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ABSTRACT

Objective: Amyotrophic lateral sclerosis (ALS) is a fatal motor neuron disorder that causes progressive loss of the upper and lower motor neurons
in the brain and spinal cord. SOD1 was the first gene linked to ALS, in which more than 150 mutations throughout the sequence of the protein have
been found to be associated with ALS.

Methods: The drugs that can interact and inhibit the misfolding or revert the misconformation of the protein can be useful in the treatment of ALS.
Monomer apo SOD1-WT and MBR SOD1 mutants (H81A, H49R) were docked with the only two FDA-approved drugs for ALS that are edaravone and
riluzole to assess if the ALS patients carrying these particular protein aggregates will derive any therapeutic efficacy.

Results: The drugs were found to interact with both wild-type and mutant SOD1 at different positions and the type of interaction, degree of
interaction and their binding energies were determined. SOD1-WT has hydrophobic interactions at V103, H110, and R115 and hydrogen bond at
H110 with edaravone. SOD1-WT has hydrophobic interactions at T54, F64 and hydrogen bond at D52, T58 with riluzole. Both SOD1 mutants has a
hydrogen bond at its H46 residue for both drugs. SOD1-H49R mutant has hydrophobic interactions at F45 with riluzole. SOD1-H81A mutant has
hydrophobic interactions at F45 with edaravone.

Conclusion: Both the mutants L42A residue has a hydrophobic interaction with edaravone. Interaction of drugs with protein and its mutants may
make it possible to restore the stability of SOD1 structure and attenuate disease progression in ALS patients carrying these mutations.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal motor neuron disorder that causes progressive loss of the upper and lower motor neurons in the brain
and spinal cord. Individuals who are affected with ALS develop progressive muscle weakness, atrophy and paralysis, which eventually leads to
death due to respiratory failure, typically within 2 to 3 y of symptom onset. ALS is categorized into sporadic ALS (sALS), which occurs randomly in
the community and is not genetically inherited and familial ALS (fALS), which is genetically inherited through mutated genes. With 90-95% of ALS
being sporadic, it is the most common form and the remaining 5-10% of the cases are fALS [1-3]. Both genetics and environment play a role in
development of ALS. fALS is caused by mutations in genes like TARDBP, FUS, OPTN, VCP, UBQLN2, C90RF72, TUBA4A, TDP-43, PFN1 and SOD1 [3-
11]. Some of the environmental factors that are associated with ALS are smoking, exposure to chemicals like pesticides, fertilizers, herbicides,
insecticides, formaldehyde and metals, exposure to radiation and low-frequency electromagnetic fields that generate a bigger quantity of cellular
reactive oxygen than normal, physical activity and diet [2].

Copper-Zinc Superoxide Dismutase 1 (Cu-Zn SOD1) was the first gene to be discovered as the candidate gene for fALS, after linking the disease to a
genetic defect on chromosome 21q [12]. SOD1 protein is a ubiquitous soluble protein which is widely distributed in the cytoplasm, nucleus,
mitochondrial intermembrane space, peroxisomes and lysosomes [13-16]. A functional SOD1 binds to metals like copper and zinc ions and has an
intramolecular disulfide bond connecting C57 and C146, forms a homodimer which catalyses the dismutation reaction of superoxide radicals to
hydrogen peroxide and oxygen through the cyclic reduction and reoxidation of copper; acts as a nuclear transcription factor to regulate oxidative
stress resistance; plays a role in zinc metabolism; nitration of proteins and repressing respiration being some of the functions among many others
[17-22].

A mature dimeric SOD1 protein is extremely stable and is an unlikely candidate for ALS. As ALS is caused by toxic protein misfolding, unfolding and
aggregation, it's the immature monomeric apo forms of SOD1-WT which are unstable and cause cytotoxic misfolded conformations, which are found
to be associated with sALS. Mutations in SOD1 dimer are also associated with ALS where more than 150 mutations throughout the sequence of the
protein are associated with 5% of sALS and 20 to 25% of fALS. fALS associated SOD1 mutations were thought to lead to a loss of dismutase function,
but a toxic gain of function promoted by the formation of misfolded conformers that are prone to aberrant interactions both with each other and
with other cellular components also contributes to the disease [22, 23, 29, 44].

Amino acids H64, H72, H81, D84 are found to be involved in zinc ion binding and amino acids H47, H49, H64, H121 are found to be involved in
copper ion binding [35, 36]. As metal binding is important for maturation, dimerization and proper functioning of the protein, mutations of some of
the amino acids involved in metal binding is studied in this paper. As there are many genetic and protein mutations that can lead to ALS and the only
two food and drug administration (FDA) approved drugs for ALS-Edaravone and Riluzole, we used docking studies to determine the interaction of
these drugs with the SOD1-WT and SOD1 mutants, to assess if the ALS patients with misfolded SOD1-WT and SOD1 mutants can derive any clinical
therapy from the available FDA approved treatment.
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MATERIALS AND METHODS
Sequence and structure retrieval of human SOD1

Human SOD1 amino acid sequence was retrieved from UniProt knowledgebase [24] with the search term as human SOD1. The very first result with
the UniProt ID P00441 was selected and retrieved in FASTA format. The protein data bank (PDB) structure of human SOD1 was searched in RCSB.
org [25] with human SOD1 as search term and a solution structure of the wildtype protein with PDBID 2NAM was retrieved.

Multiple sequence alignment and construction of phylogenetic tree

The FASTA format amino acid sequence of human SOD1 was obtained from NCBI and protein blast was run. 25 protein sequences of other
organisms aligned with SOD1 were downloaded in FASTA aligned sequence. Hypothetical proteins, synthetic constructs, ligand-bound proteins,
mutated, unnamed, predicted and low-quality proteins were excluded. Phylogenetic tree was constructed using MEGAx, which is an integrated tool
for conducting automatic and manual sequence alignment and inferring phylogenetic trees [29]. A new alignment was created in MEGAx and FASTA
sequences were inserted and selected, after which clustal was used for the alignment of sequences and the neighbor-joining method was used for
the construction of the phylogenetic tree. The amino acids of the metal binding region of the protein whose mutations lead to ALS, were determined
for its conservation among all the sequences, as the mutations of the conserved amino acids can significantly distort the tertiary structure of the
protein [44].

Prediction of nsSNVs’ effect on SOD1 function

The functional and stability effects of the non-synonymous single nucleotide variants (nsSNVs) of PFN1 were predicted using PredictSNV, which is a
dataset consisting of the following algorithms: MAPP, PhD-SNPs, Polyphen1, Polyphen2, SIFT, SNAP, nsSNP Analyzer and PANTHER. PFN1 amino
acid sequence from UniProt in FASTA format was loaded in the dataset and the values for each nsSNV was given as confidence percentage for each
tool [33]. Four amino acids shown to have mutations causing ALS (H81A, H47R, H49R, H49Q) in the metal binding region of the protein were
determined for their effect on the protein function using PredictSNP in which all the tools except nsSNP Analyzer have shown results.

Determination of stereochemical properties of SOD1

Zlab Ramachandran plot was employed for determining the stereochemical properties of SOD1. All the residues were considered except glycine,
proline residues and first and last residues of the protein for determination of highly preferred, preferred and questionable conformations in the
plot, along with their Phi and Psi angles.

Induction of mutagenesis in SOD1

Out of 5 conformers present in the PDBID 2NAM SOD1 structure, the first one was saved by deleting the rest of the conformers in biovia discovery
studio. The saved conformer was loaded in pymol and the positions of the residues to be mutated were selected and changed by applying the
mutagenesis wizard and the structures were saved as a PDB file.

ADME analysis of the ligands used for docking studies

ADME analysis is done to determine how a drug is processed in the body. The drugs used for the docking studies are Edaravone and Riluzole, whose
drug-likeness was determined using Swiss ADME web tool [34, 35] by inserting the canonical SMILES of the drug, which were retrieved from
PubChem [36]. The drug-likeness of the drugs were determined by their Lipinski rule’s parameters and gastrointestinal absorption of the drugs was
determined by BOILED-Egg.

Docking studies using autodock suites

To study the interaction of ligands Edaravone and Riluzole with SOD1-WT, SOD1-H81A, SOD1-H49R, autodock suites was used [38]. Autodock is a
suite of softwares for predicting the optimal bound conformations of ligands to proteins [42]. Autodock version 4.2.6 was used to predict the
conformation and the binding affinity of the ligands Edaravone and Riluzole towards SOD1-WT, SOD1-H81A and SOD1-H49R. The PDB file of the
first conformation of SOD1 molecule ZNAM was loaded in the autodock, polar hydrogens and kollman charges were assigned to the molecule and a
PDBQT file was created. The 3D conformer SDF file of the ligand was converted to PDB file in PyMOL, which was loaded in autodock and after
setting up the rotatable bonds, a PDBQT file of the ligand was created. Grid box was set for blind docking so as to screen the entire protein molecule
for active sites and saved the grid parameter file (GPF), which is used for autogrid calculation. Autogrid was launched by using autogrid4 program of
the autodock suite, which generates an electrostatic potential grid map and a desolvation map. After defining docking parameters, a docking
parameter file (DPF) was generated for autodock calculation. Autodock was launched by using autodock4 program of the autodock suite, which uses
the full set of grid maps and the flexible part of the receptor to guide the docking process of the ligands. Docking was done by using genetic
algorithm parameters and the free binding energies were obtained based on linear regression analysis in a docking log file (DLG). The best
conformation was analysed by the highest binding energies and the respective complex was saved as a PDBQT file which was converted to PDB file
in open babel software for further analysis. Protein ligand interaction profiler (PLIP) was used to generate a three-dimensional fig. of the protein-
ligand complex interaction determining the site of interaction between the protein and ligand [43].

RESULTS
Sequence and structure retrieval of human SOD1

Uniprot Knowledgebase search was performed with the search term as human SOD1, which displayed 135 results out of which only first four
results were of SOD1 from different organisms. The very first result, which displayed SOD1 amino acid sequence of Homo sapiens with the UniProt
ID P00441 was selected and retrieved in FASTA format. SOD1 is a 16KDa actin-binding protein consisting of 154 amino acids [24] coded by SOD1
gene which is located on chromosome 21q22.11 [26]. Protein database (PDB) searches were performed in RCSB. Org with human SOD1 as search
term and the monomeric structure with PDBID 2NAM was retrieved which is a solution structure of a full-length SOD1-WT.

PDBID-2NAM SOD1 structure

The three-dimensional solution structure of the SOD1 molecule was determined by solution nuclear magnetic resonance (NMR) spectroscopy [27].
This molecule has an ensemble of five conformational structures, out of which we used the very first structure by deleting the rest of the structural
conformations using Biovia Discovery studio and saving the first conformation in PDB format which was used for this study. The saved first
conformer was loaded in PyMOL and saved in Portable network graphics (PNG) format for image (fig. 1).
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In a fully functional mature homodimeric SOD1 protein, each subunit folds into an eight-stranded, Greek-key (-barrel and holds one copper and one
zinc ion, where the homodimer is further stabilized by an intramolecular disulfide bridge Cys57-Cys146 [28]. But a nascent WT SOD1 (PDBID-
2NAM) without binding to ions and without a disulfide bridge is highly disordered, without any B-sheet structure, as it requires binding to ions to
form a well-folded B-structure [29].

Fig. 1: PDBID-2NAM, the monomeric solution structure of the first conformer of full-length human wildtype Copper-Zinc Superoxide
dismutasel (SOD1). The image was saved from PyMOL

Multiple sequence alignment and construction of phylogenetic tree using MEGAx

Multiple sequence alignment and phylogenetic tree was constructed using MEGAx, which is an integrated tool that can be used for conducting automatic
and manual sequence alignment and inferring phylogenetic trees [33]. FASTA format sequence of SOD1 retrieved from Uniprot was loaded and a protein
blast was run. 25 protein sequences of other organisms aligned with SOD1 were downloaded in FASTA aligned sequence. In MEGAX, a new alignment
was created and after the FASTA sequences were inserted and selected, they were aligned by using ClustalW. The phylogenetic tree was made using the
neighbor-joining method (fig. 2). Among the four mutations H81A, H47R, H49R, H49Q in the metal binding region, H81A, H47R and H49Q were found to
be in conserved regions, which can be more deleterious and can significantly distort the tertiary structure of the protein [44].
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Fig. 2: The evolutionary history was inferred using the Neighbor-Joining method [30]. The bootstrap consensus tree inferred from 500
replicates is taken to represent the evolutionary history of the taxa analyzed. Branches corresponding to partitions reproduced in less
than 50% bootstrap replicates are collapsed. The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (500 replicates) are shown next to the branches [31]. The evolutionary distances were computed using the Poisson
correction method [32] and are in the units of the number of amino acid substitutions per site. This analysis involved 26 amino acid
sequences. All ambiguous positions were removed for each sequence pair (pairwise deletion option). There was a total of 158 positions in
the final dataset. Evolutionary analyses were conducted in MEGA X [33]

Prediction of nsSNVs’ effect on protein function using PredictSNP

The single nucleotide variants (SNVs) cause the most frequent type of genetic variations in humans, out of which some changes are neutral and do
not cause any adverse effect on protein function, while others affect the gene expression or the function of the translated protein which leads to the
development of various diseases. Approximately half of the known disease-related mutations stems from non-synonymous SNVs (nsSNVs),
manifested as amino acid mutations. It is important to know the association between SNVs and its related diseases, but it is difficult to distinguish
pathogenic substitutions from those that are functionally neutral by any experimental assay. Computational prediction tools like PredictSNP are
valuable for the initial analysis of SNVs and their effect on protein function. PredictSNP is a dataset containing eight established prediction tools
MAPP, nsSNPAnalyzer, PANTHER, PhD-SNP, PolyPhen-1, PolyPhen-2, SIFT and SNAP [34]. Out of eight amino acids that are involved in metal
binding (H64, H72, H81, D84 for zinc ion binding, H47, H49, H64, H121 for copper ion binding), four amino acids shown to have mutations causing
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ALS (H81A, H47R, H49R, H49Q) from Uniprot [24] were determined for their effect on the protein function using PredictSNP in which all the tools
except nsSNPAnalyzer have shown results. All the mutations were found to be deleterious with a confidence percentage of 84% (table 1). H81A
mutation in the conserved region, which inhibits zinc binding and H49R mutation in a non-conserved region, which inhibits copper binding, were

considered for this study.

Table 1: Functional effect of amino acid mutations involved in metal binding in SOD1

Mutation PredictSNP MAPP PHD-SNP Polyphenl Polyphen2 SIFT SNAP Panther
H47R 87% 77% 86% 74% 68% 53% 89% 72%
H49Q 87% 77% 82% 74% 68% 79% 89% 77%
H49R 87% 92% 86% 74% 59% 79% 89% 65%
H81A 87% 88% 82% 74% 81% 79% 85% 72%

Determination of stereochemical properties of the protein using Zlab

Zhang lab Ramachandran plot server was employed for obtaining the stereochemical properties of SOD1 [37]. The plot was obtained by considering
a total of 122 residues leaving the glycine and proline residues and the first residue of N-termini and the last residue of C-termini. 99 residues which
makes 81.148% were shown to have highly preferred conformations. 18 residues which makes 14.754% were shown to have preferred
conformations and 5 residues which makes 4.098% were shown to have questionable conformations. H81A had a Phi angle 0f-80.95 and a psi angle
0f-41.74 and was shown to have a highly preferred conformation where delta>=-2. H49R had a Phi angle 0f-91.68 and a Psi angle of-47.3 was shown
to have a highly preferred conformation where delta>=-2 (fig. 3).

Fig.3: Ramachandran plot obtained using Zlab. Black, dark grey, grey, light grey represent highly preferred conformations where delta>=-2,
white with black grid represents preferred conformations where-2>delta>-4 and white with grey grid represents questionable
conformations where delta<-4.81.148% ofresidues have highly preferred conformations shown as green crosses, 14.754% ofresidues have
preferred conformations shown as brown triangles and 4.098% ofthe residues have questionable conformations shown as red circles

Inducing mutagenesis in SOD1 using PyMOL

Mutagenesis was induced in PyMOL to create nsSNPs by loading the first conformational structure saved from biovia discovery studio, selecting the
residue at the position to be mutated and applying the mutagenesis wizard. The histidine residue which is a polar amino acid having an aromatic
ring was changed to alanine which is a small, aliphatic and non-polar amino acid having a hydrophobic side chain. The histidine residue at the 49t
position is substituted with arginine, which is a positively charged, hydrophilic amino acid (fig. 4).
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Fig. 4: 4A-Histidine residue at 81st position is changed to alanine (H81A) shown as red sphere, 4B-Histidine residue at 49t position is
changed to arginine (H49R) shown as a blue sphere. The structure is represented in the ribbon form and the SNV is represented in the
sphere form
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ADME analysis of the ligands used for docking studies

The two FDA-approved drugs for ALS, Edaravone and Riluzole were considered to be tested for their interaction with both wild-type and mutated
SOD1. The drug-likeness of the ligands were determined using SwissADME web tool by inserting the canonical SMILES obtained from PubChem [38-
40]. Edaravone is a free radical scavenger used to delay the progression of ALS. It has a molecular formula C10H10N20 with a molecular weight of
174.20g/mol. It follows the lipinski rule as it has high gastrointestinal absorption and is blood brain barrier permeant as shown by boiled egg; the
number of hydrogen bond acceptors and donors for edaravone being 2 and 0 respectively and the lipophilicity being 2.07. Riluzole is a glutamate
antagonist, used as anticonvulsant in the treatment of ALS, to prolong the survival of patients [41]. It has a molecular formula of CBH5F3N205 with
a molecular weight of 234.20g/mol. It follows lipinski rule as it has high gastrointestinal absorption and is blood-brain barrier permeant, as shown
by boiled egg; the number of hydrogen bond acceptors and donors for riluzole being 5 and 1, respectively and the lipophilicity being 2.04. The three-
dimensional structures of both the drugs were retrieved from Pubchem (fig. 5).

Fig. 5: The three-dimensional ball and stick model structures were retrieved from Pubchem. 5A-Edaravone, 5B-Riluzole

Docking studies of wildtype and mutant (H81A, H49R) SOD1 with edaravone and riluzole in autodock

Autodock is a suite of softwares for predicting the optimal bound conformations of ligands to proteins [42]. Autodock version 4.2.6 was used to
predict the conformation and the binding affinity of the ligands edaravone and riluzole towards the SOD1-WT, SOD1-H81A and SOD1-H49R. The
PDB file of the first conformation of SOD1 molecule 2NAM was loaded in the autodock, polar hydrogens and kollman charges were assigned to the
molecule and a PDBQT file was created. The 3D conformer SDF file of the ligand was converted to PDB file in PyMOL which was loaded in autodock
and after setting up the rotatable bonds, a PDBQT file of the ligand was created. Grid box was set for blind docking so as to screen the entire protein
molecule for active sites and saved the grid parameter file (GPF), which is used for autogrid calculation. Autogrid was launched by using autogrid4
program of the autodock suite, which generates an electrostatic potential grid map and a desolvation map. After defining docking parameters, a
docking parameter file (DPF) was generated for autodock calculation. Autodock was launched by using autodock4 program of the autodock suite,
which uses the full set of grid maps and the flexible part of the receptor to guide the docking process of the ligands. Docking was done by using
genetic algorithm parameters and the free binding energies were obtained based on linear regression analysis in a docking log file (DLG).

The ligands were found to interact with the wild type as well as SOD1 mutants. The best conformation was analysed by the highest binding energies
(table 2) and the complex was saved as a PDBQT file which was converted to PDB file in open babel software for further analysis. Protein-ligand
interaction profiler (PLIP) was used to generate a three-dimensional fig. of the protein-ligand complex interaction determining the site of
interaction between the protein and ligand [43].

SOD1-WT and mutants interact at different sites with both drugs. SOD1-WT was found to interact at V103, H110, R115 through hydrophobic
interactions and at H110 through hydrogen bond with edaravone. SOD1-WT was found to interact at T54, F64 through hydrophobic interactions
and at D52, T58 through hydrogen bond with riluzole (fig. 6). SOD1-H81A was found to interact at L38, L42, F45 through hydrophobic interactions
and at H46 through hydrogen bond with edaravone. SOD1-H81A was found to interact at F45, D52 through hydrophobic interactions and at G37,
H46 through hydrogen bond with riluzole (fig. 7). SOD1-H49R was found to interact at L38, L42 with hydrophobic interactions and at H46 through a
hydrogen bond with edaravone. SOD1-H49R was found to interact at F45 through hydrophobic interactions and at H46 through a hydrogen bond
with riluzole (fig. 8).

Fig. 6: Three-dimensional figure of the protein-ligand complex were generated by protein ligand interaction profiler. The hydrophobic
(dotted lines) and hydrogen bond (solid blue line) interactions between the ligand and the protein SOD1. 6A: SOD1-WT was found to
interact at V103, H110, R115 through hydrophobic interactions and at H110 through hydrogen bond with edaravone. 6B: SOD1-WT was
found to interact at T54, F64 through hydrophobic interactions and at D52, T58 through hydrogen bond with riluzole

Fig. 7: Three-dimensional figure of the protein-ligand complex were generated by protein ligand interaction profiler. The hydrophobic
(dotted lines) and hydrogen bond (solid blue line) interactions between the ligand and the protein SOD1-H81A. 7A: SOD1-H81A was
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found to interact at L38, L42, F45 through hydrophobic interactions and at H46 through a hydrogen bond with edaravone. 7B: SOD1-H81A
was found to interact at F45, D52 through hydrophobic interactions and at G37, H46 through hydrogen bond with riluzole

Fig. 8: Three-dimensional figure of the protein-ligand complex were generated by protein ligand interaction profiler. The hydrophobic
(dotted lines) and hydrogen bond (solid blue line) interactions between the ligand and the protein SOD1-H81A. 8A: SOD1-H49R was
found to interact at L38, L42 with hydrophobic interactions and at H46 through hydrogen bond with edaravone. 8B: SOD1-H49R was

found to interact at F45 through hydrophobic interactions and at H46 through hydrogen bond with riluzole

Table 2: The binding energies obtained from docking of wild-type and mutant SOD1 with edaravone and riluzole

S. No. Protein Ligand Reference RMSD Binding energy (Kcal/mol) Inhibition constant (mM)
1. SOD1-WT Edaravone 206.30 -3.25 4.16

2. SOD1-WT Riluzole 176.79 -2.95 6.89

3 SOD1-H81A Edaravone 170.88 -3.45 2.96

4. SOD1-H81A Riluzole 170.15 -2.76 9.54

5. SOD1-H49R Edaravone 170.68 -3.49 2.75

6. SOD1-H49R Riluzole 171.11 -2.88 7.74

DISCUSSION

ALS is a progressive condition caused by the deterioration of the motor neurons present in the spinal cord and brain, resulting in paralysis. The
survival of patients with ALS is 2 to 5 y; regardless of this glum prognosis, 20% of patients live for 5y, 10% for 10 y, and 5% for 20 y or longer. In
1993, SOD1 was the first gene linked to ALS, in which more than 150 mutations throughout the sequence of the protein are associated with 5% of
SALS and 20 to 25% of fALS cases [12, 22, 47].

A mature dimeric SOD1 protein requires binding to a Cu and Zn ions and an intramolecular disulfide bond connecting C57 and C146 residues.
Amino acids H64, H72, H81, D84 are involved in zinc ion binding and H47, H49, H64, H121 are involved in copper ion binding [35, 36]. The zinc ion
stabilizes the protein, promotes homodimerization and softens the active site so that copper cycling between Cu(I) and Cu(II) can rapidly occur,
whereas the copper ion is crucial to the enzymatic activity of SOD1 [46, 52]. And so, SOD1 metal binding mutants remain immature, which over time
induces pathological effects in the cell by exhibiting pro-oxidant activity [52, 53, 55]. The nascent SOD1-WT becomes highly disordered in the
absence of metal ions, especially zinc metal ion [29].

Both monomeric apo SOD1-WT and SOD1 dimer metal binding region (MBR) mutations are found to cause ALS. In this paper, we studied the MBR
mutations of monomeric apo SOD1-WT protein molecule as even the mutations in MBR of SOD1 dimer impairs the dimerization of the protein
molecule and promotes monomer formation. This apo SOD1-WT and SOD1 mutant monomers undergo unfolding, misfolding and gain of
cytotoxicity by acquiring a novel capacity of interacting with membranes and form aggregates. Aggregation also occurs by forming heterodimers
and oligomers between both type of monomers which decreases antioxidant activity, increases oxidative damage, reduces longevity and oxidative
stress-induced mutant SOD1 aggregation, which might represent the toxic precursor species in the cell for ALS [48, 50, 54].

In a functional SOD1 dimer, the B-barrel is normally protected against self-aggregation by having each end of the dimer covered by electrostatic and
Zn-binding loops, which becomes disordered in the SOD1 metal binding site mutants through loss of metal, exposing the B-barrels of the dimer to
the external environment, allowing close interactions with adjacent molecules, that causes misfolding and aggregation of the protein. These
observations support the hypothesis that the unfolded form of SOD1, after synthesis on the ribosome and prior to folding and maturation, is the
source of misfolding and aggregation in motor neurons associated with sALS [45, 46, 55].

ALS patients carrying mutations in other genes such as C9orf72HRE, FUS, KIF5A, NEK1, VAPB and ALSIN are also found with misfolded SOD1-WT
positive intracytoplasmic inclusions in motor neurons, suggesting that misfolding of SOD1-WT can be part of a common downstream event that may
be pathogenic [51]. The unfavorable conformational changes [57] in SOD1 protein may not interact with other associated molecules, which may
block the mediated functions of downstream molecules [44].

Four amino acid mutations involved in metal binding were retrieved from Uniprot (H81A, H47R, H49R and H49Q) and two mutations which were in
conserved regions; H81A involved in Zn binding and H49R involved in Cu binding, were considered for this study as mutations in a conserved
domain of SOD1 protein are more deleterious and significantly distort the tertiary structure of the protein (44). For the docking studies, PDBID
2NAM, the monomeric human SOD1-WT solution structure, was considered, as the process of crystallography can exert pressure on the proteins
due to reduction in humidity and temperature change which can effect the actual structure of the protein and the solution structure’s
microenvironment being closer to the natural microenvironment [59].

It took 22 y for the FDA to approve Edaravone in 2017 after approving Riluzole in 1995 [60]. Even though their mechanism of action is not known,
they have shown a significant positive effect on the rates of survival, muscle deterioration [61] and the long-term efficacy in the clinical trials for the
treatment of ALS [62]. These two drugs were docked with SOD1-WT and SOD1 mutants (H81A, H49R) to determine the type of interaction, degree
of interaction and their binding energies. SOD1-WT has hydrophobic interactions at V103, H110, R115 and a hydrogen bond at H110 with
Edaravone. SOD1-WT has hydrophobic interactions at T54, F64 and hydrogen bond at D52, T58 with Riluzole. Both SOD1 mutants has a hydrogen

10



R. Nagre & V. Buwa
Int ] Chem Res, Vol 6, Issue 4, 5-13

bond at its H46 residue for both the drugs. SOD1-H49R mutant has hydrophobic interactions at F45 with Riluzole. SOD1-H81A mutant has
hydrophobic interactions at F45 with Edaravone. For both the mutants L42A residue has a hydrophobic interaction with Edaravone.

CONCLUSION

As the drugs bind to ALS, causing mutated SOD1 protein, it can be possible to restore the stability of SOD1 structure due to the interaction of these
drugs and disease progression can be attenuated in the ALS patients carrying these mutations. Other ALS-causing mutations in SOD1 and other
proteins can be studied for their interaction with drugs that can be informative in preclinical and clinical studies for the development of a novel
therapy for ALS patients.
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