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1. Supplementary Methods and Materials
1.1 Homology Modeling of Hub Proteins

The three-dimensional structures of hub proteins were constructed via homology
modeling (due to the lack of sufficient templates, the modeling of Oas2 was accomplished
by Robetta de novo structure prediction program [5, 7]). In brief, protein sequences were
retrieved from the NCBI nucleotide database (https://www.ncbi.nlm.nih.gov/protein/), and
the blast module was used to align the hub protein sequence in the PDB database [2].
Protein templates were downloaded from the RCSB PDB Protein Data Bank (Table 10).
Firstly, three templates (query cover > 45%) for each protein were employed for homology
modeling. Subsequently, three-dimensional models of the hub protein were built with
Modeller (9v23) [6]. Multiple template modeling modules were employed, such as Salign,
Align2d, and Model. For each protein, one thousand candidate three-dimensional models
were constructed, and the model with the lowest discrete optimized protein energy (DOPE)
value was chosen. Finally, the quality of all models was examined by the online tool
MolProbity (http://molprobity.biochem.duke.edu/) [4].

1.2 Molecular Dynamics (MD) Simulation

The molecular dynamics simulation of the 3-D model of the hub protein was carried out
with Gromacs 2018.12 [1]. All simulations were conducted in the CHARMM36 force field

[3].
1.2.1 Molecular Dynamic Simulation: Protein in Water

Molecular dynamics simulation was conducted in a similar condition with minor
changes. The protein model was completely solvated in an octahedron box with TIP3P
water models (1.0 nm). The whole simulate system was neutralized by adding Na* or CI-
ions and periodic boundary conditions (PBC) were introduced in all directions. Energy
minimization of the protein model was performed with the steepest descent (50,000 steps)
with the max force (< 100 KJ/mol). Next, the whole system was simulated under
equilibration phases with NVT (100 ps, 298.15 K) and NPT (300 ps, 298.15 K, 1.0 bar),
respectively. Molecular dynamics simulation was performed at least 300 ns for each hub

protein.

1.2.2 Molecular Dynamic Simulation: Analysis
The MD trajectory from MD simulation was interpreted with GROMACS utilities
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to acquire the radius of gyration (Rg), RMSD (root mean square deviation), and
RMSF (root mean square fluctuation). The three-dimensional protein structures of
hub proteins were presented by using the Pymol software (Delano, W.L. The
Pymol Molecular Graphics System (2002) DeLano Scientific, SanCarlos, CA,
USA. http://www.pymol.org).

2. Supplementary Results
2.1 Protein Modeling of Hub Proteins

To further explore the protein structure of hub proteins, homology modeling was
utilized to construct the three-dimensional structure of hub proteins with the multi-template-
based protein modeling approach of Modeller (9v23). For each hub protein, a total of 1000
models were generated and the model with the lowest DOPE score was chosen for
subsequent analysis (CNR2: -43164.54688; GPR55: -36958.76172; GPR18: -
39193.30469; HCAR2: -44731.09766; GPR31B: -37279.40625; GPR183: -38402.71875;
DHX58: -80242.11719) (Figure S3) (Table S10).

Next, the structure files of the protein models were subjected to the online tool
MolProbity to assess the quality of the protein models. As demonstrated in Figure S2 and
Table S11, the value of residues in the outlier region of proteins ranged from 0.01% to
0.04% (CNR2: 0.04%; GPR55: 0.03%; GPR18: 0.04%; HCAR2: 0.02%; GPR31B: 0.03%;
GPR183: 0.02%; OAS2: 0.01%; and DHX58: 0.01%), hinting that the quality of these

models was acceptable.
2.2 Molecular dynamics simulation

Molecular dynamics (MD) simulation (at least 300 ns) was conducted to
investigate the behavior of the hub protein on a microscopic scale. The MD-
optimized 3-D protein models were finally acquired (Figure 9). The structural
convergence results of hub proteins were shown as RMSD (Figure S4), RMSF
(Figure S5), and gyrate (Figure S6 and Table S12).

To explore the structures and dynamics of hub proteins, the RMSD of hub
protein atoms was analyzed. As demonstrated in Figure S4, the backbone atom

reached equilibrium state within 2.36 ns-6.11 ns from the initial stage (CNR2: 3.79
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ns; GPR55: 4.28 ns; GPR18: 2.27 ns; HCAR2: 6.11 ns; GPR31B: 2.34 ns;
GPR183: 2.36 ns; OAS2: 2.51 ns; and DHX58: 3.34 ns). Next, the structure began
to converge at different time stages (CNR2: 9.40 ns; GPR55: 4.77 ns; GPR18:
12.05 ns; HCAR2: 37.96 ns; GPR31B: 2.52 ns; GPR183: 20.06 ns; OAS2: 68.16
ns; and DHX58: 3.52 ns). The structure of the hub proteins kept a stable
conformation till the end of MD simulation (CNR2: 0.50-0.60; GPR55: 2.47-2.51;
GPR18: 0.81-0.96; HCAR2: 1.40-1.44; GPR31B: 0.99-1.02; GPR183: 0.69 -0.77;
OAS2: 1.85-1.99; and DHX58: 0.49-0.55).

In order to examine the flexibility of hub protein structure, the RMSF of the
atoms of hub proteins was interpreted (Figure S5). Residues with high RMSF
indicated large flexibility, while low RMSF values hinted few fluctuations between
residues and average positions. As demonstrated in Figure S5 and Table S12, the
average RMSF value varies from 0.2520 and 0.9451 (CNR2: 0.2949; GPR55:
0.9451; GPR18: 0.3580; HCAR2: 0.3893; GPR31B: 0.5039; GPR183: 0.2814;
OAS2: 0.5474; and DHX58: 0.2520).

The radius of gyration (Rg) indicated the degree of compression of the protein
structure, whereas a decrease in Rg represented a attenuation in the stability of the
protein structure. As demonstrated in Figure S6, the average Rg value of hub
protein varies from 2.100 to 3.516 (CNR2: 2.393; GPR55: 3.214; GPR18: 2.167;
HCAR2: 2.274; GPR31B: 2.261; GPR183: 2.100; OAS2: 3.516; and DHXA58:
2.768).
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