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Abstract

The outbreak of a novel human coronavirus (SARS-CoV-2) has evolved into global health
emergency, infecting hundreds of thousands of people worldwide. In an effort to find antiviral
medications, many computational groups have pursued the 3C-like protease of the virus, also
known as main protease (MP™), as a drug target. We have identified experimental data on the
inhibitory activity of compounds tested against closely related (96% sequence identity, 100%
active site conservation) protease of SARS-CoV and employed this data to build Quantitative
Structure-Activity Relationships (QSAR) models for this dataset. We employed these models for
virtual screening of all marketed, withdrawn, experimental, and investigational drugs from
DrugBank, including compounds in clinical trials. Molecular docking and similarity search
approaches were explored in parallel with QSAR modeling, but molecular docking failed to
correctly discriminate between experimentally active and inactive compounds, so we did not rely
on this approach in prospective virtual screening. As a result of our studies, we recommended 41
approved, experimental, or investigational drugs as potential agents against SARS-CoV-2 acting
as putative inhibitors of MP">. Ten compounds with feasible prices were purchased and are
awaiting the experimental validation. This manuscript will be updated once results are available
and submitted for peer-review publication if compounds are found to be active in SARS-CoV-2

phenotypic screen.
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Introduction

On December 8th, 2019, Chinese health authorities in Hubei detected the first case of an
infection caused by a novel coronavirus since named SARS-CoV-2.12 On January 31, less than
two months later, the World Health Organization declared the SARS-CoV-2 outbreak a global
health emergency.® The new coronavirus is most similar to a bat betacoronavirus that does not
infect humans, but it is also in the same family as the notorious human coronaviruses SARS-CoV
(sudden acute respiratory syndrome coronavirus) and MERS-CoV (Middle Eastern Respiratory
Syndrome coronavirus), which have reported fatality rates of 10% and 35%, respectively.*®
Current (as of April 16", 2020) estimates of the fatality rate of COVID-19 vary per age cohort and
the virus to date is estimated to have infected over two million people, though these statistics are
approximate due to established asymptomatic transmission of the disease or likely underreporting
or lack of testing by health authorities.®” While the fatality rate of the current virus is estimated
to be less than that of SARS and MERS-CoV, it has been shown to be highly transmissible,
infecting the first 1,000 patients in only 48 days, whereas SARS took 130 days and MERS took
2.5 years.® The initial velocity of the spread of SARS-CoV-2 was enough to indicate pandemic
potential at the start of the outbreak, and now and hundreds of thousands of cases have been
reported worldwide despite strict quarantine and travel protocols set in place in many countries.

No antivirals or vaccines exist against SARS-CoV-2 or past epidemic betacoronaviruses,
which represents a larger-scale paucity of data on this genus of viruses.® Genomic sequences of
the SARS-CoV-2 continue to be uploaded to GenBank, hosted by the National Center for
Biotechnology Information (NCBI), and there are 1084 distinct sequences listed there to date.°
The first protein crystal structure for SARS-CoV-2 deposited in the Protein Data Bank in February

2020 was the 2019-nCoV main protease (also known as 3C-like protease or MP™) in complex with
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an inhibitor N3 (PDB ID: 6LU7).1! One of the only papers to date investigating compounds with
anti-SARS-CoV-2 activities tested seven compounds total and reported four hits, most notably
remdesivir and chloroquine.? Other studies have reported other compounds with anti-SARS-CoV-
2 activities such as ivermectin®® and p-D-N4-hydroxycytidine (NHC, EIDD-1931).1* Another
study identified six compounds to have activity against SARS-CoV-2 MP™, but only only ebselen
showed activity in phenotypic screen.™® Already COVID-19 clinical trials are being performed that
utilize repurposing of existing experimental nucleoside analogs such as remdesivir, ribavirin, and
favipiravir that have demonstrated past antiviral activities.®

Past research has identified several targets for coronavirus drug development, namely
nonstructural protein 14 (nspl4-ExoN) and the proteins involved in the coronaviral RNA
replication process (replicase polyprotein lab and MP©)!’. The replicase polyprotein lab is
responsible for the synthesis of the large, functional polyproteins ppla and pplab, which are
precursors of 16 non-structural proteins that are important in the replication of coronavirus
RNA.1-20 The replicase polyprotein lab (CHEMBL5118) is a precursor of 16 non-structural
proteins,?> such as RNA polymerase, helicase, 3’-5° exonuclease, and 2’-O-ribose
methyltransferase. The polyprotein 1ab along with polyprotein 1a are precursors of all proteins
that form the viral replication complex (e.g., 1ab has 7,095 aminoacids). These are not functional
unless proteases (MP™ and papain-like proteinase) cleave them into those 16 smaller proteins.??
The virus-encoded MP™ is integral to the proteolytic processing of these polyproteins and is highly
conserved in coronaviruses, as are the cleavage sites and lengths of the polyproteins
themselves.!®2*24 Furthermore, MP™ has been considered before in the design of broad-spectrum
antiviral compounds as demonstrated in a 2012 study by Kim et al.?® that reported in vitro

inhibition of SARS-CoV replication by inhibitors of this protease.'®
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Given the lack of publicly available data on the new coronavirus, we emphasize the
message of the recent editorial titled “Calling all coronavirus researchers: keep sharing, stay open,”

that calls for researchers to collaborate and share all data on the new coronavirus to better prevent

its spread and morbidity.?® Many studies reporting compounds identified by computational

approaches have been published in both peer-reviewed?’?® and arXiv journals®®% since the
outbreak of SARS-CoV-2 was reported. In line with this call, we curated all available open-source
data on SARS-CoV-2 and SARS-CoV and employed both structure- and ligand-based

computational approaches to select a set of compounds that may have the potential to inhibit

SARS-CoV-2 replication.

approved medications or experimental/investigational compounds because these could be quickly

In this initial investigation, we have exclusively focused on FDA

repurposed as COVID-19 treatments if their experimental validation is successful.

Materials and Methods

The workflow employed in this study can be seen in Figure 1.
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Figure 1. Study design.

Quantitative Structure-Activity Relationship (QSAR) modeling
Data collection and curation
We collected 201 datapoints for the SARS-CoV MP assay (ChEMBL ID: X) and, after
curation, 91 compounds (27 actives and 64 inactives, considering a threshold of 10 uM) were kept.
We found 22 additional compoudns in PDB (13 actives and 9 inactives) that were not available in
ChEMBL. At the end, 113 compounds (40 actives and 73 inactives) were kept for modeling. All
chemical structures and correspondent biological information were carefully standardized using

Standardizer v.20.8.0 (ChemAxon, Budapest, Hungary, http://www.chemaxon.com) according to

the protocols proposed by Fourches and colleagues.®** Briefly, inorganics, counterions, metals,
organometallic compounds, and mixtures were removed. In addition, specific chemotypes such as
aromatic rings and nitro groups were normalized. Furthermore, we performed the analysis and
exclusion of duplicates: (i) if duplicates presented discordance in biological activity, both entries
would be excluded; and (ii) if the reported outcomes of the duplicates were the same, one entry
would be retained in the dataset and the other excluded.
Molecular descriptors

The QSAR models were developed using three types of descriptors: Morgan fingerprints,®
2D Simplex Representation of Molecular Structure (SIRMS) descriptors® and Dragon (v.7 Kode
Chemoinformatics srl — Pisa, Italy). The open-source Morgan fingerprints with 2048 bits and an
atom radius of 3 calculated in RDKit (http://www.rdkit.org) using Python 3.6. SIRMS were
calculated using HITQSAR®® at the 2D level. SIRMS descriptors account not only for the atom

type, but also for other atomic characteristics that may impact biological activity of molecules,

e.g., partial charge, lipophilicity, refraction, and atom ability for being a donor/acceptor in
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hydrogen-bond formation (H-bond). Detailed description of HITQSAR and SiRMS can be found
elsewhere.®® Dragon descriptors were calculated at 2D level as well. For both SiRMS and Dragon,
descriptors with less than 0.01 variance were removed. Correlated descriptors were also removed.
Model generation

QSAR models were built and rigorously validated following best practices.3® The models
were built using the Random Forest (RF) algorithm3’ implemented in scikit-learn (http:/scikit-
learn.org). Random Forest hyperparameters were tuned using the GridSearchCV module
implemented in scikit-learn. Trees were decorrelated by randomly bootstrapping compound
instances used in modeling with replacement and selecting a random sample of root(N)-many
features for each tree, where N is the total number of features available. Trees were configured to
evaluate features on classification accuracy at the median value and to use gini as the split criterion.

A 5-fold external cross-validation procedure was performed using the following protocol.
The full set of compounds with known experimental activity is randomly divided into five subsets
of equal size. One of these subsets (20% of all compounds) is set aside as the external validation
set, while the remaining four sets form the modeling set (80% of all compounds). This procedure
is repeated five times, allowing each of the five subsets to be used as an external validation set.
Models are built using the training set only, and it is important to emphasize that compounds are
never simultaneously part of both the training and external validation set.

Two types of consensus were performed: consensus is a majority average of predictions
from the independent models developed with Morgan, SIRMS, and Dragon. Consensus AD is a
majority average prediction from independent models when predictions are inside the applicability
domain of that model. The local (tree) applicability domain approach® setting a threshold of 70%

was used for all RF models developed in this study.
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Molecular Docking

Molecular docking experiments were performed using the structure of MP™ from SARS-
CoV-2 (PDB ID: 6LU7). To enable these calculations, the structure was prepared in Maestro®
under pH 7.0+2.0 and optimized with OPLS3e force field. All ligands were prepared under the
same conditions and submitted to molecular docking using Glide!? with the standard precision

(SP) option.

Similarity Search

Similarity search was performed in the KNIME platform (https://www.knime.com/) using

Morgan fingerprints using the three compounds described by Wang et al.!? as active in the
phenotypic screen (remdesivir, chloroquine, and nitazoxanide). A threshold of 75% similarity in

Tanimoto coefficient was employed to select compounds from DrugBank as putative actives.

Results and Discussion

As seen in Figure 1, we employed three different computational strategies to screen a wide
array of compounds from DrugBank in order to suggest preexisting compounds with possible
inhibitory activities against SARS-CoV-2. We started by collecting all publicly available data on
the SARS-CoV-2 and other coronaviruses. We excluded all phenotypic assays from modeling on
the basis of a recent study by Wang et al.**® which demonstrated that some compounds active
against SARS-CoV were not active against SARS-CoV-2 in a phenotypic screen. The replicase
polyprotein 1ab was discarded because its whole structure is not available in PDB, but just its

derivatives. Using Basic Local Alignment Search Tool (BLAST) available in UniProt
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(https://www.uniprot.org/blast/)*, we observed that the primary sequences of MP™ in both SARS-

CoV and SARS-CoV-2 had 96% identity (Figure 2a). The crystal structure of SARS-CoV-2 MP™
was recently elucidated and superposition of the respective 3D protein structures (PDB IDs: 5N19,
6LU7) revealed a conserved binding site around the co-crystallized inhibitors including the

catalytic dyad represented by His41 and Cys145 (Figures 2b and 2c).*?

*

(a) SARS-CoV-2 ! SGFRKMAFPSGKVEGCMVQVTCGTTTLNGLWLDDVVYCPRHVICTSEDML
SARS-CoV ! SGFRKMAFPSGKVEGCMVQVTCGTTTLNGLWLDD TVYCPRHVICTAEDML
SARS-CoV-2 ! NPNYEDLLIRKSNHNFLVQAGNVQLRVIGHSMONCVLKLKVDTANPKTPK
SARS-CoV 5| NPNYEDLLIRKSNHSFLVQAGNVQLRVIGHSMONCLLRLKVDTSNPKTPK

*

SARS-CoV-2 101 YKFVRIQPGQTFSVLACYNGSPSGVYQCAMRPNFTIKGSFLNGSCGSVGF

SARS-CoV 101 YKFVRIQPGQTFSVLACYNGSPSGVYQCAMRPN! TIKGSFLNGSCGSVGF
SARS-CoV-2 5! NIDYDCVSFCYMHHMELPTGVHAGTDLEGNFYGPFVDRQTAQAAGTDTTI
SARS-CoV 151 NIDYDCVSFCYMHHMELPTGVHAGTDLEGKFYGPFVDRQTAQAAGTDTTI

SARS-CoV-2 201 TVNVLAWLYAAVINGDRWFLNRFTTTLNDFNLVAMKYNYEPLTQDHVDIL
SARS-CoV 201 TLNVLAWLYAAVINGDRWFLNRFTTTLNDFNLVAMKYNYEPLTQDHVDIL

SARS-CoV-2 25! GPLSAQTGIAVLDMCASLKELLONGMNGRTILGSALLEDEFTPFDVVRQC
SARS-CoV 251 GPLSAQTGIAVLDMCAALKELLONGMNGRTILGST [ LEDEFTPFDVVRQC

SARS-CoV-2 301 SGVTFQ
SARS-CoV 301 SGVTFQ

(c)

Tyr54
Tyr54

ASp187ASp1 87 /

H
GIn189 N

. Met165

Ser144

Leu141
Leu141

Figure 2. Alignment of SARS-CoV and SARS-CoV-2 MP™® monomers. (a) Primary sequence
alignment highlighting the conserved residues in bold font. The binding site residues are shown in
red and the catalytic dyad, represented by His4l and Cys145, is marked with asterisks. (b)
Alignment of MP™ monomers available in PDB (IDs: 5N19, 6LU7). (c) Visualization of the
overlap between residues at the MP™ active site for SARS and SARS-CoV-2. The red dashed
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circles show the conserved catalytic dyad and the remarkable conservation of the binding site of
MP™ between the coronaviruses.

The 113 compounds (40 actives and 73 inactives) kept after curation were used for binary
QSAR modeling. The statistical characteristics of our QSAR models are available in Table 1. Due
to the limited size of the dataset, models were only validated by 5-fold external cross validation
and achieved external correct classification rate of 71-83% (sensitivity = 55-72%, positive
predicted value = 72-100%, specificity = 88-100%, negative predicted value = 78-85%). Models
were generatated with the entire (unbalanced) dataset. Although sensitivity was only acceptable®®
(> 60% for majority of the models) and below this threshold for Dragon models, we decided to
proceed with this model because the PPV was higher. This guarantees that a lower number of hits

would be found, but a higher confidence is expected.

Table 1. Statistical characteristics of QSAR models for SARS-CoV MP™ assessed by 5-fold
external validation.

Model CCR Sensitivity PPV Specificity NPV Coverage
Morgan 0.78 0.65 0.81 0.92 0.83 1.00
Morgan AD  0.80 0.62 0.94 0.98 0.85 0.69
SiRMS 0.76 0.65 0.72 0.86 0.82 1.00
SiIRMSAD 0.83 0.72 0.86 0.93 0.85 0.61
Dragon 0.71 0.55 0.71 0.88 0.78 1.00
Dragon AD 0.78 0.56 1.00 1.00 0.87 0.54
Consensus (.74 0.60 0.73 0.88 0.80 1.00
Consensus (AD) 0.78 0.62 0.86 0.95 0.83 0.77

Recently, Wang et al.>® demonstrated that remdesivir and chloroquine were highly active;
nitazoxanide was moderately active; and ribavirin, penciclovir, nafamostat, faviparir were inactive

against SARS-CoV-2 in phenotypic assays. The SIRMS models predicted remdesivir and ribavirin

10
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as active, while Dragon predicted ribarin only. Currently, there are no evidence none of these
targets act on MP™; remdesivir is a known RNA polymerase inhibitor.*3

In addition, Jin et al.** submitted a library of ~ 10,000 compounds to a high-throughput
screening (HTS) and identified six inhibitors of SARS-CoV-2 MP, namely, ebselen, disulfiram,
tideglusib, carmofur, shikonin, and PX-12. After additional phenotypic assays, only ebselen
inhibited in vitro viral replication. Despite the large amount of compounds tested in HTS, only the
activity of those six inhibitors was reported, so there is no publicly available data on SARS-CoV-
2 MP™ yet that could enable the development of QSAR models.

Due to the small amount of publicly available SARS-CoV-2 MP™ assay data and the high
similarity 96% identity sequence of MP™ in SARS-CoV and SARS-CoV-2, including conserved
active site (see above), we hypothesized that compounds predicted to be active in the SARS-CoV
MP" assay*® (used for compounds in our modeling set) could be active against SARS-CoV-2.

In addition, we have also predicted MP™ activity for twenty three compounds reported to
undergo clinical trials (as of March 23, 2020)*® (See Table S1 in Supplementary Materials). Of
these compounds, lopinavir, ritonavir, tetrandrine, cobicistat, losartan, ribavirin, remdesivir,
aviptadil, and danoprevir were predicted as active by SIRMS models. Lopinavir was also predicted
as active by Dragon. None of the molecules were predicted as active by Morgan models. Lopinavir
is an established protease inhibitor that approved for use in HIV patients and is usually used in
conjunction with ritonavir, another protease inhibitor.*’ Lopinavir and lopinavir/ritonavir have
been tested previously on SARS*8 and MERS-CoV*°, but recent clinical trials suggest that the drug
combination is not as successful as expected against SARS-CoV-2.%°

Since no data is available to build models for SARS-CoV-2 MP and considering the high

similarity between these targets, we we decided to employ these models to virtually screen the
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curated DrugBank dataset and submit these molecules for experimental evaluation.. Applying our
models to screen this dataset of 9,615 compounds yielded 41 compounds predicted as actives using
a Consensus and Consensus AD models.

In parallel, we have also conducted molecular docking exeriments using the structure of
MP™ from SARS-CoV-2 (PDB ID: 6LU7).1! Before using docking as a virtual screening tool, it is
crucial to validate the approach with known experimental data. Therefore, known inhibitors and
non-inhibitors of MP™ were used to evaluate if the docking score was capable of ranking active
compounds better than inactives. For this purpose, the curated dataset (CHEMBL3927) used for
QSAR modeling was applied in a docking validation run. Then, compound ranking by the docking
score was compared with ranking by activity in the ChEMBL assay. The results suggested that
docking scores were poorly correlated with the binding affinity as indicated by the area under the
receiver operating characteristic (ROC) score of 0.49 (Figure 3), implying that docking scores
randomly assigned compounds as actives and inactives. Additionally, the early enrichment was
poor with sensitivity of only 0.11 for the top 10% ranked compounds, i.e., actives were ranked
poorly while inactives were occupying the top of the list of virtual hits. The top 15% also presented
poor sensitivity (0.14) . Only after the top 69% of the list was considered, the sensitivity reached
reasonable values (0.70). Based on these results, docking was discarded as a virtual screening

approach.
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Figure 3. Receiver operating characteristic (ROC) after running the docking validation screening

with known inhibitors and non-inhibitors of MP™,

We also employed a similarity search using three compounds described by Wang et al.'?
as® active in the phenotypic screen (remdesivir, chloroquine, and nitazoxanide). We found that
only the following 13 compounds from the curated DrugBank dataset had Tanimoto similarity
coefficient higher than 75% to any of those three drugs: anhydrovinblastine, GS-6620,
hydroxychloroquine, lurbinectedin, quinacrine, quinacrine mustard, rifalazil, vinblastine,
vincristine, vindesine, vinflunine, vinorelbine, and 3"-(beta-chloroethyl)-2",4"-dioxo-3, 5"-spiro-
oxazolidino-4-deacetoxy-vinblastine.

Five out of 13 compounds were predicted as active by SiRMS models, including
anhydrovinblastine, vincristine, vindesine, vinflunine, vinorelbine. SIRMS and Dragon together

also predicted lurbinectedin, rifalazil, vinblastine and 3"-(beta-chloroethyl)-2",4"-dioxo-3, 5"-

13
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spiro-oxazolidino-4-deacetoxy-vinblastine as active. Most of these compounds are vinca
alkaloids. Most literature on this class of alkaloids concerns cancer biology, since many are
chemotherapy drugs, but other classes of alkaloids have been noted to have antiviral activities.>!
* Interestingly, ritonavir, a protease inhibitor used in the treatment of HIV and that is being tested
currently in clinical trials for COVID-19 boosts the levels of chemotherapy drugs, including vinca
alkaloids.>® Vinca alkaloids are used as chemotherapy drugs, but can have problematic side
effects.®® Lurbinectedin and rifalazil are both potent RNA polymerase inhibitors; lurbinectedin is
used as an anticancer agent® while rifalazil has shown success in treating Chlamydia trachomatis
infections.>®

Thus, we selected 41 hits from DrugBank based on QSAR predictions, including four
compounds identified by similarity search and predicted by both SIRMS and Dragon. These hits
have been found among commercially available compounds listed in ZINC database® and the
vendors selling these compouds were identified using our in-house ZINC-Express software
(https://zincexpress.mml.unc.edu/) (Table S1 in Supplemental Materials). We purchased 10
compounds (Table 2) that were financially feasible for testing and submitted them for experimental
evaluation by our collaborators at the University of Kentucky. The experimental data for testing
these compounds in MP™ assay will be reported in the updated version of this manuscript once the

results become available. The complete list of hits is available in the supplementary materials.

Table 2. Selected hits for experimental evaluation.

Generic name Primary use DrugBank ID
Ipamorelin postoperative ileus investigational
Tilmicosin antibiotic investigational; vet_approved
Budipine antiparkinson experimental
Atazanavir HIV approved; investigational
Pentagastrin stimulates gastric acid secretion approved

14
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Indinavir HIV approved

Vinblastine Anti-cancer approved

Afimoxifene estrogen receptor modulator/anti-cancer investigational
Navitoclax Bcl-2 inhibitor/anti-cancer investigational
Venetoclax chronic lymphocytic leukemia approved; investigational

Of the model’s top hits, two of the most promising are camostat and nitazoxanide, which are
currently being tested in clinical trials®®®! and have demonstrated anti-coronaviral activities in past
studies.%? Camostat is a serine protease inhibitor®® and nitazoxanide is a broad-spectrum antiviral
drug.5284%° Analysis of the literature suggests that selumetinib, PD-0325901, and leflunomide (see
Table 3) are also promising candidates, as they are known kinase inhibitors that also have
suggested antiviral activity.**®® Leflunomide is an anti-rheumatic drug that has shown past
antiviral activity against cytomegalovirus as well as immunosupressivity. Its metabolite, A77
1726, can inhibit protein kinase activity and the activity of dihydroorotate dehydrogenase
(DHODH), the latter which has been suggested as a possible host antiviral target for SARS-CoV-
2.54 Selumetinib and PD-0325901 are MEK inhibitors; of the two, selumetinib is the only to have
demonstrated anticoronaviral activity (against SARS- and MERS-CoV) in past studies.®® In
combination with another hit from Table 3, oseltamivir, PD-0325901 has shown antiviral activity
against the influenza virus,®? though it has been suggested that it could serve as a possible antiviral

drug by itself.*3

Conclusions

In this study, we utilized previous experimental data on SARS-CoV MP® to develop a
QSAR model that was used to virtually screen DrugBank in the search for novel potential hits
against SARS-CoV-2 MP®, As shown in Figure 2, the binding site of MP™ is conserved across

SARS-CoV and SARS-CoV-2. Collectively, the high conservation of MP" among coronaviruses
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has been noted in the past and previous studies have explored the potential of developing broad-
spectrum antivirals by targeting this enzyme.!®* Molecular docking was not sufficient to
discriminate between experimental actives and inactives and was ultimately not used to select hits.
The generation of QSAR models according to best practices resulted in 41 virtual hits. Of the other
top hits, several compounds currently being tested in clinical trials such as lopinavir and ritonavir
were predicted to be active by our models.

The 41 virtual hits were analyzed for availability and price feasibility using our in-house

ZINC Express software (https://zincexpress.mml.unc.edu/). At the end, 10 compounds (Table 2)

were selected for experimental testing by our collaborators at the University of Kentucky. Our
group has also selected compound combinations through other methods that will be tested at the
National Center for Advancing Translational Sciences. All collected and curated data, models, and
virtual screening results are publicly available in the Supplementary Materials of this paper and at

GitHub (https://github.com/alvesvm/sars-cov-mpro). The curated data are also available in the

Chembench web portal (https://chembench.mml.unc.edu/).

Associated Content

Supporting information includes curated datasets and virtual screening results.
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