Computational system of irisin and APPg7,.699

The initial structural data of the human irisin (PDBID: 4LSD) and a transmembrane
N-terminal domain of the amyloid precursor protein that consists of residues Asp672-Lys699
(PDBID: 1BA4), APP¢7,.699, Were obtained from the Protein Data Bank. Structures of flexible side
chains were modeled using the structure preparation module in the Molecular Operating
Environment (MOE, Chemical Computing Group, Montreal, Canada), version 2016.10. [1].
Selenomethionine in irisin was replaced with methionine. The N- and C-termini of these two protein
models were capped with acetyl and N-methyl groups, respectively. The dominant protonation state

at pH 7.0 was assigned for titratable residues.

Temperature Replica-Exchange Molecular Dynamics (T-REMD) simulation of APPg73_699

A nuclear magnetic resonance (NMR) study of C99 has suggested that its N-terminal
region (residues 672-699) is located in the extracellular space [2]. Although this region forms a
partially-helical structure in isolation, its conformation is variously-changed upon binding to other
proteins [3] [4] [5] [6], suggesting that the extracellular region of C99 can be regarded as an
“intrinsically disordered protein”. Thus, we initially explored a APPg75.699 conformation that is
suitable for binding to irisin using Temperature Replica-Exchange Molecular Dynamics (T-REMD)
simulation [7] as follows. The Amber ff99SB-ILDN force-field [8] was used for irisin, APPg72_699,
and ions, and TIP3P was used to model water molecules.[9] Water molecules were placed around the
protein model with an encompassing distance of 8 A, including roughly 3,000 water molecules.
150mM sodium and chloride ions were added to neutralize the system. Molecular dynamics (MD)
simulations were carried out in periodic boundary conditions using the GROMACS 4 program [10]
on a High Performance Computing Infrastructure (HPCI). For T-REMD simulations, a set of
temperatures to obtain an exchange probability of 0.2 was generated using a Temperature generator
for REMD-simulations (http://folding.bmc.uu.se/remd/) [11]. Thirty-one replicas were used with
temperature ranging from 298-398K. After the fully solvated system was energy-minimized, it was
equilibrated for 100 ps at individual temperatures under the constant number of molecules, volume,
and temperature (NVT) condition, and run for 100ps under constant number of molecules, pressure,
and temperature (NPT) condition, with positional restraints on APPg7,.699 heavy atoms. The final
structures were used for the subsequent T-REMD simulations under the NPT condition without the
positional restraints. The replica exchange was tried every 2ps. In this procedure, the temperature of
each replica was maintained with the Nose-Hoover thermostat [12, 13] and the pressure was
maintained at 1 bar with the Berendsen barostat[14], where the temperature and pressure time
constants were set to 0.3 ps and 1 ps, respectively. Electrostatic interactions were calculated using
the particle mesh Ewald (PME) method [15] with a cut-off radius of 11A. Van der Waals interactions
were cut off at 10 A. The P-LINCS algorithm was employed to constrain all bond lengths [16]. All



MD runs were carried out with time steps of 2 fs and snapshots were output every 2 ps to yield 500
snapshots per nanosecond of simulation. MD simulation of 20 ns was performed for each replica,
and thus the total simulation time was 0.62 ps (=20 ns x 31).

We extracted 10,000 structures of APPgrp.699 from T-REMD trajectory at the lowest
temperature (T = 298K) every 2ps. After the backbone Ca atoms were structurally aligned, tertiary
structures of these atoms in the 10,000 snapshots were clustered into 300 categories by using the
k-means clustering method. For each clustering category, the structure that has the smallest
root-mean-square deviation from the cluster center was selected as a representative one. A total of
300 representative APPg72.699 structures were further used for following irisin- APPg7,.699 docking

simulation.

Irisin-APPg72699 docking simulation and binding free energy estimation

Our in vitro experiments clearly demonstrated that an N-terminal region of C99
(Asp672-GIn687) is required for binding to irisin. Also, a crystallographic analysis of irisin
suggested that its flexible loop regions (Ser30-Ser32, Glu55-Val58, and Ser106-GIn108) play a
significant role in recognition of other proteins [17]. Based on these experimental information, we
predicted a plausible binding structure of APPg7,.699 to irisin as follows.

ZDOCK 3.0 program [18] was used to generate candidates of the irisin- APPg7,.699 complex
structure. With the standard default settings, each of the 300 APPg72.699 structures was docked into
irisin and the 100 first-ranked binding poses were output, generating a total of 30,000 complex
structure models. Assuming that the N-terminal region of C99 (Asp672-GIn687) and the flexible
loops in irisin are involved in their binding, we selected 15,009 APPg7,.499 binding-mode candidates
that satisfy following two conditions: (i) the flexible loop regions in irisin are located within SA of
APPg72.699, and (ii) more than 15% of APP atoms consisting of residues Asp672-GIn687 interacted
closely with irisin (<5A). Conformational clustering of these APPg7,.¢09 docking-poses was then
performed on its backbone Ca atom coordinates to categorize them into 2,000 representative
binding-modes using the k-means clustering method. In each clustering category, the docking pose
that has the smallest root-mean-square deviation from the cluster center was selected as a
representative one. The binding stabilities of these irisin- APPg7,.699 complex structure models were
assessed by molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) [19] [20] combined
with MD simulation.

MD simulation of irisin in complex with APPg7,.699 was performed as follows. Each of the
2,000 irisin-APPg7,.699 complex structure models was set to the initial structure. Force fields for
protein, water, and ion molecules were the same as described above. Water molecules were placed
around the complex model with an encompassing distance of 8 A, including roughly 19,000 water

molecules. 150mM sodium and chloride ions were added to neutralize the system. After each of the



fully solvated systems was energy-minimized, it was equilibrated for 100 ps under the NVT
condition, and run for 100 ps under the NPT condition, with positional restraints on irisin and
APP¢72.699 heavy atoms. Production runs were conducted under the NPT condition (298K and 1bar)
without the positional restraints, using simulation parameters described in the previous section. A
10ns production run was performed for each of the 2,000 irisin-APPg7,.699 docking structure models.
The total simulation time was 20 pus (= 10ns x2,000 docking structures). Among the 2,000 MD
trajectories, we selected 1,620 in which APPg7,.499 stably binds to irisin during the 10ns simulation
by judging whether the complex structure after 10ns satisfies the above-described two conditions.
The MM-PBSA calculation was carried out using the MMPBSA.py module [21] in the
Amberl12 package [22]. In this method, the protein-ligand binding free energy (4Gp;ng) is calculated
according to the following equation:
AGping = AEgas- TAS + AGsop
where AE,, is the molecular mechanics energy difference in the gaseous phase, T is absolute
temperature, 4S is the conformational entropy, and 4G, is the solvation free energy. 4E,, and
AGy,,, were calculated by the single trajectory approach [23], in which the (free) energies for
“complex”, “protein”, and “ligand” are computed from an MD trajectory for the protein-ligand
(irisin- APPg72.699) complex only. In contrast, 4S was computed using three individual MD
trajectories of the complex, protein, and ligand, respectively, because small-molecular size
compounds and peptides exhibit larger differences in conformational flexibility between the solvated
and protein-bound states [23]. The MM-PBSA calculation was performed using a set of 450
structures extracted from a trajectory from 1 to 10 ns at regular intervals. 74S was calculated by the
quasi-harmonic approximation using the same trajectory. lonic strength for a series of calculations
was set to 150 mM. This protocol was performed for each of the 1,620 trajectories. Since several
initial docking poses of APPg72.699 significantly changed during the 10 ns simulation, the mean
binding-structure corresponding to the resulting 4G was calculated by averaging the structures
observed from 1 to 10 (ns), named “MD-mean binding structure”. After the backbone Ca atoms in
irisin were structurally aligned, a total of 1,620 MD-mean binding structures of APPg75.499 Were
hierarchically clustered using root-mean-square deviation of the backbone Co atoms in the
Asp672-Lys687 region, and then trees produced by the clustering were cut at a height of 10A. The
binding stability of each conformational cluster was calculated by averaging the 4Gy, values

corresponding to the MD-mean binding structures within it.
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