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Phospholamban (PLN) and Sarcolipin (SLN) are homologous membrane proteins that belong to the family
of proteins that regulate the activity of the cardiac calcium pump (sarcoplasmic reticulum Ca2+-ATPase,
SERCA). PLN and SLN share highly conserved leucine zipper motifs that control self-association; conse-
quently, it has been proposed that both PLN and SLN assemble into stable pentamers in the mem-
brane. In this study, we used molecular dynamics (MD) simulations and Western blot analysis to
investigate the precise molecular architecture of the PLN and SLN oligomers. Analysis showed that the
PLN pentamer is the predominant oligomer present in mouse ventricles and ventricle-like human
iPSC-derived cardiomyocytes, in agreement with the MD simulations showing stable leucine zipper inter-
actions across all protomer-protomer interfaces and MD replicates. Interestingly, we found that the PLN
pentamer populates an asymmetric structure of the transmembrane region, which is likely an intrin-
sic feature of the oligomer in a lipid bilayer. The SLN pentamer is not favorably formed across MD repli-
cates and species of origin; instead, SLN from human and mouse atria primarily populate coexisting
dimeric and trimeric states. In contrast to previous studies, our findings indicate that the SLN pentamer
is not the predominant oligomeric state populated in the membrane. We conclude that despite their
structural homology, PLN and SLN adopt distinct oligomeric states in the membrane. We propose that
the distinct oligomeric states populated by PLN and SLN may contribute to tissue-specific SERCA regula-
tion via differences in protomer–oligomer exchange, oligomer–SERCA dynamics, and noise filtering dur-
ing b-adrenergic stimulation in the heart.

� 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Phospholamban (PLN) and Sarcolipin (SLN) are homologous
membrane proteins that belong to the family of proteins that reg-
ulate the activity of the calcium pump (sarcoplasmic reticulum
Ca2+-ATPase, SERCA)[1]. In the heart, PLN is expressed abundantly
in ventricles [2], whereas SLN is found in the atria [3,4]. Spec-
troscopy studies have shown that PLN and SLN form homo-
oligomers with high-order stoichiometry [5]. Previous studies have
suggested that oligomerization serves as storage from which the
active protomers binding to SERCA are released [6]. More recently,
we used complementary electron cryo-electron microscopy, bio-
chemical analyses, and atomistic simulations to show that PLN
and SLN homo-oligomers directly interact with SERCA with differ-
ent functional outcomes: PLN homo-oligomers increase the maxi-
mal activity of the pump [7], whereas SLN homo-oligomers
decrease the maximal activity of SERCA [8]. These studies under-
line the importance of PLN and SLN oligomerization for the regula-
tion of SERCA-mediated calcium transport in the heart.
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PLN and SLN share similar motifs that control self-association
and oligomer stoichiometry [9,10], and previous studies have
shown that both PLN and SLN assemble into stable and symmetri-
cal pentamers in the membrane [11–14]. In apparent contradiction
with this view, spectroscopy studies have shown that PLN, but not
SLN, self-associate into distinct pentamers [15], and that SLN
dimers and higher-order oligomeric may coexist in a membrane
environment [9]. In this study, we used microsecond-long atomis-
tic molecular dynamics (MD) simulations and western blot analy-
sis of atrial and ventricular tissue to investigate the precise
molecular architecture of the PLN and SLN oligomers.

We point out that the published NMR structure of human SLN is
only available for the protomer (PDB: 1jdm [16]); given the homol-
ogy between SLN and PLN, we build a structure of the SLN pen-
tamer using the NMR structure of the PLN pentamer as a
template (PDB: 2kyv [11], Fig. 1A). In the final model, each SLN pro-
tomer crosses the lipid bilayer with a tilt angle of �11� about the
membrane normal (Fig. 1B). Like the PLN pentamer, the modeled
structure of the SLN pentamer is characterized by a cyclic point
symmetry with the axis running perpendicular to the membrane
plane. We also point out that the SLN pentamer generated in this
study is nearly identical to that reported in previous computational
studies [12–14]; accordingly, we used this structure as an initial
model to perform five independent 1-ms MD simulations of the
SLN pentamer in a lipid bilayer composed of POPC lipids. In addi-
tion, we performed four independent 1-ms MD simulations of the
PLN pentamer starting from the most representative structures
extracted from the NMR ensemble.

We plotted the distributions over the tilt angle for each pro-
tomer calculated for each snapshot in the MD trajectories to estab-
lish a blueprint for the preferred configuration of the protomers in
the PLN and SLN pentamers. We found that the configuration of the
PLN and SLN pentamers deviates substantially from that measured
in the initial structure of the oligomers. In the PLN pentamer, the
protomers show a broad spread of tilt angles in the microsecond-
long trajectories, ranging from 0� to 40� (Fig. 1C). Similarly, the
SLN protomers in most trajectories populate tilt angles between
0� and 50� (Fig. 1D). Reconfiguration of individual PLN and SLN
protomers is accompanied by either a fractional or full loss in the
Fig. 1. Molecular architecture of the PLN and SLN pentamers in a lipid bilayer. (A) A repr
(B) The three-dimensional structure of the SLN pentamer we used as a starting point for
each (C) PLN and (D) SLN protomer were calculated from the MD trajectories using the
calculated for all protomers using the initial structures of the PLN and SLN pentamers. In
M5 (orange) are shown in a cartoon representation. (For interpretation of the references t
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cyclic point symmetry that is characteristic of the modeled and
NMR structures of the PLN and SLN pentamers, respectively
(Fig. 2). In the PLN pentamer, the transition toward a mostly asym-
metric structure of the transmembrane region occurs in all four
trajectories; for instance, protomers M2 and M3 retain an average
angle of 11�, whereas protomers M1, M4, and M5 undergo a shift
toward a larger transmembrane tilt angle (tilt angle of 22–25�,
Fig. 1C and Fig. 2A). The SLN pentamer modeled here also adopts
a mostly asymmetric structure of the transmembrane domain:
SLN protomers in replicates 2, 3, and 5 have dissimilar average tilt
angles that translate into a unique configuration of the individual
transmembrane helices of the protomers (Fig. 1D and Fig. 2B).
We observed a moderate reconfiguration of all protomers in repli-
cate 1; however, the average tilt angles for each protomer in this
replicate are similar, thus suggesting that SLNmay form symmetric
pentamers (Fig. 1D and Fig. 2B). Interestingly, asymmetry of the
SLN oligomer was also observed in a single 0.5 ms MD trajectory
previously reported by us [8]. Together, these findings suggest that
the PLN and SLN pentamers are intrinsically asymmetric, in con-
trast with previous reports proposing that the pentameric form
primarily populates a cyclic symmetry [11]. A possible explanation
for this difference is that Xplor-NIH, the software that was used for
NMR structure determination of the PLN pentamer [11], uses dis-
tance symmetry restraint protocols that favor a cyclic symmetry
packing [17]. It is therefore possible that the asymmetry observed
here is an intrinsic characteristic of the SLN and PLN pentamers in a
lipid bilayer environment because our simulations were performed
in the absence of these restraints.

We analyzed the stability of the pentamers by quantifying the
stability of a conserved leucine zipper that is essential for the
oligomerization of PLN and SLN [9,10]. To this aim, we plotted
the distributions of the distances Ile40–Leu37 and Ile40–Leu44
(for PLN) and Ile17–Ile14 and Ile17–Leu21 (for SLN) across all pro-
tomer–protomer interfaces in the MD trajectories. A leucine zipper
is considered stable only if both residue-residue distances satisfy a
value of �7 Å; this cutoff value is based on the residue-residue dis-
tance calculated from the initial model of the NMR structure of the
PLN pentamer [11]. Analysis of the trajectories shows that the leu-
cine zipper in the PLN pentamer is stable across all protomer–pro-
esentative structure from the NMR ensemble of the PLN pentamer (PDB: 2kyv [11]).
the MD simulations. Distributions of the tilt angle of the transmembrane domain of
pentamer as a starting structure. The dashed line indicates the average tilt angle
all cases, individual protomers M1 (red), M2 (blue), M3 (green), M4 (magenta), and
o colour in this figure legend, the reader is referred to the web version of this article.)



Fig. 2. Structures of the PLN and SLN pentamers. (A) Structures of the PLN pentamer at the end of the 1-ms MD trajectory. (B) Configuration of the SLN pentamer at the end of
each MD replicate. In all cases, the structures are oriented so that the z-axis is parallel to the membrane plane normal and viewed from the cytosolic side. Individual
protomers M1 (red), M2 (blue), M3 (green), M4 (magenta), and M5 (orange) are shown in a cartoon representation. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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tomer interfaces and independent replicates (Fig. 3 and Fig. S1,
Supplemental material) and that the stability is independent of
the asymmetric structure of the pentamer detected in the simula-
tions. In contrast to the PLN pentamer, we found that the leucine
zipper is not stably formed across all protomer–protomer inter-
faces in most MD replicates of the SLN pentamers. Indeed, the leu-
cine zipper of the SLN pentamer is either transiently formed (e.g.,
between protomers M2–M3 of replicate 2, Fig. 3), or is completely
Fig. 3. Stability of the leucine zipper, measured by key interresidue distance distribution
calculated from replicate 1 of PLN and replicates 2 and 4 of SLN. The dashed brown line ind
well as the NMR structure of the PLN pentamer. Each interface is labeled using the nomen
SLN pentamers (cartoon representation) and the location of the leucine zipper residues (
zippers.
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disrupted (e.g., between protomers M3–M4 of replicate 4, Fig. 3).
The full set of protomer–protomer interresidue distances calcu-
lated from the simulations of the SLN pentamer are reported in
Fig. S2 of Supplemental material.

Previous studies have shown that the N-terminus of SLN plays
functional roles in SERCA regulation[18,19] and interdomain com-
munication [20]. In this study, we found that the N-termini of SLN
may interact with each other in the oligomers (Fig. 2B). However,
s across all protomer–protomer interfaces. We show selected interresidue distances
icates the average distance calculated from the initial model of the SLN pentamer as
clature used in Figs. 1 and 2. The representations on the left panel show the PLN and
van der Waals spheres). These structures also illustrate stable and disrupted leucine
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these interactions do not appear functional because the close con-
tact between the N-termini of adjacent protomer does not result in
stable protein-protein contacts in the transmembrane domain. For
instance, helices M4 and M5 in replicate 2 of the SLN pentamer are
in proximity (Fig. 2B), but these protomers do not form stable leu-
cine zippers in the simulation (Fig. 3).

We performedWestern blot analysis of mouse heart and human
iPSC-derived cardiomyocytes as a complementary approach to ver-
ify the high-resolution structural information obtained from the
MD simulations. Western blot analysis showed that the PLN pen-
tamer is the predominant oligomer present in both mouse ventri-
cles and human iPSC-derived cardiomyocytes (Fig. 4A). These
findings agree with the stability of leucine zipper interactions
across all protomer–protomer interfaces and replicates of the
PLN pentamer (Fig. 4B and Fig. S1). Conversely, we did not conclu-
sively find a band corresponding to the SLN pentamer in either
mouse atria or human iPSC-derived atrial cardiomyocytes. Instead,
we found the presence of the SLN dimer and trimer in mouse atria,
and the dimer and pentamer in human iPSC-derived atrial car-
diomyocytes (Fig. 4C). MD simulations agree with experiments
and show that the SLN pentamer breaks down primarily into
dimers and trimers (Fig. 4D). We performed additional MD simula-
tions to verify the stability of individual dimeric and trimeric forms
of SLN oligomers and demonstrate that these oligomers are stabi-
lized by specific protomer–protomer leucine zipper interactions
(Figs. S3-S4, Supplemental material). While it can be argued that
the SLN pentamer may exist in other organisms, we performed
additional MD simulations to demonstrate that the pentamer
formed by mouse SLN is not structurally stable in the microsecond
time scale (Figs. S5-S6, Supplemental material). These findings,
which are reproducible across replicates, species of origin, and pri-
Fig. 4. Oligomerization of PLN and SLN in mouse hearts and human iPSC-derived cardiom
mouse ventricles and ventricle-like human iPSC-derived cardiomyocytes showed the pr
pentamer (cartoon representation) show the formation of stable leucine zippers (purple
mouse atria, whereas dimers and pentamers were found in atria-like human iPSC-derive
and revealed the formation of structurally stable dimeric, trimeric and pentameric states.
shown as spheres. (For interpretation of the references to colour in this figure legend, t
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mary antibodies (Figs. S7-S8), are in contrast with previous studies
suggesting that pentamers are the primary oligomeric form of SLN
in the membrane [12–14]. There is excellent agreement between
simulations and experiments demonstrating that the pentamer is
the main oligomeric form of PLN, whereas SLN primarily populates
coexisting dimeric and trimeric states in the membrane. We note
that we detected a band that corresponds to the SLN pentamer in
both mouse atria and human iPSC-derived atrial cardiomyocytes.
This finding is consistent with the formation of the SLN pentamer
in a single MD trajectory. These findings suggest that SLN pen-
tamers may form in cardiac cells, albeit less frequently than other
oligomeric states populated in the membrane. It is reasonable to
argue that the lipid composition of the sarcoplasmic reticulum in
atrial and ventricular tissue contributes to the differences in
oligomerization between PLN and SLN. However, we rule out this
possibility as the phospholipid composition is similar in microso-
mal fractions of atria and ventricles [21,22].

In summary, we demonstrated that despite their structural
homology, PLN and SLN adopt distinct oligomeric states in the
membrane. Our study provides new functional and structural
hypotheses that can be tested both with simulations and experi-
mentally. For example, previous studies have shown that high
expression of PLN and SLN have significantly cytotoxic effects, with
SLN having a more potent cytotoxic effect in vitro. There is evi-
dence showing that the presence of several oligomeric states corre-
lates with higher cytotoxicity [23], so our findings may provide a
mechanistic explanation for these differences since SLN populates
a broader range of homo-oligomers than PLN. The differences in
oligomerization and symmetry found here may also explain the
divergence in SERCA regulation either via protomer–oligomer
exchange [5], oligomer–SERCA dynamics [7,8], and to ensure con-
yocytes (iPSC-CM) revealed by Western blot analysis. (A) Western blot analysis of
esence of PLN pentamers in both species. (B) Representative structures of the PLN
spheres). (C) We detected the presence of SLN dimers, trimers, and pentamers in

d cardiomyocytes. (D) MD simulations of the SLN oligomers agree with experiments
Individual protomers are shown in a cartoon representation, and leucine zippers are
he reader is referred to the web version of this article.)
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sistent protomer phosphorylation during b-adrenergic stimulation
[24]. Finally, we propose that the degeneracy of structural states
that have been associated with membrane protein asymmetry
[25] may be of importance for allosteric regulation and functional
adaptation of SERCA by PLN in the heart [26,27]. These functional
mechanisms, which can be tested using computer simulations in
concert with mutagenesis, spectroscopy, and cell-based assays,
will provide new insights into the functional contribution of PLN
and SLN oligomerization to cardiac function in health and disease.
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