (Odermatt et al., 1998; Gramolini et al., 2004; Gorski et al., 2013). Strikingly, 

the SLN C-terminal RSYQY sequence transfer to a generic transmembrane helix 

generates a peptide with SLN-like SERCA-inhibitory properties (Gorski et al., 2013). 

Furthermore, the C-terminal addition of a FLAG-tag was reported to diminish SLN 

functionality (Odermatt et al., 1998). In line with this finding, adding a C-terminal GFP-

tag to the SCL-peptides also severely interferes with their functionality and even 

interrupts co-immunoprecipitation with SERCA (Magny et al., 2013).  

The SLN C-terminal domain was shown to interact with SERCA directly (e.g., Gramolini 

et al., 2004; Gorski et al., 2013; Sahoo et al., 2013; Glaves et al., 2020; Wang et al., 2021). 

This interaction mediates altered positioning of the peptide’s transmembrane domain. 

As a result, the transmembrane domain can bind to the canonical inhibitory groove of 

the ATPase (Winther et al., 2013; Toyoshima et al., 2013; reviewed by Aguayo-Ortiz et 

al., 2020b; Rathod et al., 2021). Thereby, the SLN residues Tyr29 and Tyr31 are critical 

for the direct interaction of SERCA and the SLN C-terminus (Rathod et al., 2021; 

Hughes et al., 2007). In the conducted in vitro cleavage assay with the SLNlum peptide, 

four of the five observed cleavage events produced by NEP led to the secession of both 

Tyr residues and one hydrolysis event cleaved at least the Tyr31 (Figure 20). Based on 

their hydrophobic and aromatic side chain, the Phe residues of SCLA could correspond to 

the Tyr residues of SLN. Therefore, it would be highly interesting to test if SCLB holding 

C-Terminal Phe/Ala substitutions can still interact with SERCA. Remarkably, 
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substituting both Phe residues render the peptide completely inaccessible for Nep4-

mediated hydrolysis (2.4, Figure S5D; Schiemann et al.). 

In essence, the C-terminal cleavage of SCL peptides by Nep4 localizing at SR 

membranes is likely to terminate SCL-dependent SERCA inhibition and is probably the 

explanation for the elevated SERCA activity in animals overexpressing Nep4 (Figure 20; 

Figure 21). However, the fate of inactivated peptides and the physiological significance of 

the identified mechanism was further examined in co-localization studies and 

biochemical subcellular fractionation assays performed by Annika Buhr (Osnabrück 

University, Department of Zoology/Developmental Biology). The co-expression of CLIP-

tagged full-length SCLA, SCLB, and SLN peptides with Nep4 or human NEP enzymes in 

Drosophila S2 cells results in partial relocalization of the peptides (2.4, Figure 6A; 

Schiemann et al.). Upon ectopic neprilysin expression, the abundance of peptides 

localizing to the cytoplasm or nucleoplasm instead of the cellular membranes 

significantly increases (2.4, Figure 6B-C; Schiemann et al.). The most substantial effect 

was apparent for the NEP-dependent relocalization of SLN, whereas the Nep4-mediated 

shift of SCL peptides was more moderate. Interestingly, also C-terminally truncated 

SCL and SLN peptides, which correspond to the main generated peptide fragments of 

the cleavage assay, exhibit a reduced membrane localization (2.4, Figure S6; Schiemann 

et al.). Together, these results indicate the reduced membrane-anchoring of SCL and 

SLN peptides upon neprilysin-mediated cleavage of their C-Termini. A possible role of 

the C-Terminus in the peptide localization was already described for SLN (Gramolini et 

al., 2004; Wang et al., 2021). The conserved RSYQY sequence was found to mediate the 

ER/SR retention, and progressive truncation of the sequence was concomitant with 

mislocalization. Thereby, removing the Arg27 was critical for the loss of SR/ER 

localization, and further truncation, including the Leu24, finally results in the peptide’s 

degradation (Gramolini et al., 2004). Enhanced degradation is also apparent in the PLN 

Leu39 premature stop mutation, which is associated with the development of dilated 

cardiomyopathy (Haghighi et al., 2003). Moreover, the PLN Val49 residue mutation also 

leads to decreased membrane anchoring, including mislocalization to the cytoplasm and 

nucleus (Abrol et al., 2014). Of note, the diminished SR retention of SLN can be rescued 

by analog expression of SERCA (Gramolini et al., 2004), which seems not to apply to 

PLN (Abrol et al., 2014).  

Since the presence of SERCA appears to be an essential factor in the localization of the 

micropeptides, the subcellular localization of the peptides in somatic muscle tissue was 

analyzed. Even though collective overexpression of Nep4 and SCL peptides in larval 

body wall muscles did not lead to detectable relocalization of the peptides (2.4, Figure 

6D-E; Figure S7; Schiemann et al.), western blots of corresponding subcellular fractions 

revealed another effect. For both peptides, elevated Nep4 levels correlate with the 

reduced formation of peptide oligomers. In addition, it reduces the overall amount of 

SCLA in the muscle, an effect that could not be detected for SCLB (2.4, Figure 6E; 

Schiemann et al.).  
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Figure 21 |Working model of Nep4-dependent regulation of muscle and heart contraction. (A) The influx of 

extracellular Ca2+ into a muscle cell via the VGCCs induces the opening of the RyRs localized at the SR membrane. As a 

result, the SR Ca2+ store is released into the cytoplasm, where the Ca2+ can interact with sarcomeric components to trigger 

muscle contraction. The transport of Ca2+ from the cytoplasm back into the SR lumen is primarily mediated by the action 

of SERCA and terminates the contraction phase. This process is modulated by SR-membrane integral SCL peptides that 

bind and inhibit the ATPase. The SCL peptides are organized as monomers or oligomers. (B) Upon Nep4 overexpression, 

the formation of SCL oligomers is prevented, and SERCA is hyperactive. These effects are based on excessive Nep4-

mediated cleavage of the SCL C-termini. The cleaved peptides fail to inhibit SERCA activity, do not oligomerize, and tend 

to lose membrane anchoring, eventually followed by cytoplasmic degradation Abbreviations: Voltage-gated calcium 

channel (VGCC); Ryanodine receptor (RyR); Sarcoplasmic reticulum (SR); Sarco/endoplasmic reticulum Ca2+ ATPase 

(SERCA); Sarcolamban (SCL); Neprilysin 4 (Nep4); Na+/Ca2+ exchanger (NCX); Plasma membrane Ca2+ ATPase (PMCA). 

Modified after (2.4, Schiemann et al.). 

 

Based on the molecular weight of the apparent oligomers, it can be conducted that the 

peptides organize to some extent in tetramers at endogenous Nep4 expression levels. The 

tetramers exhibited stability in SDS-PAGE, as it was also shown for PLN pentamers 

(Jones et al., 1985; Simmerman et al., 1996; Robia et al., 2005). Remarkably, oligomeric 

states were additionally reported for SLN, the recently discovered regulins ELN, MLN, 

and DWORF, as well as some of the arthropod SCL peptides (Hellstern et al., 2001; 

Autry et al., 2011; Autry et al., 2020; Bak et al., 2020; Singh et al., 2019). However, all 

the peptides canonically bind to SERCA as monomers (Singh et al., 2019).  
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Because peptide cleavage assays and the relocalization studies suggest functional 

conservation of the neprilysin-mediated cleavage of SERCA-regulatory peptides, 

subcellular localization of NEP and SERCA was examined in human ventricular 

cardiomyocytes. Intriguingly, the proteins exhibit extensive co-localization along the Z-

discs and perinuclear membranes of the cardiomyocytes (2.4, Figure S8; Schiemann et 

al.). Together with the previously mentioned results, this finding further indicates the 

evolutionary conservation of the novel regulatory mechanism from flies to humans. 

In summary, Drosophila Neprilysin 4 is a crucial regulator of muscle contraction, a 

functionality mediated by the distinct localization of Nep4 at the SR membrane of 

muscle tissue (Figure 19; Figure 21). Proper control of heart and muscle contractions 

relies on the activity of SERCA that transports the cytosolic Ca2+ into the SR lumen to 

terminate the contraction phase. On the one hand, this process is regulated by the 

binding of inhibitory SCL peptides and probably fine-tuned through oligomerization of 

the peptides (Figure 21A). On the other hand, the peptide’s ability to form oligomers and 

inhibit SERCA activity is diminished by the catalytic activity of Nep4 (Figure 21B). A 

hint regarding the importance of the endogenously expressed Nep4 in this process could 

be the observation that the muscle-specific Nep4 knockdown conducted in the first 

project revealed complete pupal lethality (2.1, Figure 1A; Hallier et al., 2016). 

Remarkably, though the animals succeed in metamorphosis, they fail to emerge the 

pupae at the end. The typical twitching-like movements of the legs prior to eclosure are 

also not apparent in these animals. It would be interesting to examine if the SERCA in 

these animals undergoes SCL-mediated superinhibition due to Nep4 absence. Based on 

this theory, the question remains why the cardiac Nep4 knockdown in adults or the 

muscle-specific knockdown in larvae does not significantly affect heart rhythmicity, 

respectively the crawling speed.  

However, exerted effects of elevated Nep4 levels are more unambiguous than the 

knockdown effects, whereby the fate of the cleaved SCL peptides needs to be further 

investigated. For PLN, it was shown that the C-terminal truncation does not only 

diminish its SERCA-inhibitory functionality but also reduces the membrane anchoring 

and its ability to form oligomers (Abrol et al., 2014). Therefore, expression of the C-

terminally mutated SCL and SLN peptides to test whether these peptides are still 

capable of binding SERCA, inhibiting the pumping action of the ATPase, and forming 

oligomers would be interesting. The results of this study could help to answer the still 

unsolved details of the identified mechanism. The finding that SERCA and Nep4 co-

localize and co-immunoprecipitate suggests that cleavage of the SCL peptides occurs in 

their SERCA-bound state. Though this does not exclude cleavage events targeting 

unbound SCL, it emphasizes the possibility that the interaction of the peptides C-

Terminus with SERCA at the SR lumen sterically enables the Nep4-mediated cleavage. 

Finally, it is not clear what happens to the peptides after hydrolysis. In contrast to the 

other regulins, SLN can stay associated with SERCA throughout the catalytic cycle 

(Sahoo et al., 2013). This specific feature is probably related to SLN’s SERCA uncoupling 
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functionality related to thermogenesis. Strikingly, C-terminal truncation of SLN does 

not retrieve SLN from the SERCA binding pocket but reduces the uncoupling, as 

reported in a recent study (Wang et al., 2021).  

The findings of this project further designate Drosophila as an amenable model system 

to investigate heart functionality and the molecular underpinnings of different cardiac 

diseases (reviewed by Taghli-Lamallem et al., 2016). In this line, the recent discovery of 

novel SERCA-regulatory micropeptides was first initiated by identifying the SCL 

peptides as modulators of Drosophila SERCA (Magny et al., 2013; reviewed in Payre and 

Desplan, 2016). However, the fact that both human regulins PLN and SLN have been 

related to cardiac misfunction (e.g., Uemura et al., 2004; Haghighi et al., 2006) 

emphasizes significance of the herein described mechanism of Nep4-mediated SCL 

inactivation from flies to humans.  
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5 Appendix 

5.1 Abbreviations 

Å Angstrom 

aa Amino acid 

AC Adenylyl cyclase 

A-domain Actuator domain 

ADP Adenosindiphosphat 

AI Arrhythmicity index 

AKH Adipokinetic hormone 

AKHR Adipokinetic hormone receptor 

Akt/PKB Protein kinase B 

ALN Another-regulin 

AP Action potential 

APC AKH producing cell 

ARVD2 Arrhythmogenic right ventricular dysplasia type 2 

AstA Allatostatin A 

ATP Adenosintriphosphat 

[Ca2+] Cytosolic Ca2+ concentration 

CALLA Common acute lymphoblastic leukemia antigen 

CaM Calmodulin 

CaMK Ca2+-calmodulin-dependent protein kinase 

CaMKII Calcium/calmodulin-dependent protein kinase II 

cAMP Cyclic adenosine monophosphate 

CaP60A Drosophila SERCA 

CASQ Calsequestrin 

CC Corpora cardiaca 

CCD Central core disease 

CICR Calcium-induced calcium release 

CNM Centronuclear myopathy 

CNP C-type natriuretic peptide 

CNS Central nervous system 

CPVT Catecholaminergic polymorphic ventricular tachycardia 

CRC Ca2+ release complex 

CRU Ca2+ release unit 

C-Terminus Carboxy-Terminus 

DAG Diacylglycerol 

DCM Dilated cardiomyopathy 

DH31 Diuretic hormone 31 

DHPR Dihydropyridin receptor 

DI Diastolic interval 

DICR Depolarization-induced Ca2+ release 

DILP Drosophila insulin-like peptide 

dInR Drosophila insulin receptor 

dLgr3 Drosophila Leucine-rich repeat-containing G protein-

coupled receptor 3 

DLM Dorsal longitudinal muscles 

DNA Desoxyribonukleinsäure 

DVM Dorsoventral muscles 

DWORF Dwarf open reading frame 

e.g. For example 

ECC Excitation-contraction coupling 
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ECD Extracellular domain 

ECM Extracellular matrix 

ELN Endoregulin 

EM Electron microscopy 

ER Endoplasmic reticulum 

ERK Extracellular signal-regulated kinase 

et al. And others 

FS Fractional shortening 

G protein Guanine nucleotide-binding protein 

GDP Guanosine diphosphate 

GFP Green fluorescent protein 

Golgi Golgi apparatus 

GPCR G protein-coupled receptor 

GTP Guanosine triphosphate 

HA Hemagglutinin 

HAX-1 HS-1 associated protein X-1 

HR Heart rate 

HF Heart failure 

HRC Histidine-rich calcium-binding protein 

Hsp20 Heat shock protein 20 

i.a. inter alia 

I-1 Inhibitor-1 

ICD Intracellular domain 

IDE Insulin degrading enzyme 

IFMs Indirect flight muscle 

IGF Insulin-like growth factor 

IIS Insulin and insulin-like growth factor signaling 

Ins(1,4,5)P3 Inositol-1,4,5-trisphosphate 

IP3R Inositol 1, 4, 5-trisphosphate receptor 

IPC Insulin-producing cell 

JP45 Junctophilin 

jSR Junctional sarcoplasmic reticulum 

KCa Affinity for calcium 

L-SR Longitudinal sarcoplasmic reticulum 

LSM Laser scanning microscopy 

LTCC L-type calcium channels 

MAPK mitogen-activated protein kinase 

MH Malignant hyperthermia 

MLCK Myosin light-chain kinase 

MLN Myoregulin 

MmD Multi-minicore disease 

MME Membrane metalloendopeptidase 

MTJs Myotendinous junctions 

Na+/K+-ATPase Sodium-potassium ATPase 

nAChRs Nicotinic acetylcholine receptors 

NAD Nicotinamide adenine dinucleotide 

NCX Na+/Ca2+ exchanger 

N-domain Nucleotide-binding domain 

NE Noradrenaline 

Nep Neprilysin 

NEP Neutral endopeptidase 

Nep4 Neprilysin 4 

NEST Nuclear envelope biosynthesis pathway 

NH2 Amide group 

NMJ Neuromuscular junctions 

NMR Nuclear magnetic resonance 
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NPF Neuropeptide F 

N-Terminus Amino-Terminus 

PDB Protein Data Bank 

PDF Pigment Dispersing Factor 

Pi Inorganic phosphate 

PI3K Phosphatidylinositol-3-kinase 

PKA Protein kinase A 

PKB/Akt Protein kinase B 

PLCβ Phospholipase Cβ 

PLN Phospholamban 

PMCA Plasma membrane Ca2+ ATPase 

PP1 Protein phosphatase 1 

PP2Ce Protein phosphatase 2Ce 

PtdIns(4,5)P2 Phosphatidylinositol-4,5-bisphosphate 

PTM Post-translational modification 

qRT-PCR Quantitative reverse transcription PCR 

Rho Rho GTPase 

RhoGEF Rho guanine nucleotide exchange factor protein 

RNA Ribonucleic acid 

RyR Ryanodine receptor 

RyR1-RM RyR1-related myopathies 

SA Stretch activation 

SCL Sarcolamban 

SCLA Sarcolamban A 

SCLB Sarcolamban B 

S-domain Support domain 

SERCA Sarco/endoplasmic reticulum Ca2+ ATPase 

smORF/sORF Small open reading frames 

sNPF Short neuropeptide F 

SOHA Semi-automatic optical heartbeat analysis 

SR Sarcoplasmic reticulum 

STED microscopy Stimulated emission depletion microscopy 

SUMO-1 Small ubiquitin-related modifier 

SI Systolic interlal 

T-domain Transport domain 

TM Transmembrane 

TMD Transmembrane Domain 

Tn-C Troponin receptor subunit 

Tn-I Troponin inhibitory subunit 

Tn-T Troponin tropomyosin-binding/thin filament-anchoring 

troponin subunits 

TOR Target of rapamycin 

TRITC Tetramethylrhodamine 

T-tubule Transverse tubule 

UPD2 Unpaired-2 

VGCC Voltage-gated calcium channel 

VLM Ventral longitudinal muscles 

Vmax Maximal activity 

X-ray X-radiation 
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5.2 Proteinogenic amino acids and SI units 

SI units: 

Symbol Name SI prefix 

M Mega 106 

k Kilo 103 

h Hekto 102 

da Deka 101 

d Dezi 10−1 

c Zenti 10−2 

m Milli 10−3 

µ Mikro 10−6 

n Nano 10−9 

p Piko 10−12 

f Femto 10−15 

 

Proteinogenic amino acids: 

Amino acid Abbreviaton 

 Three letter code One letter code 

Alanin Ala A 

Arginin Arg R 

Asparagin Asn N 

Aspartat Asp D 

Cystein Cys C 

Glutamat Glu E 

Glutamin Gln Q 

Glycin Gly G 

Histidin His H 

Isoleucin Ile I 

Leucin Leu L 

Lysin Lys K 

Methionin Met M 

Phenylalanin Phe F 

Prolin Pro P 

Serin Ser S 

Threonin Thr T 

Tryptophan Trp W 

Tyrosin Tyr Y 

Valin Val V 
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5.3 Index of figures and tables 

Index of figures: 

Figure Title Page 

1 Maturation and processing of neuropeptides and peptide hormones 5 

2 GPCR-dependent activation of intracellular signaling pathways 7 

3 Factors regulating dilp expression at the IPCs of Drosophila larvae 10 

4 The extracellular domain of human NEP is critical for catalytic activity 12 

5 Nep4A exhibits a dual subcellular localization in Drosophila muscles 14 

6 The sarcomere is the basic contractile unit of muscles 16 

7 Muscle tissues present in Drosophila 18 

8 Ca2+ cycling in vertebrate cardiomyocytes 22 

9 Sarcomere shortening is Ca2+- and ATP-dependent 24 

10 Triadic junctions of skeletal muscles 28 

11 The sarcoplasmic reticulum is subdivided into junctional and longitudinal 

domains 

29 

12 Functional domains of SERCA 31 

13 Catalytic mechanism of SERCA-mediated Ca2+ transport 32 

14 Comparison of SERCA-inhibitory peptides 38 

15 Phospholamban is phosphorylated through the ß-adrenergic pathway 40 

16 Interaction of SLN and SERCA 42 

17 Comparison of SERCA-modulating effects exerted by PLN and SLN 43 

18 Insect SCL peptides modulate muscle contraction by inhibiting SERCA 

activity 

46 

19 Tissue-dependent subcellular localization of Nep4 is related to distinct 

functionalities of the enzyme 

146 

20 Neprilysins hydrolyze SERCA-inhibitory peptides 157 

21 Working model of Nep4-dependent regulation of muscle and heart 

contraction 

160 
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