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Abstract

The recently-discovered single-span transmembrane proteins endoregulin (ELN), dwarf open 

reading frame (DWORF), myoregulin (MLN), and another-regulin (ALN) are reported to bind to 

the SERCA calcium pump in a manner similar to that of known regulators of SERCA activity, 

phospholamban (PLB) and sarcolipin (SLN). To determine how micropeptide assembly into 

oligomers affects the availability of the micropeptide to bind to SERCA in a regulatory complex, 

we used co-immunoprecipitation and fluorescence resonance energy transfer (FRET) to quantify 

micropeptide oligomerization and SERCA-binding. All micropeptides formed avid homo-

oligomers with high-order stoichiometry (n>2 protomers per homo-oligomer), but it was the 

monomeric form of all micropeptides that interacted with SERCA. In view of these two alternative 

binding interactions, we evaluated the possibility that oligomerization occurs at the expense of 

SERCA-binding. However, even the most avidly oligomeric micropeptide species still showed 

robust FRET with SERCA, and there was a surprising positive correlation between 

oligomerization affinity and SERCA-binding. This comparison of micropeptide family members 

suggests that the same structural determinants that support oligomerization are also important for 

binding to SERCA. Moreover, the unique oligomerization/SERCA-binding profile of DWORF is 

in harmony with its distinct role as a PLB-competing SERCA activator, in contrast to the 

inhibitory function of the other SERCA-binding micropeptides.
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Introduction:

The sarco(endo)plasmic reticulum calcium ATPase is the principal transport mechanism for 

sequestration of calcium (Ca) in the endoplasmic reticulum (ER). These intracellular Ca 

stores are the foundation of signals that coordinate diverse cellular functions. For example, 

in muscle cells, sarcoplasmic reticulum (SR) Ca release and reuptake are the signals for 

contraction and relaxation. Different tissues vary in their Ca uptake requirements, and 

differential expression of distinct SERCA isoforms provides some tissue-specific 

specialization of Ca handling. In addition, the kinetics and Ca sensitivity of transport are 

modulated by single-span proteins, regulatory “micropeptides”, which interact with the 

transmembrane domain of SERCA. These include the well-known SERCA regulatory 

partners phospholamban (PLB)1 and sarcolipin (SLN)2, which are inhibitors of SERCA in 

cardiac and skeletal muscle. New additions to this family include dwarf open reading frame 

(DWORF), myoregulin (MLN), endoregulin (ELN), expressed in cardiac muscle, skeletal 

muscle, and endo/epithelial tissues, respectively3–5, and another-regulin (ALN), expressed 

ubiquitously. With these newly identified micropeptides, SERCA regulatory complexity is 

beginning to resemble that of a related ion transporter, the Na+/K+-ATPase (NKA), which 

has many tissue-specific, species-specific regulatory peptides6, 7. The differential expression 

of diverse micropeptides4 may precisely tune the function of ion transporter isoforms to the 

needs of muscle and non-muscle cells. Thus, peptide-transporter regulatory interactions are 

relevant to a variety of disciplines including cardiology, neuroscience, and endocrinology.

There is a great deal of excitement about these new modes of SERCA regulation as they 

may represent new opportunities for therapeutic intervention, but at this early stage the 

structure/function mechanisms of micropeptides are still poorly understood. One key 

functional determinant must be the stability of the regulatory complex of the micropeptide 

with the target transporter. Different micropeptides co-expressed in the same tissue may 

compete for SERCA5, 8, with a net effect depending on the relative expression and binding 

affinity of each species. Despite decades of study of the prototypical micropeptide, PLB, it 

has been difficult to determine precisely the extent to which SERCA is regulated by this 

interaction in vivo. As reviewed by Ceholski et al.9, there are a wide range of estimates of 
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PLB:SERCA ratios reported in the literature, from 1:5 to 4:110–14. We think that the larger 

PLB:SERCA ratios are more likely to be correct, but even a molar excess of PLB does not 

necessarily reflect stoichiometric regulation of SERCA. Overexpression of PLB in a 

transgenic mouse model resulted in increased SERCA functional regulation, suggesting 

some SERCA was not regulated at native expression levels of PLB15. Nevertheless, this 

apparent substoichiometric regulation is still physiologically significant, and relief of 

inhibition results in robust enhancement of calcium handling to support increased cardiac 

function during exercise.

One reason for substoichiometric regulation of SERCA in spite of molar excess of PLB is 

that the micropeptide forms pentamers that do not regulate the transporter. More generally, 

oligomerization of micropeptides may indirectly modulate transporter function by altering 

micropeptide availability, thereby tuning overall functional potency. This concept of linked 

equilibria of SERCA-binding and oligomerization was developed from PLB mutagenesis 

experiments in which destabilization of the PLB pentamer increased SERCA binding and 

inhibition16–19. In a reciprocal experiment, increasing the proportion of SERCA resulted in 

decreased PLB oligomerization20, suggesting that SERCA sequestered monomeric PLB. 

Also, phosphorylation21–23 or oxidative crosslinking24, 25 of PLB increased oligomerization 

and decreased SERCA-binding. However, significant exceptions to this model exist in the 

form of PLB variants that are strong oligomers and still bind avidly to SERCA26, 27, or 

weakly oligomeric PLB variants that bind weakly to SERCA28.

Here we investigated the interplay of oligomerization and SERCA-binding across the 

micropeptide family. To define the relative affinities of the micropeptide regulatory 

complexes, we used FRET to measure the dissociation constant of the micropeptide homo-

oligomers (KD1) and the micropeptide-SERCA complexes (KD2). We focused on the cardiac 

isoform, SERCA2a, as this transporter is of particular interest as a possible point of 

intervention against heart disease. Besides its central role in normal cardiac physiology, the 

SERCA pump has been implicated in the impaired calcium handling that underlies many 

types of heart failure29, 30. While the etiology of heart failure is complex, mutations in 

calcium-handling proteins cause cardiomyopathy31–34, and restoring calcium homeostasis 

has improved function and survival in animal models of heart failure35, 36. This has focused 

considerable attention on SERCA as a therapeutic target30, 35–37. Though SERCA gene 

delivery has yielded only modest gains in SERCA expression in patients38, efforts to deliver 

exogenous SERCA to the failing heart are continuing. In addition, there is interest in parallel 

approaches based on improving the function of the endogenous SERCA remaining in the 

diseased myocardium. For this, we need a better understanding of fundamental functional 

determinants.

Results:

Micropeptide-SERCA Regulatory Interactions

A comparison of the sequences of micropeptides is shown in Fig. 1A, with key conserved 

residues highlighted. Previous studies have suggested a direct physical interaction between 

SERCA and micropeptides3, 4, 8, 21, 39. Here we observed comparable efficiencies of 

coimmunoprecipitation of HA-tagged micropeptides PLB, SLN, DWORF, ALN, ELN, and 
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MLN with Myc-SERCA (Fig. 1B). Since homo-oligomerization may affect micropeptide 

availability for binding to SERCA, we also tested whether each HA-tagged micropeptide co-

immunoprecipitated with the same micropeptide tagged with Myc (Fig. 1C). With the 

exception of DWORF, all HA-micropeptides co-immunoprecipitated with the corresponding 

Myc-micropeptide partner, suggesting the micropeptides physically associate in homo-

oligomeric complexes. To assess SERCA regulation by micropeptides, we performed 

oxalate-supported 45Ca-uptake measurements and determined all micropeptides decreased 

the apparent affinity of SERCA for Ca, with the exception of DWORF (Fig. 1D). DWORF 

yielded a Ca-dependence of transport that was not distinguishable from control (SERCA 

alone). This observation is consistent with the model in which DWORF binds SERCA but 

does not inhibit the pump5, 8, enhancing Ca uptake by displacing PLB. Values of measured 

KCa for Ca uptake are provided in Table 1.

Fig. 2A shows the x-ray co-crystal structure of the SERCA-PLB regulatory complex40, 

revealing the site of interaction of the PLB transmembrane domain (red) with key 

transmembrane helices of the Ca transporter (grey). The enlarged inset shows that this 

canonical binding cleft is composed of SERCA transmembrane helices 2 (cyan), 6 (yellow), 

and 9 (orange), and other micropeptides are presumed to interact at the same location. 

Additional alternative binding sites have been proposed for phospholamban41, 42, but the 

occupation of these hypothetical alternative sites and their functional significance is 

unknown.

Fluorescence resonance energy transfer (FRET) was used to generate “binding curves” to 

evaluate the affinity of SERCA-micropeptide complexes in the environment of the biological 

membrane in live cells17, 23, 43–47. This assay also provides insight into the overall 

architecture of the complexes by estimation of the distance from a FRET donor (fused to 

SERCA N-terminus) to a FRET acceptor (fused to a micropeptide N-terminus). Transient 

transfection of HEK cells resulted in a wide range of protein expression levels, as quantified 

from the YFP acceptor-labeled micropeptide fluorescence intensity. Cell-by-cell analysis of 

acceptor sensitization FRET with automated fluorescence microscopy43 revealed that FRET 

increased with protein expression up to a maximum. For clarity, data from cells with similar 

protein expression are pooled (Fig. 2B); examples of unpooled measurements of individual 

cells are provided in Supplemental Fig. 1. As previously described, the relationship between 

SERCA-PLB FRET and micropeptide expression (taken as an index of protein 

concentration) was well-described by a hyperbolic fit (Fig. 2B, black) of the form 

FRET=(FRETmax)([micropeptide])/(Kd+[micropeptide])17, 41, yielding the parameters of 

maximum FRET (FRETmax) and apparent dissociation constant (KD2). As a function of 

protein expression, FRET from SERCA to DWORF (Fig. 2B, green) and ELN (Fig. 2B, 

purple) also fit well with a hyperbola. However, the binding curves for SLN, ALN, and 

especially MLN were notable for apparent positive cooperativity, and the data were poorly 

described by a simple hyperbola. Therefore, these data were fit with a Hill function of the 

form FRET=(FRETmax)([micropeptide]n)/(Kd
n +[micropeptide]n) where n is the Hill 

coefficient. SLN, ALN, and MLN binding curves yielded respective Hill coefficients of 1.19 

± 0.13, 1.14 ± 0.18, and 1.9 ± 0.13 (mean ± SD). The possible significance of this apparent 

positive cooperativity is discussed below. Fitting binding curves of other micropeptides with 
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Hill functions did not significantly improve the quality of the fit or yield such Hill 

coefficients greater than 1.

Fig. 2C compares FRETmax values obtained by hyperbolic fits (left) or Hill fits (right) for 5–

6 independent experiments with 2000–6000 cells per experiment. These values are taken as 

the intrinsic FRET of the SERCA-micropeptide complex, and the donor-acceptor separation 

distances they imply are provided in Table 1. Measurements were validated by acceptor 

sensitization FRET experiments with donor-acceptor fusion constructs of known FRET 

efficiency48. Apparent fluorescent probe separation distances ranged from 62 Å for MLN 

down to 45 Å for ELN, values that are broadly compatible with the expected distances 

between the N-terminal fusion site on SERCA and a micropeptide bound in the canonical 

binding site near SERCA helix M6 (Fig. 2A).

The relative affinities of the micropeptides for SERCA are compared in Fig. 2D, with KD2 

values obtained from the hyperbolic (left) or Hill fits (right). The apparent KD2 of PLB was 

the lowest of the micropeptides tested here, suggesting that this prototypical SERCA 

regulator has the highest affinity for the pump. DWORF also showed an avid interaction 

with SERCA, consistent with its proposed role as a competitor for PLB. Overall, the relative 

affinities of micropeptides for SERCA were similar, with apparent KD2 values rank ordered 

as follows: PLB=DWORF= MLN<SLN<ALN=ELN.

Micropeptide-SERCA complex stoichiometry quantified by progressive acceptor 
photobleaching

The micropeptide PLB forms avid pentamers, but previous studies have suggested that it is 

the monomeric form of PLB that binds and regulates the SERCA Ca transporter17. Similarly, 

SLN forms high-order (n>2) homo-oligomers but binds to SERCA as a monomer49. To 

determine whether the recently-discovered micropeptides formed regulatory heterodimers 

(or higher-order complexes) with SERCA, we performed acceptor-selective progressive 

acceptor photobleaching, as previously described17. Photobleaching of the YFP acceptor 

abolished energy transfer, dequenching the Cer donor and increasing its brightness (Fig. 

3A). With progressive photobleaching of the acceptor (Fig. 3B, starting at arrow), we 

quantified the concomitant increase in donor fluorescence. Replotting progressive 

photobleaching data revealed the relationship between donor and acceptor fluorescence. A 

control plasmid with a Cerulean-Venus fusion construct at a fixed 1:1 donor:acceptor ratio 

(Fig. 3C, C5V)48 showed a linear donor vs. acceptor relationship, since every photobleached 

acceptor directly corresponds to one dequenched donor. In contrast, a control construct with 

two acceptors for each donor showed a highly curved donor-acceptor relationship (Fig. 3C, 

VCV). For this construct, FRET persists even after one of the acceptors is bleached, so 

donor dequenching lags behind acceptor photobleaching. A non-FRET control showed no 

donor dequenching after acceptor photobleaching (Fig. 3C, Cer-PLB+YFP). Applying 

progressive photobleaching analysis to the Cer-SERCA complex with YFP-micropeptides 

revealed linear donor-acceptor relationships for all micropeptides tested (Fig. 3D), indicating 

that, like PLB and SLN, the newly discovered micropeptides bind to SERCA as monomers.
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Micropeptides self-associate with different affinities

Since it is the monomeric form of the micropep-tides that interacts with SERCA, we 

considered it likely that possible oligomerization of the micropep-tides would be an 

important determinant of micro-peptide availability and functional potency. PLB is known to 

form pentamers (Fig. 4A) [50], and SLN is also proposed to form high-order oligomers [49] 

at he expense of the pool of monomers that bind SERCA. To quantify micropeptide 

oligomerization, we measured intra-oligomeric FRET by acceptor sensitization over a range 

of protein expression levels (Fig. 4B). Hyperbolic fits to the data revealed the FRETmax (Fig. 

4C) and oligomer dissociation constant KD1 (Fig. 4D) for each micropeptide. We observed 

the lowest KD1 for PLB, with relative dissociation constants rank ordered as PLB < SLN = 

DWORF = MLN < ALN = ELN. We observed high cell–cell variability of FRET for MLN 

at all expression levels (Supplemental Fig. 3). We also noted that DWORF showed modest 

FRET in this assay (Fig. 4B), even though we did not detect coimmunoprecipitation of 

DWORF oligomers (Fig. 1B) and we previously did not observe significant DWORF-

DWORF FRET [8]. This inconsistency may be due to the poor expression of this 

micropeptide (Figs. 2B, 4B, green), together with possible disruption of DWORF oligomers 

by detergent used in the present co-IP experiments. Other caveats relating to DWORF-

DWORF interactions are discussed below.

To evaluate the stoichiometry of micropeptide oligomers, we performed progressive acceptor 

photobleaching of 40–100 individual cells total, with 3–6 separate experiments per 

micropeptide (Supplementary Fig. 4). Interestingly, at low expression levels we observed a 

linear donor-acceptor relationship for all of the micropeptides. At increasing protein 

concentrations, the donor-acceptor plots became substantially non-linear. As an example, the 

donor-acceptor plots at high and low expression levels are shown for ALN in Fig. 5A, and 

results from other micropeptides are provided in Supplementary Fig. 5. After pooling data 

from cells of similar protein expression level, the degree of donor-acceptor relationship 

curvature was quantified from the area of the region bordered by the Cer/YFP data points 

and a line connecting the starting and ending points in the curve (Fig. 5A). The values 

obtained for SLN are plotted as a function of protein expression in Fig. 5B (red points), 

other micropeptide curvature analysis is provided in Supplementary Fig. 6. The plots 

revealed low (or no) curvature at low protein concentrations, increasing toward maximal 

curvature at high expression levels. This observation suggests that the micropeptide 

assembly pathway proceeds from monomers to dimers, then to higher order oligomers at 

high concentrations. For comparison, the SERCA-SLN complex showed photobleaching 

D:A plots with no curvature over a similar range of expression levels (Fig. 5B, black points).

DWORF, which showed weak expression and low FRET in acceptor sensitization 

experiments (Fig. 4C), also showed inconsistent results in acceptor photobleaching 

experiments. Specifically, some transfections resulted in some cells showing modest D:A 

photobleaching plot curvature (Supplementary Fig. 6), while other experiments showed 

nearly linear D:A photobleaching relationships. To determine the cause of the incongruent 

DWORF-DWORF FRET results, we performed time-correlated single photon counting 

analysis and observed a multiexponential decay for Cer-DWORF co-expressed with YFP-

DWORF (Fig. 5C). The data are consistent with a majority (80%) non-FRET monomer 
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population, with a smaller (20%) subpopulation of oligomers characterized by high FRET 

(62% FRET efficiency). This small fraction of oligomeric DWORF could account for the 

low overall FRET observed for this micropeptide.

Discussion:

Regulatory Complex Affinity and Stoichiometry-

The principal observation of the present study is that all of the micropeptides tested bind as 

monomers to SERCA. We do not see evidence of multiple acceptor-labeled micropeptides 

binding simultaneously to SERCA, as has been proposed for PLB42. However, we cannot 

rule out the possibility that oligomers bind SERCA in a configuration that puts all but one 

acceptor beyond reach of FRET. As we showed previously, both PLB and DWORF bind 

avidly to SERCA with comparable apparent affinities8, and here we determined that the 

other micropeptides have modestly lower affinity (higher KD2) for the pump. Overall, we 

regard these binding affinities as similar and compatible with the concept of mutual 

competition between micropeptides binding to SERCA in tissues where multiple species are 

expressed. Micropeptide-micropeptide FRET measurements suggest that all of the 

micropeptides can form oligomers, though with significantly lower self-affinity compared to 

PLB. The DWORF oligomerization data should be interpreted cautiously as the results were 

inconsistent, with evidence for dimers and higher order oligomers coexisting with a large 

population of monomers. MLN, SLN, and ALN FRET profiles were suggestive of positive 

cooperativity, and a Hill fit with Hill coefficients of >1 provided a better description of the 

data, particularly in the high protein concentration regime. Since we observed a linear D:A 

relationship during progressive photobleaching (Fig. 3D) we do not interpret this 

cooperativity as evidence of multiple binding sites for these micropeptides on SERCA. We 

have previously observed similar apparent positive cooperativity for some mutants of PLB23, 

which we attributed to depletion of the monomeric species by oligomerization at low protein 

expression levels. At high protein concentrations (>KD2), binding to SERCA increasingly 

competes with oligomerization, so FRET increases steeply. Our previous computational 

model predicted that such pseudocooperativity would be most noticeable when there is a 

large difference between the affinities of oligomerization and SERCA-binding43, but here 

we did not observe any particular relationship between the KD1/KD2 ratio and apparent 

positive cooperativity. One may also speculate that apparent cooperativity could result from 

micropeptides having different binding affinity for different conformations of SERCA (e.g. 

E1 vs. E2), as we have previously observed for phospholamban41. In live cells, different 

micropeptides may preferentially stabilize different enzymatic states of SERCA as it 

proceeds through the catalytic cycle, with apparently cooperative binding to the population 

overall.

SERCA-Micropeptide Regulatory Complex Quaternary Structure-

The relative SERCA-micropeptide donor-acceptor distances estimated here match what one 

might expect for the respective regulatory complexes. Specifically, the longer micropeptides 

like ALN and ELN showed higher FRETmax, likely because they can reach higher on the 

SERCA cytoplasmic headpiece, bringing the N-terminal YFP fusion closer to the Cer donor 

on the SERCA N-terminus in the actuator domain. Conversely, DWORF and SLN have 
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smaller cytoplasmic domains, and lower FRETmax values. Compared to the other 

micropeptides, PLB and MLN showed unexpectedly low FRET for their size. In the case of 

PLB, this low FRET may be due to the propensity of the PLB cytoplasmic domain to 

interact dynamically with the surface of the phospholipid bilayer51–54. Such interactions are 

expected to decrease FRET from a donor fluorophore fused high on the opposite side of the 

SERCA cytoplasmic headpiece. Measured FRETmax values and calculated probe separation 

distances are provided in Table 1. For the purposes of this comparison, the distance 

calculations assume that the micropeptides bind to a single SERCA, however, our previous 

time-resolved spectroscopy experiments suggested that monomeric PLB may interact with a 

dimeric form of SERCA55. If the other micropeptides also bind to SERCA dimers in a 

similar conformation, the FRETmax measurements may overestimate the distance to the 

closest FRET partner.

Oligomer Architecture-

The structures of the micropeptide oligomers of the newly-discovered species have not been 

determined, but comparison of FRETmax values obtained for different micropeptides 

provides some insight into the overall quaternary conformation of the micropeptide homo-

oligomers. We observed a general trend that larger micropeptides had lower intrinsic intra-

oligomeric FRET (Fig. 6A). This is in harmony with the expectation that the longer the 

cytoplasmic domain, the greater the potential excursion of the N-terminal fluorescent protein 

tag from the central bundle of transmembrane helices, and therefore the larger the average 

separation distance between donors and acceptors. Notably, DWORF and PLB did not fall 

on this trendline. In particular, PLB had a lower intrinsic FRET than would be expected 

from the length of its cytoplasmic domain. We attribute this to the known propensity of PLB 

to interact with the surface of the membrane. While the structure of PLB is dynamic, 

fluorescence spectroscopy, NMR, and EPR demonstrate that the prevailing conformation of 

the PLB pentamer is one in which the cytoplasmic domains are splayed out onto the 

membrane surface50, 56–58 (Fig. 4A). This configuration creates maximal separation of the 

“arms” of the pentamer and reduces FRETmax. Such avid membrane interactions may be 

unique to PLB, and the cytoplasmic domains of the other micropeptides may not sustain 

such acute axial angles. Instead, they may spend relatively more time in close proximity as 

they sample the cytoplasmic space above the transmembrane helical bundle (Fig. 6B).

To interpret oligomer FRETmax values, we used a theory of FRET within a ring-shaped 

oligomer59 implemented as a Matlab model that incorporates the measured donor:acceptor 

ratio and assumes random assortment of donors and acceptors in the oligomer23. Fig. 6C 

shows that FRET depends strongly on probe separation distance and whether the oligomer is 

a dimer (n=2) or a higher order oligomer. High-order oligomer FRET curves (Fig. 6C, n=3, 
n=4,5) overlie one another because FRET cannot distinguish between trimers, tetramers, or 

pentamers for distances that are greater than the Förster distance R0 (49.8 Å for Cer-YFP). 

For those distances, the overall FRET is dominated by nearest-neighbor energy transfer, so 

distance estimates for oligomers >2 are indifferent to any number of additional protomers in 

the micropeptide oligomer (Fig. 6D).
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Like PLB, DWORF showed an unexpectedly low FRETmax compared to the length of its 

predicted cytoplasmic domain (Fig. 6A). However, DWORF expressed poorly, and we were 

not able to explore the same range of protein concentrations as was examined for the other 

micropeptides (Fig. 4B). Thus, we have reduced confidence in the extrapolated maximum 

FRET value obtained from the hyperbolic fit of the binding curve. We also observed 

inconsistent results from the DWORF progressive photobleaching analysis (Supplementary 

Fig. 6B). Moreover, fluorescence lifetime analysis (Fig. 5C) suggested heterogeneity in the 

population of DWORF oligomer complexes. We suspect substantial populations of DWORF 

monomers and dimers persist even at higher protein expression levels. Significantly, if the 

DWORF FRETmax value is interpreted for a dimer FRET model, the DWORF-DWORF 

probe separation distance is similar to that of other micropeptides (Fig. 6D). Best estimates 

of the donor-acceptor separation distances, informed by likely oligomer stoichiometry, are 

highlighted in bold font in Table 1. DWORF is the only micropeptide species that does not 

inhibit SERCA (Fig. 1C), and it is noteworthy that it manifests unique oligomerization 

properties.

Interplay of SERCA-binding and Micropeptide Oligomerization-

Based on previous studies that showed that depolymerization of PLB by mutations increased 

SERCA-binding16–19, we anticipated that there would be a negative correlation between 

oligomerization and SERCA-binding across the micropeptides investigated here. 

Surprisingly, comparison of each micropeptide’s oligomer dissociation constant (KD1) with 

that micropeptide’s apparent dissociation constant for SERCA (KD2) revealed a positive 

correlation (Fig. 7A). The fact that the most oligomeric species also bound SERCA well 

suggests that the same structural determinants that enable SERCA binding also confer 

oligomerization potential. Previously we have seen other examples of a positive KD2 vs. KD1 

relationship, including a triple Ser substitution of PLB that worsened oligomerization and 

SERCA-binding28. Another previous PLB mutagenesis study showed a positive relationship 

between KD1 and KD2 for a series of ala substitutions, and a positive KD1/KD2 relationship 

for deletions of the C-terminal residues28. The data suggested that loss of structural elements 

that contribute to PLB oligomerization reduced the affinity of PLB for SERCA.

Micropeptide Oligomer Assembly Pathway-

Progressive photobleaching results suggest that all of the micropeptides are monomeric at 

low membrane concentrations. As the concentration increases, the first oligomeric species to 

form is a dimer, which proceeds to higher order oligomerization at increased micropeptide 

concentrations (Fig. 7B). This is not unexpected, as it is unlikely that a pentamer would 

spring from a simultaneous encounter of five appropriately oriented monomers. Stepwise 

assembly of oligomers is also suggested by previous SLN mutagenesis studies in which 

reducing SLN homo-oligomerization affinity also reduced oligomerization stoichiometry 

from a high-order species to a dimer49. Moreover, a pathogenic human mutation of PLB was 

shown to result in preformed PLB dimers due to oxidative cross-linking of an introduced 

cysteine (R9C). Such dimers had an enhanced ability to nucleate further oligomerization, 

such that WT-PLB increased its oligomerization in the presence of R9C-PLB24, 25.
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Summary-

The present experiments shed new light on the diversity of micropeptides that regulate 

SERCA. Fig. 7B summarizes the conclusion that it is the monomer form of the inhibitory 

micropeptide (red) that interacts with the target ATPase (gray). This regulatory interaction 

occurs alongside stepwise oligomerization of micropeptides into dimers and higher order 

oligomers. The uniquely non-inhibitory micropeptide DWORF prevents binding of 

inhibitory micropeptides to SERCA, probably through competition for the inhibitory cleft in 

the SERCA transmembrane domain. Overall, the various micropeptides show similar 

biophysical properties, though PLB retains prime place. It is the most strongly oligomeric 

(Fig. 4D), it binds SERCA with the greatest affinity (Fig. 2D), and it shows the strongest 

functional impact on Ca transport (Fig. 1C). Future studies may reveal whether 

micropeptides that are differentially expressed in various tissues are appropriately optimized 

for interaction with the other SERCA isoforms. Overall, we envision a complex network of 

regulatory interactions of micropeptides, with specialized Ca handling in different cell types 

even within the same tissue. For example, in the heart there are cardiomyocytes that express 

PLB, SLN, ALN, and DWORF; endothelial cells that express ELN and ALN; and fibroblasts 

that express ALN-all expressing different SERCA isoforms. Moreover, it is unknown how 

the system is fine-tuned by post-translational modifications, or by micropeptide cross-talk 

interactions (e.g. hetero-oligomerization). Thus, we regard the present study of relative 

binding affinities a first step in understanding the rich complexity of micropeptide regulation 

of intracellular calcium handling.

Materials and Methods:

Plasmid Constructs

For all plasmid constructs, we used pEGFP-C1 as an expression vector in mammalian cells. 

All micropeptides (PLB, SLN, DWORF, ALN, ELN, and MLN) or SERCA constructs 

consisted of either mCerulean or EYFP fused via a 3 amino acid linker to the N-terminus of 

the micropeptide or SERCA8, 49, 60.

Cell culture and transfection

AAV 293 cells were cultured in DMEM cell culture medium supplemented with 10% fetal 

bovine serum (FBS) (ThermoScientific, Waltham, MA). Following culture, the cells were 

transiently transfected using MBS mammalian transfection kit (Agilent Technologies, 

Stratagene, La Jolla, CA) as per instructions provided with the kit. 24 hours post-

transfection the cells were trypsinized (ThermoScientific, Waltham, MA) and replated onto 

poly-D-lysine coated glass bottom chambers and allowed to settle down for one hour before 

imaging.

Acceptor sensitization fluorescence resonance energy transfer

Imaging was performed using a wide-field fluorescent microscope as described 

previously41. Cells were imaged in 1 X PBS with magnesium (Hyclone Laboratories, Logan, 

Utah) using an inverted microscope (Nikon Eclipse Ti) equipped with a black-thinned 

EMCCD camera (iXon 887, Andor Technology, Belfast, Northern Ireland). The image 
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acquisition of a field of view for each sample was performed with a 40 × 0.75 NA objective 

and 50 ms exposure time for Cer, YFP, and FRET (Cer excitation, YFP emission) channels. 

Metamorph software (Molecular Devices, Sunnyvale, CA) was used to quantify fluorescent 

intensity for the images collected in each channel. FRET efficiency was calculated according 

to E = G/(G + 3.2× FCer, where G=FFRET−a×FYFP−d×FCer
61, where FFRET, FYFP, and FCer 

are the matching fluorescence intensity from FRET, YFP, and Cer images, respectively, and 

G represents FRET intensity corrected for the bleed-through of the channels. The parameters 

a and d are bleed-through constants calculated as a=FFRET/FCer for a control sample 

transfected with only YFP and d=FFRET/FYFP for a control sample transfected with only 

Cer. These values were determined to be G=4.74 a=0.075 and b=0.88. The FRET efficiency 

of each cell was plotted as a function of protein expression (measured from YFP 

fluorescence intensity). The relationship between FRET and expression was fit by a 

hyperbolic fit of the form FRET=(FRETmax)([micropeptide])/(Kd+[micropeptide]). For 

some micropeptides, FRET data did not fit well with a hyperbola, especially with respect to 

large values of X (high expressing cells), impeding estimation of FRETmax. For those 

micropeptides, data were fit with a Hill function of the form FRET=(FRETmax)

([micropeptide]n)/(Kd
n +[micropeptide]n) where n is the Hill coefficient. SERCA-

micropeptide regulatory complex probe separation distance (r) was calculated from intrinsic 

FRET efficiency (FRETmax) according to the relationship described by T. Forster62: r = 

R0[(1/FRETmax – 1)1/6], where R0 is the Förster distance, which is 49.8 Å for the Cer-EYFP 

pair. The distance between fluorescent protein probes in micropeptide oligomers was 

calculated from FRETmax and the measured donor:acceptor ratio using a Matlab 

implementation of a model of FRET within a ring-shaped oligomer59 as previously 

described17, 23.

Progressive photobleaching

Progressive acceptor photobleaching was performed as described previously17. Briefly, we 

collected images of Cer and YFP fluorescence at intervals to establish a baseline and then 

initiated progressive acceptor photobleaching, acquiring successive images of Cer and YFP 

in between 10 sec of exposure to illumination through a 504/12 nm bandpass filter for 

selective photobleaching of YFP. The images were analyzed in Metamorph software 

(Molecular Devices, Sunnyvale, CA) and FRET was calculated from the pre- and post-

bleach donor fluorescence intensity using the equation FRET=1-(FDA/FD), where FDA = the 

intensity of the donor before bleaching and FD = the intensity of the donor after bleaching. 

To distinguish between 1:1 and higher order stoichiometry, the fluorescence of the donor 

was plotted against the fluorescence of the acceptor at the same time point during 

progressive bleaching. A linear relationship was taken to indicate a dimer formation and 

supralinear relationship was taken to indicate a higher order oligomer formation of Cer- and 

YFP-labeled proteins17.

Time-correlated single photon counting (TCSPC)

TCSPC measurements were performed as previously described55. Pulsed excitation of Cer-

DWORF was achieved with using a supercontinuum laser (Fianiam Ltd.) filtered through a 

heat mirror and a band-pass excitation filter of (427/10 nm), focused to a spot in the ER of 

HEK cells co-expressing Cer-DWORF and YFP-DWORF using a 60X water immersion 
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objective. Fluorescence emission was collected through a band pass emission filter (472/30 

nm) using an avalanche photodiode (Micro Photon Devices). Photon counting was 

performed with a PicoHarp 300 time-correlated single-photon counting module (PicoQuant 

Photonics, West Springfield, MA) and fluorescence decays were analyzed with 

SymPhoTime software. Cer-DWORF with no acceptor yielded a multiexponential decay63, 

so we considered several alternative approaches to interpretation of the decay data. 

Individual and global fits of donor alone and donor+acceptor samples with 2 or more 

exponentials showed that several of the components changed with addition of a FRET 

acceptor. This ambiguity prevented reliable measurement of apparent FRET distance. 

Qualitatively, the data suggested a small fraction of the donors were participating in FRET. 

To estimate the fraction and FRET efficiency of this subpopulation, we approximated the 

Cer lifetime as a single exponential fit, yielding a fluorescence lifetime of 3.45 ns. We then 

performed 2-exponential analysis of the FRET sample, fixing one lifetime at 3.45 ns, and 

observed a FRET subpopulation of 1.3 ns, compatible with 23.4 ± 1% of the donors having 

62 ± 2% FRET efficiency (values are mean ± SE for n = 10 decays obtained from different 

cells).

Co-immunoprecipitation

CoIPs were performed as previously described3–5, 8. Briefly, HEK293 cells were co-

transfected using FuGENE6 transfection reagent (Promega, Madison, Wisconsin) with 

expression plasmids encoding Myc-micropeptide and HA-micropeptide or Myc-SERCA2a 

and HA-micropeptide. Whole cell lysates were prepared in CoIP buffer (20 mM NaPO4, 150 

mM NaCl, 2 mM MgCl2, 0.1% NP-40, 10% Glycerol, 10 mM sodium fluoride, 0.1 mM 

sodium orthovanadate, 10 mM sodium pyrophosphate, 1 mM DTT and Complete protease 

inhibitor (Roche, Basel, Switzerland). Immunoprecipitations were carried out using 1 mg of 

mouse monoclonal anti-Myc antibody (Invitrogen, Carlsbad, CA) and collected with 

Dynabeads (Invitrogen, Carlsbad, CA). Tris/Tricine gel electrophoresis was performed using 

pre-cast 16.5% Mini-PROTEAN TGX gels (Bio-Rad, Hercules, CA). Standard Western blot 

procedures were performed on input and IP fractions using the following antibodies: HA 

(Invitrogen, Carlsbad, CA), Myc (Invitrogen, Carlsbad, CA) or GAPDH (Millipore, 

Burlington, MA).

Oxalate-supported Ca2+ uptake

Oxalate-supported Ca2+ uptake in transfected HEK293 cells were measured as previously 

described in detail3–5, 8, 64. Cultured HEK293 cells were homogenized in 50 mM phosphate 

buffer, pH 7.0 containing 10 mM NaF, 1 mM EDTA, 0.3 M sucrose, 0.3 mM PMSF and 0.5 

mM DTT. Ca2+ uptake was measured in reaction solution containing 40 mM imidazole pH 

7.0, 95 mM KCl, 5 mM NaN3, 5 mM MgCl2, 0.5 mM EGTA, 5 mM K+ oxalate, 1 μM 

ruthenium red and various concentrations of CaCl2 to yield 0.02 to 5 μM free Ca2+. The 

reaction was initiated by the addition of ATP (final concentration 5 mM). The data were 

analyzed by nonlinear regression with computer software (GraphPad Software), and the KCa 

values were calculated using an equation for a general cooperative model for substrate 

activation.
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Statistical Analysis

Data are presented as the mean ± standard error (S.E.) of n ≥ 3 experiments. All statical tests 

were performed using OriginPro 9.1 (OriginLab Corporation, Northampaton, MA). One-

way analysis of variance (ANOVA) was used to compare the differences between groups. 

ANOVA was followed by Tukey’s post hoc test. A probability (p) value of < 0.05 was 

considered significant. Specific values are provided in figure panels or figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Micropeptides assemble stepwise as homo-dimers, then higher-order 

oligomers.

• 6 related micropeptides all bind to the SERCA2a calcium transporter as 

monomers.

• Micropeptide oligomerization and SERCA-binding share structural 

determinants.

• DWORF shows a unique profile of oligomerization/SERCA-binding.
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Fig. 1. 
Regulation of SERCA by micropeptides. A) Sequence alignment of micropeptides, with key 

conserved residues highlighted. B) Compared to control (SERCA alone, empty squares, 

black dotted line), the apparent Ca affinity of transport activity was decreased when SERCA 

was co-expressed with PLB (black circles, black solid line), SLN (red), ALN (blue), ELN 

(purple), and MLN (gray). The Ca sensitivity of SERCA co-expressed with DWORF (green) 

was not significantly decreased. C) and D) Pull down of Myc-SERCA (C) or Myc-

micropeptide (D) resulted in coimmunoprecipitation of HA-tagged micropeptide, suggesting 

a physical interaction in transfected HEK cells.
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Fig. 2. 
Quantification of the interaction of SERCA2a with micropeptides by acceptor sensitization. 

A) The structure of the regulatory complex of SERCA (gray) with the prototypical 

micropeptide PLB (red). Inset: enlarged view highlighting SERCA TM helices 2 (cyan), 6 

(yellow), and 9 (orange). B) FRET from donor-labeled SERCA to acceptor-labeled 

micropeptides increased with increasing protein expression. Data are pooled from 2–6k cells 

per experiment. C) Fits of FRET curves with hyperbolic (left) or Hill (right) functions 

yielded estimates of maximal FRET (FRETmax), taken as the intrinsic FRET of SERCA-

micropeptide regulatory complexes. D) Apparent dissociation constants (KD2) of SERCA-

micropeptide complexes determined from hyperbolic (left) or Hill (right) function fitting.
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Fig. 3. 
Quantification of the interaction of SERCA2a with micropeptides using acceptor 

photobleaching. A) Acceptor (YFP-ALN) photobleaching increased donor (Cer-SERCA) 

fluorescence. B) Progressive acceptor photobleaching of the acceptor (starting at arrow) 

increased donor fluorescence. C) The relationship between donor and acceptor fluorescence 

reveals D:A stoichiometry. D) Progressive photobleaching suggested all micropeptides bind 

to SERCA as monomers.
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Fig. 4. 
Quantification of the homo-oligomerization of micropeptides by acceptor sensitization. A) 

The structure of the homopentamer of the micropeptide PLB. B) FRET increased with 

increasing protein expression, yielding estimates of homo-oligomer dissociation constants 

(KD1) and maximal FRET (FRETmax). C) Intrinsic FRET of micropeptide oligomer 

complexes. D) Apparent dissociation constants of micropeptide oligomers.
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Fig. 5. 
Quantification of the homo-oligomerization of micropeptides by acceptor photobleaching 

and lifetime analysis. A) Progressive acceptor photobleaching showed that micropeptides 

(here ALN) formed dimers in low expressing cells, and higher order oligomers at high 

expression levels. B) Micropeptides (here SLN, red points) increasingly formed higher-order 

oligomers as expression increased, in contrast to the SERCA-SLN complex (black points). 

C) Fluorescence lifetime analysis of Cer-DWORF +YFP-DWORF fluorescence decay 

(green), compared to Cer-DWORF alone (blue) and a positive control high FRET construct, 

C5V (black).
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Fig. 6. 
Interpretation of homo-oligomer FRET. A) For some micropeptides, oligomer intrinsic 

FRET decreased with increasing cytoplasmic domain size (black trend line). DWORF and 

PLB were outliers, suggesting unique conformations for these micropeptides. B) The data 

suggest that the cytoplasmic domains of PLB oligomers interact with the membrane surface 

more than those of other micropeptides. C) Theoretical FRET vs. distance relationships for 

ring-shaped oligomers of different stoichiometries. Trimers and tetramers cannot be 

distinguished from pentamers. D) The apparent probe separation distance calculated from 

FRETmax values of micropeptide homo-oligomers.
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Fig. 7. 
Summary of micropeptide regulatory interactions. A) SERCA-binding (KD2) correlated with 

oligomerization (KD1). Circles indicate KD2 obtained with a hyperbolic fit, squares indicate 

KD2 obtained with a Hill fit. B) A model of micropeptide interactions.
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Table 1.

Results of acceptor sensititzation FRET measurements. Best estimates of intra-oligomeric FRET distances are 

shown in bold fon.

SERCA2a-micropeptide Interactions

Micropeptide KD2 (AU) FRETmax (%) Distance (Å) KCa (nM)

ALN 3.9 ± 0.8 56.9 ± 8.6 47.2 ALN 472.0 ± 76.6

ELN 4.7 ± 0.5 63.5 ± 8.1 45.0 ELN 471.8 ± 28.5

PLB 1.5 ± 0.4 26.7 ± 3.6 58.5 PLB 532.7 ± 86.7

DWORF 1.6 ± 0.7 34.3 ± 7.7 54.4 DWORF 208.8 ± 32.0

SLN 2.9 ± 0.8 39.0 ± 7.3 51.2 SLN 384.0 ± 24.5

MLN 2.0 ± 0.1 20.0 ± 0.5 61.8 MLN 436.3 ± 32.8

Control 218.0 ± 5.1

Homo-oligomer interactions

Distance (Å)

Micropeptide KD1 (AU) FRETmax (%) Dimer Trimer Tetramer Pentamer

ALN 2.8± 0.5 52.5 ± 3.1 48.2 56.2 57.0 57.0

ELN 3.1 ± 0.3 54.8 ± 3.9 46.8 55.0 55.9 55.8

PLB 0.2 ± 0.0 45.6 ± 2.8 49.8 58.3 58.8 58.7

DWORF 1.6 ± 1.6 32.2 ± 6.1 55.4 63.7 64.5 64.4

SLN 1.7 ± 0.2 64.7 ± 8.4 44.5 52.7 53.6 53.5

MLN 1.4 ± 0.5 57.1 ± 3.6 45.3 53.8 54.7 54.6
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