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Introduction  

Rapid treatment of COVID-19 patients showing symptoms 

of severe respiratory complications and acute respiratory 

distress syndrome (ARDS) is essential. The release of pro-

inflammatory cytokines such as tumor necrosis factor-alpha 

(TNF-α), interleukin-1 beta (IL-1β), interleukin 6 (IL-6), and 

interleukin 8 (IL-8) have been observed in infectious disease 

including COVID-19.1,2 These cytokines cause the adsorption 

of neutrophils to the lungs. The neutrophils are then activated 

and release toxic mediators resulting in the extensive 

production of free radicals and reactive oxygen.3 The lung 

tissue was subjected to oxidative damage by these compounds.4 

The “cytokine storm”, ARDS and fulminate myocarditis 

constitute the underlying pathophysiology of COVID-19 

infections.5 The nuclear factor-κB (NF-κB) activation was 

essential for the transcription of pro-inflammatory mediators 

genes associated with ARDS. Moreover, a critical role is 

played by NF-κB in the harmonization of multifaceted 

inflammatory reactions.6,7 

 The antioxidant therapy utilizing alpha lipoic acid, N-

acetyl-cysteine and glutathione downregulated NF- κB and 

affected the NF- κB signaling.8-12 Glutathione (GSH) is a 

tripeptide (L-c-glutamyl-L-cysteinyl-glycine), which protects 

cells against free radicals and electrophiles such as those 

form during inflammations.13 It plays a crucial role in lung 

defense mechanisms, particularly in protecting the membrane 

integrity of the airspace epithelium. Therefore, glutathione 

prevents injury arising from free radicals and inflammations.14 

The important effect of the glutathione extracellular 

administration on the reduction of inflammations in lung 

diseases has been demonstrated in several studies.15,16 

Ahmed et al. demonstrated its role in neutralizing the effect 

of peroxynitrite-mediated DNA damage during acute 

inflammation by forming a stable glutathione-DNA adduct.17 

The endogenous glutathione deficiency could affect the 
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clinical manifestation of the COVID-19 disease through 

enhanced virus replications, oxidative damages of the lung, and 

hyper-inflammation.18 A novel treatment against COVID-19 

using a protocol including glutathione was suggested by 

Alamdari et al.19  

The degradation of IκB inhibitors is essential to activate 

NF-κB transcription factors. The p100 protein, an IκB 

inhibitor of NF-kB, forms tetrameric complexes with NF-

κB. The complex stability is increased through the NF-κB 

association and the assembly is critical for inhibition of NF-

κB.20 The NF-κB blocking is expected to circumvent “cytokine 

storm” and ADRS in COVID-19 pneumonia patients. 

Moreover, decreased inflammations were observed after 

blocking NF-κB and the cytokine formation by glutathione 

in a randomized controlled trial.21 The tumor access to 

cysteine is increased using gamma-glutamyl transpeptidase 

(GGT) and as a result, the level of intracellular GSH is 

enhanced. Therefore, the tumors maintain their redox balance 

when facing reactive oxygen species (ROS) caused by 

prooxidant therapies against cancer and persist against the 

death imposed through oxidative stress.22 COVID-19 patients 

under critical conditions showed enhanced levels of oxidative 

stress and damages in addition to low levels of glutathione.23 

In this study, therefore, we assessed interactions of p100 

and also NF-κB structures with Gamma Glutamyl Cysteine 

(GGC), the glutathione precursor, using  molecular dynamics 

(MD) simulations (Figure 1). GGC was considered as the 

regulatory (R) ligand. We compared the stability of the R 

ligand-associated p100 structure with that of the R ligand-

associated NF-κB structure using bioinformatics tools. The 

secondary and tertiary structures were analyzed in terms of 

structural elements and critical amino acids. A role for GGC 

in NF-κB inhibition was then suggested. These results are 

expected to apply to drug design against COVID-19. 

 

 

 

 

 
 

Figure 1. A) Snapshot of the p100-R complex after 50 ns simulation; B) Snapshot of the NF-κB-R complex after 50 ns simulation. 

 

Materials and Methods 

The crystal structure of p100/NF-κB was obtained from the 

Protein Data Bank (PDB) under ID number 4ot9.20 The 

crystal structure of NF-κB was retrieved from the PDB using 

ID number 1nfk.24 The Deep View visualization was applied 

for previewing the files and replacing missing side chains 

with the added OXT at the C-terminus separately.25 Three-

dimensional structures were prepared using the molecular 

graphics program PYMOL, a robust, stable, and widely used 

program.26 Auto Dock Tools were applied for all of the steps 

required for the setup and the analysis of docking runs.27 

Receptor-ligand docking was analyzed using Auto Dock 

Vina.28 The ligand binding sites in NF-κB and p100 were 

chosen based on their crystalline structures. The ligand 

(3GC) was attached in the original PDB files including p100 

and NF-κB structures as well as the docking protocol. In the 

Auto Dock Vina algorithm, the following parameters were 

set: (i) number of binding modes – 10, (ii) exhaustiveness of 

search – 8, and (iii) maximum energy difference - 3 kcal/mol. 

The pose with the maximum hydrogen bonds and the 

minimum change in the binding free energy, as shown in the 

View Dock window, was selected from all possible poses 

suggested by the Auto Dock Vina algorithm. These were 

further analyzed for hydrogen bond formations between 

functional groups of ligands and amino acids using the 

Biovia Discovery Studio (DS) visualizer.29 Both proteins 

were prepared by removing heteroatoms, and adding 

hydrogens and charges. After identification of the binding 

site, we used GROMACS version 4.5.5 and Charmm36-

jul2017.ff force field.30 Then, we used the official CHARMM 

A B 

http://www.biotechrep.ir/


http://www.biotechrep.ir 

Binding Stability of Gamma Glutamyl Cysteine  

 

 J Appl Biotechnol Rep, Volume 11, Issue 3, 2024  |  1388 

General Force Field server (CGenFF server) to form 

complexes.31 NF-κB-R and p100-R complexes were assessed 

using Yasara and Pymol viewers (32). Eventually, the 

topology and coordinate files were prepared with respect to 

the contents of the GROMACS system.33 Simulations were 

done in pH 7 using periodic boundary conditions. The 

protonation fixing process was carried out at pH 7 using the 

H++ server, which served as input for molecular dynamics 

simulation.34 Dimensions of the applied cubic boxes were 

9.4, 7.4, and 7.6 nm3 and the boxes were filled with appropriate 

numbers of water molecules. In order to neutralize the 

system, appropriate numbers of Na and Cl ions were added 

to the boxes. To eliminate any undesirable contact atoms and 

the initial kinetic energy in the simulation boxes, the energy 

was minimized by applying the steepest descent algorithm. 

Then each of the defined systems was equilibrated in two 

stages including NPT and NVT simulations for 5 ns at 310 K 

and 1 bar. The pressure and the temperature were controlled 

using Parrinello-Rahman barostat and V-rescale thermostat, 

respectively.34-36 For each component of the systems, the 

PME algorithm was applied to estimate electrostatic 

interactions.37 LINCS and SETTLE algorithms were used to 

fix chemical bonds in atoms of proteins and solvent 

molecules, respectively.38-39 All of the simulations were run 

for 50 ns using the time step of 2fs. The MD simulations 

were done in two steps: (1) a 50 ns MD simulation was 

performed to optimize and refine 3D models of structures 

before docking, and (2) a second 50 ns MD simulation was 

done to examine the backbone stability of complexes 

including NF-κB-R and p100-R.40 All of the simulations 

were repeated to test for the convergence of the results. 

Average conformations of models were extracted from 

the trajectory and compared with the initial models using 

Yasara and Pymol softwares. These steps were repeated for 

each of the complexes and native structures. The binding 

free energy of each complex was calculated using the 

Molecular Mechanics Poisson-Boltzmann Surface Area 

(MM/PBSA).41 ∆G estimates for the ligand association with 

proteins as the following: 

 

∆G = G complex - G protein - G ligand    (1) 

 

The evaluation of equation (1) is done by two methods: 

(a) running separate trajectories of complex, protein, and 

ligand (b) evaluating all of the three terms of equation (1) 

using just snapshots from a trajectory on the complex. The 

method b is 2-3 times more efficient than the method a. 

However, method b assumes that free energies of snapshots 

of the protein and the ligand taken from the complex 

trajectory were comparable to those obtained from separate 

trajectories of the protein and the ligand. We have applied 

equation (1) using method b according to the study by Kuhn 

et al.42 

Contact maps were created using the CM View software 

version 1.1.1.43 When creating the contact maps, a distance 

cutoff of 8.0 Å was used for all of the atoms. Secondary and 

tertiary structures of proteins were obtained using the Yasara 

view software (www.yasara.org). The secondary structures 

of proteins and complexes were identified using Poly View 

server.44 

The crystallography structure of the P450 2C9-

Flurbiprophen complex was retrieved from Protein Data 

Bank (ID Number: Ir9o) and used to prepare the structure of 

P450 2C9- R ligand complex. The structure preparation and 

docking studies were carried out using Discover Studio 

Visualizer and AutoDock 4.2 respectively. PDBQT files of 

the ligand and the receptor were prepared using the 

AutoDock software. Then a.dpf and a. gpf files were provided 

for Grid and docking studies. The Docking process, complex 

interactions and energy calculations were performed using 

the Cygwin software. The interaction of the R- ligand with 

the P450 2C9 structure was then studied using the Yasara 

software. 

 

Results and Discussion 

NF-κB is considered as a regulator of innate immunity.45,46 It 

activates many pro-inflammatory cytokines, which contribute 

to increased inflammation and cytokine storms observed in 

COVID-19 patients.47 IκB family members such as p100 

carry out distinct cellular functions likely through their 

ability to inhibit NF-κB.48-50 

To study interactions of the R-ligand with both p100 and 

NF-κB (Figure 1), we evaluated the stability of simulated 

trajectories by monitoring the root mean square deviation 

(RMSD) of the structures calculated using the primary 

experimental X-ray structures following GROMACS runs. 

RMSD of the complexes were compared with those of initial 

native structures. RMSD is a critical parameter to analyze 

the equilibration of MD trajectories. RMSD of the protein 

backbone atoms are plotted against time to check the 

stability of each system throughout the simulation.51 The 

stability of the protein-ligand complex system was analyzed 

based on RMSD after 50 ns of MD simulations.52 Profiles of 

RMSD for the NF-κB-R, p100-R, NF-κB, and p100 obtained 

from molecular dynamics simulations were shown in Figure 2. 

We compared RMSD of each complex with the corresponding 

native structure. RMSD values of p100 and p100-R were 

0.36 nm and 0.31 nm respectively at the end of the 

simulations (Figure 2A). The RMSD value of NF-κB was 

0.50 nm, and it reached to 0.48 nm for the NF-κB-R 

complex at the end of the simulation (Figure 2B). High 

deviations of RMSD values from initial native structures are 

attributed to the instability.53 In this study, the RMSD value 

of the p100-R complex was slightly different from that of 

p100 at the end of the simulation indicating stability of the 

p100-R complex (Figure 2A). The RMSD value of the NF-κB-R  
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Figure 2. A) RMSD graph of p100 and p100 -R complex; B) RMSD graph of NF-κB and NFκB -R complex. 

 

 

Table 1. Secondary Structures of p100-R, NFκB-R and the Corresponding Native Structures 

Secondary Structures (%) p100-R p100 NF κB NF-κB-R 

Helix 60.3 61.4 9.5 11.9 

Beta sheet 0 1.1 36.5 35.6 

Turn 13.5 9 10.4 10.3 

Coil 26.2 28.5 43.6 42.3 

 

 

 
 

Figure 3. The Rg Graph of the p100-R and NFκB-R Complexes as Well as Native Structures. 

 

complex was lower than that of the native structure, 

indicating the stability of NF-κB-R complex (Figure 2B). 

Comparing the secondary structure of p100-R with that of 

p100 revealed slight structural changes of p100 (Table 1). 

The secondary structure of NF-κB-R was also slightly 

different from that of NF-κB. Therefore, the R binding did 

not affect the stability of p100 and NF-κB significantly.  

Radius of gyration (Rg) values of the NF-κB structure 
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and the NF-κB-R complex were 2.52 nm and 2.43 nm 

respectively (Figure 3). On the other hand, Rg values of the 

p100 protein and the p100-R complex were 2.54 nm and 

2.65 nm respectively (Figure 3). The Rg value of the p100-R 

complex at 49000 ps, 49100 ps, 49400 ps, 49600 ps, and at 

50000 ps (50 ns) were 2.601 nm, 2.633 nm, 2.69 nm, 2.65 

nm, and 2.65 nm respectively. Therefore, Rg became stable 

at the end of the simulation. Also, Rg of the NF-κB-R 

complex was 2.4357 at 49500 ps and reached to 2.430 at 50 

ns. These results indicated the conformational equilibrium of 

complexes and native structures. The protein stability is 

highly affected by the molecular packing. High packing 

densities have been observed in globular proteins, which are 

essential for maintaining the native structure of proteins and 

their stability.54 The Rg gives information about the size and 

the compactness of proteins.55  The overall chain size is 

indicated by the Rg as the basic measurement. The protein 

structural changes during MD simulations are quantified by 

Rg values. The Rg analysis for several proteins belonging to 

four major structural classes (α, β, α/β, and α+β) revealed 

that α-proteins possess the highest Rg values across the 

considered protein size range. Therefore, α-proteins packing 

densities were less than those of β- and (α+β) – proteins.56 

The dependence of the unfolded ensemble on denaturant 

concentration has been anticipated theoretically57 and 

demonstrated in experiments and simulations.58,59 Several 

correlations have been elucidated between the folding rate 

and the protein size. These correlations highlight the fact 

that folding rates decrease as protein size increases.60,61 The 

Rg profile is able to describe not only the static compactness 

of a protein structure, but also the folding process from 

denatured state to native state.62 Our results showed that Rg 

trends of two protein systems including p100 and NF-κB-R 

were downward, but NF-κB did not change significantly. 

The Rg of p100-R complex was slightly increased at the end 

of the simulations compared with the initial state. Therefore, 

the structural compactness of p100-R complex was not 

significantly different from that of its initial structure. 

 

 
 

Figure 4. The RMSF Graph of p100-R and Native Structure. 

 

The root mean square fluctuation (RMSF) is a measure 

of the average atomic mobility of backbone atoms (N, Cα, 

and C atoms), which are computed during MD simulations.63 

The amino acid fluctuations of p100 and its R complex were 

shown in Figure 4. The p100 protein and its R complex 

showed the highest amino acid fluctuations in the regions 

comprising of Gln435-Ala436 and Glu700-Pro701. These 

amino acids were located at the beginning and end of these 

structures (Figure 5A). The lower fluctuations and hence 

lower flexibilities were observed for Ala448-Gln455 

residues (Figure 4). These key amino acids, which are 

involved in the interaction of p100 and R were depicted in 

Figure 5B. These results showed that two interactions were 

formed between Leu 450 and Phe 451 of p100 with R in the 

complex (Figure 5B). These interactions are expected to 

promote the R ligand affinity to p100. 

Molecular mechanics energies in combination with 

Poisson-Boltzmann or generalized Born and surface continuum  
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Figure 5. A) Snapshot showing highly fluctuating amino acids of the p100-R complex; B) Snapshot of the key amino acids involved in the interaction 

between p100 and R. The bold yellow line represents the interaction between Leu 450 and Phe 451 with R. Also, disconnected yellow line showed 

hydrogenic bonds in helix of p100. 

 

Table 2. Gibbs Binding Energies of p100-R and NF-κB-R Complexes 

Gibbs Binding energies  p100-R (kJ/mol) NF-κB-R (kJ/mol) 

van der Waal energy -18.406   +/-    4.065 -0.046   +/-    0.028 

Electrostatic energy -0.521   +/-    0.129 -0.079   +/-    0.048 

Polar solvation energy 14.704   +/-    5.487 25.939   +/-   10.895 

SASA energy -2.712   +/-    0.565 -0.074   +/-    0.254 

Binding energy (∆G) -6.972   +/-    6.772 25.857   +/-   10.976 

Protein solvation energy -9870.640 -13484.794 

3GC solvation energy -17.026 -22.092 

Protein-3GC solvation energy -9868.922 -13449.733 

 

solvation methods (MM/PBSA and MM/GBSA) have been 

proposed for estimating the binding free energy of 

biomacromolecules to small ligands. It's a common approach. 

They are usually based on molecular dynamics simulations 

of receptor-ligand complexes and therefore lie between 

empirical evaluations and strictly alchemical perturbation 

methods in terms of computational complexity and accuracy.64 

The Gibbs binding free energy of protein-ligand complexes 

is calculated by MM/PBSA method using a number of MD 

snapshots.65,66 MM/PBSA algorithm is a valuable computational 

tool for analyzing bimolecular interactions. Simultaneous 

calculations of binding energy components and residue 

energy contributions by the MM/PBSA analysis tool are 

computationally less expensive. Free energy calculations 

based on molecular dynamics simulations show considerable 

promise for applications ranging from drug discovery to 

prediction of physical properties and structure-function 

studies.67 

Multiple structures obtained from MD simulations are 

used to calculate Gibbs binding energy.68-70 The binding of 

ligands to proteins happens if the change in Gibbs binding 

free energy (∆G) is negative. Moreover, the ligand-protein 

association extent is determined by the negative ∆G 

magnitude. Therefore, it determines the binding affinity of a 

ligand to its acceptor.71 The calculated binding energies 

(∆G) of the p100-R and NF-κB-R complexes were -6.972 

kJ/mol and 25.857 kJ/mol respectively (Table 2). The 

negative value of ∆G calculated for the p100-R complex 

demonstrated that the R ligand attached stably to p100. 

However, NF-κB did not bind to R regarding the positive 

∆G value of the complex. Thus, the R ligand tends to bind 

p100 instead of NF-κB. Therefore, we suggest that the R 

antiviral effect was resulted from its stable binding to p100 

and enhancing the p100 activity for the NF-κB inhibition.  

We examined the structural differences of p100 and 

p100-R as well as those of NF-κB and NF-κB-R using 

contact maps (Figure 6). Protein contact maps are two 

dimensional representations of protein tertiary structures. 

These maps are used to compare the difference between 

protein structures.72 The contact map of p100 was slightly 

different from that of p100-R at amino acids PRO 3, GLN 7, 

ALA 9, Glu 11, TYR 12, PHE 164, GLN 198, THR 202, 

ALA 233, GLY 234, and ASP 235 (Figure 6A). In addition, 

the contact map of NF-κB was marginally different from that 

of NF-κB-R at amino acids GLU 35, ASN 37, LYS 38, TYR 

41, MET 215, LYS 285, ALA 287, ILE 283, ALA 287, LYS 

305, and PRO 311 (Figure 6B). These results indicated that 

the tertiary structures of NF-κB and p100 were not affected 

significantly by the R ligand binding. Therefore, the R 

binding should not interfere with the p100 binding to NF-κB. 

Docking studies were used to analyze the interaction of 

the R ligand with the cytochrome P450 2C9 enzyme. The  
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Figure 6. Comparing contact maps of complexes and initial native proteins. A) Comparing contact maps of the p100-R and its native structure; B) 

Comparing contact maps of the NF-κB-R and its native structure; Blue sections demonstrated the unchanged contacts between two structures, and 

red sections showed the contacts with the most difference between the two structures. Black dots showed the common contacts. The pink dots 

showed the contacts unique to the first structure and green dots were used for contacts unique to the second structure. 

 

 
Figure 7. A Snapshot of the P450 2C9-R Complex.  Amino acids involved in the interaction with the R-ligand were depicted. 

 
Table 3. Comparing Energies and Properties of P450 2C9- Flurbiprophen and P450 2C9 – R Ligand 

Energy and properties P450 2C9-flurbiprophen P450 2C9- R ligand 

Binding_energy(kJ/mol) -7.68 -8 

Vdw_energy -6.75 -6.24 

intermol_energy -8.09 -8.98 

Electrostatic_energy -1.34 -2.74 

Total _intermal -0.14 -1.49 

Torsional_energy 0.55 2.47 

Ref_rms 8.6 64.86 

Ligand efficiency -0.43 -0.5 

Inhibit_constant(uM) 2.33 1.37 
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ligand showed interaction with P450 2C9 at amino acids Arg 

124, Ala 297, Phe 428, Arg 433, Ile 434, Cys 435, Val 436, 

Gly 437, Leu 362, Ser 365, Leu 366, His 368, Leu 391, Arg 

97, Val 113, and Ile 112 (Figure 7). Flurbiprofen was able to 

position itself in the active site cavity of P450 2C9.73 Our 

docking results revealed that the interaction energy of P450 

2C9-R ligand was lower than that of P450 2C9- Flurbiprofen 

(Table 3). Therefore, the interaction of P450 2C9-R ligand 

was more stable than that of P450 2C9- Flurbiprofen. 

In this study, we used bioinformatics tools to assess the 

complexes in terms of the structure and the stability. Using 

these tools provides a fast and inexpensive method for the 

drug design studies. However, the obtained results need to 

be confirmed experimentally. 

 

Conclusion 

Our results demonstrated that GGC stably binds to the p100 

inhibitor of NF-κB. The GGC binding did not interfere with 

the p100 binding to NF-κB and enhanced the p100 inhibition 

activity. Also, the structural stability of the p100-R complex 

was confirmed using MD tools and free energy calculations. 

Moreover, GGC was able to interact with cytochrome P450. 

Therefore, a role for GGC in blocking NF-κB and hence 

controlling the COVID-19 inflammation is suggested. 

However, this role should be demonstrated experimentally. 

GGC is expected to be useful for drug design against 

COVID–19. 
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