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ARTICLE INFO ABSTRACT

Amyotrophic lateral sclerosis (ALS) is a lethal neurodegenerative disease caused by selective motor neuron
death. Mutations in the gene encoding copper/zinc superoxide dismutase (SOD1) belong to one of the four major
ALS mutation clusters responsible for pathogenesis of ALS. Toxic gain-of-function (not loss-of-function) of SOD1
M“mft Sopl mutants causes motor neuron degeneration. Aberrant protein—protein interactions (PPI) between mutant SOD1
g:z;l: rotein i . and other proteins are involved in this toxic gain-of-function. Therefore, PPI inhibitors of mutant SOD1 not only

-protein Interaction increase understanding of ALS pathogenesis, but can also be used as novel therapeutics for ALS. Although it is
challenging to identify PPI inhibitors, prior knowledge of the binding site can increase success probability. We
have previously reported that tubulin interacts with N-terminal residues 1-23 of mutant SOD1. In the present
study, we performed virtual screening by docking simulation of 32,791 compounds using this N-terminal binding
site as prior knowledge. An established assay system for interaction inhibition between mutant SOD1-tubulin
was used as an in-house model system to identify mutant SOD1 PPI inhibitors, with the goal of developing novel
therapeutics for ALS. Consequently, five of six assay-executable compounds among top-ranked compounds
during docking simulation inhibited the mutant SOD1-tubulin interaction in vitro. Binding mode analysis pre-
dicted that some inhibitors might bind the tubulin binding site of G85R SOD1 by pi electron interaction with the
aromatic ring of the Trp32 residue of G85R SOD1. Our screening methods may contribute to the identification of
lead compounds for treating ALS.
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kel.ac.uk/Overview/gene.aspx?gene_id =SOD1). The number of re-
ported SOD1 mutations derived from ALS patients is 185 (ALSOD, ac-

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a lethal neurodegenerative
disease caused by selective motor neuron death. Occurrence of ALS is
approximately 2 per 100,000 people per year, with a slightly higher
ratio in males. Most ALS is sporadic (SALS), with 5%-10% regarded as
familial (FALS) (Byrne et al., 2012). However, the incidence of FALS is
likely to be underestimated because of ambiguity on whether ALS is
sporadic or familial (Al-Chalabi and Lewis, 2011). More than 100 genes
are reported to be relevant to FALS, with 20 causative genes identified
(OMIM). Of these 20 genes, four major genes have been identified:
copper/zinc superoxide dismutase (SOD1), TAR DNA-binding protein
43 (TARDBP)/TDP-43, C9orf72, and fused in sarcoma (FUS) (Alsultan
et al., 2016; Morgan et al., 2017). SOD1 mutation is responsible for
20% of FALS and 2%-7% of sporadic cases (ALSOD: http://alsod.iop.
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cessed on Aug. 2018). Mutant SOD1 causes motor neuron death by
gain-of-toxicity and not loss-of-function (Gurney et al., 1994; Reaume
et al., 1996). Aberrant protein—protein interactions (PPI) between mu-
tant SOD1 and other proteins are involved in this toxic gain-of-function
(Ilieva et al., 2009). Although the mechanism underlying FALS has been
elucidated to a certain degree, no consensus or detailed mechanism of
SALS pathogenesis has been identified (Ilieva et al., 2009). Because of
its complex pathogenesis, there are currently no approved SOD1 in-
hibitors as ALS therapeutics (Dervishi and Ozdinler, 2018). SOD1 and
its mutants are important targets, not only for developing novel ther-
apeutics for ALS, but also for identifying PPI inhibitors.

We previously reported that TDP-43, which is associated with FALS,
interacts with mutant SOD1 at its dimerization interface (Higashi et al.,
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Abbreviations

ADME/Tox absorption, distribution, metabolism, excretion and

toxicity

ALS Amyotrophic lateral sclerosis

ALSOD A user-friendly online bioinformatics tool for amyotrophic
lateral sclerosis genetics

FALS familial ALS

FDA Food and Drug Administration

FUS fused in sarcoma

GFP green fluorescent protein

IL interleukin

KIFAP3 kinesin-associated protein 3

MDM2 mouse double minute 2

MIF macrophage migration inhibitory factor
PBS phosphate-buffered saline

PDB Protein Data Bank

PPI protein-protein interaction

RMSD  root mean square deviation

SALS sporadic ALS

SBDD structure-based drug design

SNAP25 synaptosomal associated protein 25

SOD1 copper/zinc superoxide dismutase

TARDBP TAR DNA-binding protein 43

UCH-L1 ubiquitin carboxyl-terminal hydrolase isozyme L1
UCH-L3 ubiquitin carboxyl-terminal hydrolase isozyme L3

2010). Meanwhile, another group reported that mutant SOD1 specifi-
cally associates with Derlin-1, causing gain-of-toxicity and inducing
motor neuron-specific cell death via endoplasmic reticulum stress.
Moreover, this toxicity is likely obtained through direct interaction
with Derlin-1 (Nishitoh et al., 2008). Corroboratively, most ALS-linked
SOD1 mutations are also Derlin-1 interacting mutations (Fujisawa et al.,
2015). Recently, the same group also reported that inhibiting the in-
teraction between mutant SOD1 and Derlin-1 can lead to amelioration
of ALS symptoms in model mice (Tsuburaya et al., 2018). Nonetheless,
despite these studies, further study on how mutant SOD1 affects ALS is
still needed, especially for SALS, as well as detailed pathophysiology of
PPI with other proteins. Studies have implicated PPI with mutant SOD1
aside from Derlin-1, therefore a novel interaction of mutant SOD1 may
be involved in pathogenesis of ALS. Indeed, interaction between mis-
folded mutant SOD1 and kinesin-associated protein 3 (KIFAP3), a
subunit of kinesin-2 motor protein (Tateno et al., 2009), and various
synapse-related molecules, such as synaptotagmin and synaptosomal
associated protein 25 (SNAP25) have already reported in FALS patient
tissue (Araki et al., 2012). Recently, an interaction was reported be-
tween G85R SOD1 and N110C mutant of macrophage migration in-
hibitory factor (MIF) (Shvil et al., 2018). Further, we have shown that
mutant SOD1 interacts with tubulin and affects tubulin polymerization
(Kabuta et al., 2009). We have also shown that mutant SOD1 interacts
with tubulin via the N-terminal residues 1-23 of SOD1 (Kabuta et al.,
2009), which are adjacent to the SOD1-Derlin-1 binding site (N-term-
inal residues 5-18 of SOD1). Here, we aimed to identify PPI inhibitors
of mutant SOD1 as ALS therapeutics, taking advantage of the known
tubulin binding site of mutant SOD1 and the interaction as a test case.
Furthermore, as the crystal structure of mutant SOD1 is available, we
determined the applicability of structure-based drug design (SBDD) for
the purpose of identifying PPI inhibitors.

SBDD is used to discover novel inhibitors for PPI as it enables rapid
and economical hit identification compared with classical screening
methods for in vitro or in vivo biological assays. In silico drug screening
approaches, such as molecular docking, offer a shortcut when the

crystal structure of at least one target protein is available for PPI.

Docking simulation has widely been used for screening of enzyme
inhibitors (McNally et al., 2003; Peng et al., 2003), and a rational de-
sign of SOD1 enzymatic inhibitors by combining copper chelating and
coordinating fragments has also been reported (Dong et al., 2016).
Recently, docking simulation was used for virtual screening, with suc-
cessful identification of several PPI inhibitors. Small molecule in-
hibitors for the interleukin (IL)-15/IL-15R interaction that are active in
cells were identified in combination with chemical synthesis of lead
compounds (Quemener et al., 2017). Moreover, five compounds tar-
geting the PPI interface between Menin-Mixed Lineage Leukemia with
novel scaffolds were also identified (Xu et al., 2016). In addition, four
inhibitors for the mouse double minute 2 (MDM2)-p53 interaction
were identified in combination with X-ray co-crystallization (Tortorella
et al., 2016). All of these three approaches share both pharmacophore-
based and docking-based virtual screening.

SBDD has also been used to find inhibitors of protein aggregation.
Most of the ALS-associated mutations in SOD1 increase the aggregation
propensity of the protein (Prudencio et al., 2009). Several studies re-
garding inhibition of SOD1 aggregation were reported (Banerjee et al.,
2017; Ray et al., 2005).

However, correct prediction of PPI sites is still a major hindrance for
identifying PPI inhibitors. It is difficult to resolve PPI at atomic re-
solution by in silico methods, although it may not be necessary for
identification of PPI inhibitors. Accordingly, an approach where
docking simulation is performed against an experimentally-determined
PPI site is promising. Using this approach, conventional protein-ligand
docking simulation for identification of PPI inhibitors can be per-
formed. Thus, rather than depending on in silico tools only, in vitro
experimental results can be used as input for in silico tools, such as
interaction site information. Thereby, reasonable results can be ac-
quired from in silico tools.

Among many docking simulation platforms, we use GOLD. Many
successful cases of predicting binding modes of lead compounds or
identifying protein ligand inhibitors have been reported with GOLD

Table 1

List of top-ranked 11 compounds identified by virtual screening according to GOLD score.
No. Compound name Mol. Weight GOLD score
1 N-(3-chlorophenyl)-2-[(2,5-dioxo-1-phenyl-3-pyrrolidinyl)thio]acetamide 375 53.06
2 N-[(2-hydroxy-8-methyl-3-quinolinyl)methyl]—N-(2-methoxyethyl)benzamide 350 52.18
3 2-[(5-butyl-4-methyl-4H-1,2,4-triazol-3-yl)thio] —-N-(3-methylphenyl)acetamide 318 51.27
4 N-(3-chloro-2-methylphenyl)-2-{[1-(4-ox0-3,4-dihydro-2-quinazolinyl)ethyl]thio }acetamide 388 53.14
5 N-(2-ethoxyphenyl)-3-[3-(2-ethoxyphenyl)-1,2,4-oxadiazol-5-yl] propanamide 381 52.27
6 3-[3-(2-ethoxyphenyl)-1,2,4-oxadiazol-5-yl]—N-(4-methylphenyl)propanamide 351 51.96
7 N-(2,4-dimethylphenyl)-3-[3-(2-ethoxyphenyl)-1,2,4-oxadiazol-5-yl] propanamide 365 52.24
8 N-{[benzyl(2-furylmethyl)amino]carbonyl}-4-methylbenzenesulfonamide 384 53.37
9 N-isopropyl-4-methoxy-N-[(3-phenyl-1,2,4-oxadiazol-5-yl)methyl]benzamide 351 52.42
10 N-(2-ethoxyphenyl)-2-{[4-ethyl-5-(2-furyl)-4H-1,2,4-triazol-3-yl] thio }acetamide 372 52.08
11 N-(2-ethoxyphenyl)-2-{[4-methyl-5-(4-methylphenyl)-4H-1,2,4-triazol-3-yl]thio}acetamide 383 51.47
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Table 2
List of assay-executable six compounds and their inhibitory effects on the tubulin-G85R SOD1 interaction.
No. Compound name % inhibition
1 N-(3-chlorophenyl)-2-[(2,5-dioxo-1-phenyl-3-pyrrolidinyl)thio]acetamide 96.6
2 N-[(2-hydroxy-8-methyl-3-quinolinyl)methyl]—N-(2-methoxyethyl)benzamide 0
3 2-[(5-butyl-4-methyl-4H-1,2,4-triazol-3-yl)thio] —-N-(3-methylphenyl)acetamide 38.6
8 N-{[benzyl(2-furylmethyl)amino]carbonyl}-4-methylbenzenesulfonamide 48.2
9 N-isopropyl-4-methoxy-N-[(3-phenyl-1,2,4-oxadiazol-5-yl)methyl]benzamide 96.3
10 N-(2-ethoxyphenyl)-2-{[4-ethyl-5-(2-furyl)-4H-1,2,4-triazol-3-yl] thio }acetamide 46.4

Band intensities of western blotting were converted to tubulin-G85R SOD1 interaction inhibition rate by the following equation: (sample
intensity without compound) — (sample intensity with tested compound)/(sample intensity without compound) — (sample intensity with
tubulin and without SOD1). Tested assay-executable compounds were as follows: compound 1, 2, 3, 8, 9, and 10 (concentration of all
compounds is 200 uM).
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Fig. 1. Chemical structures of assay-executable six compounds among the top-11 ranked compounds predicted by GOLD screening.

tubulin -+ 4+ 4+ 4+ 4+ 44 (Karatas et al., 2017; Lagarias et al., 2018; Oyallon et al., 2018;

G85R SOD1-His - + + + + + + + Ramsbeck et al., 2018). Among them, some groups have reported suc-

compound - - 1 2 3 8 9 10 cessful identification of PPI inhibitors with GOLD (Villa et al., 2018;
Zhou et al., 2018).

p— PR — wss| tubulin In this study, docking simulation against the G85R SOD1-tubulin

binding site was examined by pull-down assay to validate efficacy of
this SBDD method. Altogether, we identified five inhibitors (inhibition
rate = 38.6%-96.6%) of the G85R SOD1-tubulin interaction by GOLD
S, GBSR SOD1-His virtual screening of 32,791 compounds.

Fig. 2. Pull-down assay results showing inhibitory effects of assay-executable 2. Material and methods
compounds on the tubulin-G85R SOD1 interaction. Western blotting was per-

formed using recombinant His-tagged G85R SOD1, tubulin, and each com- 2.1. Compound library
pound.

The ADME/Tox (absorption, distribution, metabolism, excretion
and toxicity) filtered virtual compound library was used, which consists
of 32,791 chemical compounds (all from ChemBridge CNS-Set, de-
signed to penetrate the blood-brain barrier; ChemBridge Corporation,

21
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San Diego, CA, USA) (conformation acquired from Ressource Parisienne
en BioInformatique Structurale site, accessed in 2007).

2.2. Protein data preparation

Human G85R SOD1 crystal structure data (PDB code; 2VR6) were
obtained from the Protein Data Bank (PDB) (https://www.rcsb.org/).
Hydrogens were added to G85R SOD1 and energy minimized using
Chimera 1.3 (Pettersen et al., 2004), with all heavy atoms fixed.

2.3. Virtual screening

Virtual screening experiments were performed using GOLD 4
(Cambridge Crystallographic Data Centre [CCDC], Cambridge, UK)
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Fig. 3. Schematic showing molecular docking results
of the tested compounds. (a-f) Binding modes of
compound 8 (a, b), compound 9 (c, d), and com-
pound 2 (e, f) are shown with the interacting residues
of SOD1. For Glide results, RMSDs from the top-
ranked pose were calculated for all but the top-
ranked pose. The average value is shown in right
bottom of each figure. The hydrogen bond is depicted
as a yellow dashed line. Pi-pi electron stacking in-
teractions are depicted as blue dashed lines, with the
pi electron—cation interaction depicted as a green
dashed line. Oxygen atoms are shown in red, nitrogen
atoms in blue, a sulfur atom in yellow, and polar
hydrogen atoms in white. Carbons of G85R SOD1 are
shown in light grey and those of the compounds in
green. (g, h) Superposition of the docking poses of
compounds 8 and 9 generated by GOLD (g) and Glide
(h). The figures were prepared using Maestro
(Schrédinger, LLC, New York, NY, USA).

Average RMSD: 2.17

(Jones et al., 1997). Compounds were screened with automatic genetic
algorithm parameter settings to maximize efficiency in terms of calcu-
lation time. The optimal number of operations for each compound was
automatically calculated. Protein side chain flexibility was not con-
sidered. Solvent-accessible surfaces of the binding site were limited
using a cavity detection algorithm (Hendlich et al., 1997). Binding site
residues composed of Lys3, Ala4, Val5, Cys6, lle18, Asn19, Phe20, and
Glu21 were specified based on experimentally-determined tubulin
binding sites of mutant SOD1 (Kabuta et al., 2009).

Ten docking solutions for each docked molecule were scored and
the top-three saved for post-screening evaluation. Potential hydrogen
bonds, van der Waals contacts, and other contacts (such as salt bridges
and aromatic pi electron interactions) were identified using Maestro
(Schrodinger Release, 2016-1; Maestro, Schrodinger, LLC, New York,


https://www.rcsb.org/
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Fig. 4. Protein-ligand interaction diagrams for each compound in the tubulin binding site of G85R SOD1. The diagrams for GOLD and Glide docking results are
shown in upper column and lower column, respectively. Teardrop symbols of G85R SOD1 residues are colored by their physicochemical property. The interactions
between compounds and G85R SOD1 are depicted by each arrow presented in the caption at the bottom of the figure. The figures were prepared using Maestro

(Schrodinger, LLC, New York, NY, USA).

NY, USA). Ligands predicted to be strong-binders by GOLD were used
for in vitro validation experiments. Virtual screening calculations were
performed on 3.16 GHz/Core2Duo CPU personal computers.

2.4. Additional binding mode analysis

Aforementioned human G85R SOD1 (PDB code; 2VR6, chain A) was
optimized using protein preparation wizard of Maestro 2017-3
(Schrodinger, LLC, New York, NY, USA) including N-terminal capping.

Three-dimensional conformations of compounds 2, 8 and 9 were
prepared by LigPrep of Maestro 2017-3 (Schrodinger, LLC, New York,
NY, USA) based on the SD files provided by the supplier (ChemBridge
Corporation) under the basically default condition. For compounds 2
and 8, LigPrep was run under the condition not changing ionization and
not generating tautomers in order to maintain the original chemical
structures.

Three compounds 2, 8 and 9 were docked to the optimized G85R
SOD1 using Glide (Schrodinger, LLC, New York, NY, USA) SP mode
under condition writing out at most 10 poses per compound. Ligand
interaction diagram module of Maestro 2017-3 was utilized for visua-
lizing interactions between a compound and human G85R SOD1 re-
sidues.

2.5. Reagents

Human recombinant G85R SOD1 was prepared as described pre-
viously (Kabuta et al., 2009). A murine anti-His tag monoclonal anti-
body, 9C11, and rabbit anti-a-tubulin antibody, 9F3, were purchased
from FUJIFILM Wako Pure Chemical Corporation (Doshomachi, Osaka,
Japan) and Cell Signaling Technology, Inc. (Danvers, MA, USA), re-
spectively.

Compounds within the ChemBridge CNS-Set (supplier IDs given in
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parentheses) were as follows: Compound 1: N-(3-chlorophenyl)-2-[(2,5-
dioxo-1-phenyl-3-pyrrolidinyl)thio]acetamide (5211550); Compound 2:
N-[(2-hydroxy-8-methyl-3-quinolinyl)methyl] —N-(2-methoxyethyl)benza-
mide (9000281); Compound 3: 2-[(5-butyl-4-methyl-4H-1,2,4-triazol-3-yl)
thio] —N-(3-methylphenyl)acetamide (9000414); Compound 4: N-
(3-chloro-2-methylphenyl)-2-{[1-(4-0x0-3,4-dihydro-2-quinazolinyl)ethyl]
thio}acetamide (9001952); Compound 5: N-(2-ethoxyphenyl)-3-[3-(2-
ethoxyphenyl)-1,2,4-oxadiazol-5-yl]propanamide (9002439); Compound
6:  3-[3-(2-ethoxyphenyl)-1,2,4-oxadiazol-5-yl]—N-(4-methylphenyl)pro-
panamide (9003853); Compound 7: N-(2,4-dimethylphenyl)-3-[3-(2-
ethoxyphenyl)-1,2,4-oxadiazol-5-yl]propanamide (9005216); Compound
8: N-{[benzyl(2-furylmethyl)amino]carbonyl}-4-methylbenzenesulfona-
mide (9005795); Compound 9: N-isopropyl-4-methoxy-N-[(3-phenyl-
1,2,4-oxadiazol-5-yl)methyl]benzamide (9007144); Compound 10: N-
(2-ethoxyphenyl)-2-{ [4-ethyl-5-(2-furyl)-4H-1,2,4-triazol-3-yl]thio}aceta-
mide (9009674); and Compound 11: N-(2-ethoxyphenyl)-2-{[4-methyl-5-
(4-methylphenyl)-4H-1,2,4-triazol-3-yl] thio }acetamide (9010739).

All of these compounds were obtained from ChemBridge
Corporation.

2.6. Pull-down assay

Pull-down assay using G85R SOD1 and the 11 compounds was
performed as previously reported (Kabuta et al., 2009). Briefly, 15 ug of
recombinant His-tagged G85R SOD1, 25ug of purified tubulin, and
200 uM of each compound were mixed and incubated for 4 h in phos-
phate-buffered saline (PBS) containing 0.05% Triton X-100. After
TALON resin beads were washed three times with PBS containing
0.05% Triton X-100, proteins were eluted using sodium dodecyl sulfate
sample buffer.
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Fig. 5. Inmunoprecipitation assay results showing proteins interacting with N-terminal residues (1-10 and 1-23) of SOD1 and FLAG-tagged GFP (green fluorescent
protein) as a negative control. (a) Schematic illustration of fusion constructs for the GFP-SOD1 N-terminal region. (b) Lysates of COS-7 cells transfected with the
aforementioned constructs were analyzed by immunoprecipitation using an anti-FLAG antibody and silver staining.

2.7. Immunoprecipitation and silver staining

Multiple deletion mutant constructs of FLAG-tagged SOD1 were
expressed in COS-7 cells. Cell lysates were then centrifuged and the
supernatants immunoprecipitated. Immunoprecipitation was per-
formed by incubating lysates with anti-FLAG M2 affinity gel containing
purified immunoglobulin (Millipore-Sigma, Darmstadt, Germany), as
previously described (Kabuta et al., 2009). Immunoprecipitated pro-
teins were detected by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis followed by silver staining.

3. Results
3.1. Virtual screening

A PDB entry, 2VR6, was used to obtain the three-dimensional
structure of G85R SOD1. During virtual screening by GOLD, the pro-
tein-ligand interaction site was restricted to the binding site of tubulin
(as described in the Material and methods) to ensure that the outcome
could be verified by pull-down assay with G85R SODI1-tubulin.
Docking simulation by GOLD was performed against 32,791 com-
pounds from CNS-Set, which were pre-filtered by Ressource Parisienne
en Biolnformatique Structurale under the most modest filtering condi-
tion. Overall, 11 compounds with GOLD scores > 50 were predicted to
bind to the G85R SOD1 N-terminal region. Specifically, we narrowed
down 0.03% of the total number of chemical compounds for validation
by pull-down assay (Table 1).

24

3.2. Inhibitory effect of compounds on mutant SOD1-tubulin interaction

Based on the User Guide for GOLD 3.1, compounds with GOLD
scores around 60 may inhibit enzyme activity at half maximal in-
hibitory concentration (ICso) values of 10-100 uM. Although GOLD
scores for the compounds obtained by virtual screening in this study do
not meet this criterion, we assumed that relatively low GOLD scores are
attributable to the scarcity of cavities on the tubulin binding site of the
G85R SOD1 N-terminal region. Therefore, we chose to proceed with our
study and validate the top-ranked compounds in terms of GOLD score
for identification of PPI inhibitors.

Before performing pull-down assays, compound 4 was found to be
insoluble in dimethyl sulfoxide during the preparatory compound so-
lution and aliquot process. Likewise, compounds 5, 6, 7, and 11 were
insoluble in pull-down assay buffer (namely, PBS containing 0.05%
Triton X-100). Consequently, we excluded these five compounds (i.e.,
compounds 4, 5, 6, 7, and 11) from the following pull-down assays.
Pull-down assays were performed with the remaining six chemicals to
determine if they inhibit tubulin-G85R SOD1 binding at the predicted
affinities (Table 2, Fig. 1).

Candidate PPI inhibitors predicted by GOLD docking simulation
were tested for their ability to inhibit the interaction between tubulin
and G85R SOD1. Among these candidates, 5 out of 6 assay-executable
compounds inhibited the interaction between tubulin and G85R SOD1.
Compounds 1 and 9 strongly inhibited the tubulin interaction of G85R
SOD1 (Fig. 2). Compounds 1 and 9 (200 uM) inhibited the interaction
by 96.6% and 96.3%, respectively, compared with a negative control



K. Hirayama, et al.

sample with no compound added (Fig. 2, Table 2). Compounds 3, 8,
and 10 partially inhibited the interaction by 38.6%, 48.2%, and 46.4%,
respectively. In contrast, with compound 2, the negative interaction
inhibition rate resulted in increased association of tubulin-G85R SOD1,
showing that compound 2 was unable to inhibit the interaction between
tubulin and G85R SOD1 (Fig. 2, Table 2).

3.3. Predicted binding modes

Predicted binding modes of compounds 8 and 9 to the N-terminal
region of G85R SOD1 by GOLD and Glide are shown (Fig. 3a and c:
GOLD, Fig. 3b and d: Glide). Although chemical formulae of the two
compounds are not similar to each other, predicted docking con-
formation between these compounds and G85R SOD1 showed similar
binding modes. Few hydrogen bonds were observed between the
docked ligand and specified binding site (N-terminal region of G85R
SOD1) with both compounds 8 and 9 and G85R SOD1 complex struc-
ture. Alternatively, several aromatic contacts were observed.

In the biding mode analyzed by GOLD, the aryl group and 4-me-
thylbenzenesulfonamide group of compound 8 appeared to form a pi—pi
electron interaction with the aromatic indole ring of Trp32 of G85R
SOD1. Meanwhile, the aryl group formed a face-to-face interaction
3.2 10\) with both parts of the indole ring, while the 4-methylbenzene-
sulfonamide group formed an edge-to-face interaction with the aryl part
of the indole ring (4.7 A). The furyl group of compound 8 appeared to
form an edge-to-face pi electron interaction with the pyrrole part of the
indole ring of Trp32 (Fig. 3a). A similar docking pose was predicted in
the binding mode analysis by Glide, and two hydrogen bonds were
predicted between sulfonamide group of compound 8 and Lys3 and
Glu21 of G85R SOD1 (Fig. 3b).

In the analysis by GOLD, the phenyl ring of the 4-methoxy-phenyl
group of compound 9 appeared to form a face-to-face pi electron in-
teraction with both parts of the indole ring of Trp32. The 1,2,4-0x-
adiazol ring of compound 9 appeared to form a pi electron—cation in-
teraction with the amino group of Lys3 of G85R SOD1 (Fig. 3c). Docked
conformation of compounds 8 and 9 showed similar binding modes on
the N-terminal region of G85R SOD1 (Fig. 3g and h), suggesting that the
aforementioned pi electron-mediated interactions are essential for in-
hibitory activity of tubulin-G85R SOD1 interaction. Compound 9 ex-
hibited the same binding mode when docking prediction was performed
by Glide (Fig. 3d).

As a non-binder, the predicted docking conformation of compound
2 was analyzed by GOLD. Four face-to-face pi electron interactions and
one edge-to-face pi electron interaction were observed between docked
compound 2 and the Trp32 residue of G85R SOD1 in the predicted
compound 2/G85R SOD1 complex structure. The quinoline group of
compound 2 appeared to form four face-to-face pi electron interactions
with the indole group of Trp32, while the aryl group of compound 2
appeared to form an edge-to-face pi electron interaction with the indole
group of Trp32. A hydrogen bond between the hydroxyl group of
compound 2 and carboxyl group of Glu21 was predicted (Fig. 3e).
Relatively similar binding mode was predicted by Glide with only one
difference in a hydrogen bond with Lys3 (Fig. 3f).

Although few hydrogen bonds between actual inhibitors (com-
pounds 8 and 9) and G85R SOD1 were observed, as a non-inhibitor,
compound 2 appeared to form a hydrogen bond to SOD1. This hy-
drogen bond might reflect a bias during docking simulation for com-
pounds to bind stably to the tubulin binding site of G85R SODI.
Schematic diagrams for interaction between each compound and
binding site residues of SOD1 are shown in Fig. 4.

We found that various other proteins interact with the N-terminal
residues 1-10 or 1-23 of mutant SOD1, shown by immunoprecipitation
and silver staining of mutant SOD1-FLAG protein (Fig. 5). Therefore,
the PPI inhibitors identified in this study may be useful for analyzing
other aberrant interactions with the N-terminal 1-23 residues of mutant
SOD1. By elucidating binding sites from deletion mutant experiments,
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we may be able to identify other PPI inhibitors of mutant SOD1.
4. Discussion

In terms of similarities in chemical features of the identified in-
hibitors, we were unable to find a common skeleton among them.
Instead, we could only extract partial and abstract similarity among
them, e.g., a N—C=O0 group, aromatic ring, and hetero 5-membered
ring. Alternatively, there was no hetero 5-membered ring in inactive
compound 2. This is in contrast to ubiquitin carboxyl-terminal hydro-
lase isozyme L3 (UCH-L3) inhibitors, in which similarity and a common
skeleton among them were easily extracted (Hirayama et al., 2007), and
likewise with ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCH-
L1) potentiators and inhibitors (Mitsui et al., 2010). However, there is
conformational similarity among compounds 8 and 9 in terms of aro-
matic ring disposition in the docked binding mode (Fig. 3d).

Comparing enzymatic inhibitors and PPI inhibitors, there are dif-
ferences in the degree of pharmacophore similarity despite an almost
identical chemical compound library for virtual screening. Regarding
enzymatic inhibitors, when target enzymatic proteins have distinct
pockets, pharmacophoric features are easily extracted. In contrast, with
PPI inhibitors (including the tubulin-mutant SOD1 inhibitors identified
in this study), conformational information such as predicted binding
mode by docking simulation may aid extraction of a pharmacophore
hypothesis. This pharmacophore advantage may be one reason for
successful identification of highly active inhibitors in studies showing
effective utilization of virtual screening with both docking simulation
and pharmacophore modeling (Xu et al., 2016).

Here, we describe approaches to overcome several challenges in
identifying PPI inhibitors. First, aromatic stacking is thought to be one
of the major components of protein-ligand interactions. Accordingly,
compounds that cause the pi electron interaction of Trp32 of G85R
SOD1 can bind the N-terminal region of SOD1 with minimally sufficient
affinity and inhibit the tubulin interaction (Brylinski, 2018). Second,
although aromatic stacking is treated within van der Waals and elec-
trostatic interactions, and no strict calculation of aromatic stacking is
performed in docking simulation, aromatic stacking might be better
reproduced in docking simulation (Brylinski, 2018). In this study, it is
thought that interaction energy calculations, including aromatic
stacking by GOLD, effectively worked in predicting inhibitors. Third,
the substructure and functional groups of CNS-Set compounds also
raises the probability of PPI inhibition. Among the inhibitors identified
in this study, compound 1 has a chlorobenzene group that is frequently
used in 238 PPI inhibitors as well as Food and Drug Administration
(FDA)-approved drugs (Wang et al., 2018).

Finding appropriate binding pockets is essential in PPI inhibitor
identification. There is an assumption that the pocket does not change
after or during the PPI process. However, this assumption is not accurate
because an induced-fit frequently occurs. Therefore, we hypothesize that
PPI inhibitors can be identified through normal protein-ligand docking
using prior PPI site information for one of the proteins. We believe that
this hypothesis is at least useful for identifying PPI inhibitors.

Although high-throughput screening is a major methodology for
large numbers of screening compounds, in this study we show that PPI
inhibitors can be identified among a relatively small number of com-
pounds in combination with biological validation, namely binding site
determination.
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