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a b s t r a c t 

The recent prevalence of coronavirus disease in 2019 (COVID-19) has triggered widespread global health 

concerns.Antiviral drugs based on phosphoramides have significant inhibitory activity against the main 

protease (M 

pro ) of the virus and prevent transcription and viral replication. Hence, in order to design 

and introduce a group of inhibitors affecting the coronavirus, 35 phosphoramide compounds based on 

phospho-guanine and phospho-pyrazine derivatives were selected for molecular docking study. The re- 

sults showed that most phosphoguanides containing the amino benzimidazole have a high interaction 

tendency with COVID-19. Among them, compound 19 was identified as the strongest inhibitor with the 

-9.570 kcal/mol binding energy whereas, the binding energy of Remdesivir is -6.75 kcal/mol. The quan- 

titative structure-activity relationship (QSAR) results demonstrated that the number of aromatic rings, 

amide’s nitrogens and their ability in π-staking, and hydrogen interactions with M 

pro active sites are ma- 

jor factors contributing to the inhibitory activity of these compounds.Also, the NCI-RDG and DFT results 

were in good accordance with those of QSAR and molecular docking. The findings of this investigation 

can be underlying the synthesis of effective and efficient drugs against COVID-19. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

In recent months, the world has been facing a widespread ill- 

ess known as “Coronavirus disease-2019 (COVID-19)” which has 

ffected the global health and economy [1] . COVID-19 is a res- 

iratory disease that might be causing fever, malaise, dry cough, 

neumonia, and even to death [ 2 , 3 ]. There hasn’t produced any

afe and accepted medications to treat or prevent this infection yet 

4] . Scientists around the world are attempting to achieve an ef- 

ective drug for this global pressing problem [ 5 , 6 ]. Effective antivi-

al drugs based on phosphorus amide and phosphate with pyrazin 

nd imidazole rings in their structure such as Adefovir, Foscarnet, 

enofovir, Sofosbuvir, Uprifosbuvir, and Remdesivir have been ex- 

mined for the treatment of COVID-19 [7] . These drugs are effi- 

ient against Hepatitis, HIV, Influenza, and Ebola viral diseases [7] . 

mong these compounds, Remdesivir (GS-5734) was believed to be 

he most promising drug which can be used for treatment against 

OVID-19 [8] . This compound is a mono phosphoramidate prodrug 
∗ Corresponding author. 
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ith a broad-spectrum antiviral activity against pneumoviruses, 

aramyxoviruses, filoviruses, and coronaviruses [ 8 , 9 ], clinical tests 

re presently conducting to specify the complete efficacy of this 

rodrug in patients [ 10 , 11 ]. Recent studies reveal that the act- 

ng mechanism of the above-mentioned drugs is through inhibit- 

ng the main protease of the virus. Indeed, the inhibition poten- 

ial of the main protease (M 

pro ) is the most hopeful drug target 

gainst coronaviruses [12–16] . The broadly used in modern drug 

esign, molecular docking methods explore the ligand conforma- 

ions adopted within the binding sites of macromolecular targets 

 17 , 18 ]. These procedures are logically successful for the prediction 

f binding affinity and have shown promising potential in facili- 

ating drug design [19] . Hence, in this work, due to the need to 

iscover new inhibitors and factors affecting M 

pro inhibition, an at- 

empt will be made to introduce new inhibitors based on phospho- 

amides with the higher COVID-19 M 

pro inhibition potential than 

urrent acceptable drugs by molecular docking method. Many of 

ynthetic and natural physiologically active compounds are of the 

uanidine and pyrazine motifs in their structures [ 20 , 21 ]. These 

ioactive compounds exhibit a variety of pharmaceutical properties 

uch as anticancer agent [22] , HIV protease inhibitor [ 23 , 24 ], anti-

alarial [25] , histamine H2 receptor antagonist [26] , anti-hepatitis 

https://doi.org/10.1016/j.molstruc.2021.131481
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.131481&domain=pdf
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Fig. 1. General structure of the compounds studied. 
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27] , antimicrobial [28] , fungicidal [29] , anti-malarial [25] , and 

nti-inflammatory [28] . Some research proves that phosphoryla- 

ion of various drugs may be able to increase their biological activ- 

ty [30] . There are compounds containing phospho guanidine and 

hospho pyrazine which represent agricultural and medicinal ap- 

lications. Additionally, we have recently reporteed some of these 

ompounds with both abilities to inhibits the acetylcholinesterase 

nzyme and low human toxicity [31–33] . Among the various phos- 

horamide derivatives [ 31 , 33–35 ], we have studied phosphoguani- 

ines and phosphopyrazines as effective compounds in drug de- 

ign because of their extensive biological properties [ 31 , 33 ]. Due 

o the fact that Phosphoramides are able to inhibit the main pro- 

ease [36] , In this work we selected 35 phosphoramide compounds 

ncluding the guanidine and pyrazine with the general formula 

R 1 )(R 2 )P(X)–Y, that X = O or S, Y = creatine, amino pyrazine, amino

enzimidazole, or amino pyrimidines, R 1 = (C 6 H 5 , OC 6 H 5 , OCH 3 , or

CH 2 CH 3 ), and R 2 = (R, Y) ( Fig. 1 , Table 1 ). Molecular docking cal-

ulations are a beneficial tool to pave the way for drug discovery 

nd saving resources and time for researchers. Hence, the Molecu- 

ar docking study was performed to evaluate the efficacy of phos- 

horamide based bioactive compounds against COVID-19 M 

pro . The 

dentification of compounds (phosphobenzymidazoles and phos- 

hopyrimidines) was reported as potent inhibitors of M 

pro by us- 

ng the docking approach. The most efficient parameters affecting 

he inhibitory activity of the compounds were obtained through 

uantitative structure-activity relationship (QSAR) studies with Ge- 

etic Algorithm-Artificial Neural Networks (GA-ANN). Also, Density 

unctional Theory (DFT) calculations including Frontier molecular 

rbitals, Reduced Density Gradient (RDG), molecular electrostatic 

otential (MEP) were used to verify docking and QSAR results. 

. Results and discussion 

.1. Structural analysis of docking 

Since the main protease of severe acute respiratory syndrome 

oronavirus, M 

Pro of SARS-CoV-2, has been identified as a suit- 

ble drug target to inhibition of this virus and COVID-19 [ 37 , 38 ],

e have investigated the possible ways to inhibition of phospho- 

amides against COVID-19 and also determined their orientation 

ithin the binding pocket of M 

Pro . To achieve these goals, we per- 

ormed the molecular docking of 35 titled compounds with the 

 

Pro of COVID-19. 
2 
The results of docking analysis indicated that compounds con- 

aining amino pyrimidine and amino benzimidazole substitutions 

ave a higher inhibitory effect and lower binding energy than 

hose containing creatine substitutions. Additionally, this class of 

ompounds displays different trends to interact with protease, de- 

ending on the different attached substitutions to the phosphorus 

tom and pyrimidine rings ( Fig. 2 ). The extracted data from the 

ocking simulation such as free binding energy and inhibition con- 

tants (Ki) are presented in Table 2 . Accordingly, the lowest and 

ighest free binding energy belong to compounds 19 ( �G binding = - 

.57) and 5 ( �G binding = -4.02), respectively. This indicates the high 

endency of compound 19 to interact with the active sites of main 

rotease of virus compared to other compounds. This tendency of 

9 is bigger than some approved drugs such as Galidesivir, Remde- 

ivir, Tenofovir, Sofosbuvir, and Ribavirin. 

Obtained interactions from docking between some given 

olecules and M 

pro of COVID-19 are depicted in Fig. 2 . Drawing a 

omparison between compounds in this figure reveals that, hydro- 

en bonding interactions are present in all ligand-protease com- 

lexes. Also, compounds 9, 10, 13-16, 19, and 29-32 are able to 

ind to the new coronavirus protease better than phosphoramidate 

ntiviral drugs. In addition to hydrogen interactions, the mentioned 

ompounds have π- π stacking, π-sulfur, and π-alkyl interactions. 

hese interactions will increase as a result of increasing the num- 

er of aromatic substituents ( Fig. 2 ). Comparing the interactions 

etween compounds 15 and 19 with M 

pro , shows the effect of the 

itrogen of amide and its ability to hydrogen interaction, which 

he binding affinity to the COVID-19 protease is enhanced by re- 

lacing the benzamide with phenyl group and increasing hydrogen 

nteractions ( Fig. 2 E, F). The interaction model of compound 19 is 

epicted in Fig. 3 as illustrated, amide hydrogens and the carbonyl 

roup of benzamide were involved in the formation of hydrogen 

onds with Gln189, His164, and Glu166 residues from the active 

ite of the M 

pro , respectively. Furthermore, aromatic rings were 

onnected to Glu143, Cys145, and Met165 via π-Alkyl bonds and 

lso to His163 and Cys145 residues through the π- π and π-sulfur 

nteractions. These interactions have led to more stability of the 

arget complex. In general, the connection desire of the inhibitors 

o COVID-19 protease depends on the position, size, volume, type 

f inhibitors’ substituents, and their ability to form hydrogen in- 

eractions and π-stacking with active sites of the protease. In ac- 

ordance with these studies and to obtain a rational relationship 
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Table 1 

Docked and predicted binding energy values for phosphoguanidines and phosphopyrazines using GA-ANN. 

No. Structure Ki �Gbinding (kcal/mol) �G Pred. GA-ANN �G Pred. LOO GA-ANN 

1 10.46 −6.790 −6.53 −6.17 

2 9.53 −6.850 −6.06 −6.15 

3 106.93 −5.420 −5.96 −6.24 

4 155.8 −5.190 −5.65 −5.56 

5 1130 −4.020 −4.23 −4.39 

6 458.11 −4.560 −4.42 −4.36 

7 1.66 −7.890 −8.04 −8.14 

8 1.13 −8.110 −7.82 −7.79 

9 0.27149 −8.960 −8.90 −8.92 

10 0.42244 −8.700 −8.66 −8.60 

11 80.96 −5.580 −5.45 −5.42 

12 126.82 −5.320 −5.40 −5.40 

13 0.58149 −8.510 −8.43 −8.23 

14 0.7948 −8.320 −8.42 −8.17 

15 0.20594 −9.120 −9.27 −9.28 

16 0.15927 −9.270 −9.47 −9.49 

17 38.95 −6.020 −6.12 −6.24 

18 62.04 −5.740 −5.82 −6.12 

( continued on next page ) 

3 
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Table 1 ( continued ) 

No. Structure Ki �Gbinding (kcal/mol) �G Pred. GA-ANN �G Pred. LOO GA-ANN 

19 0.09676 −9.570 −9.54 −9.44 

20 773.82 −4.240 −4.45 −4.56 

21 4.95 −7.240 −7.32 −7.22 

22 5 −7.230 −6.90 −6.79 

23 8.12 −6.940 −7.49 −8.13 

24 7.03 −7.030 −6.91 −6.90 

25 1.39 −7.990 −7.73 −7.42 

26 6.21 −7.100 −7.40 −7.32 

27 173.36 −5.130 −4.94 −4.88 

28 200.67 −5.040 −5.27 −5.22 

29 1.04 −8.160 −8.00 −7.91 

30 0.8069 −8.310 −7.77 −7.62 

31 0.51533 −8.580 −8.79 −8.93 

32 0.17826 −9.210 −8.56 −8.57 

33 55.66 −5.800 −7.08 −7.86 

34 392.75 −4.650 −4.45 −4.31 

35 11.08 −6.760 −6.94 −6.84 

4 
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Fig. 2. Interactions established after docking the (A) 5, (B) 4, (C) 35, (D) 24, (E) 15, and (F) 19 against SARS-CoV-2 .Inhibitors are in green, while the active protein site 

pockets are light blue. The dotted lines illustrate various interactions between 19 and the active site residues, which including hydrogen bond (green), π–anion (Orange), π–

π (Purple) and π–alkyl (pink) interactions. 
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etween the structure and activity of compounds, the QSAR study 

as conducted. 

.2. QSAR analysis 

QSAR calculations in the Genetic Algorithm and Artificial Neural 

etwork (GA–ANN) method were conducted to specify the most 

mportant descriptors having an inhibitory activity against coro- 

avirus 2019 (COVID-19). Seven descriptors, from total 175 struc- 

ural and electrical descriptors, were selected as the most impor- 

ant descroptors in GA method which are the number of aromatic 

ubstituted carbons (nCaR), number of aromatic unsubstituted car- 

ons (nCaH), number of nitrogens connected to phosphor (N-072), 

umber of nitrogens of the aromatic ring (N-075), highest occupied 

olecular orbital (Homo), the effective charge on phosphor (Q P ), 

nd molecular weight (Mv). These selected descriptors and the 

onding energies obtaining from docking were chosen as input and 

utput of ANN model, respectively. Obtained statistical parameters 

rom this model include correlation coefficient (R 

2 = 0.9484) and 

oot mean square error (RMSE = 0.3665) which represent a nice 

orrelation between dependent and independent variables and ap- 

ropriate accuracy of the model were collected in Table 3 . The pre- 

icted binding energies are listed in Table 1 , and the relationship 
5 
etween the predicted and the calculated values of the biological 

ctivity (binding energy) are shown in Fig. 4 . 

Cross-validation methods such as Leave-One-Out (LOO) and 

eave-Multiple-Out (LMO) were also utilized to further validation 

f the performed model. In the former, one molecule acts as a pre- 

iction set and the other molecules develop the model, whereas, 

n the latter, some of the molecules (M) are considered as a pre- 

iction set. In LMO, it is supposed M = 6, and the L6O model is

epeated 200 times. The LOO and L6O data have been shown in 

able 3 . 

Fig. 5 reveal that the nCaR (the number of substituted aromatic 

arbons) and N-072 (the number of connected nitrogens to phos- 

hor) are the most important parameters affecting the inhibitory 

ehavior of the COVID-19. 

The nCaR and nCaH molecular descriptors represent the num- 

er of substituted and unsubstituted aromatic carbons in which 

heir presence in the structure of molecules gives useful informa- 

ion about the amount of hydrophobicity and hardness of com- 

ounds. Evaluating the impact of the aromatic rings on the in- 

ibitory activity of subject compounds demonstrate that increas- 

ng the π-electron system or increasing the number of rings in the 

tructure of inhibitors will be leading to an increase in the activity 

f the inhibitor. This increase is done by increasing the π- π in- 
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Table 2 

The results obtained from docking analysis of COVID-19 main protease with 35 compounds. 

No 

�Gbinding 

(kcal/mol) 

Electrostatc Energy 

(kcal/mol) 

vdW + Hbond + desolv 

Energy (kcal/mol) 

Final Intermolecular 

Energy (kcal/mol) 

Est. Inhibition Constant, 

Ki (μM) 

1 -6.79 + 0.15 -9.33 -9.18 10.46 

2 -6.85 -0.14 -9.10 -9.24 9.53 

3 -5.42 -0.72 -7.39 -8.10 106.93 

4 -5.19 -0.36 -7.81 -8.18 155.8 

5 -4.02 -0.28 -5.53 -5.81 1130 

6 -4.56 -0.22 -6.72 -6.94 458.11 

7 -7.89 -0.31 -8.77 -9.08 1.66 

8 -8.11 -0.40 -9.50 -9.90 1.13 

9 -8.96 -0.60 -9.85 -10.45 0.27149 

10 -8.70 -0.62 -987 -10.49 0.42244 

11 -5.58 -0.29 -7.08 -7.37 80.96 

12 -5.32 -0.54 -5.97 -6.51 126.82 

13 -8.51 -0.42 -9.88 -10.30 0.58149 

14 -8.32 -0.33 -9.18 -9.51 0.7948 

15 -9.12 -0.75 -9.86 -10.61 0.20594 

16 -9.27 -0.80 -10.27 -11.06 0.15927 

17 -6.02 -0.30 -7.51 -7.81 38.95 

18 -5.74 -0.19 -6.74 -6.93 62.04 

19 -9.57 -1.06 -10.29 -11.36 0.09676 

20 -4.24 -0.87 -4.57 -5.44 773.82 

21 -7.24 -3.81 -5.22 -9.03 4.95 

22 -7.23 -0.38 -8.64 -9.02 5 

23 -6.94 -0.35 -7.79 -8.14 8.12 

24 -7.03 -0.78 -7.75 -8.52 7.03 

25 -7.99 -0.80 -8.98 -9.78 1.39 

26 -7.10 -0.73 -8.16 -8.89 6.21 

27 -5.13 -0.68 -5.54 -6.23 173.36 

28 -5.04 -0.69 -6.15 -6.83 200.67 

29 -8.16 -0.50 -9.58 -10.08 1.04 

30 -8.31 -0.37 -9.59 -9.96 0.8069 

31 -8.58 -0.53 -9.70 -10.22 0.51533 

32 -9.21 -0.57 -10.01 -10.58 0.17826 

33 -5.80 -0.33 -7.12 -7.45 55.66 

34 -4.65 -1.19 -4.65 -5.84 392.75 

35 -6.76 -0.09 -8.04 -8.13 11.08 

Adefovir -4.18 -0.30 -6.27 -6.57 859.90 

Foscarnet -3.13 -2.04 -2.28 -4.32 512.5 

Tenofovir -4.97 -0.10 -10.24 -10.33 229.18 

Sofosbuvir -7.06 -0.50 -10.43 -10.94 6.71 

Uprifosbuvir -7.08 -0.14 -10.81 -10.96 6.47 

Remdesivir -6.75 -0.37 -11.46 -11.82 11.23 

Table 3 

Obtained statistical parameters from QSAR model. 

Training Validation 

R t 
2 RMSE t Q 2 LOO RMSE LOO R 2 L6O RMSE L6O 

GA-ANN 0.948 0.366 0.890 0.536 0.861 0.599 

R 2 t is a correlation coefficient of the training set; RMSE t is a root mean 

square error of the training set; Q 2 LOO is a correlation coefficient of leave- 

one-out cross validation; RMSE LOO is a root mean square error LOO–CV. 
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eractions between inhibitors and amino acid residues at the virus 

inding site. 

Two other important and effective factors on inhibitory activ- 

ty are N-072 and N-075 descriptors. Examination of these factors 

howed that as the number of nitrogens in the structure increased, 

he bonding energy decreased and the inhibitory power increased. 

herefore, phosphorus-bonded nitrogens (amide nitrogens) have a 

reater and better effect on the virus than intra-ring nitrogen, due 

o their ability to form hydrogen bonds with the active sites of the 

OVID-19. 

The HOMO orbitals of a chemical species are very important 

o define its reactivity [31] . And the greater its amount, the more 

eactive is the compound or the better interaction with the active 

ite of the COVID-19 M 

pro . 
6 
Mv is one of the descriptors of this model, which displays the 

mportance of molecular volume and molecule size in the inhibi- 

ion mechanism. Indeed, a larger molecule can better interact with 

he connection sites and increase the hydrophobic nature of the 

olecules. 

The effective charge on phosphorus is the last descriptor, which 

hanges with the change of attached functional groups to the 

hosphorus atom. A survey of the relationship between the bind- 

ng energy and charge on a phosphorus atom showed that the con- 

ected oxygen and sulfur to phosphorus atoms have a major effect 

n the charge on phosphorus atoms. 

In order to better characterize the effects of N-072 and nCaR 

escriptors on the structure of synthesized compounds and the 

nhibitory activity of compounds, we made a comparison be- 

ween these descriptors and binding energies. As shown in Fig. 6 , 

he results indicate that there is a logical relationship between 

hese descriptors and binding energies. The studied compounds are 

lassified into 5 categories; diamine benzimidazoles and substi- 

uted pyrimidinic diamines locate in the same category and have 

ess binding energies and greater inhibitory activities than other 

roups. According to the diagram, aliphatic guanidine (creatine) 

nd unsubstituted aromatic (amino pyrimidine) compounds with a 

ower number of heterocyclic rings, are of the highest binding en- 

rgy. Another result is that compounds containing P = S have more 

onding energy than compounds containing P = O , which could be 
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Fig. 3. Explaining different possible interactions of compound 19 with the main protease of COVID-19. (a) a 3D interaction diagram of 19 with the protease is shown in stick 

and surface models. The hydrogen bonds are shown in the form of green dots and the π–interactions are marked with red dotted lines. (b) And (c) 2D interaction diagram 

of 19 with the protease. Hydrogen bond interactions are indicated with green dashed lines. 
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ttributed to differences in the model of their interaction with the 

nzyme. 

.3. Density functional theory calculations 

In order to better understand the results of docking and QSAR 

tudies on the more inhibition activity of derivatives contain- 

ng both phosphoryl groups and aromatic systems in compari- 

on to the compounds containing the thiophosphoryl and aliphatic 

roup also determining the active sites in the structure of the 

olecules, their density functional theory (DFT) calculations in- 

luding molecule electrostatic surface potential (MEP), frontier 

olecular orbitals (HOMO, LUMO),and reduced density gradient 

RDG) were calculated. 

.3.1. Study of the molecular electrostatic potential (MEP) surfaces 

The molecular electrostatic potential surfaces are extensively 

sed in the analysis of the molecular stability, dipole moment, 

nding of the molecular active areas in electrophilic or nu- 

leophilic reactions, hydrogen bonds, identifying the bioactive 
7 
olecules, and predicting applied sites [39] . Regarding the molec- 

lar overall charge distribution, each area on the surface has been 

ecognized in different colors. In the following MEP maps, the red 

olor represents the electron-rich zone and known as a nucle- 

philic center. The blue color is also attributed to electron-deficient 

reas and an electrophilic center. The regions between the two are 

hown by the yellow color, less electron-rich areas. 

MEP maps of compounds 5 and 19 are calculated in the 

3LYP/6–311 + G 

∗∗ method and plotted in Fig. 7 . In this Figure, the 

ppearance of more positive and negative regions on potential sur- 

aces reveal the reactivity for compound 19 (with the highest ac- 

ivity) higher than that of compound 5 (with the lowest activity). 

xygens bonded to phosphorus atoms are located in red areas and 

ave a higher negative potential than sulfur atoms, indicating their 

trong tendency to participate in nucleophilic reactions. The blue 

reas describe the electropositive regions or electron deficiency ar- 

as that are located on the hydrogens attached to the nitrogen 

toms and as electron acceptors supporting the interaction be- 

ween the COVID-19 and the inhibitor. One more group which car- 

ies the most positive charge (yellow region) is the hydrogen atoms 
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Fig. 4. The diagram of binding energy values from Docking versus the predicted 

binding energy values from the GA-ANN model for phospho guanidine compounds. 

Fig. 5. The relative importance of selected descriptors in GA-ANN model. 
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Fig. 6. The relationship and changes in the binding-energy values of all understud- 

ied compounds compared to N-072 and nCaR variables, green star: derivatives of 

thio phospho guanidine and diphenylphosphinic amide containing the aromatic un- 

substitued carbons, blue star: derivatives of thio phospho guanidine containing the 

aromatic substitued carbons, yellow star: derivatives of diphenyl (guanidine) phos- 

phoramidaite and guanidine diphenylphosphinic amide containing the aromatic un- 

substitued carbons, black star: derivatives of bis(guanidine) phenylphosphonic di- 

amide and bis(guanidine)phenylphosphor amididate containing the aromatic unsub- 

stitued carbons, red star: derivatives of bis(guanidine) phenylphosphonic diamide, 

bis(guanidine)phenylphosphor amididate, diphenyl (guanidine) phosphoramidaite, 

and guanidine diphenylphosphinic amide containing the aromatic substitued car- 

bons. 

i
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a

u

L

o

[

c

o

t
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F

d

ttached to the aromatic rings. These moieties exhibited π ···π in- 

eractions with the aromatic residues of the active site due to the 

ccumulation of positive potential. 

.3.2. Frontier molecular orbitals 

The analysis of Frontier molecular orbitals of compounds is one 

f the methods used to predict reactive electrophilic or nucle- 

philic sites. The highest occupied molecular orbital (HOMO) and 

he lowest unoccupied molecular orbital (LUMO) are called fron- 

ier molecular orbitals. The energy values of HOMO and LUMO or- 

itals and their energy gap provide information about the biolog- 
ig. 7. Three-dimensional map of the molecular electrostatic potential of compounds 19

eficient areas, respectively. 

8 
cal activity of the compounds [40] . Compounds that have a small 

nergy gap are more polarizable and generally more chemical re- 

ctivity [41] . HOMO-LUMO energies of compounds were calculated 

sing DFT at B3LYP method and 6–311 + G 

∗∗ basis set. Also, HOMO- 

UMO orbitals composition analysis of compounds 5 and 19 were 

btained by the Hirshfeld method via the Multiwfn 3.7 program 

42] . HOMO-LUMO plots of the mentioned compounds with their 

ontribution percent gathered in Fig. 8 . HOMO-LUMO gap energies 

f compounds 5 and 19 calculated 4.584 eV and 2.971 eV respec- 

ively, these values are comparable with the bandgap energy values 

f the bioactive molecules [ 21 , 43 , 44 ]. The results represent that the
 (a) and 5 (b). The red and blue regions show the electron-rich and the electron- 
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Fig. 8. HOMO-LUMO orbitals composition analysis of compounds 5 and 19 were obtained by the Hirshfeld method via the Multiwfn program. 
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Table 4 

Obtained Reactivity descriptors of compound 19 from 

DFT calculations. 

compound 19 

Ionization potential ( IP ) 8.743 eV 

Electron affinity ( EA ) 5.772 eV 

Electronegativity ( χ ) 7.257 eV 

Chemical Potential ( μ) -7.257 eV 

Chemical hardness ( η) 1.485 eV 

Chemical softness (S) 0.673 eV 

Electrophilicity index( ω) 17.728 eV 

Energy change ( �E) -17.728eV 

Maximal charge acceptance( �N max ) 4.886 eV 

�E / �N max −3.629 eV 

C

E

E

M

rontier orbitals bandgap of 19 is smaller than 5 which is evidence 

f stronger interaction with the main protease of Covid-19. 

Reactivity descriptors such as Ionization potential ( IP ), Electron 

ffinity ( EA ), Chemical hardness ( η) and Softness ( S ), chemical po-

ential ( μ), and Electrophilicity index ( ω) are descriptors used to 

redict a drug’s tendency to engage in Drug-acceptor interactions 

nd also, to explain their properties and chemical activities [45] . 

he values of Global molecular reactivity descriptors of compound 

9 were calculated using HOMO and LUMO energies from the fol- 

owing relationships, Table 4: 

onization potential ( IP ) = −E HOMO . (1) 

lect ron a f f init y ( EA ) = −E LUMO (2) 

lectronegativity ( χ) = ( IP + EA ) / 2 (3) 

hemical Potential ( μ) = −χ (4) 

hemical hardness ( η) = ( IP − EA ) / 2 (5) 
9 
hemical softness ( S ) = 1 /η (6) 

lectrophilicity index ( ω ) = μ2 / 2 η (7) 

nergy change ( �E ) = −μ2 /2 η (8) 

aximal charge acceptance ( �N max ) = −μ/ η (9) 
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ith regard to the direct relationship between ionization potential 

nd electrophilicity with HOMO and LUMO energies, respectively. 

he IP and EA values of 19 show that 8.743 eV of energy is required

o removing electrons from HOMO. On the other hand, the low 

alue of electrophilicity (5.772 eV) indicates its greater tendency to 

nteract with nucleophiles. The values of chemical harness ( η) and 

lectron transition energy ( �E) have been calculated 1.485 eV and 

17.728 eV, respectively. With respect to the fact that whenever 

> 0 and �E < 0, the charge transition process is desirable in 

erms of energy [46] , the desirability of these values for compound 

9 indicates its tendency to interact with the COVID-19 acceptor as 

 bioactive molecule. If the ratio between the energy changes and 

he maximum charge acceptance is zero ( �E / �N max = 0), it will

ndicate that the compound is electron saturated and has no ten- 

ency to participate in the charge transfer process [47] . This value 

or compound 19 is calculated −3.629 which indicated its ability 

o charge transfer and interact with the acceptor. 

.3.3. Reduced density gradient (RDG) 

Reduced density gradient (RDG) is a non-dimensional princi- 

al quantity based on electron density ρ(r) and its first derivation. 

his highly efficient method to analyze weak interactions has been 

eveloped by Johnson et al. [48] . 

DG ( r ) = 

1 

2 (3 π2 ) 
1 / 3 

∇ρ( r ) 

ρ( r ) 
4 / 3 

(10) 

In order to better imagination of interactions, RDG plots re- 

ated to compounds 5, 16, and 19 were plotted using Multiwfn 3.7 

42] and VMD 1.9.3 [49] softwares in Fig. 9 . In RDG analysis, RDG 

lusters, Reduced Density Gradient spikes, and λ2 give some in- 

ormation about the type of bond and the strength of the interac- 

ion. The van der Waals interactions show values close to zero of 

2 and density ( ρ ≈ 0 , λ2 ≈ 0 ), while the areas of strong repulsive 

nteractions are known with a large positive of λ2 and high values 

f density ( ρ > 0 , λ2 > 0 ) and hydrogen interactions show large

egative values of λ2 with high values of density ( ρ > 0 , λ2 < 

 ) [ 48 , 50 ]. According to Fig. 9 , different interactions were distin-

uished by different colors, in which the red color indicates the 

teric repulsion between the oxygen atoms of the methoxy sub- 

tituents in compound 5 and within the phenyl and imidazole 19 

nd 16 rings. The green color indicates the Van der walls interac- 

ions and the blue area is known as strong hydrogen interactions. 

s can be seen, in compound 5, the van der Walls interaction is the 

ominant interaction in this molecule, but in 16 and 19, in addition 

o the previous interaction, there are strong hydrogen interactions. 

he results of these studies are in good accordance with the results 

f the docking studies. 

. Conclusion 

In this study, the aim was to find compounds with a higher 

otential of inhibiting COVID-19 M 

pro than the current accept- 

ble drugs. For this reason, we have undertaken docking, QSAR, 

nd other computational investigations on 35 phosphoramide com- 

ounds based on the guanidine and pyrazines against COVID-19 

 

pro .One of which (19) showed remarkable binding interactions 

ith the target better than the Remdesivir. This compound is a 

ono phosphoramidate based on the benzimidazole with anti- 

cetylcholinesterase activity. In general, the compounds containing 

mino pyrimidine and amino benzimidazole substitutions had a 

igher inhibitory effect and lower binding energy than the deriva- 

ives containing creatine substitutions. QSAR calculation results us- 

ng the Artificial Neural Network (GA–ANN) method reveal that the 

umber of aromatic substituted carbons ( nCaR) , aromatic unsub- 

tituted carbons ( nCaH ), nitrogens connected to phosphor ( N-072 ), 
10 
itrogens of the aromatic ring ( N-075 ), energies of highest occu- 

ied molecular orbital ( HOMO ), the effective charge on phosphor 

 Q P ) and molecular volume ( M v) descriptors are the most signif- 

cant parameters influencing the inhibitory activity. The DFT cal- 

ulations including molecule electrostatic surface potential (MEP), 

rontier molecular orbitals (HOMO, LUMO), and reduced density 

radient (RDG) were used to verify docking and QSAR. The out- 

omes of these calculations confirmed the relationship between 

lectronic properties and the desire of inhibitors to connect the 

 

pro . 

Taken together, this study help to gain a better understanding 

f the interactions between the COVID-19 main protease and its 

nhibitors, which in turn assist in the exploration, develop and de- 

ign of the anti-coronavirus drugs. 

. Materials and methods 

.1. Data set 

In sum, 35 phosphoramides containing guanidine substitutions 

including creatine and pyrimidine and the amino benzimida- 

ole) and pyrazine substitution were selected among our previ- 

usly reported data ( Table 1 ) [31] . The toxicity of these com- 

ounds to humans has been investigated by measuring the anti- 

cetylcholinesterase activity. The mentioned compounds have been 

tudied as antiviral agents for COVID-19 via docking, QSAR, and 

EP. 

.2. Protocol of docking study 

In order to investigate the conformation and determine the ori- 

ntation of the compounds within the active site of the enzyme, 

olecular docking was performed using Auto Dock 4.2 software. 

he crystal structure of the COVID-19 (PDB ID: 6LU7) was used in 

his study [6] . 

To prepare proteins and ligands, firstly, the structures of all in- 

ibitors were fully optimized at the B3LYP / 6–311 G 

∗∗ level of 

FT theory [51] . All the water molecules were removed from the 

rotein structure and hydrogens were added to the structure. One 

undred docking runs through Lamarckian genetic algorithm were 

erformed and According to the default settings, the docking pa- 

ameters were set. Results that less differ than 0.5 Å in Root Mean 

quare Deviation (RMSD) to each other were clustered together 

hen, these optimized clusters based on the lowest binding energy 

ere ranked. Finally, the cluster which has the lowest binding en- 

rgy and the highest number of conformations was selected as the 

est-docked conformation. 

According to the Eq. (11) , Free Gibbs energy calculated using 

utoDock4.2 and to show the 2D enzyme-ligand interaction, the 

igplot (v.1.4.5) software was utilized [52] . View of docking results 

nd analysis of their levels were achieved from the graphical dis- 

lay by AutoDock Tools and Discovery studio visualizer software 

53] . 

G bind ing = [ �G int ermo lecu lar + �G int ernal + �G tors ional ] − [ �G unbo und ] 

(11) 

.3. Descriptors calculation for QSAR 

Constructing numerical descriptors of a set of molecules to 

uild QSAR models is essential. A descriptor can represent a quan- 

itative property that depends on the structure of the molecule 

51] . The uncertainty of experimental measurements has no ef- 

ect on theoretical descriptors, so one can calculate them for not 

ynthesized compounds. A large number of molecular descriptors 

ere calculated via HyperChem, Dragon, [54] and Gaussian 03 [55] . 



K. Gholivand, F. Mohammadpanah, M. Pooyan et al. Journal of Molecular Structure 1248 (2022) 131481 

Fig. 9. Interactions, RDG plots related to compounds 5, 16, and 19 were plotted using Multiwfn and VMD softwares. 
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Some chemical parameters including hydrophobic coefficient 

Log P ), and molecular polarizability ( M P) were calculated using 

yperChem software. Different functional groups, topological, ge- 

metrical and constitutional descriptors for each molecule were 

alculated by Dragon software. Gaussian 03 was also employed 

or calculation of different quantum chemical descriptors includ- 

ng, energies of highest occupied molecular orbital ( HOMO ), low- 

st unoccupied molecular orbital ( LUMO ), the energy difference be- 

ween LUMO and HOMO ( �E L −H ), dipole moment ( DM ), charges 

n atoms ( Q i) and total energy ( E ), electrophilicity ( ω), molecu-

ar volume ( M v), polarizability ( PL , the charge difference between 

he atoms in functional groups), electronic chemical potential ( μ), 

hemical hardness ( η), Chemical softness ( S ), and chemical power 

 C π ) [ 35 , 56 ]. 

w

11 
Generally, by removing descriptors that have the same values 

or all molecules as well as removing some descriptors that have a 

reater correlation coefficient than 0.90, only 87 descriptors were 

sed in QSAR studies. The calculated values of some descriptors for 

ach compound are listed in Tables 5 and S1). 

.4. Chemometric methods 

Since nonlinear methods consider both linear and nonlinear 

roperties between dependent and independent variables, nonlin- 

ar ones are more suitable for selecting descriptors [55] . In this 

ork, the correlation between binding energy and structural prop- 

rties was achieved using a genetic algorithm-artificial neural net- 

ork (GA–ANN) in MATLAB software (version 8.5.0 (R2015a)). The 
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Table 5 

Quantum-chemical and geometrical descriptors for 35 compounds. 

Electronic 

No. Q P (a.u) Q N(1) Q C(1) Q N(2) Q p(x) PL ( P = O ) PL P–N PL N1–H PL C = N E HOMO (ev) E LUMO 

1 2.450 −0.976 0.625 −0.739 −1.022 −3.472 −3.426 1.399 −1.364 −8.786 −5.239 

2 2.040 −0.980 0.627 −0.712 −1.063 −3.103 −3.020 1.388 −1.339 −8.774 −5.692 

3 2.387 −0.972 0.642 −0.763 −1.017 −3.404 −3.359 1.393 −1.405 −8.878 −4.932 

4 2.210 −0.972 0.650 −0.750 −1.052 −3.262 −3.182 1.392 −1.400 −8.761 −5.473 

5 0.210 −0.429 −0.354 −0.334 −0.248 −0.458 −0.639 0.763 0.020 −8.356 −3.772 

6 1.981 −1.000 0.624 −0.700 −0.603 −2.584 −2.981 1.420 −1.324 −8.374 −3.781 

7 2.448 −0.944 0.620 −0.541 −1.031 −3.479 −3.392 1.384 −1.161 −9.248 −5.220 

8 2.042 −0.947 0.620 −0.339 −1.057 −3.099 −2.989 1.372 −0.959 −9.278 −5.673 

9 2.175 −0.930 0.629 −0.547 −1.038 −3.213 −3.105 1.354 −1.176 −9.147 −5.493 

10 2.385 −0.937 0.624 −0.540 −1.031 −3.416 −3.322 1.371 −1.164 −9.153 −5.223 

11 1.941 −0.958 0.614 −0.539 −0.530 −2.471 −2.899 1.391 −1.153 −8.369 −5.121 

12 1.931 −0.961 0.613 −0.539 −0.524 −2.455 −2.892 1.396 −1.152 −8.377 −5.122 

13 2.454 −0.971 0.587 −0.578 −1.023 −3.477 −3.425 1.384 −1.165 −8.857 −5.224 

14 2.049 −0.971 0.588 −0.548 −1.081 −3.130 −3.020 1.403 −1.136 −8.744 5.574 

15 2.174 −0.936 0.612 −0.574 −1.028 −3.202 −3.110 1.345 −1.186 −8.696 −5.519 

16 2.376 −0.959 0.604 −0.572 −1.008 −3.384 −3.335 1.374 −1.176 −8.752 −5.213 

17 1.553 −0.822 0.575 −0.559 −0.380 −1.933 −2.375 1.253 −1.134 −7.279 −5.048 

18 1.516 −0.825 0.567 −0.508 −0.374 −1.890 −2.341 1.264 −1.075 −7.299 −5.053 

19 2.380 −0.757 0.561 −0.422 −1.023 −3.403 −3.137 0.757 −0.983 −8.743 −5.772 

20 2.403 −0.940 0.615 −0.509 −1.019 −3.422 −3.343 1.371 −1.124 −9.224 −5.275 

21 2.334 −0.977 0.609 −0.508 −1.036 −3.370 −3.311 1.446 −1.117 −9.056 −5.257 

22 2.448 −0.942 0.606 −0.514 −1.029 −3.477 −3.390 1.383 −1.120 −9.254 −5.236 

23 2.040 −0.948 0.607 −0.516 −1.054 −3.094 −2.988 1.373 −1.123 −9.292 −5.675 

24 2.171 −0.929 0.614 −0.515 −1.033 −3.204 −3.100 1.354 −1.129 −9.158 −5.498 

25 2.304 −0.949 0.613 −0.561 −1.007 −3.311 −3.253 1.414 −1.174 −9.158 −5.743 

26 2.382 −0.935 0.609 −0.511 −1.026 −3.408 −3.317 1.371 −1.120 −9.162 −5.275 

27 1.940 −0.947 0.608 −0.511 −0.553 −2.493 −2.887 1.385 −1.119 −8.353 −5.249 

28 1.949 −0.947 0.608 −0.512 −0.560 −2.509 −2.896 1.384 −1.120 −8.352 −5.246 

29 2.448 −0.940 0.625 −0.547 −1.029 −3.477 −3.388 1.364 −1.172 −9.182 −5.220 

30 2.445 −0.934 0.624 −0.535 −1.024 −3.469 −3.379 1.376 −1.159 −8.513 −5.225 

31 2.380 −0.932 0.624 −0.534 −1.012 −3.392 −3.312 1.365 −1.158 −8.510 −5.206 

32 2.170 −0.924 0.631 −0.536 −1.029 −3.199 −3.094 1.351 −1.167 −8.506 −5.502 

33 2.456 −0.927 0.625 −0.529 −1.030 −3.486 −3.383 1.370 −1.154 −8.378 −5.226 

34 2.404 −0.928 0.441 −0.597 −1.018 −3.422 −3.332 1.344 −1.038 −9.336 −5.031 

35 2.182 −0.966 0.362 −0.474 −1.050 −3.232 −3.148 1.383 −0.836 −8.940 −5.536 
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est selected-descriptors utilizing a genetic algorithm (GA) have 

een used as input variables for the development of an artificial 

eural network (ANN) model. In the GA–ANN method, ANN is used 

s a fitness approximation and GA to perform robust and effective 

volutionary optimization. The theory of this method has been ad- 

quately described elsewhere [57] . 

In order to evaluate the generated models, the parameters of 

he correlation coefficient (R), root mean square error (RMSE), 

eave-one-out cross-validation (LOO–CV), and Leave-multiple-out 

ross-validation (LMO–CV) approaches were used. In LOO–CV, one 

ompound is removed at each step as a prediction set and the 

odel is developed using the remaining molecules as the training 

et. Also, a group of six compounds randomly selected to perform 

he authentication method of leave-6-out (L6O) cross-validation. 
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