Cardiolipin externalization to the outer mitochondrial membrane 

acts as an elimination signal for mitophagy in neuronal cells

Supplemental Information Note
To supplement the molecular docking predictions of CL-binding pockets at the LC3 surface, facilitating identification of key residues for mutagenesis, we used molecular modeling to simulate the binding of human LC3B to PC bilayer membranes containing CL or PA (Supplementary Fig. S6). Three independent all-atom molecular dynamics (MD) simulations (MD1-MD3) of 100 ns each were performed for a system of ~150,000 atoms at full atom resolution, including LC3, nine CLs embedded in a lipid bilayer of POPC molecules and explicit water molecules. In all three runs, LC3, originally placed ~20 Å away from the bilayer surface, reoriented and translocated towards the bilayer surface to rapidly interact with CL (Supplementary Fig. S6a). The significant displacement of LC3 was driven by strong electrostatic interactions between the negatively charged CL head groups and positively charged residues on LC3. Analysis of the minimum distance between LC3 residues and any CL atom in MD1, MD2 and MD3 simulations with time suggested that the interactions of LC3 with CL involved several conserved positively charged residues on the LC3 surface (Supplementary Fig. S6b). LC3 appeared to simultaneously bind to three CLs in MD1 and MD2 (Supplementary Fig. S6c), via the positively charged residues R68-R70, R10-R11, K42 and K5, and to two CLs in MD3 primarily via residues R68-R70 with transient involvement of K42 (Supplementary Fig. S6c). In three control simulations with the lipid bilayer devoid of CL, LC3 was 3-4 times slower in its initial approach to the bilayer. A longer time scale (1 s) examination of LC3-CL interactions was performed using coarse-grained MD (CGMD). The overall comparison of the interactions of LC3 with the lipid bilayer in the presence or absence of CL (three 1 s simulations) suggests that the presence of CL facilitates more rapid diffusion towards bilayers followed by stronger, more specific interactions (Supplementary Fig. S6d). CGMD trajectories suggest that LC3 fluctuates near PA-containing bilayer surfaces (Figure S6d). In contrast, the interaction of LC3 with the CL-containing bilayer appeared to be stabilized by recruitment of additional interaction sites, particularly for CL bearing four acyl chains, as observed experimentally (Fig. 5b). The three CGMD simulations indicated the involvement of residues K5, R10 and R11 in the initial interactions with the CL-containing bilayer, with recruitment of residues R68-R70 and K49 (Supplementary Fig. S6e and Table S2).

 
Although the simulations are likely to provide insights into early recognition events rather than thermodynamically stable binding conformations, both full-atomic and CG methods implicated residues in two regions - K5, R10-R11 and R68-R70 – in early interactions of LC3 with CL containing membranes. Notably, the C-terminal region of LC3, which becomes cross-linked to autophagosome membranes, remained exposed throughout the simulation (Supplementary Fig. S6e, arrow), compatible with its proposed bridging role.
Methods for Molecular Dynamics Simulations
All-atom Molecular Dynamics (MD) simulations were performed for the system consisting of LC3, CL molecules in the presence of explicit 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine POPC (lipid) molecules and water. The published high resolution (2.05 Å) structure of LC3 (1UGM) was used1
. The coordinates for CL molecules were derived from the crystallographically resolved cytochrome c oxidase complex structure (PDB id: 1V54)


2

, which included two bound CL molecules. A pre-equilibrated POPC bilayer, consisting of 400 lipid molecules was used.  Nine CLs were inserted randomly into the POPC bilayer, and POPC molecules located within 2.0 Å of each CL was removed. This system was solvated and energy minimized, followed by an equilibration of 5 nanoseconds (ns), to allow the lipids to pack around the CL.  The resulting mixed bilayer was used as the input structure for productive runs, in which LC3 was placed at a distance of ~20 Å from the bilayer surface. This system was also energy minimized and equilibrated for 1 ns, during which the protein was restrained.  The entire equilibrated system of LC3, CL, POPC and water molecules and counter ions consisted of 149,356 atoms. The system was used to generate three simulation trajectories of 100 ns each (MD1, MD2 and MD3) with different initial velocities. The software GROMACs3
 was used to simulate the system.  


The Coarse-Grained MD (CGMD) simulations of lipid bilayer systems were carried out by coarse-graining 4 atoms to one bead using the MARTINI force field developed by Marrink et al.
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. In this method, the equilibrium distance between beads in the acyl chain of a lipid is 0.47nm, but the force constants are weak, permitting motion.  The lipid bilayer was composed of DOPC and varying additional lipids each at ~20% (CL, PA, monolyso-CL, dilyso-CL) Three CGMD simulations, employing different initial velocities with identical initial configurations, were performed to study interaction of LC3 and CL-containing bilayer in addition to three control simulations using the bilayer without CL. CGMD simulations were performed using the GROMACS v. 4.5.4 MD package. Initially, the system was minimized for 20 ps, before 0.2 ns NPT ensemble equilibration followed by a 0.2ns NVT ensemble equilibration. Each MD run was carried out for 1 (s. A 20 fs time step was used to integrate the equations of motion. Non-bonded interactions have a cutoff distance of 1.2nm. The long-range Coulomb interactions were calculated via the particle-mesh Ewald method9
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, using elastic network to preserve the protein structure7

 algorithms, respectively. Simulations were run at 300K and at 1atm during NPT runs. For all CG simulations, visualization and analysis were performed using the VMD v. 1.9 visualization software6

 and Berendsen5

. The dimensions of the simulation box was 20x7x7 nm3. Temperature and pressure were controlled using the Nosé-Hoover, 10
. The C-terminal region of LC3 was tracked by following Glu117, the last residue in the 1UGM structure, throughout the simulation.
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