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Abstract
The 2019-novel coronavirus has unfolded everywhere in the world and obliged a billion human beings in open confine-
ment, whereas many treatments, and vaccines have been proposed towards this pandemic. The main protease (Mpro) is an 
attractive drug target due to the fact that it is the essential protein for virus invasion. This research tests in silico the effect of 
five vitamins towards Mpro, by employing molecular docking (MD), molecular dynamics simulation (MDS) with molecular 
mechanics–Poisson–Boltzmann surface area (MM–PBSA) studies. To achieve this work, we have applied some software’s 
as Autodock Vina, Discovery Studio Visualizer, APBS, and GROMACS. The inhibitors used were decided entirely on the 
basis of their importance in the production of red blood cells that prevent anemia, in lymphocyte immune system responses, 
in the regulation of reactive oxygen species production, such as tocopherol (vitamin E), thiamine (vitamin B1), pantothenic 
acid (vitamin B5), pyridoxine (vitamin B6), biotin (vitamin B7), and glutathione (GSH). The best inhibitor pose established 
at the highest repetition ratio (RR) and the minimal affinity energy value (MEV), then the best selected inhibitor was con-
sidered to MDS. The results indicate that GSH is the leading inhibitor model among the other tested vitamins in the active 
site of Mpro with a RR value of 94% and MEV of − 5.5 kcal/mol, its RMSD, RMSF, Rg, and hydrogen bonds show stability 
with Mpro. Furthermore, thiamine, biotin, and tocopherol are viewed as satisfying inhibitors to Mpro, but pyridoxine was 
observed as the weakest inhibitor. Based on our result, we could recommend the usage of glutathione and vitamin B family 
as a supportive strategy for feasible remedy of COVID-19 virus.
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Introduction

Coronaviruses have long been one of the pathogens that 
affect human beings since it was discovered back in 1965 
with its name, ‘corona,’ owing to the viruses' crown-like 
morphology, with its genus (Pyrc et al. 2007). There are 
now six species of coronaviruses identified, most of which 

attack the respiratory system, with the first identified being 
the cause of the common cold. The other types are likely 
to cause severe pneumonia, including severe acute respira-
tory syndrome-associated coronavirus (SARS-CoV), Middle 
East respiratory syndrome coronavirus (MERS-CoV), and 
the recent SARS-CoV-2 discovered first in Wuhan, China 
in December 2019, the latter of which has been the cause 
of the pandemic ravaging the world (Wu et al. 2020). The 
coronaviruses are single-stranded RNA viruses known for 
their high mutation rates measuring at 80–220 nm in diam-
eter and are divided into four groups: alphaCoV (α), beta-
CoV (β), deltaCoV (γ), and gammaCoV (δ). The former two 
groups are infective to mammals while the latter two affect 
birds. The alphaCoVs are noted to have low pathogenicity, 
while the betaCoVs, like the SARS-CoV and the MERS-
CoV reported pathogen, the SARS-CoV-2 was the focus of 
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this study, it belongs to the betaCoV group, shares 79% and 
50% of SARS-CoV and MERS-CoV, respectively (Guan 
et al. 2020; LeDuc and Barry 2004; Poutanen et al. 2003).

After infection with the SARS-CoV-2 patients will expe-
rience fever (38 °C or higher), dry hack, and tiredness. After 
an incubation under 14 days (Guan et al. 2020) it will in gen-
eral be recovered without requiring any treatment for most 
conventional people (Chen et al. 2020), it cause respiratory 
difficulties; by infecting the lungs and cause the severe acute 
respiratory syndrome (SARS), It can inflame the respiratory 
tract. In severe cases, damage the alveoli. It spreads rapidly 
along the airways. The lining of the airways can be severely 
irritated. In some cases, lead to pneumonia, as the lungs fill 
with fluid causing inflammation and breathing difficulties. 
(Centers for Disease Control and Prevention n.d.; Ksiazek 
et al. 2003). Infection can be terribly deadly for older people 
or those with chronic conditions like diabetes and cardiovas-
cular disease. Alternatively, age-related vulnerabilities—like 
malnutrition and frailty.

Many studies have provided evidence toward the impor-
tance of supplementation with vitamins and minerals 
against COVID-19 (Ahvanooei et al. 2021; Islam et al. 
2021; Kumar et al. 2021; Schuetz et al. 2021; Shakoor 
et al. 2021; Srivastava et al. 2021) as indicated by their 
properties in boosting immunity, invulnerability and keep-
ing up the neurological framework like vitamin B group, 
Vitamin B1 is an essential component for maintaining 
normal body homeostasis, it plays a fundamental role in 
reducing cellular oxidative stress, and metabolism via the 
thiamin diphosphate (ThDP) path (Bunik and Aleshin 
2017), energy production, normal cellular functions, and 
development, (Reidling et al. 2010), its deficit was linked 
to neurological syndromes like Wernicke–Korsakoff syn-
drome caused by alcohol abuse; vitamin B1 based treat-
ment was reported effective (Zubaran et al. 1997). Vitamin 
B5 is an essential nutrient used by the body to synthesis 
acyl carrier protein and coenzyme A (CoA); (Coates et al. 
2010). CoA is essential for acetyl and acyl groups transfer, 
fatty acid synthesis and degradation (Thiamin 1998). It 
help generates energy from carbohydrates, fats, and pro-
teins, vitamin B5 deficiency was reported in people with 
severe malnutrition, it can cause metabolic perturbation 
and neurodegeneration known as Huntington's disease 
(Patassini et al. 2019). Vitamin B6 and B7 are crucial 
coenzymes in the gluconeogenesis, fatty acid, amino acid, 
and sphingoid bases synthesis and more than 100 enzyme 
involved in the amino acids metabolism (Institute of Medi-
cine Standing Committee on the Scientific Evaluation of 
Dietary Reference 1998). Vitamin B6 deficiency is often 
related to depression and confusion (Hawkins and Barsky 
1948), seborrheic dermatitis (Mueller and Vilter 1950), 
microcytic anemia (decreased hemoglobin synthesis) 

(Snyderman et al. 1953), and epileptiform convulsions 
(Garty et al. 1962), low vitamin B6 levels is often related 
to depletion in neurotransmitters such as dopamine, sero-
tonin, and γ-aminobutyrate due to its biochemical role 
as cofactor (PLP) for decarboxylases that are involved in 
neurotransmitter synthesis (Dakshinamurti and Stephens 
1969). Vitamin E helps regulate the production of reac-
tive oxygen species (ROS) and reactive nitrogen species 
(RNS), and modulate signal transduction (Lee and Han 
2018). Vitamin E deficiency cause neurologic abnormali-
ties, especially ataxia characterized by sensory loss, and 
retinitis pigmentosa due to free radical mediated neuronal 
damage (Aslam et al. 2004). Glutathione is the main intra-
cellular antioxidant. It has many functions, including pro-
tecting cells from oxidative stress, maintaining immune 
function and carcinogens. Low levels of glutathione are 
associated with an increased risk of cancer, cardiovascu-
lar disease and diabetes (Richie et al. 2015), and more 
seriously leads to idiopathic pulmonary fibrosis, human 
immunodeficiency virus disease (Herzenberg et al. 1997) 
and respiratory distress syndrome (White et al. 1994).

The present in silico study concentrated on the main pro-
tease (Mpro) known to be a core segment for the proteolytic 
development of the infection and confirmed as a potential 
objective viral protein (Anand et al. 2003; Jin et al. 2020). 
We utilized vitamins B1, B5, B6, B7, E, and GSH referred 
to cell reinforcements as expected inhibitors against Mpro, 
by performing docking via Autodock Vina and Discovery 
Studio Visualizer (DSV) packages followed by molecular 
dynamics simulation (MDS) and MM/PBSA by GROMACS 
5.0.4 (http://​www.​groma​cs.​org/) (Abraham et  al. 2015; 
Van Der Spoel et al. 2005). The root mean square devia-
tion (RMSD), the root mean square fluctuations (RMSF), 
the radius of gyration (Rg), and hydrogen bond dissemina-
tion were computed to examine the stability of the complex 
Mpro–inhibitor.

Materials and Methods

Protein and Inhibitors Preparation

We worked with the crystal structure of the main protease 
(Mpro) (PDB ID 6lu7) as found in the Protein Data Bank 
(PDB; Jin Du 2020) and used as a receptor as shown in 
Fig. 1.

The five inhibitors considered in the present investigation 
are thiamine (vitamin B1), pantothenic acid (vitamin B5), 
pyridoxine (vitamin B6), Biotin (vitamin B7), α-tocopherol 
(vitamin E), and glutathione (GSH), their 2D structures are 
shown in Fig. 2.

http://www.gromacs.org/
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The three-dimensional structure (3D) of the six inhibitors 
was obtained from the PubChem database in SDF format 
(Kim et al. 2016).

Molecular Docking Settings

Molecular docking (MD) was performed using the Auto-
dock Vina (Trott and Olson 2010) system via eight CPU 
work station that were used to make MD and set to pro-
vide full ligand (inhibitor) flexibility, MD was performed 
using blind type. MD consists of three main steps the first 
one; associated with the removal of ligands, heteroatoms, 
co-crystallized solvent, and unnecessary water molecules 
other than those involved in the active site described by 
Autodock Vina, in this case, three water molecules are 
stored inside a binding MPro packet. The second step con-
sists of adding hydrogen and partial charges using Auto-
dock Tools (ADT, version 1.5.4). The third step consists of 
setting the center of the grid box (GB) and the packet size 
of the grids connecting the x, y and z. The selected center 
setting and GB size were (x =  − 26.28, y = 12.60, and 
z = 58.96), and (x = 52, y = 68, and z = 68), respectively, 
with grid points separated by one A° using ADT. The 
default settings are used unless the output conformation 
was set to one. The number of docking conformations is 
set to 50 poses. “Random Seed” is set to random. The opti-
mum poses are selected based on small amounts of binding 
energy (MEV) in kcal/mol and the number of highly con-
centrated (RR) percentages (%) without polar hydrogen and 
hydrophobic interactions within the Mpro binding package. 
The results obtained for MD were analyzed using DSV, v 
4.0 (Dassault Systèmes BIOVIA 2017; Linani et al. 2021; 
Serseg et al. 2021).

Molecular Dynamic Simulation

We have achieved the MDS exploiting GROMACS 5.0.4 
(http://​www.​groma​cs.​org/) (Abraham et al. 2015) and the 
CHARMM36 force field (Huang et al. 2017; Malde et al. 
2011) with the default water model in a working Ubuntu 
v20.04 station using 8 CPUs, with CUDA-based GPU 
acceleration, for 100 ns. All heteroatoms were deleted; the 
protein and ligand-network topologies were prepared sepa-
rately (Zoete et al. 2011). A dodecahedron box was built as 
the most numerically efficient representation of the coor-
dinates thereafter the sophisticated structures were placed 
in the center of the box and solved with water molecules, 
the ligands were checked for their bond orders, protona-
tion, and tautomeric states, employing Avogadro v1.2.0 
package (Hanwell et al. 2012) then uploaded into CGENFF 
server (Vanommeslaeghe et al. 2010) for validation and/or 
optimization of the high-penalty parameters and charges, 
the energy of each system was minimized (Pan and Roux 
2008) to remove any steric clashes or unusual geometry 
by steepest descent algorithm using the input parameter 
EM file (Hess et al. 2008), to balance the solvent around 
the protein–ligand complex at the desired temperature and 
pressure, two phases of equilibration were carried out using 
two-step simulations (NVT and NPT) ensemble by LEAP-
FROG algorithm for 100 ps using a V-rescale modified 
Berendsen thermostat for both support parameter files, the 
protein was fixed in place while the solvent is allowed to 
move freely across it. After equilibrating the system, the 
MD production was run and defined with 50,000,000 steps. 
Finally, the results were analyzed for the RMSD, RMSF 
(root mean square fluctuation), hydrogen bond distribution, 
and Rg using VMD v1.9.3 program (Humphrey et al. 1996).

Fig. 1   a The 3D structure of the main protease protein (PDB ID 6lu7) colored in blue, cyan and b zooming on the active site (colored in pink) 
and complexed with glutathione (presented with ball and stick) (Color figure online)

http://www.gromacs.org/
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The Molecular Mechanics Poisson–Boltzmann 
Surface Area (MM–PBSA)

To achieve accurate binding free energies, we used for the 
calculation the known MM–PBSA method for GROMACS 
and APBS packages abbreviated “g_mmpbsa” tool (Kumari 
et al. 2014), the MM–PBSA (Eisenhaber et al. 1995; Pronk 
et al. 2013) is initiated under the Open Source Drug Dis-
covery Consortium (OSDD; Bhardwaj et al. 2011), which 
is a collaborative platform to design and discover new drugs 
for neglected tropical diseases such as malaria, tuberculosis, 
leishmaniasis. The tool provides the calculation for three-
energy components the first (a): the potential energy in vac-
uum as defined by the molecular mechanics (MM) model, 
which includes the Van der Waals, electrostatic interactions 
(Baker et al. 2001), and net non-bonded potential energy 

between the protein and inhibitor. The second (b): the polar 
solvation and non-polar solvation energies for solvent acces-
sible surface area (SASA) model covers polar and non-polar 
solvation energies for unbound protein, unbound inhibitor, 
and protein–inhibitor complex. Third (3) the average binding 
energy calculation (ABEC). Include average and standard 
deviations of all energetic components including the binding 
energy (Kumari et al. 2014).

Results

Our results show that the SARS-CoV-2 Mpro is a medium-
size proteases, it is a protein with two chains named A: com-
posed of 306 residues and C: composed of 6 residues repre-
sents the peptide inhibitor named: n-[(5-methylisoxazol-3-yl)

Fig. 2   The two-dimensional (2D) structures of the employed inhibitors
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carbonyl]alanyl-l-valyl-n~1~-((1r,2z)-4(benzyloxy)-4-oxo-
1([(3r)-2-oxopyrrolidin-3 yl]methyl)but-2-enyl)-l-leuci-
namide [12], this enzyme is with a total residues count of 
312 amino acids and a molecular weight of 34 kDa (Fig. 1). 
Based on the repetition ratio (RR) and the minimum energy 
value (MEV) inside the limiting pocket of Mpro, the N3 inter-
acts with the catalytic amino acids (CAA) and are His41, 
Leu141, Gly143, Ser144, Cys145, Glu166, Arg188, and 
Gln189, and all the internal interactions are conventional 
and carbon hydrogen bond type. These results show that glu-
tathione is the best inhibitor among the other five vitamins 
with RR of 94% and with MEV of − 6.0 kcal/mol compared 
to the N3, in the other side, pyridoxine reported as the weak-
est inhibitor model with RR of 4% and MEV of − 4.8 kcal/
mol. All results are summarized in Table 1.

Discussion

Molecular Docking

To comprehend the the mechanisms related with our inhibi-
tors, we focus on the binding site investigation of the Mpro 
active site, from an underlying structural view. The active 
site forms an “I” shape and situated in a profound tunnel 
inside the enzyme in the upper side of chain A and shaped 
by the binding pocket (BP) amino acids. We characterized 
the BP relying upon the local inhibitor (N3) caught in an 
active catalysis moment. The BP amino acids recognized 
was His41, Cys44, Met49, Pro52, Tyr54, Tyr118, Phe140, 
Leu141, Asn142, Gly143, Ser144, Cys145, His163, His164, 

Met165, Glu166, Leu167, Pro168, His172, Phe181, Val186, 
ASP187, Arg188, Gln189, Thr190, Ala191, Gln192. We 
propose that all the inhibitors tested in this study bind cova-
lently to the residue Cys145 or Leu141 in the Mpro active 
site through the determined interatomic distances, which 
may elucidate the high reactivity of the thiol group and the 
importance of these two amino acids in the active site.

To examine the interactions formed with our inhibi-
tors, we characterized the (CAA) in each inhibitor model 
inside the dynamic site of Mpro, the CAA recorded against 
the vitamin B family (Fig. 2) including thiamine (vitamin 
B1), pantothenic acid (vitamin B5), Biotin (vitamin B7), 
and pyridoxine (vitamin B6) were (His41, Met49, Tyr54, 
Leu141, Asn142, Cys145, His163, His164, Met165, Glu166, 
His172, Asp187, Leu141, Gly143, Ser144), (Leu141, 
His163, His164, Asp187), (Leu141, Gly143, Ser144, 
Cys145), and (Cys145), respectively. We specified that the 
nucleophilic atoms reacting are the hydroxyl elements of 
the CAA addressed by the oxygen atom as the most nega-
tively charged molecule toward the vitamin B family hydro-
gens, which introduced as the electrophilic atoms, the CAA 
answerable for the nucleophilic attack are Asn142 with 
1.95 Å, Cys145 with 3.71 Å, for thiamine, pyridoxine, indi-
vidually, and His164 for both biotin with 1.80 Å, and with 
pantothenic acid with 1.83 Å. These saved interactions were 
dominated hydrogen bond type. The thiamine (Fig. 3) was 
saved as the most preferred inhibitor in the active site of 
Mpro, among the other vitamin B family as indicated by the 
RR and MEV values (Table 1). We assume that by the struc-
ture flexibility, shape, and different chemical function prop-
erties, thus, assure its reactivity and stability which outline 

Table 1   The receptor–ligand complex interaction results

RR repetition ratio, MEV minimum energy value, Vit vitamin

Rank Inhibitors RR (%) MEV (kcal/mol) Nucleophilic 
residues

Interactions type Length (Å)

– Reference (N3) 100  − 6.2 GLY143 Hydrogen bond 2.14
π–Alkyl 5.12

3 Biotin (C10H16N2O3S) 56  − 5.4 HIS164 Hydrogen bond 1.80
1 Glutathione (C10H17N3O6S) 94  − 6.0 LEU141 Hydrogen bond 1.82

π–Sulfur 3.78
4 Pantothenic acid (C9H17NO5) 36  − 4.7 HIS164 Hydrogen bond 1.83
2 Thiamine (C12H17N4OS+) 82  − 5.3 ASN142 Hydrogen bond 1.95

Amide–π stacked 4.70
Alkyl 4.82
π–Sulfur 4.75

6 Pyridoxine (C8H11NO3) 4  − 4.8 CYS145 Alkyl 3.71
π–Alkyl 4.77

5 α-Tocopherol (C29H50O2) 6  − 5.1 ARG188 Hydrogen bond 2.81
Alkyl 3.95
π–Alkyl 4.30
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the high affinity to Mpro active site leveled by 14 interactions 
for example conventional hydrogen bond, carbon–hydrogen 
bond, and π–sulfur bond, these interactions were saved in 
total acquired conformations, and the favored bonds were 
saved in both sides of aminopyrimidine and thiazolium ring 
linked by a methylene bridge with Asn142, Cys145, and 
Tyr54. The second best inhibitor model to Mpro was biotin 
(Fig. 3), with a lower RR and MEV than thiamine (Table 1), 
resulting from the heterobicyclic structure that comprises 
2-oxohexahydro-1H-thieno[3,4-d]imidazole that has a 
valeric acid substituent appended to the tetrahydrothiophene 

ring which limits the odds of flexibility inside the active 
site of Mpro and that was affirmed by the recorded inter-
actions (Table 1) compared with the thiamine vitamin. All 
the interactions bind to the lactone group attached to the 
2-oxohexahydro-1H-thieno[3,4-d]imidazole ring, which is 
explained by the electronegative field powered by the oxygen 
atom as the greatest localized negative charge in the biotin. 
Thus, the perfect hydrogen bond in all the inhibitors was 
saved with His164, at the atomic level, this amino acid could 
be very important in stabilizing the biotin in the active site. 
The third-best inhibitor model to Mpro was the pantothenic 

Fig. 3   The best inhibitor pose captured in the active site of Mpro presented in surface and colored in yellow, inhibitors are displayed with ball and 
stick, and the catalytic amino acids are shown in sticks and colored in green (Color figure online)
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acid (Fig. 3) with lower RR compared with thiamine and 
biotin, in any case, pantothenic acid offers a similar MEV 
with biotin. Furthermore, a similar hydrogen bond was saved 
with His164 with a length of 1.83 Å. On the opposite side, 
the saved number of interactions was lower compared with 
the biotin, bringing about its lower affinity to Mpro while 
acting alone, which clarifies the pertinence of an expected 
relationship between the biotin and the pantothenic acid, 
and that could be significant in the inhibition mechanisms 
against Mpro.

The last ranked inhibitor was the pyridoxine (Fig. 4) 
as the weakest inhibitor among the vitamin B family and 
all tested inhibitors in this study with RR of 4% and MEV 
of − 4.8 kcal/mol (Table 1), we recorded only one interaction 
with Cys145 of hydrophobic type, this interaction elucidates 
the environment between pyridoxine functional groups and 
BP amino acids which have a very little affinity, the inter-
acting groups will be positioned in a manner to have the 
smallest contact surface with the active site.

The CAA recorded in tocopherol (Fig. 4) were His41, 
Met49, Cys145, His163, Met165, Pro168, Arg188, Thr190, 
and Gln192, the nucleophilic atom reacting was in favor of 
the ketone function side of Arg188 and the hydroxyl func-
tion of the tocopherols represented by the hydrogen as the 
electrophilic atom, only one hydrogen bond was recorded 
in this context and that clarifies the native structure of the 
Arg since the other side of it ends with a guanidinium group 
which enables the formation of hydrogen bonds due to the 
delocalization of the positive charge of the nitrogen atom in 
the Arg bone structure. The RR of tocopherol recorded in 
Table 1 was very low compared with its MEV as the greatest 
value saved among all other inhibitors, and that is due to its 
high affinity with other sites since the most saved interac-
tions were a hydrophobic type, which minimizes the chances 

of getting the exact conformation in the catalytic site of the 
Mpro.

The best inhibitor model to Mpro active site is the glu-
tathione or γ-l-glutamyl-l-cysteinyl-glycine (Fig.  3), 
compared with the reference N3, with the best saved RR 
and MEV (Table 1). Where the CAA recorded was His41, 
Leu141, Gly143, Ser144, Cys145, Glu166, Arg188, and 
Gln189, as per our outcomes, glutathione presents the most 
elevated affinity to Mpro, this affinity is confirmed by dif-
ferent evidences such as interaction type, stereochemical 
properties, functional groups and similarity with the active 
site volume. The glutathione is profoundly located in the 
active site tunnel. All the internal connections are made of 
conventional hydrogen bond type that will guarantee its 
adaptability and strength since it shaped by triple amino 
acids (cysteine, glutamic acid, and glycine) appended 
through peptide linkage and as of now introduced in the 
active site which increases the reactivity and viability, this 
factor favorites covalently the fixation of glutathione. We 
propose a mechanism of action of glutathione inside the 
active site of Mpro based on the largest localized negative 
charge as indicated by the most intense red color (Fig. 5) 
and the proton being transferred has the most intense posi-
tive charge character indicated by the most intense blue 
color (Fig.  5) and the best hydrogen bond saved with 
Leu141.

The 2-step mechanism proposed in Fig. 5 clarifies the 
development of glutathione and leucine complex. The oxy-
gen atom of Leu141 is the electron source and the hydroxide 
atom of the glutathione is the electron sink. To avoid over-
loading the valence of the hydrogen molecule the hydroxide 
bond should be broken to shape the glutathione ion. This lat-
ter is regularly balanced by resonance delocalization. Then, 
the π bond will move to fulfill the valence in the oxygen 

Fig. 4   The weakest inhibitors 
pose captured in the active site 
of Mpro presented in surface and 
colored in purple, inhibitors are 
presented in ball and stick, and 
the catalytic amino acids are 
presented in sticks and colored 
in green (Color figure online)
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atom of Leu141. In step 1, we got an oxygen atom and a 
positive charge carbon atom with only three bonds, which 
lead us to step 2, ester linkage bond will be formed to sta-
bilizing the new complex consequently, blocking the active 
site of Mpro.

Molecular Dynamics Simulation

To confirm the MDS results for the best-obtained inhibi-
tor, MDS for 100 ns was carried out for glutathione and 
N3 as the reference ligand in the Mpro. MDS is a method 
used to investigate the folding (Berendsen et al. 1995) and 
motion of millions of atoms within larger or smaller mol-
ecule systems in a different period (Lindahl et al. 2001), 
the overall movements within a complex protein–ligand 
depend on the duration of the simulation. We focus on the 
RMSD, RMSF, and the atomic radial distribution function 
Rg along with the hydrogen bond distribution analysis 
since it is employed to study the protein–ligand complex 
atomic stability, deviations of the global structure, and 
atoms fluctuations (Sargsyan et  al. 2017). The analy-
sis of RMSD and RMSF usually provides an important 
information about stability and flexibility. High devia-
tion and fluctuation of proteins during a simulation may 
show structure deformation and weak stability (Yu et al. 
2021). Moreover, Rg analysis indicates the global shape 
and structure compactness of the viral protein during the 
simulation; it should be constant in all simulation peri-
ods. A short simulation period for 10 ns was run for both 

glutathione and N3, the latter was the native ligand in 
the Mpro.

RMSD

To test and compare the primary effects to Mpro, the N3 
result shows two major deviation peaks visible on its 
RMSD plot (Fig. 6a), 0.3 nm (3 Å) was the maximum-
recorded deviation at period 7.9 ns of the simulation at 
0  ns (Fig.  6a) while 0.1  nm (1  Å) was the minimum-
recorded deviation at period 0.1 ns just after the simu-
lation beginning, the deviation persists during the 10 ns 
simulation explaining some instability in the whole sys-
tem. However, the complex Mpro–N3 deviations plots stay 
superimposed during the simulation period, moreover, the 
glutathione maximum-recorded deviation was 0.34 nm 
(3.4 Å) at the period of 4.3 ns of the simulation (Fig. 6b) 
while 0.17 nm (1.7 Å) was the minimum-recorded devia-
tion at period 1.2 ns just after the simulation beginning, 
the deviation stabilizes rapidly after 6 ns simulation. After 
confirming the glutathione effectiveness, a long simulation 
period for 100 ns was run, the results show consistent in 
the RMSD plot for both Mpro and glutathione with time, 
0.35 nm (3.5 Å) was the maximum-recorded deviation 
at the period of 60 ns simulation (Fig. 6) while 0.1 nm 
(1 Å) was the minimum-recorded deviation at period 80 ns 
(Fig. 6b). Eventually, the system reaches the equilibrium 
state within 80 ns simulation and confirms the protein sta-
bility from its original conformation with lower deviations 

Fig. 5   Proposed mechanism of the glutathione with Leu141 in the active site of Mpro
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in the presence of glutathione. The deviations peaks that 
were observed during the simulation time between 40 and 
80 ns in both plots (Fig. 6b) indicating high flexibility 
region due to the presence of two conformations, it refers 
to the glutathione as the second conformation because it 
is originally a polypeptide.

RMSF

The results show multiple fluctuations in N3, higher RMSF 
values likely are the loop regions with more conformational 
flexibility, however, the structure could destabilize due to 
this over flexibility (over 4 Å) with plus 14 fluctuations 

Fig. 6   Plots of the RMSD back-
bone atoms of the viral protein 
in black and ligands in red, a 
the N3 heavy atoms vs. b the 
glutathione heavy atoms during 
the 10 ns simulation, and c the 
glutathione heavy atoms during 
the 100 ns simulation (Color 
figure online)
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(Fig. 7b); In addition, it can be a factor of making the N3 
reversible inhibitor in real time which is unfavorable case in 
the COVID-19 treatment, the fluctuations were less in the 
case of glutathione, the maximum recorded value was 2.5 Å 
with only 7 fluctuations (Fig. 7a) compared to N3 (Fig. 7b), 
we qualify the obtained glutathione data as moderate results 

compared with N3, to confirm our results, we superimposed 
the RMSF plots of the Mpro backbone atoms in the presence 
of both glutathione and N3, the results show similarity in all 
region for both ligands with fewer fluctuations in the case 
of glutathione (Fig. 7c), the Mpro seems more equilibrate 
in the presence of glutathione than the N3, in this case, the 

Fig. 7   Plots of the RMSF 
viral protein backbone atoms 
and ligands in green, a the 
glutathione atoms, b the N3 
atoms, and c the superposition 
of complex Mpro (glutathione in 
green and N3 in black) during 
100 ns simulation (Color figure 
online)
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structure could be more stabilized with the glutathione due 
to its strong interaction, making of it possible irreversible 
inhibitor to the viral protein.

Radius of Gyration

The radius of gyration indicates the global shape of our pro-
tein during the simulation in the presence of our inhibitors. 
The Rg stays very constant in the whole simulation for both 
inhibitors with slight changes in Rg of N3 (Fig. 8a), the 
glutathione Rg starts at 4 Å and stays consistent in all simu-
lation, moreover, the N3 Rg starts at 6 Å and raised to 7 Å, 
the complex Mpro–glutathione Rg was stable comparing the 
complex Mpro–N3 (Fig. 8b) indicating that the Mpro structure 
was conserved during the simulation period in the presence 
of glutathione compared to the reference ligand N3, in this 
case, the viral protein conserves its structure.

Hydrogen Bond

To achieve and confirm the Mpro–glutathione complex 
stability, and the irreversible attachment to it, intermo-
lecular hydrogen bonds analysis are mandatory to check, 
thus, hydrogen bonds were evaluated for their number 
and distribution, and were shown in Fig. 9, the number of 

the hydrogen bond was decreasing in both cases (Fig. 9), 
with a faster rate in the N3. However, at a slower rate in 
the case of glutathione. Therefore, the glutathione hydro-
gen bonds distribution was high (> 20) and close between a 
donors–acceptor atom (~ 2.7 Å) (Fig. 9a). Furthermore, the 
N3 hydrogen bonds distribution was less (< 16) with higher 
distances between a donors–acceptor atom (~ 3.0 Å, Fig. 9b). 
We confirm from this the irreversible linkage of glutathione 
towards the Mpro.

MM–PBSA Energy Calculation

The polar solvation energy was significant in both inhibi-
tors, the N3 plot (Fig.  10) shows consistent variation 
from − 10,000 to − 9000 kJ/mol compared to the glutathione 
with more changes from − 9800 to − 8800, this reflects 
its high stability as a protein part more than ligand, this 
describes the binding polar energy found (Table 2). The 
apolar solvation (SASA) is an important tool to evaluate 
the protein stability to the hydrophobic residues during the 
simulation period. The SASA energy was relatively simi-
lar and ranged from 350 to 380 kJ/mol for both inhibitors 
(Fig. 10), the inhibitors binding contributes to the values 
of the SASA; as a result, the binding of inhibitors does not 
affect the folding of the protein (Kumar et al. 2020). The 
vacuum MM energy shows that glutathione Van der Waals 
energy was less compared to the N3 with a higher obtained 
value (Table 2), it may reflect its strong binding affinity. 
However, the glutathione electrostatic energy was slightly 
increased, as revenge to N3. The overall energy shows a reg-
ular variation in glutathione (~ 0.2 kJ/mol) than N3 (> 0.4 kJ/
mol) (Fig. 10), clearly, the hydrophobic interactions (Djafri 
et al. 2020) play an important role in both cases. 

Conclusion

Throughout this in silico study, we have presented glu-
tathione, the B vitamin family and vitamin E as possible 
inhibitors of the main protease of SARS-CoV-2, which 
can theoretically decrease the spread of infection. The pro-
posed treatment strategy could help improve the immune 
system and inhibit main proteases. Today, glutathione is 

Fig. 8   Plots of the radius of gyration (Rg) for both ligands and pro-
tein during the 10 ns simulation, a the Rg of glutathione in blue and 
N3 in red and b the Rg of the complex Mpro–glutathione in green and 
the Mpro–N3 in black (Color figure online)
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used as a treatment in many diseases such as respiratory 
infections, asthma and severe respiratory disorders, in 
immune deficiencies such as HIV and in liver diseases. 
The original peptide structure of glutathione gives it 
an advantage over other inhibitors. We provided a deep 
MDS to study the major deviations and fluctuations of 

the protease–glutathione complex over time. Based on our 
results, we recommend the exceptional use of glutathione 
as a valuable dual impact for preventive activity and a 
viable treatment beyond antisymptomatic viral drugs. The 
daily use of glutathione and the B vitamin family as a 
supplement may be an answer to restrict and decrease the 
viral load.

Fig. 9   Plots of the hydrogen bond distribution (donor–acceptor distances and number) of the glutathione (a) vs. N3 (b) in purple during the 
simulation (Color figure online)
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Fig. 10   Plots of the different 
interactions energy of both Mpro 
complexed with a glutathione 
in red and b N3 in blue (Color 
figure online)
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Fig. 10   (continued)
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