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ABSTRACT: Drug discovery campaigns against COVID-19 lag far behind vaccine development, but given the low 
vaccine production rate and unfair distribution, there is still an urgent need to advance reliable and potent anti-SARS-
CoV-2 agents. We aimed to identify novel and effective molecules with dual-target activity against SARS-CoV-2 main 
protease (Mpro) and RNA-dependent RNA-polymerase (RdRp). For this, we designed and evaluated the library of 
hybrid compounds based on pyrazine and 4H-chromen-4-one linked by amide bridges. The synthetic availability of the 
compounds ranged from 3.08 to 3.40, indicating that these compounds are easy to synthesize. According to in silico 
ADMET prediction, most of the compounds satisfied all rules of drug-likeness. Compounds CPC-2, 3, 4, 8, 10, 11-14, 
and 16 were CYP1A2, CYP2C9, and CYP3A4 inhibitors, whereas none of them inhibited CYP2C19 and CYP2D6 
isoforms. All designed compounds were predicted to be well-absorbed in the GI tract but not blood-brain barrier 
permeant and not subject to active efflux. 

Molecular docking studies against SARS-CoV-2 Mpro showed that compounds CPC-1, 6, 7, 8, and 10 could establish 
multiple H-bonds with the binding site residues. In the case of SARS-CoV-2 RdRp, compounds CPC-5, 6, 8, 13, 14, and 
16 had the most favorable binding orientations and could establish H-bonds, pi-cation, and salt-bridges with the binding 
tunnel residues and RNA. Compound CPC-6 turned to be the most promising candidate from the dual-action side since 
it had reasonable docking scores and MM-GBSA ∆Gbind values, and good interaction profiles for both Mpro and RdRp. 

KEYWORDS: Pyrazine; chromen-4-one; ADMET; molecular docking; SARS-CoV-2 Mpro; SARS-CoV-2 RdRp.  

 1.  INTRODUCTION 

Coronaviruses are spherical positive RNA viruses in the Coronaviridae family, with the largest genome 
among all RNA viruses [1]. Coronavirus (SARS-CoV), which emerged in 2003, remained an epidemic, while 
the novel Coronavirus (SARS-CoV-2), which emerged in Wuhan, China, in November 2019, has rapidly spread 
all over the world and become a pandemic [2]. As of 27 April 2021, there have been 147.377.159 confirmed 
infected Covid-19 cases, containing 3.112.041 directly or related deaths, reported to WHO 
(who.sprinklr.com/), and, unfortunately, the number of cases continues to increase day by day, as well. Many 
vaccine and drug studies are ongoing worldwide to overcome this pandemic, but promising results have been 
obtained in vaccine studies only, while drug development campaigns have not yet reached a conclusion. 
However, reasons such as the slow vaccination rate, the opposition to vaccines by society, and the unfair 
distribution of vaccines worldwide (developed countries have easier access than underdeveloped countries) 
point out that the pandemic will last longer than expected. Thus, there is still an urgent need to advance 
reliable and potent anti-SARS-CoV-2 agents. 

The enzyme 3-chymotrypsin-like protease (3CLpro), also known as the main protease enzyme (Mpro), 
cleaves at least 11 sites on the polyproteins translated from the viral RNA of SARS-CoV-2, while it also 
hydrolyses the viral polyproteins pp1a and pp1ab to generate functional proteins during coronavirus 
replication. Mpro has been validated as a potential target for enhancing drugs to treat SARS-CoV-2 due to its 
highly preserved sequence and primary functional features [3-6]. RNA-dependant RNA-polymerase (RdRp), 
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being the essential component of the replication & transcription machinery, is a crucial enzyme for all RNA 
viruses, including coronaviruses [7]. Due to this, RdRp is an attractive therapeutic target, and a few inhibitors 
of RdRp have been designed recently [8]. 

Many studies are in progress, using various approaches to determine potent therapeutics against this 
virus. For example, chloroquine, an immunomodulant drug used in the treatment of malaria, has been 
predicted to be effective in reducing viral replications against coronavirus in in vitro studies [9,10]. Many 

countries have utilized hydroxychloroquine, an analog of chloroquine, at the beginning of the pandemic [11] 
(Figure 1). Another drug, Favipiravir, a carboxamide derivative that functions to selectively inhibit the RNA-
dependent RNA-polymerase of the influenza virus [12], is used to reduce hospitalizations of infected patients 
and to overcome the disease more quickly. However, in recent studies, hydroxychloroquine is not suggested 
because of the worst side effects such as gastrointestinal tracts symptoms. Although favipiravir was used by 
many countries in the treatment at the beginning of the pandemic, its use has decreased with the development 
of vaccines. Further, there are many other already-known and novel drugs in clinical trials against SARS-CoV-
2, such as Indinavir, Saquinavir, Darunavir, ASC09, Ritonavir, Lopinavir, Remdesivir, and Ivermectine [13].  

 

Figure 1. Some of the earlier-known drugs that have been used against SARS-CoV-2. 

In drug discovery studies, many parameters such as which reactants to use and in which amount, 
substituent selection, and whether they are biologically active or not are evaluated to avoid time and resource 
waste. The molecule to be synthesized must have high activity and low toxicity at the same time. The 
conventional step to consider pharmacokinetics is to separate the diverse impacts affecting the access to the 
target into individual parameters. In this context, these ADMET (for Absorption, Distribution, Metabolism, 
Excretion, and Toxicity) parameters can be evaluated separately by reliable methods. In drug design and 
discovery studies, it has been shown that the early estimation of ADMET properties dramatically reduces the 
potential disadvantages in clinical stages. Computer models have been encouraged as an effective alternative 
to experimental procedures to estimate ADMET, particularly at early steps, when studied chemical structures 
are countless, but the availability is limited [14,15]. 

The SwissADME is a web-based platform that is freely accessible at http://www.swissadme.ch and can 
be used even by non-experts in computer-aided drug design (CADD) studies, and the results can be easily 
analyzed. Compared to other web-based tools for determining ADME and pharmacokinetic properties, 
SwissADME key points, in particular, are: various input options, computation for multiple compounds, and 
the opportunity to show, save and share outcomes per individual compounds or through global intuitive and 
interactive graphs. Consequently, SwissADME is combined with the SwissDrugDesign suite. One-click 
interoperability gains access to different CADD tools improved by the Molecular Modeling Group of the SIB 
Swiss Institute of Bioinformatics, e.g., ligand-based virtual screening, biotarget prediction, molecular docking, 
bioisosteric design, or molecular mechanics [16-24]. 

Docking-based virtual screening is a standard strategy used in molecular discovery to screen large 
chemical libraries and identify molecular structures that are most likely to bind to a specific biological target 
[23]. Up to date, more than a hundred papers involving the docking-based discovery of SARS-CoV-2 Mpro or 
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RdRp have been published (to name a few best cited – [7,26-28]). The recent concept of multi-target drug 
design provides some attractive benefits, such as higher resistance tolerance, lower application dose, and 
toxicity [29]. To the best of our knowledge, there was only one study dealing with discovering the dual-
inhibitors of SARS-CoV-2 enzymes [30]. 

In this study, we aimed to identify novel and effective molecules for SARS-CoV-2 infection treatment. 
For this, we designed and evaluated the library of hybrid compounds based on pyrazine and 4H-chromen-4-

one. We primarily looked at the structures of drugs currently used to treat COVID-19 and some other antiviral 
drugs (Figure 2). We hypothesized that the designed compound, including pyrazine ring and chlorine as a 
substituent in the presently used drugs such as favipiravir, chloroquine, and hydroxychloroquine, and the 
coumarin analogs found in many antiviral agents can potentially show dual-target activity and would be 
worthy of exploring [31,32]. Furthermore, the amide bridges as linkers in many compounds play an essential 
role in biological activity by establishing hydrogen bonds with the active site of the target proteins [33]. 
Therefore, we used favipiravir and 4H-chromen-4-one core and amide bridges as a linker to study against 
SARS-CoV-2 Mpro and RdRp in silico. 

 

Figure 2. Pyrazine, 4H-chromen-4-one and amide bridge containing antiviral agents and target compound 
structure. 

2. RESULTS and DISCUSSION  

2.1. In silico ADME Prediction 

The ADME prediction for the 16 novel designed compounds was performed with the SwissADME tool, 
and a set of physicochemical properties, including hydrogen-bond acceptors (nHA), hydrogen-bond donors 
(nHD), and topological polar surface area (TPSA), were calculated. Besides, lipophilicity (iLOGP, XLOGP3, 
WLOGP, MLOGP, SILICOS-IT, and Consensus Po/w), water-solubility properties (ESOL, Ali, SILICOS-IT), 

synthetic accessibility, and drug-likeness factors (Lipinski’s Rules, Ghose, Veber, Egan, Muegge) were also 
predicted. All designed compounds showed high topological polar surface area (TPSA) ranging from 114.19 
Å2 to 160.01 Å2, and these compounds were found to be highly soluble or at least moderately soluble with the 
Log S values ranging from -2.62 to -4.25 mg/mL. The number of HD (nHD) of the compounds was between 2 
and 4, whereas the nHA was between 6 and 9. The presence of HD and HA groups in a compound may suggest 

that this compound can establish H-bonds with the target protein's active site. Accordingly, the molecular 
docking results demonstrated that the designed compounds make H-bonds with specific amino acids in the 
SARS-CoV-2 Mpro enzyme. The calculated lipophilicity properties were given in a consensus model (n-octanol 
and water: Log Po/w), which was ranging from 0.27 to 2.06. Pharmacokinetic properties such as GI absorption, 

BBB permeability, P-gp substrate-likeness, and skin permeation (Log Kp) were also calculated, and the 
designed compounds exhibited high Gastrointestinal absorption (GI) except for compounds CPC-6, CPC-7, 
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CPC-14, and CPC-15 which include nitro or dihydroxy as a substituent in the chromene core, while none of 
them showed blood-brain barrier permeability. Skin permeation kinetics (Log Kp) were from -6.82 to -8.02 

cm/s, as shown in Table 1. Moreover, the synthetic availability of the designed compounds ranges from 3.08 
to 3.40, indicating that these compounds are easy to synthesize (values range from 1 (very easy) to 10 (very 
difficult)). 

Table 1. Predicted physiochemical properties of the designed compounds. 

Comp. 
No 

TPSA (Å2) nHD nHA Log Po/w Log S Log Kp 
(cm/s) 

PAINS Synthetic 
accessibility 

CPC-1 134.42 3 8 0.67 -2.76 -7.68 0 3.12 
CPC-2 114.19 2 7 1.52 -3.20 -7.15 0 3.25 
CPC-3 114.19 2 7 1.63 -3.81 -7.31 0 3.18 
CPC-4 114.19 2 7 1.75 -3.50 -7.09 0 3.11 
CPC-5 123.42 2 8 0.99 -2.97 -7.53 0 3.21 
CPC-6 154.65 4 9 0.27 -2.62 -8.02 1 3.18 
CPC-7 160.01 2 9 0.32 -2.96 -7.72 0 3.23 
CPC-8 132.65 2 9 1.21 -3.04 -7.73 0 3.40 
CPC-9 134.42 3 7 0.91 -3.20 -7.40 0 3.08 
CPC-10 134.42 2 6 1.73 -3.64 -6.88 0 3.21 
CPC-11 114.19 2 6 2.06 -4.25 -7.04 0 3.12 
CPC-12 114.19 2 6 1.87 -3.93 -6.82 0 3.08 
CPC-13 123.42 2 7 1.36 -3.41 -7.25 0 3.17 
CPC-14 154.65 4 8 0.53 -3.05 -7.75 1 3.14 
CPC-15 160.01 2 8 0.55 -3.39 -7.45 0 3.19 
CPC-16 132.65 2 8 1.42 -3.48 -7.46 0 3.36 

Another essential piece of information is the possibility of interaction with cytochromes P450 (CYP). 
This superfamily of isoenzymes is a crucial player in drug elimination through metabolic biotransformation 
[34]. It has been proposed that CYP and P-gp can synergistically commit small compounds to prevent their 
action in tissues and organisms [35]. One can anticipate that 50 to 90% (depending on the authors) of medicinal 
compounds are substrates of five substantial CYP isoforms (CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4) 
[36,37]. Considering our results, the compounds CPC-2, 3, 4, 8, 10, 11-14 and 16, which contain a halogen, 
methyl, or methoxy group as a substituent in chromene and chlorine or fluorine linked to pyrazine core, were 
found to be CYP1A2, CYP2C9 and CYP3A4 inhibitors, whereas none of the designed compounds exhibited 
positive results for CYP2C19 and CYP2D6 isoforms (Table 2).  

Drug-likeness defines qualitatively the capability of a compound to be an oral drug in accordance with 
bioavailability. Drug-likeness was determined from structural or physicochemical controls of improvement 
compounds developed to be oral drug candidates. Swiss-ADME supplies five different rule-based filters: 
Lipinski, Ghose, Veber, Egan, and Muegge. All of the designed compounds obey the Lipinski and Ghose rules. 
On the other hand, compounds CPC-1, 6, 7, 14, and 15 violated the Veber, Egan, and Muegge rules due to high 
TPSA results, which have to be ≤ 140, ≤ 131.6, and ≤ 150, respectively. Furthermore, the bioavailability radar 
of the compounds is given in Figure 3, and the colored zone depicts suitable physicochemical space for oral 
bioavailability.    

Table 2. Predicted pharmacokinetics and drug-likeness of the designed compounds. 
Compounds (CPC) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Pharmacokinetics                 

GI absorption ↑ ↑ ↑ ↑ ↑ ↓ ↓ ↑ ↑ ↑ ↑ ↑ ↑ ↓ ↓ ↑ 
BBB permeability - - - - - - - - - - - - - - - - 
CYP1A2 inhibitor - + + + - - - + - + + + + - - + 
CYP2C19 inhibitor - - - - - - - - - - - - - - - - 
CYP2C9 inhibitor - + + + - - - + - + + + + - + + 
CYP2D6 inhibitor - - - - - - - - - - - - - - - - 
CYP3A4 inhibitor - + + + + - - + - + + + + - - + 
Lipinski + + + + + + + + + + + + + + + + 
Ghose + + + + + + + + + + + + + + + + 
Veber + + + + + - - + + + + + + - - + 
Egan - + + + + - - - - + + + + - - - 
Muegge + + + + + - - + + + + + + - - + 
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Figure 3. The Bioavailability Radar gives a first glance at the drug-likeness of the compounds. The pink area 
represents the optimal range for each property (lipophilicity: XLOGP3 between −0.7 and +5.0, size: MW 
between 150 and 500 g/mol, polarity: TPSA between 20 and 130 Å2, solubility: log S not higher than 6, 

saturation: fraction of carbons in the sp3 hybridization not less than 0.25, and flexibility: no more than 9 
rotatable bonds. 

Furthermore, the BOILED-Egg profile, which enables the intuitive consideration of passive 

gastrointestinal absorption (HIA) and brain penetration (BBB) in the function of the position of the molecules 

in the WLOGP-vs.-TPSA referential was screened for the selected five compounds [38]. The white area 

corresponds to a high probability of passive absorption in the GIT, while the yellow area is for a high 

probability of brain penetration. Also, the marks are colored in blue if predicted as actively effluxed by P-gp 

(PGP+) and in red if estimated as non-substrate of P-gp (PGP−). All designed compounds were estimated to 

be well-absorbed but not accessing the brain, and all compounds, except for CPC-8 that includes a dimethoxy 

group in chromene core and fluorine in pyrazine and is subjected to active efflux (blue dot), were not subject 

to active efflux (red dot) (Figure 4). 
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Figure 4. BOILED-Egg presentation of the compounds. 

2.2. Target Prediction 

The target estimation of all compounds was performed using the SwissTargetPrediction platform with 

the following investigations of the results depicted as a pie-chart (Figure 5). The CPC-1 and CPC-9, containing 

respectively hydroxy and fluorine and hydroxy and chlorine linked to chromene and pyrazine structure as a 

substituent, were predicted as 33%, 40% of protease. In contrast, CPC-2 with methyl in chromene ring and 

fluorine in pyrazine was predicted as 40% of Family A G-protein-coupled receptor. CPC-6 and CPC-15 were 

estimated as lyases with 27%; also, compound CPC-14 was found to be 20% of phosphatase. All other 

compounds were predicted as kinase inhibitors with varying percentages, as given in Figure 5. One of the 

compound’s (CPC-10) result table comprising Common Name, Uniprot ID, Target, ChEMBL-ID, Probability, 

Target Class, and Known actives in 2D/3D are given in the Supporting Information file (Figure S1). 

2.3. Toxicity Prediction 

AMES test is a widely utilized process to determine a compound mutagenic potential using bacteria. A 

positive test demonstrates that the compound is mutagenic and thus may behave as a carcinogen. The 

maximum recommended tolerated dose (MRTD) serves as a prediction of the toxic dose threshold of chemicals 

in humans, and for a better MRTD has to be ≤ 0.477 log (mg/kg/day). Skin sensitization is a probable side 

effect for a dermal application of a natural or synthetic compound. T. Pyriformis is a protozoan with its toxicity 

generally used as a toxic measure, and if the results are higher than -0.5 log µg/L, a compound can be 

considered toxic. Furthermore, if Minnow LD50 < -0.3, it can be regarded as high acute toxicity 

(http://biosig.unimelb.edu.au/pkcsm/). Hepatoxicity represents drug-induced liver injury. According to our 

toxicity predictions, compounds CPC-7, CPC-11, and CPC-15 showed negative AMES toxicity. Compounds 

CPC-1, 5, 6, 8, 9, 13, 14, and 16 violated the MRTD, while other compounds were found to be suitable. None 

of the compounds was predicted to be a hERG inhibitor. The designed compounds showed acute and chronic 

oral rat toxicity with varying LD50 and LOAEL results. The compounds exhibited hepatoxicity, whereas they 

were not predicted to cause skin sensitization (Table 3). 

2.4. Molecular Docking 

At first, validation re-docking was performed using different protocols and a complex of SARS-CoV-2 

Mpro with inhibitor telaprevir (PDB id – 6ZRT). Glide XP without explicit constraints could successfully 

reproduce the crystallographic binding orientation of telaprevir with RMSD < 1.0 Å with a correct dominant 

cluster of poses, so it was selected as the main protocol for the docking of studied compounds. 10 out of 16 

compounds could be docked into the orthosteric site of Mpro, namely, CPC-1, 3, 4, 6, 7, 8, 10, 12, 14, and 15. The 

best docking score was achieved by compounds CPC-6, 14, 1, and 8: -7.17, -6.61, -6.45, and -6.06, respectively 

(XP g-score of a reference ligand was -8.26). However, CPC-14 could not establish enough H-bonds with the 
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active site residues, so it was excluded from further analysis. Most of the compounds established H-bond 

between the secondary amine group and H164 residue (Figure 6). CPC-6 had the best binding orientation since 

it established four H-bonds throughout the whole extended molecule, and such binding mode should have 

made the molecule well-fixed in the Mpro active site: pyrazine ringed H-bonded with G140, secondary amine 

group interacted with H164, 6,7‐dihydroxychromen‐4‐one had two H-bonds with T190, and three keto-groups 

were exposed to the solvent. CPC-1 and CPC-7 also seem to have rigid poses, and each of them establishes 

three H-bonds with G140, H164, and T190 (CPC-1) or H164, E166, and Q192 (CPC-7). MM-GBSA calculations 

showed ∆Gbind values in the range from -67.3 (best; CPC-15) to -45.4 (worst; CPC-14) kcal/mol. The compounds 

with favorable binding poses (Figure 6) also had high ∆Gbind values: -55.8 (CPC-1), -53.3 (CPC-6), -63.8 (CPC-

7), -59.4 (CPC-8), and -59.4 (CPC-10) kcal/mol. Such highly negative values indicate that the selected 

compounds can potentially bind strongly to the SARS-CoV-2 Mpro active site (Table S1). 

CPC-1 CPC-2 CPC-3 CPC-4 

CPC-5 CPC-6 CPC-7 CPC-8 

 
CPC-9 

 
CPC-10 

 
CPC-11 

 
CPC-12 

 
CPC-13 

 
CPC-14 

 
CPC-15 

 
CPC-16 

Figure 5. SwissTargetPrediction of the designed compounds. 

 

 
 

 

Table 3. Toxicity prediction results for the selected compounds. 
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Comp. 

AMES 
tox. 

Max. 
Tolerated 
Dose 

hEGR 
I inh. 

hEGR 
II inh. 

Oral Rat 
Acute 
Tox. 
(LD50) 

Chronic 
Oral Rat 
Tox. 
(LOAEL) Hepatox. 

Skin 
Sens. 

T.Pyriformis 
 tox. 

Minnow 
tox. 

CPC-1 No 0.896 No No 1.748 1.656 Yes No 0.295 2.006 
CPC-2 No 0.465 No No 1.638 1.685 Yes No 0.309 1.172 
CPC-3 No 0.465 No No 1.651 1.635 Yes No 0.306 0.808 
CPC-4 No 0.473 No No 1.641 1.641 Yes No 0.306 0.954 
CPC-5 No 0.659 No No 1.623 1.693 Yes No 0.292 1.434 
CPC-6 No 1.072 No No 1.973 2.041 Yes No 0.286 2.114 
CPC-7 Yes 0.367 No No 2.016 1.746 Yes No 0.292 0.479 
CPC-8 No 0.791 No No 1.662 2.013 Yes No 0.286 1.671 
CPC-9 No 0.869 No No 1.791 1.620 Yes No 0.296 1.673 
CPC-10 No 0.428 No No 1.694 1.649 Yes No 0.311 0.839 
CPC-11 Yes 0.429 No No 1.704 1.599 Yes No 0.309 0.475 
CPC_12 No 0.437 No No 1.694 1.606 Yes No 0.309 0.621 
CPC-13 No 0.622 No No 1.673 1.658 Yes No 0.294 1.101 
CPC-14 No 1.505 No No 1.996 2.005 Yes No 0.286 1.781 
CPC-15 Yes 0.351 No No 2.048 1.711 Yes No 0.293 0.145 
CPC-16 No 0.754 No No 1.704 1.978 Yes No 0.286 1.337 

 

 

Figure 6. Interaction diagrams for the compounds with the highest predicted affinity to SARS-CoV-2 Mpro. 
a) CPC-1, b) CPC-6, c) CPC-7, d) CPC-8, e) CPC-10. Pink lines – H-bonds; green – pi-pi interactions. 

In the case of SARS-CoV-2 RdRp, we had to test more protocols since basic SP/XP unguided docking 
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produced poses that were correct only in part. We used the Cryo-EM structure of the SARS-CoV-2 replicating 
polymerase complex in the pre-catalytic state bound to inhibitor favipiravir-RTP (PDB id – 7CTT). The 
crystallographic pose could be reproduced using an explicit constraint on the position of the pyrazine ring 
with RMSD < 2.0 Å (again, the major cluster corresponded to the reference orientation), so the actual docking 
studies were performed using that constraint. 12 out of 16 compounds could be docked into the RdRp active 
site, namely CPC-1, 2, 5, 6, 7, 8, 9, 10, 13, 14, 15, and 16. Only clusters of poses resembling favipiravir-RTP. 
Although docking scores were lower than in the case of Mpro docking, the number and variety of interactions 
with the active site residue were higher. For example, CPC-14 established five H-bonds and one pi-cation 
interaction with the active site residues + pi-pi interaction, H-bond and halogen interaction with RNA present 
in the binding pocket (Figure 7). The highest reached XP g-score was -4.47 (CPC-14); compounds CPC-16, 13, 
8, and 6 also had similar scores: -4.17, -4.12, -4.05, and -4.03, respectively (XP g-score of a reference ligand was 
-5.23). MM-GBSA scores were also lower compared to Mpro docking: compounds CPC-6, 14, and 13 had the 
best ∆Gbind values, namely -49.8, -44.2, and -40.4 kcal/mol, respectively. Visual inspection showed that 
compounds CPC-5, 6, 8, 13, 14, and 16 had the most favorable binding orientations (Figure 7). The binding 
pocket of RdRp has many charged residues, and compounds CPC-5, 6, 8, 13, and 14 established pi-cation 
interactions with R553 and R555 and, CPC-6 and CPC-7 – salt-bridges K621 and K798. Combining the 
interactions, docking score, and predicted ∆Gbind values, compounds CPC-6 (Table S2), CPC-13, and CPC-14 
turned to be the most promising for further developments. 

 

Figure 7. Interaction diagrams for the compounds with the highest predicted affinity to SARS-CoV-2 RdRp. 
a) CPC-5, b) CPC-6, c) CPC-8, d) CPC-13, e) CPC-14, f)CPC-16. Pink lines – H-bonds; red – pi-cation 
interactions; green – pi-pi interactions; pale brown – halogen interactions; red & blue - salt bridges. 
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Binding pockets of Mpro and RdRp differ significantly in their shape, volume, and physicochemical 

properties (Figure 8): in Mpro, the binding site is vast and shallow and has a relatively undetectable negative 

charge, while in RdRp, the binding pocket resembles deep and narrow tunnel packed with both negatively 

and positively charged residues (Figure 8b). From the dual-action side, CPC-6 turned to be the most promising 

candidate. Docking studies showed that it could establish various favorable interactions with the residues in 

both Mpro and RdRp proteins (Figure 6, 7, 8). In the case of Mpro, CPC-6 is fixed throughout its length utilizing 

four H-bonds (Figure 6b), while in RdRp, CPC-6 established not only H-bonds but also salt-bridges and pi-

cation interactions with the binding pocket (Figure 7b). 

a) b)  

Figure 8. Binding pose of the most promising dual-acting compound CPC-6 in the active site of SARS-CoV-
2 Mpro (a) and RdRp (right). Yellow dashed lines indicate H-bonds, red color shows negatively charged 
regions, and blue corresponds to positive surface patches. 

Considering the further improvement of the candidate compound CPC-6, the task seems to be 

challenging given the dissimilar nature of the binding pockets. However, RdRp binding tunnel still has 

enough unoccupied space that can be filled with additional polar groups attached to the 6,7‐

dihydroxychromen‐4‐one core. To improve affinity towards the Mpro binding site, the compound can be made 

bulkier by adding more polar groups to occupy extra space and establish more interactions with the shallow 

and broad polar site. In further studies, the local chemical space around CPC-6 can be explored to identify 

slightly bulkier derivatives with stronger affinity to both Mpro and RdRp binding pockets. 

2.5. Synthetic accessibility & novelty of the compounds 

The target compounds designed in this study can be synthesized according to Scheme 1 for further 

examination. For this purpose, firstly, CPC-1 reacts with hydrazine hydrate to obtain the corresponding 

hydrazide compound (CPC-2). Secondly, the 4-oxo-4H-chromene-3-carboxylic acid derivative reacts with 

thionyl chloride to get the corresponding compound. Finally, the target compounds can be achieved by the 

reaction between obtained compounds CPC-2 and CPC-4.  

Since all the compounds have the same chemical scaffolds, their Tc values against a reference set of 

SARS-CoV-2 inhibitors were very similar. Tc values of the most novel compounds in the list, CPC-10, and 

CPC-11 are 0.35 each, while the least novel compound, CPC-13, has Tc equal to 0.40. Tc value of the most 

promising dual-acting compound, CPC-6, is 0.37. Such low Tc values indicate that 4‐oxo‐N'‐(pyrazine‐2‐

carbonyl)chromene‐3‐carbohydrazide scaffold has never been tested against SARS-CoV-2 target proteins 

before and, thus, represents a yet-unexplored part of chemical space. 
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Scheme 1. Synthetic accessibility of the target compounds. 

Compound R R1 Compound R R1 

CPC-1 5-F 6-OH CPC-9 5-Cl 6-OH 

CPC-2 5-F 6-CH3 CPC-10 5-Cl 6-CH3 

CPC-3 5-F 6-Br CPC-11 5-Cl 6-Br 

CPC-4 5-F 6-Cl CPC-12 5-Cl 6-Cl 

CPC-5 5-F 6-OCH3 CPC-13 5-Cl 6-OCH3 

CPC-6 5-F 6,7-diOH CPC-14 5-Cl 6,7-diOH 

CPC-7 5-F 6-NO2 CPC-15 5-Cl 6-NO2 

CPC-8 5-F 6,7-diOCH3 CPC-16 5-Cl 6,7-diOCH3 

3. CONCLUSION 

This study aimed to identify new chemical entities with a dual-target activity to advance drug discovery 
efforts against SARS-CoV-2 infection. Using in silico approach, we created a library of hybrid compounds 
combining pharmacophores to the essential viral enzymes, Mpro and RdRp, and predicted that CPC-6 (N'‐(5‐
fluoropyrazine‐2‐carbonyl)‐6,7‐dihydroxy‐4‐oxo‐4H‐chromene‐3‐carbohydrazide) had good docking scores 

and MM-GBSA ∆Gbind values and good interaction profiles for both Mpro and RdRp. Besides, the chemical 
scaffold of the compound has never been reported to inhibit the SARS-CoV-2 replication before, and it was 
shown to satisfy most of the drug-likeness rules, so this compound can serve as a starting point for the 
development of novel dual-acting drug candidates against COVID-19 infection. 

4. MATERIALS AND METHODS 

4.1. ADME Prediction  

ADME (Adsorption, Distribution, Metabolism, and Excretion) is significant to estimate the 
pharmacodynamics of the designed compounds, which could be a candidate agent in drug design and 
discovery studies. SwissADME is a web-based platform that lets users upload or draw their hit compounds 
with structure or SMILES code. This tool supplies many parameters such as lipophilicity (iLOGP, XLOGP3, 
WLOGP, MLOGP, SILICOS-IT, Log Po/w), water solubility – Log S (ESOL, Ali, SILICOS-IT), drug-likeness 
rules (Lipinski, Ghose, Veber, Egan, and Muegge) and Medicinal Chemistry (PAINS, Brenk, Leadlikeness, 
Synthetic accessibility) methods [39]. The designed novel SARS-CoV-2 RdRp inhibitors were uploaded using 
SMILES codes and analyzed. 

4.2. Target Prediction 

Molecular Target investigations are crucial to determine putative phenotypical side effects or potential 
cross-reactivity induced by the action of a bioorganic compound of which molecular weight is not higher than 
500 g/mol [24].  SMILES codes of the designed compounds were uploaded to the Swiss Target Prediction 
website to analyze their putative off-targets in the human organism (https://www.swisstargetprediction.ch). 
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4.3. Toxicity Prediction 

Toxicological predictions for bioorganic compounds are essential to estimate the amount of tolerability 
of the hit compounds before in vitro, in vivo, and clinical studies. PkCSM is also a web-based platform for 

analyzing physicochemical properties of small compounds, and this online website supplies many toxicology 
parameters such as LD50, hERG-I inhibition, AMES toxicity, hERG-II inhibition, human maximum tolerated 
dose, LOAEL, skin toxicity, T. pyriformis toxicity, hepatotoxicity, and Minnow toxicity. SMILES codes of the 

designed compounds were uploaded to the pkCSM website to analyze their putative toxicity 
(http://biosig.unimelb.edu.au/pkcsm/) [32]. 

4.4. Molecular Docking and Scoring 

Glide software incorporated in Schrodinger Small Molecule Suite 2020-4 was used to dock the 
compounds into SARS-CoV-2 Main protease (Mpro) and RNA-dependant RNA-polymerase (RdRp). Before 
grid generation, target protein structures (PDB ids: 6ZRT for Mpro and 7CTT for RdRp) were prepared using 
the Protein Preparation module in Maestro with the correction of bond orders, the addition of missing side-
chains and hydrogens, and removal of crystallographic waters. Then, a restrained energy minimization under 
the OPLS-3 force field was applied. The active sites of the prepared proteins were defined using default 
parameters of receptor-grid generation (using a scaling factor of 0.8 for the Van der Waals radii of protein 
atoms) present in the Glide module. Grid boxes were generated around the reference ligands of 6ZRT and 
7CTT complexes with the following parameters: center of grid-box – 122.38 / 124.73 / 129.18 for 7CTT and 
7.24 / 16.26 / 23.41 for 6ZRT, and grid box size was adjusted to dock the ligands similar in size to the reference 
ligands using the corresponding option in Glide. A constrain was applied to keep the pyrazine ring in a 
reference position with a possible deviation < 0.6 Å for the docking against RdRp. The ligands were prepared 
with the LigPrep module, and all possible tautomers were generated at pH 7.0 ± 2.0 using Epik, the specified 
chiralities were retained. The in-depth conformational search for each ligand was carried out with the ConfGen 
module using the default options. Different docking calculations were performed for each grid using a ligand 
Van der Waals scaling factor of 0.8 or 1.0, and sampling was performed by either SP or XP algorithms 
(according to control re-docking results) using the default GlideScore scoring function. MM-GBSA calculations 
were performed with Prime using the minimization sampling method and explicit flexibility of the 5-Å zone 
around the ligand. 2D interaction maps were visualized using the Ligand Interactions function in Maestro. 

4.5. Estimation of compounds novelty 

The novelty of all compounds was estimated using the Schrodinger Canvas software. We calculated the 
maximum pairwise Tanimoto similarity of each hit to the 7127 compounds in the ChEMBL28 database that 
were shown to inhibit SARS-CoV-2 (all targets) replication in vitro using the extended chemical fingerprints 

for four atoms (ECFP4). Those compounds with the lowest Tc values were treated as the most dissimilar (and 
thus novel) to already-known compounds and suitable for developing SARS-CoV-2 dual-targeting drugs. 
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