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Figure S1. Structural comparison of M4S4 in SERCA–SLN and SERCA–PLB 

crystal structures. We identified two structural differences between crystal structures of 

SERCA‒SLN1 and SERCA‒PLB2. (1) The SERCA‒SLN structure (left panel) exhibits a 

bifurcated salt bridge (black box) between SLN acidic residue E2 in the cytosolic region 

and SERCA basic residues K324 and R328 on M4S4 (yellow cylinder); these salt bridges 

do not exist in the SERCA‒PLB structure (right). (2) The SERCA‒SLN structure 

exhibits a 17° increase in M4S4 tilt angle compared to SERCA‒PLB. Proteins are shown 

in gray cartoon representation. Key residues are shown in stick colored according to 

physiochemical property: basic (blue), acidic (red), and polar (green). Phospholipid 

headgroups of the membrane bilayer are shown as cyan spheres. 
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Figure S2. Amino acid sequence alignments of SLN and M4S4 from rabbit, human, and mouse. 

Residues are color-coded according to physiochemical property: uncharged (black), basic (blue), and 

acidic (red). LEFT PANEL: Protein sequence alignment of SLN is shown for rabbit,3 human,3 mouse3, 

and mouse E7C (used for crosslinking4, 5 and MD simulation5). Species sequence variation that results in 

a change of SLN electrostatic charge is indicated by ∆charge (*). Post-translational modifications 

(PTM) of SLN are indicated by Pi (phosphorylation of Ser46 or Thr57) and S-acyl (palmitoylation or 

oleoylation of Cys98). RIGHT PANEL: Protein sequence alignment for SERCA1a, the Ca2+-ATPase 

isoform expressed in adult fast-twitch skeletal muscle, is shown for rabbit9, human10, and mouse 

(Genbank AY081946.1). SERCA residues that result in transport/ATPase uncoupling when mutated are 

indicated by uncoupled mutant (*) (for more detail, see Figure S8). M4 residues that coordinate the 

second bound Ca2+ ion are indicated by transport site II (Ca2+): V304 (backbone carbonyl), A305 

(backbone carbonyl), I307 (backbone carbonyl), and E309 (sidechain carboxylate).11 
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Figure S3. Time-dependent evolution of RMSD for TM and cytosolic domains of 

SERCA with bound SLN constructs. MDS was performed for SERCA bound to SLN 

constructs (WT, E7C, ∆6, or ∆7). RMSD was calculated for each independent trajectory 

relative to the SERCA‒SLN crystal structure.1 RMSD of the TM domain of SERCA 

(black) was calculated using backbone alignment of the ten TM helices (M1–M10). 

RMSD of the cytosolic headpiece of SERCA (beige) was calculated using backbone 

alignment of the three cytosolic domains (phosphorylation, nucleotide-binding, actuator). 

The TM domain of SERCA shows low and stable RMSD that is not affected by SLN 

mutation or truncation, consistent with the stability of SERCA–SLN complexes observed 

during 1 µs trajectories. The cytosolic headpiece shows moderate and time-dependent 

RMSD when SERCA is bound with SLN constructs, consistent with MDS studies 

demonstrating that the SERCA headpiece is inherently dynamic with or without bound 

SLN or PLB.12-14 
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Figure S4. C RMSF for SLN constructs bound to SERCA. RMSF is presented as 

mean ± standard error (n=3). MDS indicates that the N-terminus of SLN is moderately 

rigid for residues 1–3 and more rigid for residues 4–7. Compared to WT-SLN, the E7C-

SLN mutant has similar relative mobility for all segments: cytosol (residues 1–8), TM 

(residues 9–26), and lumen (residues 27–31). Truncation mutants ∆6-SLN and ∆7-SLN 

maintain rigidity in the TM helix (residues 9–26), yet increase mobility in the luminal C-

terminus (residues 27–31), thereby revealing allosteric structural coupling between 

cytosolic and luminal regions of SLN. Cross-linking5 and MDS (Figures 2, 3) 

demonstrate that ∆6 truncation of the SLN N-terminus does not cause dissociation of the 

SERCA‒SLN complex. The luminal C-terminus of SLN is involved in inhibition of the 

Ca2+ affinity of SERCA.15  
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Figure S5. Time-dependent evolution of secondary structure for SLN constructs 

bound to SERCA. STRIDE16 was used to analyze the evolution of the secondary 

structure of SLN in trajectories of SERCA–SLN complexes. Secondary structure is 

colored with -helix in pink, 310-helix in blue, turn in cyan, and coil in white. The 

analysis demonstrates that WT-SLN and E7C-SLN have similar secondary structure in 

the N-terminus, indicating that the E7C mutation does not alter structural dynamics of the 

cytosolic region of SLN. The analysis also demonstrates that truncations 6 and 7 do 

not alter structural dynamics of the TM domain of SLN (residues 9–26). For 6-SLN and 

7-SLN, the C-terminal tail (residues 27–31) undergoes structural transitions from -

helix to 310-helix or unfolded on the ns time scale during MDS; this structural 

interconversion contributes to the small increase in structural fluctuation detected in the 

C-terminus of 6-SLN and 7-SLN bound to SERCA (see RMSF in Figure S4). 
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Figure S6. Time-dependent evolution of intermolecular salt bridges between M4S4 

and SLN constructs. Distance evolution was calculated between E2SLN‒R324SERCA 

(beige) and E2SLN‒K328SERCA (purple) for E7C-SLN, and between E7SLN‒R324SERCA 

(cyan) for 6-SLN. The distance (R) between E–K and E–R residue pairs was calculated 

between Cδ‒Cζ and Cδ‒Nζ atoms, respectively. Inter-residue distance analysis indicates 

that SLN containing only one glutamate residue at position E2 (i.e., E7C-SLN) forms a 

bifurcated salt bridge with R324 and K328 on M4S4 of SERCA (left panels; cutoff 

distance R≤0.6 nm), similar to the single, bifurcated salt bridge observed in crystal 

structures among R324 and K328 of M4S4 and E2 of WT-SLN, which contains both E2 

and E7 (Figure 2). Inter-residue distance analysis indicates that SLN containing only one 

glutamate residue at position E7 (i.e., 6-SLN) forms one intermolecular salt bridge with 

R324 on M4S4 (right panels; cutoff distance R≤0.6 nm). These results demonstrate that 

only one glutamate residue of SLN is needed for salt bridge formation with M4S4 of 

SERCA, and that multiple salt bridge arrangements are possible. 
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Figure S7. SLN and PLB inhibit the calcium affinity of SERCA by controlling 

coordination geometry in transport site I. Distance distribution (ρ) between SERCA 

atom pairs E771Cα‒D800Cα, E771Cδ‒D800Cγ, and E771Cα‒G801Cα in transport site I were 

calculated from each 1-s trajectory for PLB or SLN constructs. The carboxylate side 

chain of E771 coordinates the Ca2+ ion bound in transport site I, while the carboxylate 

side chain of D800 coordinates the two Ca2+ ions bound in transport sites I and II (a 

bifurcated electrostatic interaction).11 Dashed lines show the atom-atom distance (R) 

when transport site I adopts a competent, but inhibited, geometry for Ca2+ binding, as 

observed in the crystal structure of SERCA (1su4) grown in 10 mM Ca2+.11 MDS extends 

this work to demonstrate that PLB and SLN inhibit SERCA by populating a Ca2+-free 

intermediate state with inhibited geometry in transport site I, whereby E771 is protonated 

(i.e., uncharged).12-14 Here we find that mutation or deletion in the N-terminus of SLN 

does not reverse structural changes in the transport site I associated with KCa inhibition,13, 

14 in agreement with experimental data showing that the TM and luminal domains of SLN 

play the predominant role in lowering the Ca2+ affinity of SERCA.15, 17 
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Figure S8. The energy-transduction domain of SERCA is identified by a 

comprehensive literature search for uncoupled site-directed mutants. A 

comprehensive review of SERCA literature18-25 reveals 30 residues which show low Ca2+ 

transport and uncoupled ATPase activity when mutated (single-site substitution). None of 

these mutants have been reported to show Ca2+-independent ATPase activity. Inesi et al. 

used saturation mutagenesis, dual functional assays at Vmax condition, and insightful 

analysis to identify M4S4 as the “energy-transduction segment”.18, 20-22, 26 An illustrative 

example of functional characterization of an uncoupled mutant is Y763G-SERCA by 

Andersen et al., who show that ATP hydrolysis by the Y763G mutant is Ca2+-dependent, 

with a WT-like cooperative Ca2+ activation of ATP hydrolysis, without concomitant Ca2+ 

transport.19 Here we define the “energy-transduction domain” as the collection of SERCA 

residues that are essential for transport/ATPase coupling, and these residues are indicated 

by topology position: S (stalk sector), M (transmembrane helix), L (luminal loop), and P 

(phosphorylation domain). TM residues that participate in both Ca2+ binding and ATPase 

coupling are indicated for transport site I (Ca-I) and transport site II (Ca-II). SERCA‒

SLN salt bridges identified by MDS (Figure 2) are listed on the top left (orange text). 

The structural representation of SERCA–SLN was made by Bengt Svensson (U of MN) 

using PDB code 3w5a.1 
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Figure S9. The position of E309 gating residue in transport site II is controlled by 

M4S4 interaction with SLN, but not PLB. Representative structures extracted from 

MDS trajectories for WT-SLN (red), E7C-SLN (orange), 6-SLN (blue), and PLB 

(purple) are superimposed on a representative MD structure of 7-SLN (green), a mutant 

which is unable to decrease the transport efficiency of SERCA. Our MDS results indicate 

that an increase in M4S4 tilt angle correlates with an increase in the distance of E309 

gating residue from transport site II (dashed circle); to illustrate, compare the position of 

E309 in constructs that decrease SERCA coupling ratio (WT-SLN, E7C-SLN, and 6-

SLN in left and middle panels)4, 5 vs. constructs that do not affect SERCA coupling ratio 

(7-SLN and PLB in right panel)4, 5. We propose that the interaction of SLN–M4S4 

produces a unique structural rearrangement of the E309 gating residue27, 28 that perturbs 

Ca2+ occlusion in transport site II and thus facilitates Ca2+ slippage back to the cytosol. 
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SI METHODS 

 
Setting up SERCA‒SLN complexes for simulation 

We used the crystal structure of E1•Mg2+-SLN (PDB code 3w5a1) as a starting structure for MDS. We 

modeled four SLN constructs bound to SERCA: WT-SLN, E7C-SLN, 6-SLN, and 7-SLN. On the basis of 

our previous MDS studies,13, 14 we simulated the four SERCA‒SLN systems at appropriate physiological 

conditions by removing Mg2+ from the transport sites and by modeling transport site residues E309 and D800 as 

unprotonated (i.e., ionized), and residues E771 and E908 as protonated (i.e., uncharged). Protonation of 

transport site residues E771 and E908 was verified using PROPKA version 3.1,29, 30 a program that estimates 

empirical pKa values of ionizable groups in proteins and protein-protein complexes based on the 3D structure, 

plus explicit incorporation of Coulombic interactions that arise from mutually titrating residues via the Tanford-

Roxby procedure.31 SERCA‒SLN complexes were inserted in a 12×12 nm bilayer of POPC (1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine) and solvated using TIP3P water molecules. K+ and Cl- ions were added to 

produce concentrations of 100 mM and 110 mM, respectively. CHARMM36 force field topologies and 

parameters were used for proteins,32 POPC,33 water, K+, and Cl-. 

 

Setting up the SERCA‒PLB complex for simulation 

We used an atomic model of WT-PLB bound to SERCA generated in our recent study to simulate the 

inhibited SERCA‒PLB complex.14 On the basis of this study, we modeled transport site residues E309 and 

D800 as unprotonated (ionized) and residues E771 and E908 as protonated (uncharged). Protonation of 

transport site residues E771 and E908 was verified using PROPKA 3.1.29, 30 The SERCA‒PLB complex was 

inserted in a 12×12 nm bilayer of POPC and solvated using TIP3P water molecules. K+ and Cl- ions were added 

to produce concentrations of 100 mM and 110 mM, respectively. CHARMM36 force field topologies and 

parameters were used for proteins,32 POPC,33 water, K+, and Cl-. 

  

Molecular dynamics simulation 

MDS of SERCA–SLN constructs and SERCA‒PLB was performed using the program NAMD version 

2.1134 with periodic boundary conditions,35 particle mesh Ewald,36, 37 a non-bonded cutoff of 0.9 nm, and a 2 fs 

time step. The NPT ensemble was maintained with a Langevin thermostat (310 K) and an anisotropic Langevin 

piston barostat (1 atm). Fully-solvated systems were first subjected to energy minimization, followed by 

gradually warming up of the systems for 200 ps. This procedure was followed by 10 ns of equilibration with 

backbone atoms harmonically restrained using a force constant of 1000 kcal mol-1 nm-2. We performed 13 

independent 1-μs MD simulations: 3 independent runs with initial random velocities for each SERCA–SLN 

construct, and one run for SERCA–PLB. 

 

Structure analysis and visualization 

The VMD program38 was used for analysis, visualization, and rendering of structures. The STRIDE 

program39 was used to analyze secondary structure evolution of SLN constructs bound to SERCA. STRIDE 

recognizes secondary structural elements in proteins from their atomic coordinates, and it utilizes both 

hydrogen-bond energy and main chain dihedral angles to define the secondary structure pattern, relying on 

database-derived recognition parameters with crystallographic definitions of secondary structure as the 

standard-of-truth.39 
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