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2Laboratório de Modelagem Computacional - LaModel, Instituto de Ciências Exatas- ICEx. Universidade
Federal de Alfenas - UNIFAL-MG, Alfenas, Minas Gerais, Brasil

3Escuela de Posgrado, Universidad San Ignacio de Loyola, Lima, Perú
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Abstract

The world is currently facing a pandemic caused by the new 2019 coronavirus disease

(COVID-19), caused by SARS-CoV-2. Among the fundamental processes of this virus are

viral transcription and replication. They allow the synthesis of genetic material and the con-

sequent multiplication of the virus to infect other cells or organisms. These are performed by

a multi-subunit machinery of various nonstructural proteins (nsp); among which the RNA-

dependent RNA polymerase (RdRp or nsp12) is the most important, and, at the same time,

conserved among coronaviruses. The structure of this protein (PDB ID: 6M71) was used as

a target in the application of computational strategies for drug search, like virtual screening

and molecular docking. The region considered for virtual screening has three important

amino acids for protein catalysis: T680 (located in Motif A), N691 and D623 (located in

Motif B), where a grid box was located. In turn, applying the concept of drug repositioning

is considered as a quick response in the treatment of sudden outbreaks of diseases. Here,

we used the Pathogen Box, a database of chemical compounds analyzed for the treatment

against malaria, which were filtered under the criteria of selecting those that do not present
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any violation of Lipinski’s Rule of Five. At the same time, the Remdesivir, Beclabuvir and

Sofosbuvir drug, previously used in in silico and clinical studies for inhibition of nsp12,

were used as positive controls. The results showed a Top10 potential target inhibitors, with

binding energy (∆G) higher than those of the positive controls, of which TCMDC-134153

and TCMDC-135052, both with ∆G = −7.53 kcal/mol, present interactions with the three

important residues of the nsp12 catalytic site. These proposed ligands would be used for

subsequent validation by molecular dynamics, where they can be considered as drugs for the

development of effective treatments against this new pandemic.
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1. Introduction

According to the World Health Organization (WHO), a pandemic is defined as the world-

wide spread of a new disease, the most frequent being those caused by RNA viruses [1, 2, 3].

Among these viruses, there is the family of coronaviruses (CoV) that, in the last 20 years,

have been responsible for serious infections of the respiratory tract [4] such as: 1. The

CoV causing the syndrome severe acute respiratory (SARS-CoV) [5]; 2. The CoV caus-

ing Middle East respiratory syndrome (MERS-CoV) [6]; and currently, 3. The new CoV

called SARS-CoV-2 (due to its similarity to SARS-CoV), causing of coronavirus disease

2019 (COVID-19). The latter has become a global public health emergency, since, to date,

it has affected more than 7, 570, 800 individuals and has caused more than 422, 900 deaths

worldwide in 188 countries [3].

Among the fundamental processes of SARS-CoV-2 are viral transcription and replication,

which allow the synthesis of genetic material and the consequent multiplication of the virus

to infect other cells or organisms [7]. These are performed by a multi-subunit machinery

of various nonstructural proteins (nsp); among which the RNA-dependent RNA polymerase
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(RdRp or nsp12) is the most important [8]. It should be noted that this protein is highly

conserved in the coronavirus family [9].

The structure of the SARS-CoV-2 nsp12 has 932 amino acids (residues S1-Q932) and

is made up of a nidovirus-associated nucleotidyltransferase (NiRAN) domain, an interface

region and a “right-hand” domain [8]. The NiRAN domain consists of 190 amino acids

(residues D60-R249). Following this, the interface region (residues A250-R365) is found,

which in turn is the junction of the cofactors nsp7 (residues S1-Q83) and nsp8 (residues

A1-Q198) [10]. Finally, the “right hand” domain consists of 554 amino acids (residues

S367-F920), with polymerase activity, made up of three conserved subdomains of the family

of viral polymerases: a finger subdomain (residues L366-A581 and K621-G679), a palm

subdomain (residues T582-P620 and T680-Q815) and a thumb subdomain (residues H816-

E920) [11].

The “right hand” domain has an active site, formed by the preserved polymerase motifs

AG in the palm subdomain. The structure of motif A consists of a β chain and a helix or

loop in the subdomain of the fingers and together with motif B, plays a discriminating role

between NTP and NTP deoxy [12]. Motif B is a loop, linking a β chain from the finger

subdomain to the N-terminal helix emerging from the palm. This union has a preserved

glycine that is essential for the function of the polymerase. Another of its functions is the

union of the RNA template and the discrimination of the substrate [13]. In these two motifs,

highly conserved residues exist through the CoV family, D623 located in motif A, T680 and

N691 in motif B [14].

The nsp12 protein forms a complex for RNA replication, with the nsp7 and nsp8 cofac-

tors [8, 14, 15, 16, 17]. The nsp8 cofactor acts as a primase RNA, producing oligonucleotides

for subsequent extension by nsp12 [12, 18]. The nsp7-nsp8 complex is involved in the binding

role of nucleic acids [19]. Various studies have shown that the nsp12 protein has minimal ac-

tivity on its own; however, when bound to nsp7 and nps8 proteins, it increases its nucleotide

polymerization activity [15, 20]. That is why this complex is considered as the minimum

structure for these processes and as a potential pharmacological target [10, 14, 21].

The Pathogen Box [22], is an open database of small molecules, frequently used for treat-
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ment against malaria [23]. However, in recent years, it has been used in the search for drugs

for the treatment of other diseases such as trypanosomiasis, cryptosporidiosis, toxoplasmo-

sis, tuberculosis, filariasis, schistosomiasis, dengue and trichuriasis [24, 25], giardiasis [26],

candidiasis [27], among others.

In this context, the objective of the present study is to search for inhibitors of the nsp12

protein, whose structure has been previously crystallized [8]. For this, different compu-

tational biology tools were used to predict interactions between drugs and proteins. The

principle of the study was based on the discovery of new uses for existing drugs, also known

as drug repositioning; being a novel alternative to de novo discovery and development, which

is considered as a series of long, complicated and expensive processes [28, 29, 30, 31].

2. Material and methods

2.1. Drug database

To identify potential SARS-CoV-2 RNA polymerase inhibitors, a database of 20, 000

chemical compounds from The Pathogen Box was used. These compounds were filtered,

under the criterion of selecting those that do not present any violation of Lipinski’s Rule

of Five [32]. Next, each chemical compound was prepared for virtual screening, for this

reason, they were transformed from SMILE files to SDF, PDB and PDBQT, using OpenBa-

bel v.2.4.0 [33], which polar hydrogens and a protonation at pH 7.4 were added, following

the methodology described in Ref. [34]. Subsequently, to achieve the optimization of the

geometry of the structures of these compounds, these were minimized using the force field

MMFF94 [35]. This procedure used an in-house Python script that automatically executes

each step.

2.2. Receptor preparation

The crystal structure of the SARS-CoV-2 RNA polymerase enzyme was obtained in PDB

(PDB ID: 6M71, 2.90 Å resolution) [8] format from the Protein Data Bank platform [36].

Subsequently, this structure was repaired with the addition of missing atoms, modification
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of non-standard residues and elimination of heteroatoms, using the CHARMM-GUI soft-

ware [37], with which two disulfide bridges were added (C301 -C306 and C487-C645). In

addition to this, the protein structure was converted to PDBQT format, with the previous

addition of Gasteiger-Marsili charges and polar hydrogens, using the MGLTools v.1.5.7 [38],

to be afterward used in virtual screening and molecular docking tests.

2.3. Virtual screening

To search for inhibitors, the compound database was used in the virtual screening tests,

using Autodock-Vina v1.1.2 software [39]. To perform this, the grid-box was built consid-

ering three amino acids important for receptor catalysis (T680, N691 and D623), which are

highly conserved among the coronavirus species [14]. This procedure was performed con-

sidering the following search parameters: exhaustiveness of 20, spacing of 1.00 Å and grid

size of 50x, 50y and 50z. In the same way, another in-house Python script was used to au-

tomatically run virtual screening and select the Top1000 compounds with the best binding

energy from the obtained results.

2.4. Molecular docking

Using the Top1000 compounds from the result of the virtual screening, a molecular

docking was done to validate the results and carry out a new screening. For this procedure,

a new grid-box was prepared on the previously mentioned amino acids cnsidering a spacing

of 0.375 Å. The Autodock GPU software [38], which implements the algorithm from [40],

was used in this procedure. Molecular docking parameters were as follows: population size

350, number of evaluations 2, 500, 000, number of generations 27, 000, mutation ratio 0.02,

crossover ratio 0.8, and run 100. In each trial, selection of the best pose was performed based

on the 2D score (2DS), described by Blanco (2019), which normalizes two proper variables

for each pose using the following arithmetic combination 2DS = Npop−NMBE, where Npop

is the population of the cluster where the pose of the ligand was classified, and NMBE is

the average coupling energy. Next, each pose was extracted with the PyMol v.2.0 [41] and

converted to PDB format using a MGLTools Python script. This procedure was performed

in the same way using an in-house Python script, to automate the procedures.
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2.5. Data analysis

The electrostatic potential of the nsp12 protein was calculated with the APBS mod-

ule [42] employing the PyMol v.2.0 [41]. The resulting data from virtual screening was

handled using a Python and C in-house scripts. The first one was used to select the top

of the best ligands based on the binding energy and the second one, to convert the binding

energy to the dissociation constant, with equation ∆G = RTln(kd) (R is the gas constant

and T is the temperature, taken equal to 300K). The generated poses that showed the best

interaction energies (∆G) were analyzed with PLIP [43] to determine the type and number

of interactions between drugs and the receptor.

3. Results

The structure of the SARS-CoV-2 RNA polymerase complex, linked to its cofactors,

has been represented three-dimensionally in figure 1A. The replication machinery of this

virus has the nsp12 protein as its catalytic center, while the cofactors (an nsp8 protein and

an nsp7-nsp8 heterodimer), linked to the center, allow an increase in polymerase activity.

Furthermore, the calculation of the surface of the electrostatic potential indicates that the

nucleus of the structure is mainly composed of positively charged amino acids, unlike the

periphery, where neutral and negative charged amino acids are observed (figure 1B).

The structure of nsp12, presents in its central region the active site (figure 2A), which is

made up of seven motifs (figure 2B), which gives the machinery polymerase activity. Two

of these motifs, A and B, have three highly conserved amino acids (D623, T680 and N691)

among the coronavirus family (figure 2C).

The results of the virtual screening were classified according to the free binding energy

(∆G) of each compound. The Top1000 compounds with the best affinity were considered

for subsequent validation by molecular docking. This last technique allowed obtaining the

Top10 of compounds that have a high affinity with the active site (see table 1), with values

≤ −7.29 kcal/mol. We note that nine of the best compounds interact by forming hydro-

gen bonds with at least one of the conserved residues. Whereas, the TCMDC-135052 and
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A

B

Figure 1: Frontal and lateral view of the nsp12-nsp7-nsp8 complex. A) Structure of nsp12 and cofactors

nsp7 and nsp8, these are in gray, cyan and orange, respectively. B) Molecular electrostatic potential surface.

Color coding: Blue: positive potential; Red: negative potential.
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B

C

A

Figure 2: nsp12 protein A) The nsp12 active site is showed in gray. B) Zoom of active site shows motifs

A-G. C) The zoom of motifs A and B shows conserved amino acids D623, T680 and N691. These residues

are represented in stick and are their atoms hydrogen, oxygen and nitrogen are showed in white, red and

blue respectively.
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TCMDC-125802 compounds, which have the best binding energy (−7.53 kcal/mol), have at

least one interaction with the three conserved amino acids of nsp12.

In the analysis using the PLIP software, we determined that the compounds evaluated,

interact with key residues of the active site of nsp12, forming hydrogen bonds, followed by

hydrophobic interactions, salt bridge interactions, aromatic and halogen bonds, where the

amino acids that highlights are D623, followed by D760 and N691, which are present in most

complexes. On the other hand, salt bridges were observed, mostly linked to D760 and at

least one halogen bond with the Thr657 residue and the TCDMC-124626 ligand (see table 1

and figure 3).

A

TCMDC-134153

B

TCMDC-135052

C

TCMDC-125802

D

TCMDC-140116

E

TCMDC-141285

F

TCMDC-124626

G

TCMDC-138263

H

TCMDC-139372

I

GNF-Pf-158

J

GNF-Pf-4668

Figure 3: Molecular recognition in nsp12. Here we show in sticks, the Top10 ligands (table 1) after validation

by molecular docking. Each ligand are in different colors and receptor residues are in white. The hydrogen,

nitrogen and oxygen atoms are in white, blue and red, respectively.
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Table 1: Ligands interaction after validation by molecular docking with SARS-CoV-2 RNA

polymerase.

Ligand

Interactions

∆G kd H-Bond Aromatic Hydrophobic Salt bridges Halogen bonds

Number Residue Distance Number Residue Number Residue Number Residue Distance Number Residue Distance

TCMDC-134153 −7.53 28.86 3 K621(NH-N) 3.37 1 R553 2 Y455, D623 1 D760 2.79

N691(NH-N) 3.58

D760(O-HN) 1.87

TCMDC-135052 −7.53 28.86 6 D623(NH-N) 3.35

T680(O-HN) 2.92

T687(OH-O) 2.00

N691(NH-N) 3.39

D760(O-HN) 1.83

D760(O-HN) 1.70

TCMDC-125802 −7.51 29.86 8 C622(NH-N) 3.44 3 K621, T687, A688

D623(O-HN) 2.96

D623(NH-N) 2.75

T680(NH-O) 2.35

N691(NH-N) 2.75

S759(O-HN) 2.52

D760(NH-O) 2.18

D760(NH-O) 2.16

TCMDC-140116 −7.51 29.86 6 T556(OH-O) 2.62 1 D760 2.67

K621(NH-N) 2.52

C622(NH-N) 3.29

R624(NH-O) 1.86

R624(NH-O) 3.03

N691(NH-N) 3.49

TCMDC-141285 −7.47 31.95 5 Y619(NH-N) 2.84 1 D623 1 D760 3.09

D623(O-HN) 3.28

N691(NH-N) 3.64

D760(O-HN) 2.03

D760(O-HN) 1.69

TCMDC-124626 −7.41 35.37 4 C622(NH-N) 2.91 1 D623 1 D623 4.24 1 T687 3.53

D623(NH-N) 3.08

D623(O-HN) 2.22

S682(OH-N) 3.73

TCMDC-138263 −7.38 37.21 7 T556(OH-O) 2.28 1 D760 5.23

K621(NH-O) 3.08

K621(NH-O) 1.84

Continued on next page
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Table 1 – continued from previous page

Ligand

Interactions

∆G kd H-Bond Aromatic Hydrophobic Salt bridges Halogen bonds

Number Residue Distance Number Residue Number Residue Number Residue Distance Number Residue Distance

D623(O-HN) 2.29

R624(NH-O) 2.23

S682(OH-O) 3.54

D760(O-HN) 3.08

TCMDC-139372 −7.38 37.21 6 R553(NH-O) 1.95 1 R553 4 Y455, R553, 1 D760 3.66

R553(NH-O) 3.49 K621, D623

K621(NH-O) 2.10

D623(O-HN) 2.29

R624(NH-O) 2.93

R624(NH-O) 3.47

GNF-Pf-158 −7.32 41.19 2 K621(NH-N) 2.02 1 R553 2 Y455, K621 2 D760 3.32

S759(O-HN) 3.03 D760 2.69

GNF-Pf-4668 −7.29 43.34 8 Y456(OH-N) 2.65 2 D623, T687 1 R553 3.87

T556(OH-N) 2.00

T556(NH-N) 3.08

A558(NH-N) 3.48

D623(O-HN) 2.13

R624(NH-N) 3.29

R624(NH-N) 2.20

S682(NH-N) 2.63

Note: ∆G is in units of kcal/mol. kd is in units of nM and distances are in Å.
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One of the two best compounds, TCMDC-135052, interacts with residue D760 by forming

two hydrogen bonds with two of its amino groups (primary and secondary) at distances of

1.70 Å, 1.83 Å, respectively. Likewise, the formation of a hydrogen bonds with residues D623,

T680, T687, N691 was observed through their secondary amino, hydroxyl, tertiary amino

and secondary amino groups at distances of 2.92 Å, 2.00 Å, 3.39 Å and 3.35 Å respectively

(see table 1 and figure 3).

On the other hand, compound TCMDC-125802 interacts with residues D623 and D760

forming two hydrogen bonds with two tertiary amino groups at distances of 2.96 Å and

3.75 Å; and with secondary amino groups at distances of 2.16 Å and 2.18 Å. Likewise, the

formation of a hydrogen bonds with residues C622, T680, N691 and S759 was observed

through tertiary and secondary amino groups, at distances of 3.14 Å, 2.35 Å, 2.75 Å and

2.52 Å (see table 1 and figure 3).

Regarding positive controls, only the presence of hydrogen bonds interactions and hy-

drophobic interactions were observed, where the compound Sofosbuvir interacts with the

three residues of the core of the active site (D623, T680 and N691) (table 2 and figure 4).

On the other hand, when evaluating the binding-free energies of the compounds taken as

positive controls, it was found that Remdesivir, Beclabuvir and Sofosbuvir have values of

−3.84, −3.40 and −2.41 kcal/mol respectively, with Remdesivir being the compound with

the best interaction between positive controls (table 2).

A

Remdesivir

B

Beclabuvir

C

Sofosbuvir

Figure 4: Molecular recognition in nsp12 with positive controls. Here we show in sticks, the validation by

molecular docking. Positive controls are in black and their receptor residues are in white. The hydrogen,

nitrogen and oxygen atoms are in white, blue and red, respectively.
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Table 2: Positive controls interaction after validation by molecular docking with SARS-CoV-2 RNA poly-

merase.

Ligand

Interactions

∆G H-Bond Hydrophobic

Number Residue Distance Number Residue

Remdesivir −3.84 9 D452(O-HN) 3.19 2 D593, Y657

R553(NH-N) 2.84

K621(NH-N) 2.23

C622(NH-N) 2.89

D623(NH-O) 2.11

T680(OH-O) 1.95

N691(NH-O) 1.81

D760(O-HO) 1.81

D760(O-HO) 2.27

Beclabuvir −3.40 5 K545(NH-O) 2.19 1 D593

Y556(OH-O) 2.25

R624(NH-O) 2.87

S682(OH-O) 2.88

S759(OH-N) 3.08

Sofosbuvir −2.41 8 K621(NH-O) 1.80 3 D593, Y657,

C622(NH-O) 2.30 A658

D623(NH-O) 2.10

T680(OH-O) 2.53

S682(OH-O) 3.37

N691(NH-O) 1.93

S759(OH-O) 3.32

D760(O-HO) 2.99

Note: ∆G is in units of kcal/mol. kd is in units of nM and distances are in Å.

4. Discussion

The absence of an efficient treatment for COVID-19 represents a public health problem,

since this disease continues to cause thousands of deaths worldwide [3, 44]. In this context,

the methodologies applied in the present study were aimed at conducting a search and

repositioning of drugs, through the use of tools in computational biology. This is a key

to reducing the experimental testing periods, and to improve the specificity of the active

ingredients, since they resemble the behavior that the drug would have in the body [45].

In the molecular docking analysis, we identified compounds that interact with conserved

amino acids from the nsp12 active site (D623, T680, and N691) [14]. In a preliminary study,

it was suggested to consider two of these residues (D623 and N691), for the search for new

nsp12 inhibitors [46]. Interestingly, compounds TCMDC-135052 and TCMDC-125802 form
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hydrogen bonds with these residues, suggesting a high potential to inhibit the active site of

this protein. Furthermore, these compounds may have similar activity in nsp12 homologous

proteins.

It is important to note that the D623 residue is highly conserved in the replication ma-

chinery of nidovirals [47]. Structural and thermodynamic evidence indicates that this residue

has a discrimination function between rNTPs and dNTPs [48], in addition, it participates in

the recognition of sugar from rNTPs [49]. In this sense, compounds that interact with this

residue (table 1) can compromise RNA replication activity. Similarly, we observed that the

compound Remdesivir (an FDA approved drug), used as a docking control, interacts with

D623 (table 2), as reported in other studies [8, 49].

On the other hand, the T680 residue of the nsp12 protein has a structural function that

helps the coupling of the NTPs that enter the active site of the replication machinery [49].

Hydrogen bonds between compounds TCMDC-135052 and TCMDC-125802 and this residue

were observed at distances of 2.92 Å and 2.35 Å, respectively. Likewise, the Remdesivir

and Sofosbuvir compounds form hydrogen bonds with T680, however, the interaction with

Sofosbuvir occurs at a greater distance from the TCMDC-125802 compound (2.53 Å), which

suggests a greater probability of hydrogen bond formation between this residue and the

compound.

In the case of the amino acid N691, it is involved in the recognition of the 2’-OH of

the incoming nucleotides in the replication machine [49, 50]. In our results, the first five

compounds in our Top10 form hydrogen bonds with this residue, mainly mediated by amino

groups (table 1). Similarly, other drugs such as Galidesivir and Penciclovir inhibit the

activity through this residue [10]. However, they present functional groups that differ from

our results. Consequently, the functional groups of our compounds could allow a better

interaction with nsp12, according to the energies obtained by the molecular docking (table 1).

As it is well known, it is important to consider specific functional groups in rational

drugs design [51]. Based on this, the greater presence of amino groups in compound-target

interactions suggests potential inhibitory compounds. It is also supported by the functional

groups observed in Sofosbuvir, which was used as a control in this work. Therefore, these
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features can be exploited in structure-based drug design using a pharmacophore model.

Finally, the compounds with the best binding energy need to be evaluated using molecu-

lar dynamics to determine the stability of the complexes, mediated by the main residues that

confer catalytic activity on nsp12. Furthermore, experimental studies of these compounds

will validate their effectiveness in the treatment against SARS-CoV-2.

5. Conclusion

In the present work, it was proposed that the chemical compounds TCMDC-135052

and TCMDC-125802, possess a high inhibition potential of nsp12 of SARS-CoV-2, a protein

important in the replication machinery of this virus. These compounds need to be evaluated

using molecular dynamics, in order to determine the stability of the complexes, mediated by

the main conserved residues that confer catalytic activity to nsp12. Likewise, experimental

studies will validate the effectiveness in the treatment against SARS-CoV-2.

6. Acknowledgments

Part of the results presented here were developed with the help of CENAPAD-SP (Centro

Nacional de Processamento de Alto Desempenho em São Paulo) grant UNICAMP/FINEP-

MCT and CENAPAD-UFC (Centro Nacional de Processamento de Alto Desempenho, at
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