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Summary

Background: the significant role of glutamate-cysteine ligase (GCL) towards the 
synthesis of glutathione for the sequestration of reactive species as a regulatory point 
is second to none. However, much still need to be known about the enzyme molec-
ular characterization. Thus, the homology modeling of GCL was carried out using 
different modeling webserver tools. The quality of the predicted crystal structures of 
human and mouse GCLs with inhibition were further assessed on molecular inter-
action with naphthalene and its metabolites. Results: the predicted human GCL 
and mouse GCL model structures have respective 89.8% and 89.6% residues in the 
most favored region of the Ramachandran plot. However, the molecular docking 
interaction study with the assessed ligands revealed two different binding pockets 
with pi-interactions as major non-covalent bond and better binding scores than 
glutathione. Conclusion: the predicted model could provide better mechanism of 
GCL catalysis to preserve its essential residues for reasonable GSH synthesis.
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Resumen

Información molecular sobre los mecanismos de unión de las 
ligasas de glutamato-cisteína humana y de ratón

Antecedentes: el importante papel de la glutamato-cisteína ligasa (GCL) en la síntesis 
de glutatión para el secuestro de especies reactivas como punto regulador es insuperable. 
Sin embargo, aún queda mucho por conocer acerca de la caracterización molecular de 
enzimas. Por lo tanto, el modelado de homología de GCL se llevó a cabo utilizando 
diferentes herramientas de servidor web de modelado. La calidad de las estructuras 
cristalinas predichas de los GCL humanos y de ratón con inhibición se evaluó más a 
fondo en la interacción molecular con el naftaleno y sus metabolitos. Resultados: las 
estructuras del modelo de GCL humano y GCL de ratón predichas tienen residuos 
respectivos del 89,8 % y el 89,6 % en la región más favorecida del diagrama de Rama-
chandran. Sin embargo, el estudio de interacción de acoplamiento molecular con los 
ligandos evaluados reveló dos bolsillos de unión diferentes con interacciones pi como 
enlace no covalente principal y mejores puntajes de unión que el glutatión. Conclu-
sión: el modelo predicho podría proporcionar un mejor mecanismo de catálisis de 
GCL para preservar sus residuos esenciales para una síntesis razonable de GSH.

Palabras clave: GSH, GCL, modelado por homología, naftalina, acoplamiento 
molecular.

Resumo

Insights moleculares sobre os mecanismos de ligação de ligases de 
glutamato-cisteína humanas e de camundongos

Antecedentes: o papel significativo da glutamato-cisteína ligase (GCL) para a 
síntese de glutationa para o sequestro de espécies reativas como um ponto regulador 
é inigualável. No entanto, muito ainda precisa ser conhecido sobre a caracterização 
molecular da enzima. Assim, a modelagem de homologia do GCL foi realizada 
usando diferentes ferramentas de modelagem do servidor web. A qualidade das 
estruturas cristalinas previstas de GCLs humanos e de camundongos com inibição 
foi ainda avaliada na interação molecular com naftaleno e seus metabólitos. Resul-
tados: as estruturas do modelo de GCL humano e GCL de camundongo têm resí-
duos respectivos de 89,8% e 89,6% na região mais favorecida do gráfico de Rama-
chandran. No entanto, o estudo da interação de docking molecular com os ligantes 
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avaliados revelou dois bolsos de ligação diferentes com interações pi como prin-
cipal ligação não covalente e melhores pontuações de ligação do que a glutationa. 
Conclusão: o modelo previsto pode fornecer um melhor mecanismo de catálise de 
GCL para preservar seus resíduos essenciais para síntese razoável de GSH.

Palavras-chave: GSH, GCL, modelagem de homologia, naftaleno, docking molecular.

Introduction

Glutathione (GSH) is a tripeptide (γ-glutamyl–cysteinyl–glycine) the most abundant 
non-protein thiol in the cell that is ubiquitously expressed as a cellular antioxidant to 
prevent the adverse effects of excessive ROS [1]. It is also a cofactor for GPXs and GSTs 
[2]. Glutamate-cysteine ligase-catalytic subunit, glutathione synthase, and glutathione 
reductase have been demonstrated to be responsible for the synthesis of GSH [3]. 
Sequential actions glutamate-cysteine ligase (GCL) (EC 6.3.2.2) and GSH synthetase 
(EC 6.3.2.3) is a synthetic pathway that occurs in nearly all cell types in mammals that 
mostly leads to the generation of GSH. The catalytic ability and expression of GCL 
gene have been found to correlate with GSH synthesis. GCL is a heterodimer enzyme 
composing of catalytically active heavy subunit and a light (modifier) subunits. The 
heavy subunit contains all substrate binding sites which catalyzes the rate limiting step 
in de novo synthesis of GSH [4, 5]. It catalyzes the formation of a peptidic γ-linkage 
between the γ-carboxyl group of glutamate and amino group of cysteine. GCL is an 
important antioxidative enzyme, which could function in the reduction of hydrogen 
and lipid peroxides, detoxification of toxic electrophiles, and maintenance of cellular 
redox status [6]. The control of the metabolic processes involving GCL depends on 
the regulation of enzymes activity which can be achieved by altering the rate of GCL 
synthesis, degradation, induction, repression and the catalytic efficiency of the enzyme 
through feedback inhibition and modulation of the affinity of the catalytic subunit for 
substrates and inhibitors through the regulatory light (modifier) subunit.

Various physiological disorders such viral infections and marked increase in oxida-
tive stress have been shown to compromise glutathione synthesis in mammals as they 
correlate with decreased levels of cellular GSH [3, 7].  Environmental electrophilic 
chemicals such as aromatic hydrocarbons, quinones, and heavy metals can induce oxi-
dative stress through formation of adducts with variety of biological nucleophiles such 
as GSH and proteins. They can also induce the activation of redox signal transduction 
pathways leading to changes in the expression and activity of GCL [8]. 
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These electrophiles include naphthalene, an indoor air pollutant that generate reactive 
species from its bio-activation to highly cytotoxic epoxide such as 1R, 2S-naphthalene 
oxide by cytochrome P450s: CYP2F2 and CYP2F4 respectively [9].

This study discusses the homolog modeling vis-a-vis structural characterization of 
human and mouse Glutamate-cysteine ligases and their respective interaction with an 
environmental electrophile: naphthalene and its metabolites.

Methodology

Homology modeling

The non-availability of the 3D crystal structures of glutamate-cysteine ligase in the 
protein data bank hinder the direct investigation of GCL through in silico approach. 
Thus, the modeling of the structure from different organisms was carried out. The 
human and mouse primary sequence of glutamate-cysteine ligase (GCL) with 
respective accession number ID: A0A2R8YEL6 and Q3UNA7 were retrieved from 
UniProt knowledgebase (UniProtKB) (https://www.uniprot.org/) [10]. These 
obtained primary sequences were used in the prediction of the secondary struc-
tures of GCL using the SOPMA webserver (https://npsa-prabi.ibcp.fr/cgi-bin/
npsa_automat.pl?page=/NPSA/npsa_sopma.html) [11]. However, the 3-dimen-
sional structures of GCL were modeled using Swiss model webserver (https://swiss-
model.expasy.org/interactive/) [12]. Two models were obtained for human and 
mouse GCLs, ranked and best obtained using their Z scores (-3.88 and -3.72 for 
human and mouse respectively) and the GMQE from the Swiss model results (Table 
2). The best foreseen GCL models among the two models in human and mouse 
(model 1) were refined once through the 3Drefine web server to improve the quality 
of the protein (http://sysbio.rnet.missouri.edu/3Drefine/) [13-15]. There were five 
refined models obtained for each input respective 3D structures of GCL. The online 
PROCHECK webserver (https://saves.mbi.ucla.edu/) [16, 17] and Qualitative 
Model Energy Analysis (QMEAN) Swiss Model server (https://swissmodel.expasy.
org/qmean/) [18] were used for the structural authentication and characterization 
of the five refined modeled GCLs for each organism source via the Ramachandran 
plot, verify 3D and RMS distances from planarity; and QMEAN Version 4.1.0 
respectively to obtained the best model for each GCL organism models. In addition 
to the authentication of the GCL 3D structures, the ligand-binding sites of the best 
characterized refined models (the highest Ramachandran plot percentage) for each 
organism were scrutinized using COFACTOR (https://zhanglab.ccmb.med.umich.
edu/COFACTOR/) [19].



Molecular insights into the binding mechanisms of Glutamate-cysteine ligases

315

In silico study

Ligand and protein molecule preparation

The SDF structures of naphthalene, 1-nitronaphthalene, 1-methylnaphthalene, 
1,4-naphthoquinone, 1,2-naphthoquinone, naphthalene epoxide, glutathione with 
respective CIDs 931, 6849, 7002, 8530, 10667, 108063 and 124886 were retrieved 
from the PubChem database (www.pubchem.ncbi.nlm.nih.gov) [20]. The compounds 
were loaded on PyRx-Python Prescription 0.8 and converted to mol2 chemical format 
using Open babel [21]. All these compounds were selected individually, reduced ener-
getically and autodocked to pdbqt format. The best characterized refined models of 
GCL for the three organisms: human glutamate-cysteine ligase (HGCL), and mouse 
glutamate-cysteine ligase (MGCL) were prepared individually for molecular docking. 
Each characterized refined 3D model was loaded on PyRx-Python Prescription 0.8, 
made molecule and converted to pdbqt format.

Molecular docking

The docking of the selected ligands to the best characterized refined GCL models and 
determination of binding affinities was carried out using PyRx-Python prescription 0.8 
autodock vina tool [22]. Each autodocked model was selected with a single ligand at a 
time and run using blind docking approach and repeated for all ligands towards each 
model. The dimensions were set as grid center: x = -0.5583, y = 36.2078, z = -23.5008 
for HGCL and x = 1.2726, y = 35.8790, z = -23.3508 for MGCL, with the grid size 
x = 65.2874, y = 67.1276, z = 73.0739 for HGCL and x = 80.3407, y = 76.7057, z 
= 71.5745 for MGCL. The first three ranking binding score results for all the ligands 
towards each GCL model obtained were selected and subjected to statistical analysis to 
see any significant difference among the GCL model-ligand interactions. The obtained 
statistical results were expressed as mean ± standard deviation of three determinations, 
analyzed using one-way analysis of variance (ANOVA) for mean differences between 
different ligands followed by Duncan post hoc correlation. The obtained autodocked 
files for all the ligands and the respective autodocked GCL models were visualized using 
Discovery Studio BIOVIA 2020 and the interaction views presented in 2D and 3D.

Results and discussion

Glutathione (GSH) is an indispensable and versatile metabolic tripeptide nonprotein 
thiol antioxidant in animal cells. It plays a significant role in metabolism, amino acid 
transport, and protection of the cell from reactive species and endogenous and exoge-
nous toxic molecules [23]. Seelig et al. [24] and Chen et al. [25] reported the feedback 
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inhibition mechanism of GSH and adenosine triphosphate (ATP) on GCL via its 
smaller regulatory subunit [26]. The UniProt sequence analysis revealed that HGCL 
and MGCL contain 639 and 637 amino acid residues respectively (Figure 1). The 
result of the predicted secondary structure (Table 1 and Figures 2, 3 and 4) revealed 
the repetitive arrangements in space of adjacent amino acid residues in the GCL [27]. 
Also, the predicted secondary structure results showed that the proteins exist in four 
states namely; α-helix, random coil, extended strand and beta turn for both human 
and mouse. The percentage formation of these four states are respectively 41.94, 40.53, 
12.99 and 4.54 for human; and 41.29, 40.82, 12.72 and 5.18 for mouse suggesting a 
better description of protein residues alignment [28] as well as better stability of the 
protein due to high degree of coil formation [27]. The swiss models (model 1 which 
had the highest scores) for respective human and mouse with GMQE and QMEAN 
scores 0.75 and -3.88 respectively and 0.76 and -3.72 respectively using Saccharomyces 
cerevisiae GCL (PDB ID: 3IG5; resolution 2.10 Å) as template were used for the mod-
eling (Table 2, Figure 5). These closest respective GMQE, QMEANDisco (between 
0 and 1) and QMEAN Z-score (between -4.0 and 0) values for human and mouse 
GCL models suggested a good quality, reliability and the degree of nativeness of the 
built models to the experimental structure of similar size [18, 29, 30]. In addition to 
the model quality result, the percentage sequence identity matrix for GCL model 1 are 
44.76% and 45.67% for human and mouse respectively confirming the sequence simi-
larity of GCL 1 models. The plot of the predicted local similarity to target against the 
residue number of the predicted 3D model structure (Figure 5) depicted a good esti-
mate of local quality of the residues of the predicted model since most of the residues 
values are above 0.6 [31, 32]. The good quality of the predicted models was substan-
tiated with the graphical plot of normalized QMEAN4 score against the protein size 
revealing the comparison with non-redundant set of PDB structures. The comparison 
result relates the quality scores of the predicted model to the obtainable scores for the 
experimental structure of like size suggesting a normalized QMEAN4 score of a stand-
ard deviation of the mean z score (|Z-score < 1). Interestingly, the 3Drefined models of 
GCLs showed an increased in the quality of the protein via Ramachandran plot using 
PROCHECK from 87.7% to 89.8% for human and from 89.1% to 89.6% (Table 3). 
The statistical result of the Ramachandran plots of the HGCL and MGCL amino 
acid residues revealed that (503 residues) 89.8% and (492 residues) 89.6% respectively 
are found in the favored region (A, B, and L; Red color), (51 residues) 9.1% and (50 
residues) 9.1% respectively are found in the additional allowed region (a, b, l and p; 
yellow color), (3 residues) 0.5% and (4 residues) 0.7% respectively are found in the 
generously allowed region (~a, ~b, ~l, and ~p; light green and cream colors) and (3 
residues) 0.5% and (3 residues) 0.5% respectively are found in the disallowed region 
(white color) (Figure 6). This result suggested that the phi and psi backbone dihedral 
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angles in both predicted structures of human and mouse GCL models are reasonably 
accurate [33]. The amino acid residues in the disallowed region are Glu168, Glu228 
and Glu545 for human and Asn495, Asp499 and Glu543 for mouse. Furthermore, 
none of the planar atoms of the models has RMS distances that are not within the best 
fit plane with no black bars which indicate that all the residues of the models showed 
least deviation from the planarity (Figure 7). Remarkably, some of the residues (Phe, 
Trp and Tyr) of MGCL are off the graph [16, 17, 34, 35]. Captivatingly, the verify 3D 
revealed 85.49% and 88.85% (greater than 80%) of respective HGCL and MGCL 
amino acid residues had averaged 3D-1D score >= 0.2 (Figure 8). This results sug-
gested that the two models (HGCL and MGCL) had a valid protein structure [36, 
37]. Similarly, the result of the binding site identification (COFACTOR) corresponds 
to the 3D swiss model structure prediction for HGCL and MGCL models where Sac-
charomyces cerevisiae (3ig5) was used as the preferred template due to its GMQE val-
ues. In addition, Table 4a depicted the top 10 structural aligned (TM-align) identified 
analogs in PDB through the TM-score where values close to 1 indicate closed aligned 
sequence with least RMSD (low level of deviation among the amino acid residues) and 
high IDEN value (percentage similarity of the sequence) suggesting a moderately and 
reasonable model with good binding prediction [38]. Although both models (HGCL 
and MGCL) showed closed similarity with 3ig5, comparing the two predicted refined 
models, MGCL showed better TM-align prediction using TM-score, RMSD, IDEN 
and cov as analysis parameters [38]. It is evident from Table 4b that the predicted mod-
els are reliable with top five known enzymes homolog in PDB where 3ig5 identified as 
the topmost known enzyme with the highest confidence score CscoreEC values (0.191 
and 0.199 for HGCL and MGCL respectively) for the enzyme commission number 
prediction. Similarly, the obtained result of the binding site score (BS-score) predic-
tion showed that both predicted models for different ligands as seen in the BS-score 
values which are approximately equal to 1 or above suggest a realistic local binding 
match between the predicted models and the templates (Table 4c) [38]. In this bind-
ing site prediction analysis, HGCL showed perfect local binding match to two tem-
plates (3lvvA) with BS-score values 1.62 and 1.50 and moderate local binding match 
to three templates: 2gwdA, 3o6xA and 2d32D with respective BS-score values 0.99, 
0.90 and 0.86 while MGCL depicted absolute perfect local binding match to all the 
top four templates used with BS-score values greater than 1 in all the ligands such as 
glutamate (Glu), glutathione (GSH), adenosine diphosphate (ADP) and Magnesium 
(Mg). In almost similar pattern, the predicted gene ontology results via molecular 
function, biological processes and cellular part reveals accurate and reliable data for 
the predicted models with all confidence score for gene ontology (CscoreGO) values 
greater 0.5 (Table 4d) [38].
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Figure 2. The SOPMA secondary sequence prediction of glutamate-cysteine ligase from human 
(HGCL), and mouse (MGCL).

Figure 3. The SOPMA secondary structure types for glutamate-cysteine ligase from human 
(HGCL) and mouse (MGCL).
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Figure 4. The SOPMA secondary structure states of glutamate-cysteine ligase from human 
(HGCL), and mouse (MGCL).

Table 1. The predicted SOPMA secondary structures of glutamate-cysteine ligase and sequence 
length from human and mouse.

Source Human Mouse
Sequence length 639 637

SOPMA Secondary Predicted Structure (%)
Alpha helix (Hh) (268) 41.94 (263) 41.29

310 helix (Gg) (0) 0.00 (0) 0.00
Pi helix (Ii) (0) 0.00 (0) 0.00

Beta bridge (Bb) (0) 0.00 (0) 0.00
Extended strand (Ee) (83) 12.99 (81) 12.72

Beta turn (Tt) (29) 4.54 (33) 5.18
Bend region (Ss) (0) 0.00 (0) 0.00

Random coil (Cc) (259) 40.53 (260) 40.82
Ambiguous state (?) (0) 0.00 (0) 0.00

Other states (0) 0.00 (0) 0.00
Other parameters

Windows width 17 17
Similarity threshold 8 8

Number of states 4 4
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Table 2. The predicted 3D crystal Swiss models of glutamate-cysteine ligase from human and mouse.

Organism sources Human Mouse
No of Models built Model 1 Model 2 Model 3 Model 1 Model 2 Model 3
QMEAN Z-Scores -3.88 -4.64 -2.80 -3.72 -4.85 -2.41

QMEANDisco 0.73±0.05 0.20±0.12 0.24±0.12 0.75±0.05 0.28±0.12 0.24±0.12
GMQE 0.75 0.00 0.00 0.76 0.00 0.00

Template 3ig5.1.A 2mfi.1.A 4r71.2.C 3ig5.1.A 2mfi.1.A 4r71.2.C
Sequence Similarity 0.41 0.28 0.30 0.42 0.27 0.29
Sequence Identity 44.76% 21.62% 23.33% 45.67% 19.44% 20.00%

Figure 5. The refined swiss model 3D crystal structures of glutamate-cysteine ligase from human 
and mouse.
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Table 3. The PROCHECK Ramachandran plots of the chosen refined Swiss model 3D crystal 
structures.

Organism source
Ramachandran plot for the Swiss model structures (%)

Initial Swiss structure Refined Swiss structure

Human 87.7 89.8

Mouse 89.1 89.6

Figure 6. The PROCHECK Ramachandran plots of refined HGCL and MGCL models.

Figure 7. The PROCHECK RMS distances from planarity of HGCL, and MGCL models.
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Figure 8. The PROCHECK verify 3D of HGCL and MGCL models.

Molecular docking study

To substantiate the homology modeling assessment of the predicted GCL 3D crystal 
structure models, the molecular docking done using naphthalene and its metabolites as 
ligands in reference to a known inhibitor (GSH). The binding scores, interacting resi-
dues were obtained as well as the type of non-covalent interactions between the respec-
tive ligand towards the GCL models are shown in Tables 5a and 5b, and Figures 9a and 
9b. The molecular docking binding scores for all the ligands examined towards HGCL 
were all significantly different and showed better binding scores than GSH (binding 
score -5.20±0.00 kcal/mol). Although GSH interacted mostly with HGCL via con-
ventional hydrogen bond compared to assessed ligands as proposed by Elokely and 
Doerksen [39], the high binding score could be due to other non-covalent interactions 
mostly pi-interaction orientations such as pi-pi stacked, pi-pi T-shaped and pi-sigma 
with residues like Phe210, Val292, Arg580, Ala584 (Table 5a and Figure 9a). All the 
assessed ligands interacted with HGCL in a different pocket compared to GSH which 
could be responsible for their significant better binding scores arose from different 
non-covalent interactions other than covalent hydrogen bond as seen in GSH. These 
pi-interactions, which are not affected by solvation/desolvation could contribute to 
the inhibition binding from the assessed ligands [40, 41]. Similarly, MGCL molecular 
docking binding scores followed almost the same pattern in which all the assessed lig-
ands had better binding scores than GSH. Also, the interactions are mainly non-cova-
lent interactions with no conventional hydrogen bond interaction among the ligands 
except 1,2-naphthoquinone (CID: 10667) where Lys46 hydrogen bond interaction 
was observed. Conversely, MGCL ligand binding occurred in two different pockets: 
pocket 1 with residues mainly Phe383, Lys386 and Asp396 while the main residues 
that interacted in pocket 2 are Lys46 and Pro109
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Figure 9a. 2D molecular binding structures of HGCL, and MGCL with 931 (naphthalene), 6849 
(1-nitronaphthalene), 7002 (1-methynaphthalene), 8530 (1,4-naphthoquinone), 10667 (1,2-naph-
thoquinone), 108063 (naphthalene epoxide), and 124886 (glutathione).
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Figure 9b. 3D molecular binding structures of HGCL, and MGCL with 931 (naphthalene), 6849 
(1-nitronaphthalene), 7002 (1-methynaphthalene), 8530 (1,4-naphthoquinone), 10667 (1,2-naph-
thoquinone), 108063 (naphthalene epoxide), and 124886 (glutathione).
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Conclusion

Considering the fact that GCL is essential in the de novo synthesis of GSH, the assess-
ment of HGCL and MGCL provides considerable catalytic mechanism and suggests 
approaches through which inhibitors with higher binding affinity may be attained 
the proposed revealed binding sites could be preserved. To the best of our knowledge, 
the study has revealed different binding pockets for the two models that could influ-
ence the physico-chemical properties of ligand binding interactions with the enzyme 
needed for effective in silico GCL inhibitor designing.
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