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Abstract

We have performed ps molecular dynamics simulation (MDS) to identify structural mechanisms
for sarcolipin (SLN) uncoupling of Ca2* transport from ATP hydrolysis for the sarcoplasmic
reticulum Ca2*-ATPase (SERCA). SLN regulates muscle metabolism and energy expenditure to
provide resistance against diet-induced obesity and extreme cold. MDS demonstrates that the
cytosolic domain of SLN induces a salt bridge-mediated structural rearrangement in the energy-
transduction domain of SERCA. We propose that this structural change uncouples SERCA by
perturbing Ca2* occlusion at residue E309 in transport site 11, thus facilitating cytosolic Ca2*
backflux. Our results have important implications for designing muscle-based therapies for human
obesity.
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The sarcoplasmic reticulum Ca2*-ATPase (SERCA) is the membrane protein responsible for
transporting Ca2* from the cytosol into the sarcoplasmic reticulum (SR) lumen of myocytes,
causing muscle to relax and establishing the Ca2* store to be released for subsequent
contraction.! SERCA pumps two CaZ* ions per catalytic cycle using energy derived from
hydrolysis of one ATP molecule and counter-transport of two to three proton atoms.2 In
skeletal and cardiac muscle, SERCA activity is reversible regulated by two membrane
phosphoproteins, the 31-residue sarcolipin (SLN) and the 52-residue phospholamban (PLB).
SLN is expressed predominantly in fast-twitch skeletal muscle and atria, whereas PLB is
expressed predominantly in ventricles and slow-twitch skeletal muscle.3# Spectroscopy and
crystallography show that SLN and PLB bind SERCA in 1:1 heterodimeric regulatory
complexes,>~" with distinct functional outcomes. Unphosphorylated SLN and
unphosphorylated PLB suppress SERCA activity by inhibiting calcium affinity (Kz, = Ca?*
concentration at half-maximal activation), which is relieved by phosphorylation of SLN or
PLB, and by micromolar cytosolic Ca%* 8 thus regulating SERCA activity and muscle
contractility during rest and work. Furthermore, SLN uncouples Ca?* transport from ATP
hydrolysis by SERCA, stimulating unproductive ATP hydrolysis and heat production,0.11
thereby contributing to non-shivering thermogenesis in skeletal muscle.12

X-ray crystal structures of SERCA show two bound Ca?* ions in the transmembrane (TM)
domainl3 and one catalytic nucleotide-binding site in the cytosolic headpiecel4. The
coupling ratio of SERCA, defined as the number of Ca?* ions transported per ATP molecule
hydrolyzed, has a maximum value of two under ideal conditions, such as SR vesicles empty
of Ca?* and extravesicular pH ~7.0.15-17 In mouse transgenic models, SLN enhances energy
expenditure and heat production to provide resistance against diet-induced obesity and
extreme cold.18 While SLN decreases SERCA coupling, both SLN and PLB reduce the Ca2*
affinity of SERCA19 by populating a similar ion-free E1 intermediate protonated at residue
Glu771 (E1eH*777) in TM transport site 1.2021 Thus, SLN must induce structural changes in
SERCA distinct from those induced by PLB, but the structural mechanism(s) responsible for
internal SERCA uncoupling by SLN remain unclear.

Here we point out that published x-ray crystal structures of SERCA—SLN (Protein Data
Bank (PDB) 3w5ab and 4h1iw’) and SERCA—PLB (PDB 4kyt22) reveal unique effects of the
two regulatory subunits on SERCA structure. The two crystal structures of SLN-bound
SERCA were superposed on the crystal structure of PLB-bound SERCA for measurement of
the relative root-mean-square deviation (RMSD) for each TM helix (Figure 1). Except for
helices M1 and M4, the relative RMSD values are small (<0.1 nm) (Figure 1A), indicating
that the structures of most TM helices are virtually identical for SERCA bound to SLN
versus PLB. M1 does not interact directly with either regulatory subunit, so the relatively
high RMSD value of 0.16 nm is probably due to the inherent flexibility of this helix.2> M4
shows the highest relative RMSD (0.19 nm) of all SERCA TM helices. RMSD analysis of
M4, as divided into luminal and cytosolic segments R290-A306 and P312-K329, reveals that
the predominant relative change in the position of M4 occurs in the cytosolic half of this
helix and extends up into the cytosolic stalk helix 4 (M4S4, residues P312-K329) (Figure
1A, insel). Helix M4S4 exhibits a 17° increase in the axial tilt angle, relative to the
membrane normal, in SLN-bound SERCA structures compared to PLB (Figure 1).87 The
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Ca?* binding residue glutamate 309 (E309) in transport site 11 is positioned at the central
break of the M4 helix in SLN- and PLB-bound SERCA structures (Figure 1).

M4S4 is in close proximity to the N-terminus of both PLB and SLN, so it is possible that a
change in M4S4 tilt is due to SERCA-SERCA interactions in the crystal lattice. However,
this is unlikely because the structural arrangement of SERCA is similar between SLN- and
PLB-bound structures (RMSD<0.4 nm). Therefore, we searched for intermolecular contacts
that could be responsible for control of SERCA coupling. Detailed structural analysis
revealed that both SERCA—SLN crystal structures®. show the presence of electrostatic
interactions between residue E2 of SLN and residues R324 and K328 of M4S4, forming a
bifurcated salt bridge between these three residues (Figure 2A). These salt bridge
interactions are not present in the SERCA—PLB complex (Figure S1), so which suggests
that these interactions are responsible for the SLN-induced changes in M4S4. However, it is
uncertain whether these SERCA—SLN intermolecular contacts (M4S4—N-terimnus)
represent native contacts /n vivo, or if they are artifacts due to non-physiological
crystallographic conditions. Therefore, we used the co-crystal structure of SLN bound to
SERCA in the Mg2*-bound E1 state (rabbit isoforms of SLN and SERCA1a; PDB 3w5a®) to
perform three independent 1-ps MDS of the native complex in a hydrated lipid bilayer.
Based on our previous studies, 202126 e simulated all SERCA—SLN systems at
appropriate physiological conditions by removing Mg?* from the Ca2* transport sites, and
by modeling transport-site residues E309 (M4) and D800 (M6) as ionized, and E771 (M5)
and E908 (M8) as protonated. We used the NAMD 2.11 program?’ and the CHARMM36
force field to simulate SERCA—SLN for 1 ps. Detailed computational protocols are in
Supporting Information.

MDS trajectory analysis showed that the salt bridge between residues E2 (SLN) and K328
(SERCA) found in the crystal structures is stable in all three MDS in a solvated lipid bilayer
(Figure 2B, purple line). Conversely, the salt bridge E2—R324 in the crystal structure is
stable only in a single trajectory (MD3) and is completely disrupted in trajectories MD1 and
MD?2 at t=0.26 and t=0.5 us (Figure 2B, brown). Instead, R324 forms a new salt bridge with
residues E7 of SLN, as observed in two of three trajectories (MD1 and MD2 in Figure 2B,
cyan). The new salt bridge E7—R324 is formed at t=0.6—-0.7 ps, and remains stable for the
remainder of the 1-us simulation (Figure 2B). Thus, these simulations indicate that initial
salt bridges from E2 to R324 and K328 in crystal structures are relatively stable, yet are
replaced preferentially by two separate salt bridges, E2—R324 and E7— K328, in MDS.
Here we find that SLN residue R3 does not interact with M1 residue E45 of SERCA, as
predicted by ns MDS of mouse E7C-SLN and rabbit SERCA.28 SLN residue E7 and
SERCA residues R324 and K328 are highly conserved in mammalian species; E2 of SLN is
less conserved and not encoded by human SLN (Figure S2).

We predict that disrupting salt bridge(s) E2—K328, E2-R324, and/or E7—R324 would
reverse SLN-induced tilt of M4S4. To test this hypothesis, we performed three independent
1-ps MDS of SERCA bound to SLN point mutant E7C or N-terminal mutants truncated after
residue R6 (A6-SLN) or E7 (A7-SLN). As with WT-SLN, we used the crystal structure of
SERCA—SLN 3w5ab as the starting point to model mutant SLN-SERCA constructs.
Detailed computational protocols are in Supporting Information. The truncated mutants were
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chosen for MDS analysis because deletion of SLN N-terminus leads to loss of uncoupling
function while retaining SLN binding to SERCA,28 whereas E7C-SLN was chosen because
it has been studied extensively.28:29 Comparative analysis of the trajectories shows that the
TM domain of SERCA undergoes a small change (<0.15 nm) in RMSD, and the RMSD
values remained virtually constant during 1 ps for all SERCA-SLN constructs (Figure S3).
Root-mean-square fluctuation (RMSF) and secondary structure analyses indicate that E7C-
SLN, A6-SLN and A7-SLN show similar structural properties (RMSF) as WT-SLN bound to
SERCA (Figures S4 and S5). Cross-linking experiments showed that SLN truncated at the
N-terminus (A2-6) constitutively binds to SERCA, indicating that SLN binding to SERCA
is mediated mostly by TM interactions.28:29 This experimental evidence is corroborated by
our MDS, which determined that deletion of intermolecular SERCA-SLN salt bridges does
not alter the stability of the SERCA-SLN complex.

After establishing that SERCA—SLN complexes are stable for 1 us MDS, we measured the
effects of WT-SLN, E7C-SLN, A6-SLN, and A7-SLN on the structural arrangement of
M4S4 (Figure 3). The axial tilt angle of M4S4 in SERCA—SLN complexes was measured
relative to the SERCA—PLB crystal structure (Figure 3B, purpl/e). In SERCA bound to WT-
SLN, M4S4 maintains high tilt in all three 1-us trajectories (Figure 3A, reqd); the average tilt
angle for this segment is 17.5 = 1.4° (mean = standard error, 7=3) by MDS, in excellent
agreement with the 17¢ tilt calculated from crystal structures of SERCA—SLN. Thus, SLN-
induced M4S54 tilt is not an artifact of crystal packing. We found that M4S4 is also tilted in
trajectories of SERCA bound to A6-SLN and E7C-SLN (Figure 3 b/ue and orange); the
calculated tilt angle for this segment is 17.7 £ 1.5° (7=3) and 16.9 + 1.9° (/7=3) for A6-SLN
and E7C-SLN, respectively, indicating that the presence of either E2 or E7 is sufficient to
induce M4S54 tilt similar to WT-SLN. Conversely, in SERCA bound to A7-SLN, the tilt
angle of M4S4 is similar to that calculated from the crystal structure of SERCA—PLB
(Figure 3A, greenvs. magenta)?? and 1-ps trajectory of SERCA—PLB (Figure 3B,
magenta). In trajectories MD1 and MD2, this loss of tilt angle occurs at t=0.32 ps and t=0.51
us; in both cases, the tilt angle of M4S4 settles at a plateau of ~3° for the remainder of 1 ps
simulation (Figure 3B). In the MD3 trajectory, the tilt angle also decreases, but stepwise at
t=0.40 ps and t=0.66 s to a value of ~7° (Figure 3B, green).

The tilted orientation of M4S4 in SERCA bound to A6-SLN and E7C-SLN correlates with
the stability of salt bridges E2—K328/E2—R328 and E7—R328, respectively (Figure S6).
Although E-K interaction is weaker than E-R in solution,3! we found that E2—K328/E2—
R324 salt bridges between E7C-SLN and SERCA are sufficient to induce M4S4 tilt (Figure
3B, orange). Only A7-SLN, which lacks both E2 and E7, reverses this structural change,
with M4S4 adopting an orientation similar to that in the SERCA— PLB complex. We note
that these structural shifts correlate with /n vitro functional data showing that (a) mouse SLN
constructs having one of the two glutamate residues in the N-terminus, such as E7C-SLN
(i.e., E2-only SLN), produce SERCA uncoupling similar to WT-SLN28:29 and (b) SLN
lacking both E2 and E7 (i.e., A2—6-E7C-SLN) leads to loss of uncoupling.28 These results
are important, since human SLN has only one acidic residue (E7), with the N-terminal
sequence IMGINTRELFL1? (Figure S2), and because human SLN has not been tested for
uncoupling function. Since human SLN protein contains E7, we predict that human SLN is
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sufficient to mediate M4S4 tilt and SERCA uncoupling, and thereby plays a role in human
metabolism.

SLN plays a dual role in SERCA regulation: inhibition of calcium binding and uncoupling
of calcium transport from ATP hydrolysis. We have recently shown that PLB and SLN
inhibit the K¢, of SERCA by distorting the atomic geometry of the two transport sites,20:21
so here we investigated whether changes in the tilt angle of M4S4 are independent of K¢,
regulation. We find that E7C-SLN and A6-SLN produce a transport site geometry that is
very similar to that produced by WT-SLN and PLB (Figure S7), while maintaining M4S4
tilt. On the other hand, A7-SLN reverses the change in the tilt angle of M4S4 (Figure 3),
while maintaining Ca2* transport site geometry (Figure S7) associated with K¢,
inhibition.2%-21 These findings indicate that SLN regulation of SERCA coupling ratio and
calcium affinity operates through two separate structural mechanisms mediated by the
cytosolic N-terminus (Figure 3) and the TM/luminal domain of SLN32:33 respectively.

Site-directed mutagenesis studies have identified 29 SERCA residues as critical for coupling
Ca?* transport to ATP hydrolysis: 14 residues on the entire M4S4 (between L297-K329), 12
residues in the TM domain (M5, M6), 2 residues in the lumen (loop 78), and 1 residue in the
P domain (C344) (summarized in Figure S8).34-40 None of these mutants have been reported
to show Ca?*-independent ATPase activity. Together, these 29 residues comprise the energy-
transduction domain of SERCA (Figure $8).34:36-39 The cytosolic half of M4S4 links E309
(transport site I1) in the TM domain to D351 (phosphoenzyme formation site) in the P
domain, and mutation of M4S4 residues P312, 1315, L319, L321, and K329 result in
uncoupling.3” Here we find that the N-terminus of SLN has direct salt-bridge interactions
with M4S54 to control tilt angle, and this structural change, which is not induced by PLB, is
reversed by deletion of SLN residues E2 and E7 (Figure 3).We propose that salt bridge-
mediated change in M4S4 tilt angle is directly responsible for SLN uncoupling of SERCA.

By what structural mechanism does SLN uncouple SERCA? Here we summarize our
primary hypothesis. M4S4 is directly connected to Ca2* binding residue E309 on M4, which
is part of transport site I1. E309 plays a central role in coupling ATPase activity and Ca%*
transport, as well as phosphoenzyme dephosphorylation and proton counter-transport, acting
as the gate-keeper residue that transmits the ‘Ca2* occupancy’ signal to initiate ATP
hydrolysis and SERCA phosphoenzyme formation at D351. 2324 Ca2* binding by E309 in
transport site 11 is required to activate ATP hydrolysis, which is the same requirement for
both SLN-bound and SLN-free SERCA.23:24:36.39 Oyr MDS indicate that SLN-mediated
change in M4S4 tilt shifts E309 position by 0.35-0.50 nm (Figure S9). We propose that
SLN-induced M4S4 tilt perturbs Ca2* occlusion in by E309, such that Ca2* bound in site I
is not transported in every catalytic cycle, thus allowing Ca2* backflux to the cytosol. Based
on compelling kinetic and mutagenesis analyses of SERCA gating,*142 we propose that
SLN uncoupling occurs before transport site interconversion in slippage intermediate(s)
E1P+ADP+2Ca?* and/or E1P«2Ca?*, prior to E2P«2Ca?* formation, /.e., before Y122
hydrophobic cluster formation and luminal M2 gate opening.4142

Do additional mechanism(s) play a role in SLN uncoupling of SERCA? Here we discuss
five alternative possibilities. (1) M1 of SERCA: a previous ns MDS of E7C-SLN suggested
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that E2 of SLN interacts with M1 of SERCA;28 but our ps simulations indicate that SLN
(WT or E7C) does not interact with helix M1. X-ray crystal structures®.” and our MDS
consistently identify SLN N-terminus interaction with M4S4. (2) Phosphorylation domain of
SERCA: M4S4 is directly connected to the phosphorylation (P) domain of SERCA, with the
auto-phosphorylation site D351 directly connected to S4, so it is possible that SLN-induced
changes in P domain orientation are linked to SERCA uncoupling. However, we rule out this
possibility, because MDS indicate that the nucleotide and phosphorylation domains adopt
catalytically competent structural arrangement in SERCA bound to WT-SLN, E7C-SLN,
and A6-SLN, e.g., RMSD<0.35 nm (Figure S3) relative to the crystal structure of Ca?* and
ATP-bound SERCA,*3 and because SLN binding to SERCA has no significant effect on the
rate of ATP hydrolysis during uncoupling of Ca2* transport.28:2% (3) Phosphorylation of
SLN: Phosphorylation of SLN at S4 or T5 relieves K¢, inhibition, but the effect on coupling
ratio is unknown. It is likely that phosphorylation of SLN will affect SERCA coupling ratio
by introducing new charge-mediated interactions with M4S4. (4) Acylation of SLN: C9 of
SLN is reportedly acylated in rabbit and pig skeletal muscle, which decreases the coupling
ratio of SERCA.** However, acylation of C9 is not observed in crystal structures of rabbit
SERCA-SLN, and acylation conditions do not disrupt S4M4-SLN interaction nor anchor
the SLN N-terminus to the membrane.** Other species do not encode C9 in SLN and are
instead substituted with F9 (e.g., SLN from human, mouse, rat, chicken, frog, and fish).2°
(5) High luminal C2*: It is well-established that the experimentally-measured coupling ratio
of SERCA decreases as intravesicular Ca2* rises in SR vesicles.164% This decrease in
apparent transport efficiency has been attributed to a variety of pathways, including Ca2*
leak across the membrane, Ca2* slippage through SERCA, and enhancement of SLN
uncoupling function by luminal Ca2*.4°

In conclusion, we have used all-atom ps MDS to identify the structural mechanism for SLN
uncoupling of SERCA. These findings indicate that SLN induces a unique salt bridge-
mediated structural rearrangement of M4S4 in the energy-transduction domain of SERCA,
and that SLN-mediated uncoupling is structurally distinct from K¢, inhibition by SLN and
PLB. The salt bridges responsible for uncoupling involve primarily residues E2 and E7 of
SLN and R324 and K328 of SERCA. MDS shows that SLN missing either E2 or E7 causes
a similar structural effect on M4S54 tilt as WT-SLN, and that only deletion of both E2 and E7
prevents this structural rearrangement. MDS also shows that SLN-induced change in the tilt
angle of M4S4 leads to removal of E309 from transport site 11, and this effect is maintained
in SLN with E2 and/or E7, but not in SLN missing both. We propose that altered CaZ*
occlusion by E309 at transport site I, which is induced by salt bridge-mediated tilt of M4S4,
constitutes the primary mechanism by which SLN uncouples SERCA. Our MDS provides
novel hypotheses for M4S4 tilt that can be tested by functional mutagenesis and site-directed
spectroscopy. For example, additional information may be gained by using cysteine
engineering to introduce labeling sites on M4S4 for a rigidly-attached, bifunctional spin
label (BSL) that measures orientation, distance, and dynamics with high-precision,*6 using a
heterologous system that allows co-expression of SLN and PLB.> We propose that the
energy-transduction segment M4S4 is molecular switch that responds to SLN binding, thus
enabling tissue-specific uncoupling of SERCA through electrostatic control of the extended
energy-transduction domain. These findings have important implications for therapeutic
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proaches to human obesity (e.g., through discovery of small-molecule compounds that
hance SERCA—SLN binding).
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Figure 1. Comparative analysis of SERCA—SLN and SERCA—PLB crystal structures
(A) RMSD for each TM helix in SERCA—SLN crystal structures 3w5a® (purple) and 4hiw’

(pink) was calculated relative to TM helices in the SERCA—PLB crystal structure 4kyt22,
The inset shows RMSD of M4S4 divided into luminal and cytosolic segments R290-A306
(/um) and P312-K329 (cyro). (B) Superposed crystal structures of SERCA—SLN (purple,
pink) and SERCA—PLB (green) reveal that SLN, but not PLB, mediates a large increase in
the axial tilt angle (orange dashes) of M4S4. SERCA residue E309 (red spacefill) is the Ca2*
binding residue in transport site 1l in the TM domain that transmits the ‘full-occupancy’
signal to initiate ATP hydrolysis and phosphoenzyme formation at D351 in the
phosphorylation domain.23:24
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Figure 2. Intermolecular salt bridges between the N-terminus of SLN and M4$4 of SERCA
A) Salt bridges between SLN residues E2/E7 and SERCA residues R324/K328 are identified

in crystal structure 3w5a (/ef?) and at the end of each 1-ps MDS trajectories (right). SERCA
and SLN are shown as cartoons, and residues participating in salt-bridge interactions are
shown as sticks. (B). MDS distance evolution is shown between E2SLN—K328SERCA
E2SLN_R324SERCA and E7SLN—R324SERCA Distances between E—K and E—R residue
pairs were calculated between Cs—C¢ and Cs—N¢ atoms, respectively. The cutoff distance
for salt bridge interaction using these distance definitions is 0.6 nm.3°
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Figure 3. Effect of SLN mutation and truncation on M43$4 tilt angle
(A) Superposition of representative SERCA—SLN constructs and SERCA—PLB from MDS

(colored) onto the crystal structure of SERCA— PLB (gray).2? (B) Time-dependent
evolution of M4S4 tilt angle for SERCA—SLN constructs and SERCA—PLB. The tilt angle
of M4S4 was calculated using backbone alignment, with SERCA—PLB crystal structure
4kyt?2 as reference.
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