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Abstract

The novel Wuhan coronavirus (nCov-2019) has been sequenced, and the virus shares substantial
similarity with SARS-CoV. Here, using a computational model of the spike protein (S-protein)
nCov-2019 interacting with the human ACE2 receptor, we make use of the world's most
powerful supercomputer, SUMMIT, to enact an ensemble docking virtual high-throughput
screening campaign and identify small-molecules which may be repurposed to disrupt host-virus

interactions. A ranked list of compounds is given that can be tested experimentally.
Introduction

On the penultimate day of 2019, health officials at the Wuhan Municipal Health Commission
(Hubei Province, China) reported an occurrence of concentrated pneumonia in the city of Wuhan
12 Shortly after reporting the outbreak, the Chinese Center for Disease Control (Chinese CDC)
and local Chinese health workers determined that the cause of the outbreak was a novel
coronavirus denoted, initially, as Wuhan Cov (and now referred to as nCov-2019)°. By Jan. 10,
2020, the genome sequence of nCov-2019 was released*. On Jan. 20™, 2020, Xu et al?, compared
the available sequences of those of other coronaviruses and demonstrated that nCov-2019 is

within the SARS coronavirus (SARS-CoV) family.

Human host infections by SARS-CoV are known to associate with interactions between the viral
spike protein (S-protein) and human host receptors. Using the genome data available, Xu et al.
sought to investigate whether the nCoV-2019 S-protein would have virial-host interactions
similar to SARS-CoV. Using standard template-based modeling techniques, a 3D structural
model of the nCoV-2019 S-protein interacting with the human ACE2 receptor (using the SARS-

CoV S-protein as modeling template) was generated. Binding affinity calculations using this



structural model suggest that, indeed, nCoV-2019 and SARS-CoV may share a common host-
receptor: Angiotensin-converting enzyme 2 (ACE2)?. Since the first report by Xu et al.,
additional work has also provided evidence of the nCoV-2019 S-protein binding to the ACE2

receptor>”’.

The current model of the nCoV-2019 S-protein-human ACE2 complex facilitated infection
suggests that a reasonable target for structure-based drug discovery might be to disrupt the viral
S-protein-ACE?2 interface. However, the development of novel therapeutics typically takes years.
Given that the outbreak of nCoV-2019 may become a global challenge®, it would be of great
benefit to identify and repurpose already well-characterized small-molecules and approved drugs
for use in combating the disease. Here, combining restrained enhanced-sampling molecular
dynamics simulations and small-molecule docking, we present twenty-seven currently available
compounds that are predicted to bind within the nCoV-2019 S-protein-ACE2 interface and may

serve to disrupt the complex and limit infection.
Methods

Ensemble docking is the strategy by which an ensemble of receptor (in this case, the nCoV-2019
S-protein-ACE?2 interface) conformations is generated, typically through the use of molecular
dynamics simulations and structural clustering, and used in place of a single receptor
configuration during small-molecule docking calculations to account for receptor flexibility®-1°.
By accounting for the conformational diversity of the receptor ensemble docking enhances the
likelihood of identifying predicted hits (enrichment), which may be lost when screening against a

single configuration’. We have previously applied this technique to derive experimentally-

verified hits for several protein targets'!"!?. Briefly, the work reported here was performed in



three phases: structural modeling, molecular simulations (ensemble building), and small-

molecule docking (in silico ligand screening)

Structural Modeling and Molecular Dynamics Preparation

Recent structural modeling work by Xu et al. suggested that the S-protein from nCoV-2019 has a
strong binding affinity with the ACE2 receptor 2. However, the coordinates of the structural
model were not provided. Therefore, we generated a model of the nCoV-2019 S-protein-ACE2

complex (which we provide as supplementary material). Using SWISS-MODEL?*?!| the

Figure 1) Rendering of nCoV-2019 S-protein and ACE2 receptor complex. Orange ribbons represent
the S-protein, purple corresponds to ACE2, and yellow is a highlight of the interface targeted for
docking.

sequences for the nCoV-2019 S-protein (NCBI Reference Sequence: YP_009724390.1) and
ACE2 receptor were used along with the crystal structure of the SARS-CoV S-protein in
complex with ACE2 (PDB: 2AJF), as a template, to generate a model of the nCoV-2019 S-protein

and ACE2 receptor complex. A rendering of the complex is provided in Figure 1.



To prepare the system for molecular dynamics simulations, the structural model was centered in
a periodic simulation box of 9.895nm x 8.525nm x 17.415nm and solvated in the (CHARMM)
TIP3P water model?? using the gmx editconf and gmx solvate tools from the GROMACS
molecular dynamics simulation suite?’. As the total charge of the S-protein-receptor complex
was non-zero, 21 sodium ions were added to neutralize the system. To remove potential clashes
between the solvent, ions, and S-protein-receptor complex, energy minimization calculations
(using GROMACS with the CHARMM36 force-field**) were performed with a convergence
criterion of 1000 kJ/mol nm™!. Following the energy minimization, a short, 1ns NPT relaxation
simulation was performed to relax the box dimensions. For the NPT simulation, the pressure and
temperature were controlled using the Berendsen baro/thermostat®, and the simulation was
performed using an integration time-step of 2fs. For both NPT relaxation simulation and energy
minimization calculations, short-range interactions were treated with a smooth force-switch
cutoff of 1.2nm, and long-range electrostatics were treated using the PME (Particle-Mesh-
Ewald) formalism, as implemented within GROMACS?*. For the relaxation simulation,

hydrogen-bonds were restrained with the LINCS algorithm?”-%.

Restrained Temperature Replica-Exchange Molecular Dynamics

The critical requirement of ensemble docking is the generation of an ensemble that captures a
wide array of the conformational space of the target receptor. Here we produced such an
ensemble of receptor states by performing a temperature replica-exchange molecular dynamics
simulation (T-REMD), with 46 replicates at temperatures from 310K to 350K, of the S-protein-
receptor complex with residues more than 1.5 nm from the interface held fixed by harmonic
restraints (with force-constants of 1000 kJ/mol nm™). The T-REMD simulations generated

trajectories that were 40ns in length and the last 35ns of each simulation used for analysis (35ns



per replicate for a total of 1.61us of sampling). Simulations were performed using the
GROMACS simulation suite (as compiled on the ORNL SUMMIT supercomputer) within the
NPT ensemble with an integration time-step of 2fs, a frame-saving rate of 10ps, and with
exchange attempts every 500ps (with an exchange rate of ~20% obtained throughout the
simulation). Short-range interactions and long-range electrostatics were computed using the

same cutoffs as those used in the NPT relaxation simulations (see Structural Modeling and

Molecular Dynamics Preparation). The temperature was maintained with the V-rescale

thermostat?®, while the pressure was maintained using the Berendsen barostat?. The Berendsen
barostat was used to accommodate the use of position restraints within the simulation. As with
the NPR relaxation, all hydrogen-bonds were subjected to constraints, using the LINCS

algorithm.

Following the T-REMD simulation frames from all replicates (regardless of temperature) were
concatenated into a single file and used for structural clustering. Root-mean-squared (RMSD)
based structural clustering of the conformations defined by the heavy-atoms of each side-chain
within the S-protein-receptor complex was performed with the gmx cluster tool of GROMACS
using the GROMOS clustering algorithim*® and a cutoff of 0.2nm. Six clusters were identified
via this clustering method and are provided in the Supplementary Material (SI) for interested

readers.

After identifying the six clusters noted above, the interface region (see figure 1) of each structure
was extracted and converted, using Autodock Tools?!, into PDBQT formatted files for

subsequent molecular docking calculations.

Ligand Library Choice




As the aim of this work was to identify previously approved small-molecules (along with
metabolites and natural products) for repurposing in treating nCoV-2019 infection, we made use
of the SWEETLEAD molecular library®?. Each ligand within the SWEETLEAD library was
converted from SDF format to the PDBQT format used in Autodock Vina (Vina) by first

converting the SDF format to mol2 using MOE20163* and then Autodock tools?!.

in Silico Screening/Molecular Docking

Molecular docking was performed using a special POWERY build of Vina** for SUMMIT.
Docking calculations were performed with a search box of 1.2nm x 1.2nm x 1.x2nm centered
within the S-protein-ACE2 receptor interface and an exhaustiveness setting of 250. To allow for
the rapid evaluation of the SWEETLEAD library, while also making use of high search
exhaustiveness, docking calculations were performed in parallel using a generic script-launching

MPI wrapper compatible with SUMMIT (provided in the SI for interested readers).

Of the 9127 ligands within the SWEETLEAD library, only a subset could be successfully scored
with the search box restriction (see Table 1).

Table 1 Number of successful docking calculations for each receptor (cluster) conformation. The total number of
docking calculations are also noted.

Cluster 0 Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Total

8574 8587 8581 8578 8621 8634 51575

As a practical matter, a Vina score threshold was set to identify binding ligands. This threshold
was set to -7 kcal/mol. After scoring each of the ligand-protein interface complex geometries

generated during docking, the top four ligand-interface complexes were extracted for additional



analysis using MOE?®*. For the top four ligand-interface complexes, energy minimization was
performed in MOE with default convergence setting and with the MMF94x force-field* to refine
the ligand-interface. The refined structures were then used to generate 2D interaction maps

between the ligand and the protein residues of the S-protein-ACE2 receptor interface.
Results & Discussion

Of the 51575 docking calculations performed, 47 (~0.1% of all docking calculations) S-protein-
ACE2-ligand complexes were identified with scores equal to or better than the score threshold,
and of these 27 (~0.05%) are reported (as noted in the ZINC15 database®®) to be available for
purchase. We selected for further analysis the top four poses of ligands already approved by
regulators for use as either a drug or that have prior historical pharmaceutical uses, and their

docking poses are represented in Figure 2.

The top four identified compounds are pemirolast’’® (ZincID: 5783214), isoniazid pyruvate
(ZincID: 4974291), nitrofurantoin (ZincID: 3875368), and eriodictyol (ZincID: 58117). Of the
four small-molecules shown in figure 2, the top-ranked hit, pemirolast, is an anti-allergy
medication or for use in treating chronic asthma®’-*®, while the second and third of the top hits
are two are related to well-known antibiotics, with nitrofurantoin an antibiotic previously used

for urinary tract infections®® and isoniazid pyruvate being a metabolite of the tuberculous



antibiotic Isoniazid*’. The last of the top four hits (Eriodictyol) is a flavanone found in Herba

Figure 2) Renderings of four of the top scoring previously regulator approved small-molecules binding within
the S-protein-ACE2 interface. A) pemirolast (ZincID: 5783214). B) isoniazid pyruvate (ZincID: 4974291). C)
Nitrofurantoin (Zinc ID: 3875368). D) Eriodictyol (ZincID: 58117). Orange ribbons represent the S-protein and
purple ribbons correspond to the ACE2 receptor

Santa, a traditional herbal remedy used for asthma and treating colds*'.

Figures (3-6) provide a detailed two-dimensional accounting of the ligand-interface interactions.
These interaction maps indicate that three of the four top hits (isoniazid pyruvate, nitrofurantoin,
and eriodictyol) each contain nearly twice as many interactions with the ACE2 receptor than the
S-protein, while pemirolast has roughly equal amounts of interactions between the two proteins.

Further, the second through fourth top hits had 3 to 6 more ligand-residue interactions.

As the binding of the S-protein to ACE2 is undesirable, it is preferable to diminish ligand-
interface interactions that may bridge, and therefore stabilize, the interaction between the S-

protein and the ACE2 receptor.
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Figure 3) permirolast-protein Interface interaction diagram (generated from MOE2016). Residues with (A)
correspond to the S-protein, while those with (B) correspond with the ACE2 receptor.
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Figure 4) isoniazid pyruvate-protein Interface interaction diagram (generated from MOE2016). Residues
with (A) correspond to the S-protein, while those with (B) correspond with the ACE2 receptor.
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Figure 5) nitrofurantoin-protein Interface interaction diagram (generated from MOE2016). Residues with
(A) correspond to the S-protein, while those with (B) correspond with the ACE2 receptor.
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Figure 6) eriodictyol -protein Interface interaction diagram (generated from MOE2016). Residues
with (A) correspond to the S-protein, while those with (B) correspond with the ACE2 receptor.

With this in mind, while the top hit, pemirolast, has the strongest binding affinity, initial



repurposing may be better suited to isoniazid pyruvate, nitrofurantoin, or eriodictyol.

Conclusion

Prior work has demonstrated that nCoV-2019 likely shares the ACE2 receptor as an entry point
for infection with the SARS-CoV. Here we made use of enhanced sampling molecular
simulations of currently available structure models of the S-protein of nCoV-2019 binding with
the ACE2 receptor to generate an ensemble of configurations for ensemble docking. Further, we
have made use of this ensemble to screen the SWEETLEAD library against the interface and
have identified 47 potential hits, with 27 being currently available, which may favorably interact
with the protein-protein interface. Of the 27 currently available, we highlighted four of our top
compounds that have been previously used as drugs and as a potential drug. Of the four top
compounds, three (nitrofurantoin, isoniazid pyruvate, and eriodictyol) were found to have a
preference for residues belonging to the ACE2 receptor portion of the interface, and we
hypothesize that these favorable interactions may in-turn limit the binding of the nCov-2019 S-

protein with the ACE2 receptor, thus restricting infection.

Supplementary Information

We provide for the interested reader a substantial portion of our raw data, including the PDB
structures of the complex generated from SWISSMODEL, an excel spreadsheet containing the
Vina score, internal ligand ID, ZINC-ID, and the commercial availability of the top 47 ligands
identified by the docking calculations, Molecular Dynamics input files, and MD derived
structural clusters. C code and accompanying bash-scripts used in this study to execute Vina over

600 SUMMIT nodes are also provided. Ligand-interface docking poses are available by request.
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