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Abstract  
 

The recent outbreak of the novel coronavirus (SARS-CoV-2) poses a significant challenge to the 

scientific and medical communities to find immediate treatments. The usual process of 

identifying viable molecules and transforming them into a safe and effective drug takes 10-15 

years, with around 5 years of that time spent in preclinical research and development alone. The 

fastest strategy is to identify existing drugs or late-stage clinical molecules (originally intended 

for other therapeutic targets) that already have some level of efficacy. To this end, we tasked our 

novel molecular modeling-AI hybrid computational platform with finding potential inhibitors of 

the SARS-CoV-2 main protease (Mpro, 3CLpro). Over 13,000 FDA-approved drugs and clinical 

candidates (represented by just under 30,000 protomers) were examined. This effort resulted in 

the identification of several promising molecules. Moreover, it provided insight into key 

chemical motifs surely to be beneficial in the design of future inhibitors. Finally, it facilitated a 

unique perspective into other potentially therapeutic targets and pathways for SARS-CoV-2.  
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Introduction 
 

The novel coronavirus, SARS-CoV-2, continues to be a global health threat for which neither a 

treatment or vaccine currently exists. As of June 5, 2020, 6.74 million cases have been 

confirmed, resulting in 394,984 deaths globally.1 

 

Bringing a drug to market takes some 10-15 years, with over 5 years of that spent in early 

research and development alone. Moreover, several thousand compounds will be made, roughly 

one or two will have the needed properties to move forward into clinical trials, and once there, 

the failure rate is 90-95%. On the average, it takes 4 active projects just to deliver a single 

molecule to clinical trials, and a startling 57 projects are needed to achieve a marketed drug.  

 

Given these challenges and the extended timeline, the most viable option for an ‘immediate’ 

therapeutic is to identify an existing drug or clinical candidate (originally made for another 

indication) that impacts the SAR-CoV-2. To this end, many automated molecular docking 

studies have been performed to find such molecules to potentially inhibit the SARS-CoV-2 main 

protease (Mpro, 3CLpro). And while molecular docking is a powerful tool for assessing protein-

ligand interactions and overall molecular conformation, docking scores rarely correlate with 

experimental binding affinities, and at best, allow one to reasonably group molecules based on 

rough score cutoffs.  

 

In our current study, a set of some 13,000 FDA-approved drugs and clinical candidates 

(approximately 30,000 protomers) were interrogated for the main protease using automated 

molecular docking. However, we went beyond this initial effort by performing an extensive post-

docking workflow that included: 1) docking pose refinement and minimization; 2) strain 

calculations; 3) RMSD calculations (initial versus refined pose); 4) another round of pose 

refinement using two different in-house methods; and 5) quantum mechanical calculations. In a 

separate analysis, these molecules were also interrogated by our artificial intelligence (AI) 

platform. In order to come away with a focused list of the most promising molecules, the best 

hits from each approach were compared. A given molecule was chosen if it hit in both tiers, or 

represented novel chemical matter for the main protease.  

 

The result is five molecules (originally made for a diverse set of targets) that are of interest for 

their potential to engage the main protease, as novel chemical matter for future design efforts, 

and for the insight they give into other possible therapeutic targets and pathways.  

 

Methods 
 

Platform Overview 

 

In general, at all stages of the drug discovery process (target selection, hit identification, hit to 

lead transformation, and lead optimization) the Denovicon computational platform uses a unique 

combination of ligand- and structure-based methods along with machine learning and artificial 

intelligence (AI) approaches. Here, only the hit identification workflow of the platform was 

implemented. Moreover, rather than virtual screening our proprietary databases for hits, we 

looked only at FDA-approved drugs and clinical candidates.  



 

Ligand Preparation 

 

A database containing FDA-approved drugs and clinical candidates was created from several 

sources: The Binding Database FDA-approved Drugs2; ChEMBL Drugs3; Selleckchem FDA-

approved Drug Library4; Enamine FDA-approved Drugs5 along with our own curation efforts, 

which resulted in over 13,000 molecules. Each molecule was prepared for modeling by 

accounting for all of the most probable tautomer and ionization states using a custom in-house 

workflow developed with Pipeline Pilot.6 Transformation to three-dimensional structures was 

accomplished through minimization using the MMFF94s forcefield.7 Where well-defined, 

stereochemistry was enforced and all resulting hits were further reassessed to insure proper 

configurations. This overall effort resulted in just under 30,000 molecules that were analyzed.  

 

Protein Analysis and Preparation 

 

We examined several crystal structures of the main protease (apo, ligand and fragment 

complexes) to assess potential-ligand interactions, key pharmacophore features, and sidechain 

flexibility. This information was then used at various stages during the hit identification 

workflow.  

 

Virtual Screening  

 

In the initial stage, molecular docking was performed using the main protease complexed with an 

N3 inhibitor (PDB ID 6LU7).8 To prepare the protein for docking, protons were added at 

physiological pH, sidechains were corrected and alternate forms were considered.9 Finally, 

waters molecules and the ligand were removed, and the catalytic cysteine (C145) was restored to 

its original form prior to making the covalent bond. At this point, no active site residues were 

minimized. This was deliberate as it was determined that the current state of the active site 

residues were in an ‘open’ form optimal for the initial docking round.  

 

Post-Virtual Screening Refinement 

 

The initial docking was performed with rDock10 using the exhaustive sampling approach (with 

the number of poses set to 100) and rigid protein. The active site was assigned using the N3 

ligand for the ligand-placement method. To refine the number of hits down for more detailed 

analysis, the highest scoring pose (SCORE) for each molecule (with distinction for the protomer 

state) was retained. Finally, a ‘generous’ score (SCORE.INTER) cutoff of -25 was applied over 

all molecules. The overall effort resulted in over 7,000 molecules.   

 

Starting from these best poses, each molecule was then placed back into the active site and 

minimized while now allowing key active site residues to relax with the final score determined 

using GBVI/WSA G. With the minimized pose obtained, the binding strain and RMSD (versus 

the initial rDock pose) were calculated. Two different solvation models were considered (R-Field 

and Born) with the MMFF94s forcefield used throughout.9 Additionally, the two protonation 

states of the catalytic histidine (H41) were also assessed. The 7,000 molecules were then filtered 

down (using a combination of cutoffs for the strain, RMSD and the GBVI/WSA G score) to 



around 150 molecules. A subset of these molecules went through a more detailed pose analysis 

using two different in-house methods (one with a machine learning scoring function, the other 

with a forcefield-empirical hybrid scoring function) and quantum mechanical calculations. 

 

Artificial Intelligence (AI) Screening 

 

In addition to the molecular modeling tier, the 30,000 molecules were also interrogated with our 

AI platform, which has been trained on our curated database of biological small molecules, 

biological activities, therapeutic drug targets, therapeutic disease areas, and other key 

information. The resulting list of hits was compared to those (150 molecules) from the molecular 

modeling effort, and a final list was obtained.  

 

Rather than generating an overwhelming list (of hundreds to thousands) of hits, our goal was to 

come away with a short, focused list of promising molecules. To this end, the best hits from each 

tier, molecular modeling and AI, were compared and priority for the final selection was given to 

molecules that: 1) hit in both tiers; or 2) represented novel chemical matter for the main protease.  

 

Results  
 

Here, we review the final set of molecules (Table 1.) resulting from the overall computational 

effort. The interactions with the main protease as determined from the molecular modeling 

workflow will be overviewed. In terms of the AI results, it is simple enough to assume that the 

compounds were found, once again, as viable main protease inhibitors. However, since many 

factors go into the AI platform, we take the opportunity to assert other reasonable (and further-

reaching) hypotheses. 

 

Enzastaurin (LY317615, DB102) is a potent inhibitor of protein kinase C originally developed 

as an antiangiogenic cancer therapy.11 It also inhibits the phosphoinositide 3-kinase (PI3K) 

pathway.12 The PI3K pathway has been implicated in chronic airway inflammation, asthma13 and 

COPD.14 Moreover, the PI3K pathway has been added to the growing list of signaling factors 

and pathways that are activated by a variety of viruses as they depend on it for their replication 

process15–20. Indeed, an appropriately chosen PI3K inhibitor (most likely inhibiting the  and/or  

isoforms) in itself may have positive impact on the novel coronavirus and/or the resulting 

chronic lung inflammation of the disease (and we assume this was a trigger for the AI tier in 

identifying it).  

 

The docking pose of Enzastaurin is shown in Figure 1. The upper portion of the dihydropyrrole-

dione (kinase hinge) motif interacts with two oxyanion hole residues: S144 and C145 (G143 is 

the remaining oxyanion hole residue), while the bottom carbonyl interacts with H163. A series of 

-proton interactions occur: two between the distal indole and N142; and one between the indole 

core and the backbone amine of E166. The core also benefits from the hydrophobic pocket 

formed by H41, M49, and M165. The (positively charged) piperidine also interacts with E166 

via the backbone carbonyl to make a strong hydrogen bond. The distal pyridyl makes good 

hydrophobic interactions in a pocket formed by P168, Q189, and T190. Other hits that shared the 

key dihydropyrrole-dione motif, had a similar binding pose and overall similarity to Enzastaurin 

were found; in particular, (Pubchem ID) 448642 and 2403. Although the distal indole is shown 



rotated ‘outwards’ towards the back pocket, an alternate binding pose where it is rotated 

‘inwards’ towards the core is anticipated as well; we have estimated the energy barrier to be 

approximately 1.6 kcal/mol in favor of the (shown) outward conformation. 

 

 
 

Figure 1. The proposed binding pose of Enzastaurin (LY317615, DB102) in the SARS-CoV-2 

main protease. Specific (non-hydrophobic) interactions are shown with dashed lines. The distal 

indole (interacting with G143) is shown in an ‘outward’ conformation rotated towards the back 

pocket. Nonetheless, an ‘inward’ conformation where it is rotated towards the core was also 

found to be viable.  

 

 

In 2019, the novel Respiratory Syncytial Virus (RSV) fusion (F) protein inhibitor Ziresovir 

(AK0529) completed a Phase 2 proof-of-concept study. For the first time ever, an antiviral agent 

proved successful in the treatment of infants hospitalized with RSV infection.21 Ziresovir 

demonstrated a dose-dependent clinical efficacy, whereby it clearly reduced patients’ symptoms 

and viral loads. The study also confirmed the excellent safety profile seen in Phase 1. (It has 

completed two Phase 1 in healthy adult volunteers in Australia and China respectively, and one 

Phase 1 human mass balance study in the United Kingdom,22 along with multiple other clinical 

studies) We have not attempted to fully deconvolute the AI rational for the retrieval of this 

molecule, nonetheless, it is reasonable to assert that – in part – it honed in on the ‘respiratory 

viral infection overlap’ and perhaps certain similarities between proteins of RSV and SARS-

CoV-2. 

 

The docking pose of Ziresovir in the main protease is shown in Figure 2. Within the oxyanion 

hole region, it makes a single -proton interaction with G143. From the static docking pose, the 

sulfone does not appear to make direct interactions within the oxyanion hole. Nonetheless, we 



anticipate that at physiologic conditions where dynamics and waters will undoubtedly play a 

substantial role, the sulfone will make a series of direct and/or water-mediated interactions in the 

oxyanion hole region as well as with H163 and E166. The positively charge portion of the core 

makes a strong interaction with the carbonyl of Q189, while the terminal amine interacts with the 

backbone of T190. As did Enzastaurin, the core gains interactions made in the hydrophobic 

pocket formed by H41, M49, and M165. We accounted for nine possible protomers states of 

Ziresovir, and concluded that the one shown is the most viable along with that where the 

terminal amine is protonated, which would further enhance its interaction with T190.  

 

 
 

Figure 2. The proposed binding pose of Ziresovir (AK0529) in the SARS-CoV-2 main protease. 

Specific (non-hydrophobic) interactions are shown with dashed lines. Although the sulfone does 

not make direct interactions with the oxyanion hole, this region is solvent accessible and 

therefore, it is likely that water molecules may facilitate bridging interactions between the 

sulfone, the oxyanion hole residues, H163, and E166.   

 

Razupenem (PTZ601, PZ-601, SMP-601 or SM-216601) belongs to the carbapenem subgroup of 

-lactam antibiotics. It completed a Phase 2 study for the treatment of complicated skin and skin 

structure infections, but its progress has since halted due to high rates of rash adverse events.23 

Nonetheless, Lenapenem and Ertapenem (marketed as Invanz) were also notable from our study, 

thus warranting an overall closer look at this antibiotic family (especially the orally available 

Tebipenem, which has been approved in Japan).  

 

Figure 3 shows the proposed binding mode of Razupenem. The most striking interaction occurs 

between the carbapenem moiety and residues in the oxyanion hole, along with N142 and H163. 

Other interactions occur with Q189 between the core and terminal amine portions, where -

proton and charge-dipole interactions are made respectively.  



 

We note that electrophilic carbon of the carbapenem moiety is within striking distance of the 

catalytic cysteine (to within error of the predicted binding pose), which may allow for a covalent 

bond to be formed, thus endowing Razupenem (and possibly other carbapenem analogs) with 

improved ‘affinity.’ (The original docking efforts would not have explicitly accounted for this 

possibility, nor have we done the follow-up calculation yet). Indeed, a similar reaction occurs 

between certain -lactam antibiotics and bacterial -lactamases (where serine replaces the 

cysteine) resulting in bacterial resistance. To be sure, Razupenem and the other mentioned 

carbapenems were found exclusively from the molecular modeling effort and were not returned 

by the AI tier. Moreover, we note that -lactam antibiotics such as amoxicillin and the penicillins 

did not score well.  

 

 
 

Figure 3. The proposed binding pose of Razupenem (PTZ601, PZ-601, SMP-601 or SM-

216601) in the SARS-CoV-2 main protease. Specific (non-hydrophobic) interactions are shown 

with dashed lines. 

 

 

Like Enzastaurin, Nemiralisib (GSK-2269557) inhibits the PI3K-dependent pathway, 

specifically, through phosphoinositide 3-kinase (PI3K). It was being developed for the 

treatment of inflammatory airways disease such as chronic adult asthma and chronic obstructive 

pulmonary disease (COPD), but more recently24 activated PI3K syndrome has become the main 

focus. As it did for Enzastaurin, all these factor were probably targeted by the AI. 

 

In Figure 4 the key interactions are as follows: a hydrogen bond between the nitrogen of the 

oxazole motif and G143; two hydrogen bonds are made with the indazole motif, one with S144 

and another with E166, while a -cationic interaction is made with H163; an electrostatic 



interaction between the terminal indole and the carbonyl backbone of H41 (the orientation is a 

bit off to be a true hydrogen bond); and a strong hydrogen bond between the protonated nitrogen 

of the piperazine and T25. The molecule also benefits from the hydrophobic pocket created by 

L27, H41, C145, and M165.   

 

 
 

Figure 4. The proposed binding pose of Nemiralisib (GSK-2269557) in the SARS-CoV-2 main 

protease. Specific (non-hydrophobic) interactions are shown with dashed lines. 

 

 

RWJ-56423 is a selective human mast cell tryptase inhibitor.25 The importance of mast cells in 

allergic disease is well established. Moreover, they play an essential role in protecting the host 

against certain pathogens (such as viruses). Nonetheless, these interactions are complex and can 

contribute to the pathology of allergic disease, result in inappropriate inflammatory response and 

outright detrimental effects.26–28 In general, the goal of a tryptase inhibitor is to mediate these 

types of negative responses. Indeed, in addition to any inhibitory effect it may have on the main 

protease inhibitor, its tryptase inhibiting effects may be beneficial as well and is most likely one 

of the reasons it showed up in the AI tier (the other reason may be because the main protease and 

the tryptase share some common structure as they are both proteases – cysteine and serine 

respectively). Interestingly, we note that dysfunctional mast cell activation and histamine release 

have recently been implicated in SARS-CoV-2 disease, thus owing to the possible therapeutic 

effect imparted by Famotidine.29 

 

As seen in Figure 5, RWJ-56423 makes several key interactions as follows: two hydrogen bonds 

are made with the hydroxyl, one with N142 (via the carbonyl), one with G143; the amide 

carbonyl makes a hydrogen bond with H163; the other carbonyl makes a hydrogen bond with the 

amine backbone of E166; and the guanidine fits in an electronegative pocket formed by Y54 and 



D187. The guanidine also make a good -cationic interaction with H41, and a hydrogen bond 

interaction with the backbone carbonyl of H164. We note that the putative electrophilic carbon 

for the covalent interaction in the tryptase25 is not proximal to the catalytic cysteine of the main 

protease (although it is proximal to the catalytic serine of the tryptase). 

 

 
 

Figure 5. The proposed binding pose of RWJ-56423 in the SARS-CoV-2 main protease. 

Specific (non-hydrophobic) interactions are shown with dashed lines. 

 

  



 

 

Molecule Name Phase 

Completed 

Target Possible 

Indication 

 

Enzastaurin 

LY317615 

DB102 

3 Protein Kinase C 

Phosphoinositide 3-

Kinase (PI3K) Pathway 

Diffuse large B 

cell lymphoma 

 

Ziresovir 

AK0529 

2 Fusion (F) Protein of 

Respiratory Syncytial 

Virus (RSV) 

Infants 

hospitalized 

with RSV 

infection 

 

Razupenem 

PTZ601 

PZ-601 

SMP-60 

SM-216601 

2 Peptidoglycan 

biosynthesis in the 

bacterial cell wall 

Complicated 

skin and skin 

structure 

infections 

 

 

Nemiralisib 

GSK-

2269557 

2 Phosphoinositide 3-

Kinase  PI3K 

Treatment of 

inflammatory 

airways disease; 

activated PI3K 

syndrome 

 

 RWJ-56423 

(JNJ; 

Janssen) 

2 Human Mast Cell 

Tryptase 

Asthma; 

allergic rhinitis 

 

Table 1. The most viable hits (including their protomer state) against the main protease as 

generated from the Denovicon virtual screening and AI platform. 



 

 

 

 

Discussion  
 

Using a combination of molecular modeling and AI, we examined over 13,000 FDA-approved 

drugs and clinical candidates (approximately 30,000 protomers) for their potential efficacy 

against SARS-CoV-2 disease. The molecular modeling effort consisted of a virtual screening and 

a thorough post-virtual screening refinement workflow that ultimately led to 150 compounds of 

interest for the main protease. The 30,000 protomers were also examined using our AI workflow 

which, unlike the molecular modeling tier, was not restricted to inhibitors of the main protease. 

By keeping only those molecules that were the best hits in both tiers, or represented novel 

chemical matter for the main protease, we arrive at the five compounds shown in Table 1.  

 

The five molecules represent a diverse set of structures originally made to engage a variety of 

targets for various indications (Ziresovir safety in infants makes it especially noteworthy). 

Through the molecular modeling they are connected as being potential inhibitors of the main 

protease, and while this may also be the implied connection gleaned from the AI, the rational is 

not known for sure; as such, we assert some reasonable hypotheses based on their original targets 

and indications.   

 

In particular, efficacy against SARS-CoV-2 may result from the use of certain: 1) PI3K 

inhibitors; and/or 2) tryptase inhibits of human mast cells. Indeed, the role of the PI3K pathway 

in the replication process of certain virus is well established.15–20 Moreover, its role in 

inflammation in such conditions as COPD and asthma is also well known. Mast cells play a 

substantial role in certain allergic responses, as well as providing protection against certain 

pathogens, and overactive inflammatory responses with detrimental effects are known.26–28 

Recently, dysfunctional mast cell activation and histamine release have been implicated in 

SARS-CoV-2 disease, in connection with the possible therapeutic effect of Famotidine.29 A 

natural extension of these hypotheses is that multiple-acting inhibitors or regimens consisting of 

a combination of inhibitors (e.g., main protease inhibitor and PI3K inhibitor) may have unique 

benefits. Only with further experimental information will it be known for sure. 

 

Finally, the interactions seen from the docking poses drew attention to well-known drug 

discovery motifs that may provide useful in the design of future inhibitors of the main protease. 

The carbapenem motif of Razupenem makes several interactions in the oxyanion hole and is 

positioned to make a covalent bond with the catalytic cysteine, something it is well known to do 

with -lactamases. The kinase hinge motif (dihydropyrrole-dione) of Enzastaurin also made 

numerous interactions in the oxyanion hole, and it was also seen in other initial hits we found 

(e.g., Pubchem ID: 448642 and 2403). 
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