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and Other SARS-CoV-2 Fusion Inhibitors Targeting the S2 Segment
of the Spike Protein
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ABSTRACT: Umifenovir (Arbidol) has been reported to exhibit some degree of efficacy in multiple 5 :

clinical trials for the treatment of COVID-19 as a monotherapy. It has also demonstrated synergistic § «|™ %%+
inhibition of SARS-CoV-2 with other direct-acting antivirals such as Remdesivir. A computational i; R A:/.;'." —=
approach was used to identify the most favorable binding site to the SARS-CoV-2 Spike S2 segment 2 . . ARB :
and to perform virtual screening. Compounds selected from modeling were evaluated in a live SARS- §—w Derivatien
CoV-2 infection assay. An Arbidol (ARB) derivative with substitutions at both the C-4 and C-6 <", . ; . .
positions was found to exhibit a modest improvement in activity and solubility properties in Q cLogP Q
comparison to ARB. However, all of the derivatives were found to only be partial inhibitors, rather than S { 4
full inhibitors in a virus-induced cytopathic effect-based assay. The binding mode is also corroborated N2 o
by parallel modeling of a series of oleanolic acid trisaccharide saponin fusion inhibitors shown to bind s

to the S2 segment. Recently determined experimental structures of the Spike protein allowed atomic ~ & _l_ "
resolution modeling of fusion inhibitor binding as a function of pH, and the implications for the T
molecular mechanism of direct-acting fusion inhibitors targeting the S2 segment are discussed. *
1. INTRODUCTION reference prototype strain that is sensitive to amantadine,’ as

well as highly pathogenic influenza A HSN1 subtype®” and the
pandemic 2009 HINT1 subtype.””” ARB has also been shown
to demonstrate weak in vitro inhibitory activity for several
other enveloped viruses.'~'* ARB is considered to be a broad-
spectrum antiviral that has been used clinically in the past for
outbreaks of unknown acute respiratory diseases. Several
clinical trials in Russia'*~'” and China'® corroborate efficacy
and very good tolerability of treatment as a monotherapy, as
well as in combination with interferons."”~>" In summary,
acute treatments of ARB ranging from S to 20 days have been
shown to be well tolerated with minimal adverse events.””” >

Prior to the outbreak in Wuhan, ARB had been shown to
display antiviral activity against the 2003 SARS-CoV virus;*®
thus, there was prior rationale for using it as a clinical agent for
treatment. Early in the pandemic, the in vitro antiviral activity
of ARB against SARS-CoV-2 was published”” and then
verified”® supporting rationale for clinical usage to treat
COVID-19, particularly in combination with other direct-
acting antivirals.””*" The clinical efficacy of ARB for the
treatment of COVID-19 remains the subject of controversy
and conflicting clinical results with relatively low numbers of

The 2019 emergence of a novel Coronavirus in Wuhan, China,
highlighted the need to identify drugs with a known tolerability
profile and clinical data, which showed efficacy in inhibiting
coronaviruses. Even with previous coronavirus outbreaks, such
as that of SARS in 2003 and MERS in 2012, there were not
particularly effective antiviral agents that could be used
clinically when the 2019 SARS-CoV-2 outbreak occurred.'
Drug repurposing remains a critical way to help combat the
current outbreak by providing clinical options for patients who
present with severe cases of COVID-19 but may be unable to
receive first-line treatment. Clinical drugs identified to exhibit
antiviral activity for SARS, MERS, or SARS-CoV-2 may
reasonably be expected to have activity against new emerging
viruses from the nidovirales family.” In addition, repurposing
drugs that are already approved for other indications allows
clinicians to use them with a greater body of literature
regarding their safety profile. One potential avenue that has not
been as deeply explored in clinical research has been the use of
antiviral medications which act as entry inhibitors by
preventing fusion via the Spike protein. Small-molecule fusion
inhibitors may also be candidates for future antiviral
combination therapies using Remdesivir or other antiviral
replication (Nsp12) inhibitors or in combination with (MPro)
protease inhibitors.

Arbidol (ARB) is a commonly used drug in Russia and
China for both prophylaxis and treatment of influenza A and B,
as well as other respiratory virus infections. ARB exhibits
antiviral activity against the influenza A/Aichi2/68 (H3N2)
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enrolled patients. One of the earliest published small clinical
trials in China reported improvements in outcomes in COVID-
19 treatment with ARB as a monotherapy.”’ The subsequent
published clinical data have been varied, with several studies
showing improved 0utc0mes,3'2_35 while other studies have
shown decreased efficacy.*

As ARB exhibits weak broad-spectrum activity, solution-
nuclear magnetic resonance experiments have previously
demonstrated that ARB binds to the surface of membranes
via direct interactions w1th the phospholipid headgroup and
the glycerol backbone.”” Thus, nonspecific interactions (in the
10 uM range) with both membranes and aromatic amino acids
in membranes may partially explain inhibition of membrane
fusion and broad-spectrum fusion inhibitor activity and the
local concentration of drug in proximity to fusion events.’’
However, in the case of influenza, it has been shown that ARB
binds directly to hemagglutinin (HA2) from several comple-
mentary experimental approaches including blophyswal experi-
ments,” % 2 mass- spectrometry proteomics approach and X-
ray crystallography of the ARB bound cocrystal complex.*’
Thus, in the case of influenza, drug binding directly to the HA2
subunit is an important contribution to direct drug action, in
addition to other mechanisms proposed to inhibit membrane
fusion associated with membrane partitioning effects. In vitro
studies of ARB-resistant influenza strains’' demonstrate that
ARB increases the stability of the HA and hinders low pH-
mediated conformational changes requisite for formation of a
conformation that is more favorable for membrane fusion."'
Following this rationale and the report that ARB was an
inhibitor of SARS-CoV-2,”” we hypothesized that ARB may
exhibit direct action as a fusion inhibitor by binding to the S2
segment of the Spike protein. Our previous work using a
pharmacophore procedure to map SARS-CoV-2 drug targets
identified the most favorable binding site for ARB (Figure 1)

Figure 1. Structure of the SARS-CoV-2 Spike S2 segment with the
Arbidol binding site predicted from pharmacophore mapping and
CHARMM-based molecular docking. ARB is shown in magenta as a
molecular surface bound to the trimeric S2 segment in a prefusion
conformation.

on the S2 segment.”” This site was also corroborated by
structural knowledge using a structural alignment of the
influenza HA2 subunit bound to ARB and the SARS-CoV-2
Spike protein S2 segmentAr2 shown in Figure 2. These binding
sites exhibit minimal sequence similarity and only remote
structural similarity in positioning and location of functional
charged residues (Asp, Glu, His, Lys, and Arg) that form salt
bridges and participate in pH-mediated conformational
changes requisite for membrane fusion. This model of ARB
bound to the SARS-CoV-2 binding site (July 2020) was
utilized for virtual screening and selection of compounds
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Figure 2. Structure of the predicted S2 segment Arbidol binding site
compared to the experimental Influenza HA structure. (A)
Experimental structure of ARB bound to the Influenza HA2 subunit
(56TS.pdb) showing functional glutamic acid residues ES7, E90, and
E97 where the basic amine compound ARB binds in proximity of
these residues. The magenta shown represents the real atom density
from the Arbidol site in the superimposed SARS-CoV-2 S2 segment
ARB binding site. (B) Predicted Arbidol binding site on the S2
segment shown highlighting analogous glutamic acid residues (E72S,
E773, and E780) where the basic amine compound ARB binds in
proximity of these residues.

predicted to bind with a higher affinity to the S2 binding site
(Figure 2B). Compounds selected (December 2020) were
evaluated in a live SARS-CoV-2 infection assay (March 2021).
Subsequent rounds of modeling were performed to addition-
ally characterize the predicted structural implications of the
structure—activity relationship (SAR) data and compared to
other literature-reported fusion inhibitors targeting the S2
segment.

2. METHODS

2.1. Computational Methods. All molecular docking and
free energy calculations were performed using the 4program
CHARMM™ and previously described methods.*"*> The
CHARMM:-based methods used were shown to have a high
“discriminative power” to correctly predict binding geometries
over diverse classes of protein— hgand interactions compared to
other common scoring functions.** Molecular docking utilized
the LPDB CHARMm force field for modeling small-molecule
potential functions and protein—ligand interactions.*>*’

A 3-D grid is used to describe the static conformation of an
individual protein binding site, where the interaction energy of
20 types of probe atoms is calculated at every point on a grid of
1.0 A granularity. All-atom flexible models of a small molecule
then interact with the potential energy of the grid. The docking
approach includes a series of independent docking “trials” that
are composed of a large number of individual docking
attempts. Each docking “trial” is initiated from either 10 to
40 nonidentical geometric conformations of the input ligand
geometry as described below. For each initiated “trial”,
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Figure 3. Structure of Arbidol derivatives used in this study.
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thousands of individual docking attempts are performed, and a
two-step scoring approach is utilized to rank the final TOPS
poses from any docking attempt.**** First, the potential energy
of the all-atom complex is minimized for 1000 steps using the
standard hard-core repulsion potentials for both the VDW and
electrostatic interaction and a distance-dependent dielectric
function. Using a scoring function derived from these potential
energies,”* thousands of poses are evaluated, and then only the
final TOPS docking poses for a single docking attempt are then
subjected to a second, much more computationally expensive
scoring step.

For evaluation of the TOPS docking poses, a final energy
minimization of the protein—ligand complex is performed
using one of the most accurate CHARMM:-based implicit
solvent models, the generalized Born using molecular volume
method.***” Starting from the minimized complex, minimiza-
tions of the bound and free states are performed where
potential energy components (VDW and ELEC) and solvation
(SOLV) are calculated to approximate the free energy of
binding (AGy;,g) using a linear interaction energy scoring
approach with previously determined empirical generalized
parameters for @ = 0.20 and § = 0.05 using the formalism for
AGy,q = [@(AVDW) + B(A(ELEC + SOLV)].** Thus, the
scoring strategy utilized here represents an a priori physics-
based approach, not a scoring approach that has been
optimized using a multivariable optimization with experimental
data for this specific protein target structure or compound
series examined here. Results for comparing to SAR data are
also compared to previous critical assessment benchmarks for
acceptable levels of agreement between datasets of (predicted)
and (observed) binding or activity data and this exact
CHARMM-based scoring function.””** Results using the
predicted AGy;,q values for the TOPS poses of each individual
docking “trial” are pooled and sorted by AGy,4, where the top-
ranked members of a geometric cluster (RMSD <2.0 A) are
identified. Statistics for AGy;,q are calculated from the average
and standard deviation from the three top-ranked members of
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a geometric cluster (RMSD <2.0 A) or a triplicate representing
the geometric cluster.

For all the work performed in this study, independent
docking “trials” were initiated from either 10 or 40 generated
conformations of a given small-molecule ligand, such that the
initial geometry is entirely independent of any CHARMM-
based procedure. MarvinSketch version 15.8.31 is a publicly
available 3D conformation generator that was used to generate
nonidentical low-energy conformations.® Thus, for most
docking performed in this study at a single binding site (as
described below), 40 randomly generated conformations are
used to initiate 40 independent docking “trials” that evaluate
1000 molecular docking “attempts” each. Thus, the final TOPS
conformations from 40 independent trials (200 low-energy
complexes) are then used to identify the top-ranked members
of a geometric cluster (RMSD <2.0 A). For representative
calculations, analysis of the entire energy distribution of
calculated AGy,,4 values, calculated from these 200 low-energy
complexes, are shown in the Results section to demonstrate
statistical significance using standard calculated Z scores
(Zyeore) and associated P-values at the 99% confidence intervals
for specific compounds binding to one site compared to other
alternative sites.”">”

Our laboratory previously used a pharmacophore procedure
to identify the most favorable TOPSO binding sites for an
aromatic pharmacophore on the SARS-CoV-2 Spike protein S2
segment.”” This structural analysis had been performed using
the 3.2 A CryoEM structure (6vyb.pdb) of the full-length
Spike protein and where the ectodomain was in the “closed”
state (6vxx.pdb).>> From this model (6vxx.pdb), molecular
docking was performed in a hierarchical approach, such that 10
conformations of ARB were initially docked to all 50 sites on
the Spike S2 segment. Then after identification of the TOPS
most favorable sites from this first step, more extensive
sampling was used to refine the ranking of the TOPS sites, and
40 conformations of ARB and other derivatives were docked to
the TOPS sites on the Spike S2 segment. From this model
(6vxx.pdb), the consensus binding mode for ARB, 1 binding to

https://doi.org/10.1021/acs.jcim.1c01061
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Table 1. Compound Antiviral Activity and Predicted Physiochemical Properties

compound information

SARS-CoV-2 CPE

cytotoxicity

vendor vendor ID cLogP % inhibition at 7.5 yM ECS0 (uM) CCS0 (uM) safety ratio

1 ChemBridge 5,674,919 S.1 17.5 5.6 13.1 2.3

2 ChemBridge 5,137,758 5.7

3 ChemBridge 8,885,134 4.3 11.7 29.5 >25

4 ChemDiv H027-0070 3.9 23.0 4.3 17.7 4.1

S Pharmeks PHARO008065 5.3

6 Vitas M STK689502 7.3

7 Vitas M STK688615 7.7

the SARS-CoV-2 Spike S2 segment (Figure 2B) was used for
virtual screening with 78 available chemical derivatives of ARB.
Available derivatives of interest for virtual screening were
identified by searching PUBCHEM using a substructure search
with the following smiles string query:

CN1C(C)=C(C(0)=0)C2=C(CN)C=CC=CI12

From screening 78 derivatives, six chemical derivatives were
selected for experimental characterization shown in Figure 3
and Table 1. Data describing the chemical structures (smiles
strings), physiochemical properties, and predicted AGy,g
values for all 79 compounds evaluated and ranked by virtual
screening data are available in Table S1 Supporting
Information.

To better understand the structural implications of the
experimental data from ARB derivatives, this study was
extended to a series of oleanolic acid (OA) trisaccharide
saponin derivatives®® that are fusion inhibitors shown to
directly bind to the S2 segment by a biophysical surface
plasmon resonance (SPR) binding assay. OA saponin
derivative 12a was selected as a reference molecule to dock
to all 50 sites, as it had one less flexible degree of freedom in
the R-group in comparison to 12f. Saponin derivative 12a for
example has a total of eight rotatable bonds (N, = 8), where
the trisaccharide groups have a larger number of flexible
degrees of freedom (N,, = S) compared to the larger
hydrophobic OA group (N,o = 2). In a hierarchical approach,
in the first round of docking only the hydrophobic OA
substituent was docked, leaving a hydroxyl (OH) group at the
position of attachment and thus removing the trisaccharide
group (without trisaccharide). Using this approach, the
majority of binding modes were found to bury the hydro-
phobic surface of the OA group of the saponins as reasonably
expected, leaving the OH group exposed to the solvent.
Unphysical binding modes that buried the OH group in
hydrophobic surfaces were discarded. In this way, 10
conformations of the saponin 12a (without trisaccharide, N,
= 2) were initially docked to all 50 sites on the Spike S2
segment. Then after identification of the TOPS most favorable
sites from this first step, a more extensive sampling strategy was
used to refine the ranking of the TOPS sites. Using the entire
correct covalent structure of saponin 12a (with trisaccharide,
N, = 8), 40 conformations were docked to the TOPS sites on
the Spike S2 segment. As there was good agreement (RMSD <
2.0 A) between the top-ranked geometries of saponin 12a
(without trisaccharide) initiated from 10 random conforma-
tions and saponin 12a (with trisaccharide) initiated from 40
random conformations at the TOP2 ranked sites, docking
studies were initiated from 10 random conformations of
saponin derivatives (without trisaccharide) to compare to
experimental activity data. OA saponin derivatives™* (12a, 12b,
12¢, 12d, 12e, 12f, 12i, 12j, 12k, 121, 12m, 12n, 120, and
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12p) were modeled in this way at the TOP2 binding sites on
the S2 segment where the calculated AG,y values are
analyzed for correlation with experimental log IC50 values.
Pearson’s R and (R?) values are calculated as well as root-
mean-squared error (RMSE).

The robustness of this correlation analysis was examined
using a cross-validation approach. Given 14 saponin derivatives
modeled for comparison of predicted ones to those observed, a
“leave 4 out” strategy was used where 14 random datasets are
developed and used for cross-validation analysis. With these
cross-validation datasets, linear correlation analysis is per-
formed for only a “test” set of 10 derivatives, while four
random derivatives are removed for a “validation” set. While
this cross-validation may be exhaustively enumerated from a
thousand datasets, it may also be appropriately modeled from
averaging over an “unbiased” selection of 14 datasets. This was
accomplished by creating 14 datasets where the first saponin
derivative N is withheld (of 4) for each of the N “test” sets,
such that each “test” set starts by removing one systematic
compound. Then N datasets are randomly selected in
composition, such that three additional random derivatives
are removed from each “test” set leaving 4 in each “validation”
set, under the constraint that of the 14 constructed datasets, an
individual derivative is only removed 4 times, for all 14
derivatives. This strategy samples in an unbiased way to evenly
sample the effects of removing individual derivatives. The
randomly selected datasets constructed to satisfy this
constraint and used for analysis are shown in Supporting
Information Table S2.

All fusion inhibitors, both ARB and saponin derivatives, were
initially modeled using (6vxx.pdb) as a reference neutral pH
conformation of the Spike protein. These studies were
extended using the experimentally determined structures at
pH 7.0, pH 5.5 (6xmo.pdb), and pH 4.5 (7jwy.pdb).>> Using
these structures, CHARMM-based molecular docking methods
were used to calculate the approximate trend in AGy;4 as a
function of pH for the compounds using standard CHARMM-
based potential functions for the charged and neutral states of
titratable residues of His, Asp, and Glu. In particular, for
(6vxx.pdb) modeled at neutral pH, standard neutral pH
residues were used for the neutral histidine and ionized (ASP
and GLU) residues. For modeling (6xmo.pdb) at pH S.5,
standard protonated and ionized (HSP) and ionized (ASP and
GLU) residues were used, while modeling (7jwy.pdb)* at pH
4.5, standard ionized (HSP) and neutral (ASPH and GLUH)
residues were used to model the unionized neutral end-point
of a pH titration of individual Asp and Glu residues, which
more realistically models the pH range of 3.5—4.0. Statistics for
AGy;q as a function of pH are also calculated from the average
and standard deviation of the top-three ranked members of a
geometric cluster (RMSD < 2.0 A). For illustration of the

https://doi.org/10.1021/acs.jcim.1c01061
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approximate trend of predicted AGy;,4 as a function of pH,
sigmoidal functions were calculated with a five-parameter
logistic equation®® to best fit the predicted AGy,;,q values, using
the predicted value from the pH 4.5 structure as an end point
of the titration. All molecular graphics images of protein
structures and protein—ligand interactions are generated with
UCSF Chimera.”’

2.2. Experimental Methods. Antiviral assays against live
SARS-CoV-2 were performed by RetroVirox using the MEX-
BC2/2020 strain [GISAID database ID: EPI ISL 747242],
which contains the D614G mutation in the Spike protein. A
virus-induced cytopathic effect (CPE) antiviral assay was
performed by infecting Vero E6 cells in the presence or
absence of inhibitors. In this assay, as infection of cells leads to
a significant CPE and cell death after 4 days of infection, a
reduction of CPE in the presence of inhibitors is used as a
surrogate marker for antiviral activity. Cell viability assays to
determine inhibitor loss of cell viability were also monitored in
parallel using the same readout (neutral red), but utilizing
uninfected cells incubated with the compounds.

Vero E6 cells were maintained in DMEM with 10% fetal
bovine serum (FBS), which is also abbreviated as (DMEMI10).
Twenty-four hours after cell seeding, test samples were
subjected to serial dilutions with DMEM2 in a different
plate. Then, media were removed from cells, and serial
dilutions of inhibitors were added to the cells and incubated
for 1 h at 37 °C in a humidified incubator. After cells were
preincubated with inhibitors, then cultures were challenged
with SARS-CoV-2 resuspended in DMEM with 2% FBS
(DMEM2). The amount of viral inoculum was previously
titrated to result in a linear response inhibited by antivirals with
known activity against SARS-CoV-2. Cell culture media with
the virus inoculum were not removed after virus adsorption,
and inhibitors and virus were maintained in the media for the
duration of the assay (96 h). After 96 h, the extent of cell
viability was monitored with the neutral red (NR) uptake
assay. Cells were stained with NR, where viable cells
incorporate NR in their lysosomes. After a 3 h incubation
with NR (0.017%), the extra dye is washed away, and the NR
is extracted from lysosomes by incubating cells for 15 minutes
with a solution containing 50% ethanol and 1% acetic acid.
The amount of NR is estimated by measuring absorbance at
540 nm. The average absorbance at 540 nm (A540) observed
in infected cells (in the presence of vehicle alone) was
calculated and then subtracted from all samples to determine
the inhibition of the virus-induced CPE. Data points were then
normalized to the average AS40 signal observed in uninfected
cells (“mock”) after subtraction of the absorbance signal
observed in infected cells. In the NR CPE-based assay,
uninfected cells remained viable and take up the dye at higher
levels than nonviable cells. In the absence of antiviral agents,
the virus-induced CPE kills infected cells and leads to lower
AS540 (this value equals 0% inhibition). In contrast, incubation
with the positive control antiviral agent (GS-441524) prevents
the virus-induced CPE and leads to absorbance levels similar to
those observed in uninfected cells. GS-441524 is the main
metabolite of Remdesivir, a broad-spectrum antiviral that is a
potent inhibitor of the SARS-CoV-2 RNA polymerase.”>>” Full
recovery of cell viability in infected cells represents 100%
inhibition of virus replication. Parallel cell viability assays were
performed to assess inhibitor-induced cytotoxicity of unin-
fected cells. Absorbance readout values were given as a
percentage of the average signal observed in uninfected cells
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treated with vehicle alone. The average signal obtained in wells
with no cells was subtracted from all samples. Readout values
were given as a percentage of the average signal observed in
uninfected cells treated with vehicle alone. The signal-to-
background (S/B) ratio obtained in two separate plates was
8.1-fold and 7.2-fold. DMSO was used as a cytotoxic
compound control in the viability assays. DMSO blocked cell
viability by more than 98% when tested at 10%.

All of the compounds were initially tested in duplicate at S
uM and 25 uM, where controls included uninfected cells
(“mock-infected),” and infected cells to which only vehicle was
added. Cells were also treated with positive control antiviral
(GS-441524 (in a full dose—response curve on the same plate).
Subsequent full dose—response studies of 1, 3, and 4 were
performed in duplicates on a separate day, using serial 2-fold
dilutions of eight concentration points starting at 15 uM.
Controls included uninfected cells (“mock-infected),” and
infected cells to which only vehicle was added. When possible,
ECS0 (antiviral) and CCS0 (inhibition of viability) values of
the compounds were determined by fitting the concentration
series data to a sigmoidal function according to global
nonlinear fit solutions to the five-parameter logistic equation.’

Quality controls for the infectivity assays were performed on
each plate to determine: S/B values, inhibition by known
inhibitors of SARS-CoV-2, and variation of the assay, as
measured by the coefficient of variation of all data points. All
controls worked as anticipated for each assay. GS-441524, a
known inhibitor of SARS-CoV-2 infection, prevented com-
pletely the virus-induced CPE of the infected cells. The ECS50
values obtained for GS-441524 were 0.91 and ~0.27 uM.
Overall variation of duplicates in the antiviral assay was 5.0 and
4.8% across two plates. Overall variation in the viability assays
was 3.0 and 1.4%. The S/B ratio for the antiviral assay was 5.4-
fold and 3.4-fold for plates 1 and 2, determined by comparing
the AS40nm values in uninfected (“mock”) cells with that
observed in cells challenged with SARS-CoV-2 in the presence
of vehicle alone. When comparing the signal in uninfected cells
to the signal in “no-cells” background wells, the S/B ratio of
the antiviral assay was 10.0-fold and 9.4-fold. For the viability
assay, the S/B ratio (“no cells” value) was 8.1-fold and 7.2-fold.

3. RESULTS AND DISCUSSION

3.1. Virtual Screening of Available Derivatives.
Available derivatives of interest for virtual screening were
identified by searching PUBCHEM® using a substructure
search query, where the 2D chemical substructure is shown in
Figure 4A. This substructure query strategy allows structural
modifications but requires the compounds to contain a C-4
(methylamino), a C-3 carboxylic acid, and a 1,2-dimethyl
group. This query is able to provide a limited screening dataset
aimed particularly at sampling available structural modifica-
tions at the C-4 position that require the exact topological
structure of the basic amine of ARB. Virtual screening was
performed at Site 1 (Figure 1) where the set of 78 available
chemical derivatives are compared to ARB by molecular
docking and subsequent ranking of predicted AG4. Data
describing the chemical structures (smiles strings), physi-
ochemical properties, and predicted AGy;,q values for all 79
compounds ranked by virtual screening data are available in
Table S1 Supporting Information. From screening 78
derivatives, six chemical derivatives were selected for
experimental characterization shown in Figure 3 and Table 1.
ARB derivatives 3, 4, S, 6, and 7 were selected as virtual
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Figure 4. Virtual screening data for Arbidol derivatives. (A) A ranked
hit list of sorted predicted AGy,y values where reference ARB is
shown in black, VS hits are shown in red, and the rest of the
derivatives are shown in blue. (B) Predicted AG;,q values as a
function of MW. (C) Predicted AGy,,q values as a function of cLogP.
Derivative 4 is highlighted as a favorable VS hit with a lower cLogP
value than the majority of the derivatives examined.

screening hits where AG,q was predicted to be more
favorable than ARB. Interestingly, in the ranked list of 79
compounds, ARB was ranked as 27th of 79, such that 26
derivatives were predicted to be more favorable than ARB
(Figure 4A). In addition to the favorable predicted AGyg
values, derivatives 4, 6, and 7 were of significant interest as
they exhibited more favorable C-4 substituents and were also
shown to dock in the same binding mode (RMSD <2.0 A, for
the atoms of the substructure query) compared to the
reference model of ARB. Derivatives 6 and 7 contained larger
aromatic substituents attached to the indole nitrogen, where 4
retains the methyl group of ARB. Derivatives 3 and § were also
found to have more favorable substituents and were also shown
to dock in the same binding mode (RMSD < 2.0 A) compared
to ARB. Derivative 2 was initially predicted to be less favorable
than ARB from the virtual screening data but was selected for a
more straightforward experimental comparison between the
(p-chloro) substituents of 2 and 3 compared to 1. One reason
why the predicted (AGy;,q) values of 4, 6, and 7 are larger than
those of other compounds in the dataset is due to effects from
“artificial enrichment” because of the higher molecular weights
(MWs) of these comépounds compared to the rest of the
dataset (Figure 4B).**°" Despite this concern, which is also a
result of the limitation of the available chemical space, 4, 6, and
7 were still selected for characterization. Derivative 4 was of
interest for reasons of experimental solubility as it had a much
lower cLogP compared to all of the VS hits (Figure 4C).
3.2. Compound Solubility and Physiochemical Prop-
erties. Six chemical derivatives were selected for experimental
characterization using a CPE-based antiviral assay (Figure 3).
When these compounds were solubilized in either DMSO or
buffer (for salts), cmps S, 6, and 7 exhibited poor aqueous
solubility. Cmps § and 6 exhibited visible precipitation while 7
exhibited a milky coloration when solubilized at 10 mM in
DMSO. Microphotographs of infected cell monolayers were
also able to visualize the extent of compound precipitation or
recrystallization at 25 uM during the 96 h incubation
experiments as shown in Figure S5, where 6 showed the
greatest extent of recrystallization during the incubation
(Figure SJ). These observations made it clear that cmps 3, 6,
and 7 exhibited unacceptable aqueous solubility for successful

Figure S. Microscopic evaluation of screening data at 25 M. Images from infected cells (A) infection in the presence of vehicle alone; (B) through
(D) infection with 1.0, 2.2, and 10 uM GS-441524; (E) infection with 1 (25 uM); (F) infection with 2 (25 uM); (G) infection with 3 (25 uM);
(H) infection with 4 (25 uM); (I) infection with S (25 uM); (J) infection with 6 (25 uM); (K) infection with 7 (25 uM); and (L) infection in the

presence of vehicle alone (duplicate).
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characterization of activity. Compounds 1, 3, and 4 exhibited
good aqueous solubility with no observed compound
precipitation or recrystallization following 96 h infection
experiments at 25 gM. Cmp 2, which was well solubilized
from DMSO prior to incubation, was also shown to exhibit
some degree of recrystallization in micrographs following
incubation at 25 uM (Figure SF). These collective
observations correlate with the predicted higher cLogP of
the compounds as expected (Table 1). Thus, because of the
higher cLogP values and limited aqueous solubility of cmps 5—
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7, the antiviral activity data with the greatest reliability are for
cmps 1—4. This also highlights to other researchers the
challenges of working in this compound class and the
importance of carefully balanced physiochemical properties.
We were also aware of other small-molecule solubilizing
strategies that are proposed in the literature for solubilizing
derivatives in this structural class, such as solubilizing from
ethanol or glycerol.”*’ Derivatives with improved aqueous
solubility as well as activity for SARS-CoV-2 will have
advantages as more reliable literature reference compounds
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or preclinical candidates compared to compounds with cLogP
>5.0. A high cLogP value of the clinical drug ARB also limits
the current clinical dosing beyond 200 mg three times a day for
multiple days. Previous pharmacokinetics studies in human
subjects have demonstrated minimal drug accumulation in
multiple-day dosing studies.”” However, as pointed out by
several authors,”’ this multiple-day dosing regimen may not
achieve a sufficient C_,,, for full therapeutic efficacy, such that a
single oral administration of 800 mg is able to achieve an
efficacious C,y of 4.1 #M,”” but multiple-day dosing schemes
are not able to achieve this concentration.

3.3. Inhibition of Live SARS-CoV-2 Infection. All
compounds were assessed in parallel for antiviral and viability
assays using Vero E6 cells to evaluate the antiviral activity
against SARS-CoV-2. Compounds were preincubated first with
target cells for 1 h at 37 °C before infection with live SARS-
CoV-2. Following preincubation, cells were challenged with
viral inoculum, and the compounds remain present in the cell
culture for the duration of the infection (96 h), at which time a
NR uptake assay is used to determine the virus-induced CPE.
Thus, prevention of the virus-induced CPE is used as a
surrogate marker to determine antiviral activity against SARS-
CoV-2.

In the first round of screening in the infection assay,
compounds were tested at two concentrations of 5 and 25 yM
in duplicate shown in Figure 6. Cmp 4 demonstrated the
highest percentage (%) of inhibition when tested in duplicate
at S uM (Figure 6) which was statistically distinguishable to
cmps 1—3 at 5 uM. The maximum % inhibition observed for 4
was calculated to be (46.5 + 6.6%) inhibition compared to
50% or 100% inhibition as defined by dose responses of GS-
441524 on the same plate. Thus, the inhibition of 4 was
limited at a concentration of 25 M because of decreased cell
viability, but 4 exhibited more potent inhibition below 15 yuM
as corroborated by a full dose—response shown in (Figure 7C).
Thus, from the initial round of screening, the SAR interpreted
at 5 uM provided an unambiguous rank of activity from 4
(46.5%) > > 2 (9%) > 1 and 3, where both 1 and 3 exhibited
less than 5% inhibition at S yM.

Even though the maximum % inhibition observed for 4 was
calculated to be ~47% inhibition compared to 100% inhibition
for GS-441524, such a fractional percent of inhibition is also in
reasonable agreement with other independent literature
reports of partial inhibition.® In similar CPE-based assays in
Vero E6 cells,®® Cepharanthine (92%) was found to be a full
fusion inhibitor as measured by CPE (% efficacy) compared to
several other partial inhibitors including NKH477 (45%),
trimipramine (48%), and ingenol (38.2%). The magnitudes of
fractional % inhibition for these three partial inhibitors are in a
narrow range and quite similar in magnitude to that observed
for 4 (46.5%). Higher levels of inhibition for ARB have been
reported using other quantitative assay formats; for example,
ARB was reported to achieve a maximum of 70% inhibition of
virus entry in Vero E6 cells as quantitated by real-time
polymerase chain reaction.”” It is important to note that not all
reported small-molecule fusion inhibitors of the Spike protein
are full inhibitors, and numerous inhibitors with full inhibition
in one assay format may demonstrate partial inhibition in CPE-
based assays.”®

Dose—response curves were recorded to determine ECS50
values of derivatives as shown in Figure 7, confirming that
cmps 1, 3, and 4 partially prevented the virus-induced CPE in a
dose-dependent manner, reaching a maximum inhibition of
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approximately 25%. Although 3 displayed the highest levels of
inhibition when tested at 15 uM, the two other cmps 1 and 4
showed greater levels of anti-SARS-CoV-2 activity as greater
prevention of the viral CPE at 7.5 yM. Of note, 1 and 4 also
displayed a dose-dependent trend of cytotoxicity in viability
assays with uninfected cells, and this effect may have partially
overcome the antiviral activity of these two compounds at
concentrations at or above 7.5 yM. As expected from screening
data results at 5 yM, cmp 4 was shown to have a modest
improvement in inhibition activity compared to 1 and 3 from
analysis of full dose responses. The half maximal inhibition was
determined to be 4.3 yM for 4 and 5.6 yM for 1, where 3 was
found to be >25 uM (well modeled as 29.5 + 1.5 uM).
Increased activity was also evident for 4 as observed as the
fractional percentage of inhibition, both in the first round of
screening at 5.0 #M and as well as in full dose responses where
4 (23.0% inhibition at 7.5 uM) > 1 (17.5% inhibition at 7.5
uM) > 3 (11.7% inhibition at 7.5 uM). Micrographs of
monolayers of cells following 96 h infections utilized in dose—
response studies shown in Figure 8 illustrate the effects of

Figure 8. Microscopic evaluation of dose—response data. Microscopic
evaluation of monolayers of Vero E6 cells after 96 h infection with
SARS-CoV-2. Images from infected cells (B—F), or mock-infected
cells (A) are shown after infection for 4 days with SARS-CoV-2 in the
presence of inhibitors. (A) Mock-infected cells; (B) infection in the
presence of vehicle alone; (C) infection with 2.2 uM GS-441524; (D)
infection with 1 (15 uM); (E) infection with 3 (15 pM); and (F)
infection with 4 (15 uM).

treatment at 15 uM compared to control 2.2 uM GS-441524.
The antiviral effect of 1, 3, and 4 is evident in the micrographs
of monolayers as viable cells were still visible in infections with
these compounds, as compared to infections in the presence of
vehicle alone (Figure 8B). GS-441524 at concentrations of 2.2
UM or greater completely prevented the virus-induced CPE as
expected (Figure 8C).

In summary, cmps 1, 3, and 4 displayed a dose-dependent
inhibition of the viral induced CPE, suggesting antiviral activity
against SARS-CoV-2. While the level of inhibition achieved
was not 100% as other literature-reported full inhibitors such
as positive control GS-441524, this observation is also in good
agreement with several other literature reports that have
reported similar levels of partial inhibition ranging from 30 to
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/A1026

Figure 9. Two possible Arbidol binding sites on the S2 segment. (A) Shown is the full-length structure of the SARS-CoV-2 Spike protein colored as
a trimer. (B) Predicted ARB binding site on the S2 segment (Site 2) is highlighted in magenta as the molecular surface of bound ARB. (C)
Predicted ARB binding site on the S2 segment (Site 1) shows ARB in magenta. At Site 1, numerous residues (K776 and K947) that participate
directly in binding ARB and derivatives are involved in pH-mediated conformational change.

==

50% inhibition.”””*®> With regard to changes in the compound
structure, the substituents of 4 at the C-4 and C-6 positions
were found to exhibit a modest improvement in the antiviral
activity of 4 (4.3 uM) in comparison to reference cmp 1 (5.6
uM).

3.4. Comparison of Binding at Other Predicted Sites.
Our previous work using a pharmacophore procedure to map
SARS-CoV-2 drug targets identified the most favorable binding
site for ARB on the S2 segment,42 and this model Site 1
(Figure 9C) was utilized for virtual screening and selection of
compounds. The predicted S2 site identified from pharmaco-
phore mapping is similar to the influenza HA2 ARB binding
site (Figure 2A) according to our structural alignment™ and as
predicted by docking by Vankadari.®* In one of the earliest
publications on this topic early in the COVID-19 pandemic
(submitted March 30, 2020), using molecular docking
techniques Vankadari predicted that ARB bound to the S2
segment.”® Our model binding site for ARB on the S2 segment
(Figure 9C) is quite similar to that of Vankadari,®* other than
the fact that our binding site is formed in the trimeric prefusion
conformation. ARB specifically was shown to stabilize the
semistable prefusion conformational state preventing influenza
HA2 conformational changes associated with membrane
fusion,” so by analogy the putative location of the binding
site for ARB is also seemingly consistent with the proposed
mechanism of direct drug action. Based on the distribution of
pH-titratable groups in the binding sites and salt-bridge residue
pairs experimentally demonstrated to be involved in pH-
mediated changes, Site 1 provides a structurally plausible
mechanism as to how positively charged basic amine
compounds such as ARB may bind and inhibit pH-mediated
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conformational changes. At Site 1, specific acidic residues are
easily rationalized as being responsible for binding to the
positively charged (+) basic amine. At Site 1, the pH-titratable
residue E780 closely associates (N...O distance < 4.0 A) with
binding the positively charged (+) basic amine of ARB at
neutral pH. Another close acidic residue E725 is also in
reasonable proximity (N...O distance < 7.0 A) to the positively
charged (+) basic amine.

However, to date there has not yet been any published
experimental structure of a small-molecule fusion inhibitor
bound to the Spike S2 protein solved by either X-ray
crystallography or CryoEM techniques. Thus, although there
is a strong argument for drug binding at the putative S2 site by
analogy (Figure 2), there remains to be any experimental
conformation of drug binding at this specific site on the Spike
protein. From docking, 1 or 4 into all of the TOPS50 binding
sites predicted on the S2 segment, the top two favorable sites
were identified and are shown in Figure 9. Site 2 shown in
Figure 9B is the only other reasonably feasible binding site for
1 or 4 according to our modeling data. From the analysis of
molecular docking and calculated AGy,,4 values at all 50 sites,
Site 2 is easily identified as being favorable, also from the
identification of two other structurally related threefold
symmetric sites, which are hydrophobic and buried near the
C-terminus of the trimer. However, molecular docking and
calculated AGy;,q values alone are not able to statistically
distinguish between Site 1 and Site 2, such that it could be
thermodynamically possible for ARB and 4 to bind to both Site
1 and Site 2. In terms of predicted AGy;,q values, this means
that both the statistics for the top-ranked cluster (as a
triplicate) and analysis of the corresponding underlying
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distribution of predicted AGy;,q values, Site 1 and Site 2 are
statistically indistinguishable but are unambiguously the most
favorable two sites of the TOPS0.

Interestingly, both the predicted binding sites contain
important clusters of highly conserved residues. According to
the sequence and druggability analysis of the Spike protein
published by Triguerio-Louro et al,*® Site 1 contains seven
highly conserved residues (E725, K947, $1021, L1024, K1028,
R1039, and F1042) that are involved in predicted protein—
ligand interactions. Similarly, Site 2 also contains seven highly
conserved residues (W886, Y904, E1031, Q1036, S1037,
K1038, and R1039) that are involved in predicted protein—
ligand interactions. The sequence conservation of key residues
in both of these putative binding sites highlights an important
potential advantage for developing S2 targeted fusion
inhibitors. Inhibitors binding to these residues may be
expected to have higher barriers to resistance, particularly in
comparison to fusion inhibitors targeting S1 that exhibits
greater variability in sequence. Many mutations to Spike are
found in the S1 segment. Current mutations of interest on the
Spike protein that have been observed in variants or variants of
concern include [H69R, N74K, N99K, N185K, D21SH,
H245R, S247R, T259K, G261R, L452, Y453, E484K,
N401Y, D614G, H655Y, Q677P, P681H, and R682L
S686G] and were analyzed in comparison to our binding
models. None of these point-mutations were found to map
back to any residue that participates in ligand binding at Site 1
or Site 2.

From detailed structural analysis of the two sites, it is clear
that both 1 and 4 are able to be modeled to bind at Site 2 with
regard to overall “shape-fit” and hydrophobic complementarity
considerations, particularly because of interactions with W886.
This observation is also nicely illustrated in molecular docking
data from consensus clustering of a 3-fold symmetric, similar
binding mode conformation for 1 and 4 at the two other 3-fold
symmetric sites. However, there are some structural features of
the protein—ligand interactions at Site 2 that are less
convincing. In sharp contrast, Site 2 does not provide any
complementary favorable acidic residues (Asp or Glu) to form
favorable polar interactions with the positively charged (+)
basic amine of either 1 or 4. The side chain of N1108 does
provide close complementary hydrophilic, but nonionic
interactions. At Site 2, the basic amine of 1 or 4 binds in
close proximity (<6 A) to two other positively charged
residues, including a guanidino group of Arg (distance
R1107@NE = 5.08 A) and a basic amine of Lys (distance
K1038@NZ = 5.66 A), resulting in an unfavorable positively
charged local environment for binding a basic amine. For this
reason, if 1 or 4 is found to bind experimentally to Site 2, it
would be likely that the small molecule would become
deprotonated and neutral upon association with this site. We
docked several reasonable protonation states of 1 and 4, as well
as neutral molecules using the same docking protocols. The
same similar lowest energy binding modes were identified
regardless of protonation states, and the side chain of residue
N1108 was shown to form stabilizing interactions with both
the protonated and neutral forms of the basic amine. Thus, it
remains possible that Site 2 is a more favorable binding site
than Site 1, particularly if 1 or 4 is able to bind in a
deprotonated neutral form to Site 2. All other docking results
within are calculated assuming ionized small-molecule basic
amines (+) at neutral pH in solution.
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However, in sharp contrast to Site 2, Site 1 has much better
electrostatic complementarity with three important acidic
residues in close proximity to bind the basic amine (E72S,
E1031, and D1041). E725 is highly conserved and has been
implicated in mechanisms of pH-mediated conformational
change requisite for fusion. Along these lines, as the structural
hypothesis for the Site 1 is supported by structural knowledge
and analogy to the previous influenza HA site, historical
knowledge of prior structural efforts also argues against Site 2.
Previous molecular docking work to predict the influenza HA2
binding site for ARB also predicted a putative site that is
roughly structurally analogous to Site 2 on influenza HA2, but
was later shown to not be correct by the X-ray crystal
complex.””*" Another argument supporting Site 1 as the most
plausible binding site is that it was utilized to discover
derivative 4 through a structural hypothesis and virtual
screening. However, in our retrospective structural analysis,
derivative 4 would have been discovered by screening the same
set of compounds at Site 1 or Site 2.

3.5. Modeling OA Trisaccharide Saponin Fusion
Inhibitors Binding to the S2 Segment. Another
independent line of evidence from modeling also strongly
corroborates Site 1 as a putative site for Spike fusion inhibitors.
Recently, a series of OA trisaccharide saponins (Figure 10A)
was characterized with improved fusion inhibitor activity
against SARS-CoV-2 Spike.”* This study also showed good-
quality SPR binding data demonstrating that small-molecule
OA saponin 12f specifically bound to the S2 segment, but not
to the S1 segment. To our knowledge, this is the first literature
report of a specific compound binding to the S2 segment.”*
According to our pharmacophore map and subsequent
molecular docking results using that map, this series of OA
saponin fusion inhibitors are predicted to bind to the S2
segment at our predicted Site 1 (Figure 11).

Using a hierarchical approach, conformations of saponin 12a
(without trisaccharide) were docked to all of the TOPSO sites
of the Spike S2 segment. Then, after initial identification of the
TOPS most favorable sites from this first step, a more extensive
sampling strategy was used to refine the ranking of the TOPS
sites docking with the entire covalent structure of saponin 12a
(with trisaccharide). There was good geometric agreement
(RMSD < 2.0 A) between the top-ranked binding modes
predicted from saponin 12a (with and without trisaccharide)
for both Site 1 and Site 2. The statistical significance of these
results is shown in Figure 11, not only from analysis of
predicted (AGy;,q) values from a top-ranked cluster (tripli-
cate), but also from statistical Z .. analysis of the entire
energy distribution of predicted (AGy;, ) values compared to
the rest of the TOPSO sites. For saponin 12a (without
trisaccharide) docking into the TOPSO (Figure 11B), Site 1
(AGbind = —80, Zscore = —48) and Site 2 (AGbind = —80, Zscore
—4.8) are both statistically significant compared to the
distribution of the other TOPS0 sites (99% confidence, P-value
< 0.00001). In a comparison of the results for saponin 12a
(with trisaccharide) docking into the TOPS (Figure 11D), Site
1 (AGyypg = —15.3, Zo. = —3.3) was found to be statistically
significant from the distribution of the other TOPS sites (99%
confidence, P-value = 0.0005) including the data from Site 2.
Thus, Site 1 is the most probable binding site on the entire S2
segment according to not only a single top-ranked binding
mode (AGy;,g) (P-value = 0.0005), but also from a comparison
of the entire (AGy;,y) energy distribution for Site 1 to the
other 4 of the TOPS sites. Thus, while analysis of docking data
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Figure 10. Predicted AGy;,q values from Site 1 exhibit correlation
with experimental SAR data. (A) Series of OA saponin derivatives>*
were well modeled binding to Site 1, where sufficient linear
correlation is achieved either comparing (B) all 14 derivatives
(blue) or (C) 14 OA saponin derivatives modeled as two separate
groups of linear series 1 (blue) or series 2 (red). (D) Predicted AGy;g
values for all 14 compound modeled at Site 2 exhibit lower correlation
(R* = 0.097).

is not able to discriminate as to whether ARB, 1, or 4 binds
more favorably to Site 1 or Site 2, this parallel analysis of OA
saponins definitively predicts that Site 1 is the most probable
binding site in comparison to Site 2.

Next, a series of 14 derivatives of OA saponin fusion
inhibitors were modeled binding to Site 1 and Site 2. The
molecular geometry of the rigid hydrophobic structure of the
OA natural product scaffold allowed a geometric search with
minimal flexible degrees of freedom and statistically rigorous
determination of binding geometry. This allowed for a robust
determination of a consensus binding mode for the majority of
the OA saponin derivatives. In modeling the series of 14
derivatives of saponins 12a and 12f, the “untrained” predicted
AGy,;,q values exhibited some correlation with the experimental
ICS0 values (Table 2). R* correlation values range from R* =
0.364 for all 14 compounds (Figure 10B) modeled at Site 1
where high correlations of R* = 0.80 to 0.96 were achieved
modeling the data set as two separate series of “untrained”
predicted AG;,y rankings (Figure 10C). In comparison, 14
compounds (Figure 10D) modeled at Site 2 exhibited a
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negative correlation (Pearson’s R), with a calculated R* =
0.098. Thus, from modeling all 14 compounds, the “untrained”
predicted AGy,q values had much greater correlation at Site 1
(R* = 0.364) compared to Site 2 (R* = 0.098).

The robustness of this correlation analysis was examined
using a cross-validation approach as described using 14 cross-
validation datasets (Table S2 Supporting Information). Linear
correlation analysis is performed for 14 cross-validation “test”
sets of 10 derivatives and four derivative “validation” sets. Over
the 14 cross-validation datasets (Table S3 Supporting
Information), for Site 1 the average correlation for the “test”
set was found to be (R* = 0.374 + 0.111) compared to Site 2
(R* = 0.131 + 0.120). The average correlation for the
“validation” set was found to be (R*> = 0.458 + 0.318)
compared to Site 2 (R* = 0.303 + 0.245), where the average
Pearson R value had a negative correlation for Site 2. This
cross-validation confirms the conclusion that the data have
greater correlation modeled at Site 1 compared to Site 2.
Compared to previous benchmark studies characterizing this
scoring function method and performance, these levels of R*
correlation are adequate to establish confidence in the binding
model as reflecting experimental SAR data.***

3.6. Structural Implications for Fusion Inhibitors from
SARs. From the round of screening ARB derivatives at S uM,
the ranking of the compounds from greatest activity to least
activity remained (4, >2, >1, >3), and dose—response studies
confirmed the same ranking of compounds from greatest
activity to least (4, >1, >3). In terms of differences in the
compound structure, compared to 1, derivative 4 has
important differences in C-4 substituents that participate in
additional specific protein—ligand interactions. Previous SAR
data for ARB derivatives for influenza A and B have also shown
that the C-4 basic amine functional group and the C-§
hydroxyl were important for activity,”®’ where the C-6
substituent (Br) had little effect. Modification of the C-S
position to (CH20H) improved antiviral potency and was
directly shown to directly bind to HA2 with a greater affinity
than ARB. The C-6 substituent (Br) was also shown to have
little effect on HBV or HCV antiviral activity, while
substitution of the C-4 basic amine to heterocyclic groups
increased antiviral activity for HBV but not HCV.*" As
shown in Figure 2A, extending the C-4 basic amine group with
bulky substituents should reduce antiviral activity for influenza
A; however, in the model of binding to the SARS-CoV-2, the
C-4 substituent of derivative 4 forms complementary
interactions with additional residues.

A key difference between the model of 1 and 4 is that the C-
4 substituent 2-[2-(4-ethylpiperazin-1-yl)ethoxy]ethan-1-ol
specifically forms interactions that stabilize the prefusion
conformation of several residues involved in pH-mediated
conformational change, including the highly conserved residue
K947. In various structures of the prefusion core, four residues
(1945, K947, 1.948, and V951) from HRI make key contacts
to the rest of the S2 NDT domain (E725, L727, and P728). As
shown in Figure 12C, derivative 4 makes key hydrophobic
contacts with both residues (L727 and P728) from NTD and
residues K947 and V951 from HRI. The terminal polar
(ethoxy)ethan-1-ol hydroxyl group is able to form favorable
electrostatic interactions with the primary amine (NZ) of
K776, while forming primarily favorable hydrophobic inter-
actions with the hydrophobic side chain of K947. From this
model of the protein—ligand interaction in the neutral pH
prefusion conformation (6vxx.pdb),”® our working hypothesis
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Figure 11. Predicted AGy,,q energy distributions for OA saponin 12a binding to S2. (A) Predicted AGy;,q energy distributions for saponin 12a
(without trisaccharide) docked to all of the TOPSO sites of the Spike S2 segment. (B) Statistical Z,,,. values of the energy distribution showing that
the lowest energy cluster of both Site 1 and Site 2 is (Z.,. = —4.8). (C) Predicted AG;,4 energy distributions for saponin 12a (with trisaccharide)
docked to all of the TOPS sites of the Spike S2 segment, comparing the distribution of Site 1 (red) to the rest of the distribution of the other TOP4
sites, which includes Site 2. (D) Statistical Z,,,. values of the energy distribution showing that the lowest energy cluster of Site 1 is (Zy.. = —3.3)

compared to the rest of the distribution which includes Site 2.

Table 2. Comparison of OA Saponin Inhibitor Predicted from HR1 that make key contacts to the N-terminal S2 NTD
Binding Free Energy at Site 1 and Site 2 to Those domain, which undergoes major conformational rearrangement
Approximated from Experimental IC50 Values to form the postfusion conformation.
compound  observed  observed  predicted  predicted .In. modeling the series of QA saponins, the consensus
binding mode for the trisaccharide of saponin 12a or 12f is
Calz Site 1 Site 2 modeled to form similar interactions to the C-4 substituent 2-
OA saponin  1C50 AG AG AG 2-(4-ethylpiperazin-1-yl)ethoxy]ethan-1-0l of 4 as shown in
ID (uM) (kcal/mol)  (kcal/mol)  (kcal/mol) [ ( VPP .Zl Y) . Xy] . . :
Figure 12D. This observation is interesting in light of SAR
! 12; 181 647 =964 _8‘24 observations for OA saponins, showing that removal of the
2 12 55 7 —990 761 branched trisaccharide scaffold (a-L-thamnopyranosyl-(1 —
3 12¢ 8.3 —6.93 —9.56 —9.20
2)-[a-L-rthamnopyranosyl-(1 — 4)]-B-p-glucopyranosyl) or
4 12d 10.0 —6.82 —9.97 —7.82 .
s e 63 09 1053 o removal of (a-L-thamnosyl) or (f-p-glucopyranosyl) substitu-
p 1af ia a1 1005 N ents resulted in significant reduction in % inhibition.”* From
. L2i 59 713 —981 —638 the model of OA saponins, the interactions of the (f-p-
s 12j 78 697 —0.66 —7.90 glucopyranosyl) substituents are structurally equivalent to the
9 12k 57 715 _10.18 74 interactions formed from the C-4 substituent 2—[2—(4—ethyl—
10 121 63 —7.09 —1041 _8.41 piperazin-1-yl)ethoxyJethan-1-ol of 4, primarily involving
11 12m 96 _6.84 973 735 interactions with residues (P728, K776, K947, and E1017).
12 12n 16.8 —6.51 -9.38 -7.13 The superposition of these structural features of 4 and saponin
13 120 7.4 —7.00 —10.40 -7.20 12f highlights the importance of efficient protein—ligand
14 12p 13.1 —6.66 -9.77 —-8.70 interactions with these residues for fusion inhibitors targeting
Site 1.
was that the additional interactions provide additional 3.7. Modeling Small-Molecule Binding to Spike as a
stabilization to the prefusion conformation, providing addi- Function of pH. Recent electron microscopy studies have

tional stability to the residues (L945, K947, L948, and V951) experimentally characterized snapshots of the full-length Spike
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Figure 12. Common structural features of predicted ARB derivative 4 and OA saponins bound to Site 1. (A) Ribbon model of the S2 segment,
using color to highlight the NTD (cyan), HR1 (green), and CH.1 (blue) segments. (B) 2D structures of 4 and saponin 12a highlighting in blue and
purple regions of overlap between the two 3D models. (C) Lowest energy binding mode of ARB derivative 4 shown in magenta highlighting
residues E780 and K776 in red from the NTD segment which undergoes major pH-mediated conformational changes. (D) Predicted Structure of
OA saponin 12a, where the common overlapping structural features of 4 and 12a are highlighted with a circle.

protein in the prefusion conformation from neutral pH to pH
5.5, 4.5, and 4.0, making it possible to model fusion inhibitor
binding as a function of pH.>® The immediate availability of
these experimental structures provides an unprecedented
opportunity to understand pH-mediated changes in the
conformations of these binding sites using molecular modeling.
At Site 1, residues K1045, K947, and K776 undergo minor
conformational changes at pH 4.5 compared to pH 5.5 as
illustrated in Figure 13A by showing only rearrangements of
the side chain conformations of lysine residues such as K947,
which was predicted to form more extensive interactions with
the C-4 substituent of 4 compared to 1. ARB derivative 4
forms stabilizing interactions with K947 and K776, where 1
does not. Thus, various structural differences in conformation
as a function of pH made it possible to model the effects of the
conformational changes on predicted small-molecule binding.
Although more advanced and rigorous molecular simulation
and conformational sampling techniques may be used to study
this problem, we present results using the same consistent
CHARMM-based molecular docking methods and AGy;4
calculations as they are able to predict the expected trend as
a function of pH using standard CHARMM:-based potential
functions for the charged and neutral states of titratable
residues of His, Asp, and Glu.

Small-molecule binding was modeled at Site 1 as a function
of pH, including compounds 1 and 4 and representative OA
saponins 12a and 12f. The observed trend in predicted AGy;,q
values is consistent with the hypothesis that these small-
molecule agents bind with a higher affinity at neutral pH
prefusion conformations, specifically stabilizing those (neutral
pH) conformations and inhibiting conformational changes that
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are required to adopt lower pH prefusion conformations. OA
saponins 12a and 12f showed distinctively less favorable
binding at lower pH values as shown in Figure 13B, where the
greatest energetic contribution is directly from the rigid body
of the hydrophobic OA core which was less favorable in the
more collapsed binding pocket at lower pH. OA saponins 12a
and 12f were well modeled in the same binding mode for
calculations of neutral pH, pH $.5, and pH 4.5 allowing a
comparison of predicted AGy,q values for the same binding
mode. A comparison of the same small-molecule binding mode
makes it more straightforward to interpret the effects of
structural changes to the binding site on the resulting
calculation of (AGy,g)-

For ARB derivatives, the distribution of pH-titratable groups
at Site 1 provides a plausible mechanism as to how fusion
inhibitors may bind and inhibit pH-mediated conformational
changes of Spike. At Site 1, residue E780 forms the closest
electrostatic interactions with the basic amine of ARB at
neutral pH, where E72S is also in close proximity (N..O
distance <7.0 A). Particularly in going from pH $.5 to pH 4.0,
as Asp and Glu residues become protonated and neutral, the
greater positive charge electrostatic environment of the binding
pocket should be less favorable for binding the positively
charged (+) basic amine groups in the fusion inhibitors,
providing a biophysical explanation as to why these agents may
preferentially stabilize the neutral pH conformations of Spike.
As shown in Figure 13B, the compounds studied showed that
that the lowest calculated (AG;,q) was from the neutral pH
conformations and that predicted AGy;,q became less favorable
as a function of pH over the pH range of 5.5—4.0 as might be
expected. Structural analysis and scoring function data suggest
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Figure 13. Fusion inhibitor predicted AG;,4 as a function of pH. (A)
Superimposed are two recently determined structures of the Spike
protein that experimentally characterize pH-mediated conformational
changes in structure.®® At Site 1, numerous residues (K776 and K947)
that participate directly in binding ARB and derivatives are involved in
pH-mediated conformational change. (B) Predicted AGy,g as a
function of pH at Site 1 for 12a, 12f, and 4. To illustrate the trend of
AGy,q as a function of pH, sigmoidal functions were calculated with
the five-parameter logistic equation to best fit the data.

that this is most likely due to the subtle conformational
changes in the binding site nonpolar interaction surfaces
captured in the experimental structures. In summary, predicted
AGy,;,4 as a function of pH became less favorable as a function
of pH, as might be expected from fusion inhibitors that act to
specifically bind to and stabilize (neutral pH) conformations
and inhibit conformational changes that are required to adopt
lower pH prefusion conformations.

4. CONCLUSIONS

We hope that modeling these ARB derivatives in comparison
to a series of OA saponin fusion inhibitors is helpful in
deciphering various complex mechanisms of action for Spike
fusion inhibitors. Docking alone makes it appear possible that
1 or 4 may bind to both Sites 1 and 2, and our data were
unable to exclude this. From parallel modeling of a series of
OA saponins binding to Sites 1 and 2, OA saponins are found
to most likely bind to Site 1. The superposition of structural
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features for our binding models of 4 and saponin 12f at Site 1
highlights the importance of efficient protein—ligand inter-
actions with residues (P728, K776, K947, and E1017) for
fusion inhibitors targeting Site 1 and provides a specific
hypothesis for the structure-based design of improved
inhibitors. Modeling small-molecule binding as a function of
pH was able to tentatively confirm the working hypothesis that
fusion inhibitors function by specifically binding to the neutral
pH prefusion conformation and preventing pH-mediated
conformational change.

As an agent with modest broad-spectrum antiviral activity
and several proposed mechanisms of action, characterization of
ARB derivatives with improved activity remains important for
advancing the preclinical development of fusion inhibitors and
selecting optimal candidates for combination therapy. The
strategy here is to find multiple vectors of attack against SARS-
CoV-2, to most effectively use drugs with different mechanisms
of action to achieve a synergistic effect, while also minimizing
side effects. As ARB is a clinical drug that has demonstrated
synergistic inhibition with other direct-acting antivirals such as
Remdesivir,”” we hope that this candidate 4 with improved
properties may be a promising reference compound for the
ongoing development of improved inhibitors for synergistic
multidrug combination therapies.
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